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Abstract Reproductive barriers reduce gene flow between populations and maintain

species identities. A diversity of barriers exist, acting before, during and after mating. To

understand speciation and coexistence, these barriers need to be quantified and their

potential interactions revealed. We use the hybridising field crickets Gryllus bimaculatus

and G. campestris as a model to understand the full compliment and relative strength of

reproductive barriers. We find that males of both species prefer conspecific females, but the

effect is probably too weak to represent a barrier. In contrast, prezygotic barriers caused by

females being more attracted to conspecific male song and preferentially mounting and

mating with conspecifics are strong and asymmetric. Postzygotic barriers vary in direction;

reductions in fecundity and egg viability create selection against hybridisation, but hybrids

live longer than pure-bred individuals. Hybrid females show a strong preference for

G. bimaculatus songs, which together with a complete lack of hybridisation by G. campestris

females, suggests that asymmetric gene flow is likely. For comparison, we review repro-

ductive barriers that have been identified between other Gryllids and conclude that multiple

barriers are common. Different species pairs are separated by qualitatively different
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combinations of barriers, suggesting that reproductive isolation and even the process of

speciation itself may vary widely even within closely related groups.

Keywords Gryllus bimaculatus � Gryllus campestris � Gryllidae � Reinforcement �
Sexual selection � Mate choice � Speciation

Introduction

Elucidating the factors isolating species and understanding how these reproductive barriers

evolve has been a central aim of evolutionary biology. Identifying species isolating mecha-

nisms is crucial to understand patterns of species diversity and coexistence. This is fundamental

to our understanding of evolution as expressed by Dobzhansky (1937, p. 419); A thorough

understanding of the nature and the functioning of isolating mechanisms is essential, because

without it no trustworthy picture of the mechanism of evolution can be drawn.

To quantify the net isolation between closely related species, a comprehensive

assessment of all likely barriers throughout the reproductive phase of an individual and

ideally their fitness consequences for subsequent generations is required (Arnold and

Hodges 1995; Mendelson and Shaw 2002; Birge et al. 2010; Lemmon and Lemmon 2010;

Izzo and Gray 2011). Reproductive barriers are typically divided into prezygotic barriers

(e.g., differences in mating behaviour, timing and location), and postzygotic barriers (e.g.,

genetic incompatibilities), which include fitness effects in future generations, such as

reduced fitness of backcrosses (Wiley et al. 2009). Negative effects of hybridisation

dominate the literature, perhaps partly because they are often strong and relatively easy to

detect. However, positive effects of hybridisation are also known to occur (i.e., hybrid

vigour (Arnold 1992, see Arnold and Hodges 1995 for review)). In fact, the selection

pressure exerted by many of the mechanisms that commonly create reproductive barriers

can in theory increase gene flow.

Despite the complexity and challenges of the task, comprehensively quantifying

reproductive barriers within systems should be a focus of speciation research as indicated

by the Marie Curie Speciation Research Network (2012); … we suggest that speciation

research is now at a stage where systematic documentation of the contribution of different

processes is more important than the collection and categorisation of isolated examples.

Few comprehensive overviews have been published (Ramsey et al. 2003; Lemmon and

Lemmon 2010). There are some exceptions, most notably in Pseudacris frogs (Lemmon

2009; Lemmon and Lemmon 2010), Ficedula flycatchers (Veen et al. 2001; Svedin et al.

2008; Sætre and Sæther 2010), fruit flies (Coyne and Orr 1989, 1997), damselflies (Sán-

chez-Guillén et al. 2012) and several cricket species (Jang et al. 2009; Maroja et al. 2009b,

Larson et al. 2012).

The first aim of this study is to contribute a comprehensive experimental assessment of

reproductive barriers between a little studied pair of sister species (Huang et al. 2000): G.

bimaculatus (De Geer) and G. campestris (Linnaeus). Their distributions are largely

allopatric, but overlap in south-eastern Spain (Pardo et al. 1993) and probably at similar

latitudes in more easterly locations.

Prezygotic barriers in crickets might occur both during long-range and short-range mate

choice. These two contexts are generally accepted as serving a different function, namely

identifying a partner of the right species (long-range signals) and of a high quality (short-

range signals) (Gray 2005). Quality refers here to any fitness consequences other than those
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arising through interspecific interactions, e.g. low viability of hybrids. We assessed these

different functions using playback experiments and mating trials, respectively.

Multiple postzygotic barriers were examined by making crosses among species and

hybrids. It is often assumed that if independently evolved genetic systems (here repre-

sented by the different species) hybridise, the resulting offspring are less fit due to

incompatibilities of certain gene combinations (e.g., Bateson-Dobzhansky-Muller incom-

patibilities (Orr 1995)). We therefore predict that the fertility and viability of hybrids is

reduced compared to the parental species.

Furthermore, we investigated sexual selection against hybrids. Earlier studies showed

that male song traits and female preferences of hybrids are intermediate between the

parental species (Hoy and Paul 1973; Hoy et al. 1977; Shaw 2000). Based on this limited

evidence, we predict that in choice experiments there will be no difference in preference of

female hybrids for either parental species. However, making predictions for hybrids’ traits

is difficult as it is dependent on the (typically unknown) genetics of the traits and is

influenced by the often increased variance of hybrids compared to the parental species.

The strength of each individual barrier to reproductive isolation (RI; Coyne and Orr

1989) between the two species was calculated. As earlier acting barriers have a stronger

effect on gene flow compared to later acting ones, we calculated the strength of each

barrier and assessed the absolute contribution (AC: Ramsey et al. 2003) of each barrier.

Once considerable knowledge of reproductive barriers between species belonging to the

same clade is collated, a comparison of similarities of barriers among each individual species

pair may be conducted. This may shed light on how common multiple barriers are and

whether or not similar combinations of barriers cause interspecific reproductive isolation

within a clade. Furthermore, the presence/absence of certain sets of reproductive barriers may

provide insights into how these barriers evolved (i.e. speciation). For example, the process of

reinforcement requires a cost to hybridisation to be present, which drives divergence

of prezygotic barriers such as mate choice (e.g., Servedio and Noor 2003). In the second part

of the paper we combine our findings with a comprehensive overview of published barriers

between ‘true cricket’ species (Gryllidae family). We hypothesise that similarities in

reproductive barriers across different species pairs suggests a shared speciation mechanism.

Materials and methods

Barriers between G. bimaculatus and G. campestris

Study species

Gryllus bimaculatus and G. campestris are sister species and represent the European clade

of Gryllus genus (Family Gryllidae) (Huang et al. 2000). The distribution of G. campestris

in Europe covers large parts of France and Spain and extends east along the same latitude.

G. bimaculatus occupies a more southerly distribution, mainly restricted to the coastal

region around the Mediterranean. The two species meet in south-eastern Spain (Gorochov

and Llorente 2001; Pardo et al. 1993), and presumably in additional locations such as Italy

and further East (Popov and Shuvalov 1977). Earlier descriptive studies showed that

female G. bimaculatus hybridise readily with G. campestris but that the reverse pairing is

extremely rare in captivity (Cousin 1933; von Hörmann-Heck 1955) or absent (Veen et al.

2011). In this study we used individuals collected from areas in Spain where only one of

both species is living at present. G. campestris was not found within an area of about
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40 km in diameter around the G. bimaculatus collection site near Valencia (N43 27.193

W5 50.407), and the closest population of G. bimaculatus is at least 60 km away from the

G. campestris collection site near Oviedo (N39 35.936 W0 34.087), with the Cantabrian

Mountains likely acting as a geographic barrier. Only reproductively mature males (i.e.

with a spermatophore present) were used. We use the term ‘hybrid’ for offspring from a

female G. bimaculatus 9 male G. campestris pairing, as this was the only type of hybrid

produced during our experiments. Hybrid offspring from 10 unique pairs were obtained

and each experiment consisted of a mixture of hybrids from at least five of these pairs.

Reproductive barriers

Pre- and postzygotic barriers are described relative to the hybridising pair. Thus, a reduced

willingness of female hybrids to mate relative to the parental species acts at the same

(prezygotic) stage of an individual’s life cycle but is a postzygotic barrier in the same way

that reduced viability of hybrid offspring is postzygotic.

Obtaining a comprehensive measure of the reproductive barriers between two species

involves quantifying fitness estimates over multiple generations. An overview of repro-

ductive barriers studied, including the methods used, is presented in Fig. 1a (here we focus

on the parental generation (comparing pure-species with mixed-species pairings) and the

F1 hybrid generation (contrasted to pure-species parings) in order to obtain large enough

sample sizes). Our experiments were conducted for consecutive parts of the life cycle of

both parental species and hybrids, hence we conducted statistical tests comparing the

different pairing types within each of the stages and present the results accordingly (e.g.

mating success of hybrids is presented before the hatching success of hybrid eggs, but acts

later as a reproductive barrier). The different components of the pre- and postzygotic
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Fig. 1 An overview of the methods used (in grey box) to assess the strength of different reproductive
barriers between G. bimaculatus and G. campestris (a). The absolute contribution (AC) of each of the
barriers to reproductive isolation (b). The AC values are calculated relative to the measurement of interest of
pure species parings or pure species (which was lacking for hybrid calling song preference hence the
exclusion). See main text for details
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barriers are combined and discussed in the appropriate order in the Discussion. We refer to

any mechanism potentially influencing gene flow as a reproductive barrier, even if our

result is that it enhances gene flow.

Measuring reproductive isolation

We calculate the contribution of each barrier to reproductive isolation using the methods as

outlined in Ramsey et al. (2003), to which we refer the reader for details. In short, RI

quantifies the relative strength of a barrier and typically varies between 0 (no barrier) and 1

(complete barrier). The general form is

RI ¼ 1� heterospecific

conspecific
;

where heterospecific is the measurement for the mixed-species pairing or hybrid and

conspecific for the pure-species paring or pure species (Coyne and Orr 1989). The RI for

each barrier is defined in the next sections. The absolute contribution (AC) represents the

contribution of a barrier while accounting for the reduction due to earlier acting barriers

(equation 1–4 in Ramsey et al. 2003). The RI of prezygotic barriers was assessed relative

to the pure-species pairing of the focal sex (e.g. female in the long-range calling song tests)

and maternal species for the postzygotic barriers where relevant.

Prezygotic barriers

We conducted two sets of mate choice experiments following the sequence of mating behav-

iours in the wild. In both species, females locate a male based on his courtship song (long-range)

and after approaching and making physical contact, the pair engages in a sequence of courtship

behaviours, which may lead to mating (short-range: Adamo and Hoy 1994).

Long-range mating behaviour

In the first test, a typical courtship song (a long-range signal) of both pure species was

played-back to a G. bimaculatus, G. campestris or a hybrid female through speakers. For

the playback we constructed ‘typical’ songs of males of both species using the mean

number of pulses per chirp, the chirp length and time between chirps, all which have been

found to affect mate choice (Thorson et al. 1982; Simmons 1988a, b; Doherty 1991; see

Supporting information A for details and discussion).

The response of the cricket to the song played was measured using a trackball system.

When responding phonotactically, the cricket turns towards the sound source (i.e., the

speaker). In the trackball set-up however the cricket is fixed on top of a lightweight sphere,

which turns in response to her activity. This movement was recorded by two optical sensors

and stored every 0.5 s (see Supporting information B for a detailed description and advan-

tages of the method). We focus on the steering behaviour of the crickets, rather than their

forward motion, since the rotation of the sphere around its vertical axis represents an attempt

by the female to turn towards or away from either sound source (Hedwig and Poulet 2005).

We capture this behaviour by taking the mean of the recorded turning effort over the play-

back period (the recording frequency) (‘turning effort’ in degrees s-1) towards the active

speaker (or the conspecific song in case of the two-choice trials, see below).

Each playback trial started with a period of acclimatisation by the target female to the

sphere (1–5 min). The experiment started with a period of silence (60 s), followed by

playback 1 from side A (50 s), silence (10 s), playback 2 from side B (50 s), silence (10 s),
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and playback 1 and 2 simultaneously, each played from one side (50 s). Each female was

tested on two consecutive days. On the second day, the species order of playback (i.e.,

which species’ call was played first) was reversed to control for potential effects of whether

or not a conspecific song was played first. The species and side of the first playback

sequence was drawn randomly and each trial started with two no-choice tests and ended

with a two-choice test. In each no-choice test, the songs of both species were used, played

sequentially from different sides. It is valuable to use both experimental designs as they

represent different empirical scenarios (Wagner 1998; Coyne and Orr 2004). The no-

choice playback simulates a situation with only one type of male (either con- or hetero-

specific), which is an essential test as females have been found to respond to heterospecific

calls in the absence of conspecifics (Jang and Gerhardt 2006a). The two-choice test pro-

vides information about situations where both con- and heterospecific males are present

simultaneously.

Individuals that repeatedly ran backwards, pushed the sphere up and down or nibbled on

the sphere after the initial acclimatisation period were excluded. Lab-reared 10 day old

crickets of both species were used and all experiments took place at 28 �C ± 1 �C under

red light. The peak sound level of both speakers was normalised to 84 ± 0.5 dB (re 20

lPa) using a Tenna 72-6635 sound pressure meter.

Statistical analyses of the no-choice and two-choice tests were performed separately

using linear-mixed models (l mm: the nlme library in R (R Development Core Team

2011)). We used a mixed model with turning effort as response variable and ‘female ID’

(a unique number for each individual female) as random effect to control for multiple uses

of some females. As explanatory variables we included: ‘female identity’ (G. bimaculatus,

G. campestris and hybrid), ‘song type’ (conspecific or heterospecific song; G. bimaculatus

was arbitrarily chosen to be named conspecific for hybrid females for ease of use) and their

interaction. The location of the active speaker (‘side’; left or right) and the order of con- or

heterospecific song playback (‘run’) were included to control for their potential effects on

the response variable, and female identity 9 song type interaction was included to test for

response differences between types of females. Subsequently, three pairwise comparisons

were conducted using the same statistical approach to determine which female groups

differed significantly from each other. The two-choice trials were analysed in a similar

way, but without the explanatory variables run and song type, as both types of song were,

by definition, played simultaneously and the response is measured with respect to the

conspecific song (‘conspecific phonotaxis’) as described above.

A separate l mm was run for each female type and for no and two-choice tests to test

whether the females showed positive conspecific phonotaxis, as indicated by a significant

intercept term.

Explanatory variables were excluded if they did not significantly reduce model fit as tested

using an anova or likelihood ratio test (Crawley 2007). We present the p values of the model

selection results in the main text and a detailed summary in the Supporting information. All

analyses in this paper were performed using R (R Development Core Team 2011).

The RI was only calculated for the no-choice test as it allows us to calculate the relative

female response to hetero- versus conspecific males

RIcalling song ¼ 1�mean response to heterospecific song

mean response to conspecific song
:

Calculating an RI for hybrids is not trivial as gene flow is impeded if hybrids prefer to

mate with other hybrids instead of backcrossing with either of the parental species, or are

less inclined to mate in general (no data available).
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Short-range mating behaviour

To test for barriers when the crickets come into physical contact, a hybrid individual was

placed in a circular plastic container (14.5 or 17 cm diameter) together with a G. bimaculatus

of the opposite sex but separated by a partition for the first 60 s. After removal of the

partition, time keeping started after first physical contact. Whether or not the male produced

courtship song, and whether the female mounted the male and mated, were recorded con-

tinuously during a 10-min period. The results of these experiments were compared with data

obtained from pure and mixed-species mate choice trials of all combinations between

G. bimaculatus and G. campestris (Veen et al. 2011). The different courtship components are

sequential; starting with the male producing courtship song, followed by mounting and

mating, which are induced by the female. We only have information about all possible

crosses for G. bimaculatus (of both sexes) and we therefore use this as our focal species.

We analysed the three sequential short-range mate choice steps (male song—female

mounting—mating) separately. As the response variables are binary, we used a general-

ised-linear mixed model with a binomial distribution and logit link function (glmm; R lme4

library). An individual’s ID was added as a random factor to control for multiple use of the

same individual. Only one random factor could be added (otherwise the size of the random

effects vector exceeded the number of observations) which was chosen to be the ID of the

sex that instigated the behavioural response (the male for the song, and female for all other

behaviours). As an explanatory variable we included species identity (G. campestris/G.

bimaculatus/hybrid). Model selection was based on anovas using the Chi2 distribution

(Crawley 2007). The G. campestris used originate from wild-caught and first-generation

lab-reared individuals. We grouped these together as a previous study showed that they

behaved similarly (Veen et al. 2011). Due to the seasonal availability of G. campestris we

could not perform crosses between the latter species and hybrids. See Veen et al. (2011) for

a detailed dissection of pure- and mixed-species pairing behaviour.

RIs were calculated for each of the three components as follows:

RIcourtship song ¼ 1� proportion singing with heterospecific female

proportion singing with conspecific female
;

RImounting ¼ 1� proportion mounted heterospecific male

proportion mounted conspecific male
;

RImating ¼ 1� proportion mated heterospecific male

proportion mated conspecific male
:

The RI for hybrids was not computed as hybrids were not tested against both pure species

and hence a proper reference to determine the direction of gene flow is lacking.

Postzygotic barriers

We compared the reproductive success (number of eggs laid and hatching success) of

mixed-species parings with that of both pure-species pairings, and the longevity of hybrids

with that of both pure species.

Longevity was estimated for both sexes of all three groups as the time between adult

emergence and death. All crickets were checked every third day (with few exceptions). To

estimate longevity we used only data from the captive bred G. bimaculatus individuals, and

offspring of wild caught G. campestris and offspring of crosses between wild caught

G. campestris and captive bred G. bimaculatus. The longevity data were not normally
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distributed and therefore we analysed them using a Kruskal–Wallis test. Pair-wise com-

parisons between the three groups were conducted using the kruskalmc function from the

pgirmess package (Giraudoux 2008). We subsequently tested whether longevity differed

between the sexes within each of the three species groups.

RIlongevity ¼ 1� longevity hybrid

longevity pure species

Sexes were pooled as longevities were very similar (although statistically significantly

different for G. campestris).

The reproductive success of the different pairing types was assessed by counting the

number of eggs laid and hatched. After a successful mating, the spermatophore was left

attached to the female for 60 min for most trials to facilitate sperm transfer. To increase the

sample size we included unpublished data from mating trials using the same G. bima-

culatus stock where the spermatophore was left attached for 45 min. Sperm transfer rate

declines over time and the majority of sperm in the ejaculate is present inside the female

after 45 min (Simmons 1986). After removal of the spermatophore, the female was kept in

a plastic container with a small petri-dish with moist sand to lay eggs in. After 48 h the

eggs were extracted from the sand by rinsing the petri-dish with water, counted, and

transferred onto a moist layer of cotton wool in a large petri-dish where they remained until

hatching (Simmons 1988a, b). The emerged nymphs were counted and transferred to

standard housing conditions. The egg pads were monitored for at least 1 week after first

hatching. Approximately 10 % of the broods were lost due to fungal infections affecting

the entire clutch. All procedures were conducted at 28 �C.

The differences in number of eggs laid for the different pairing types were analysed

using a glm with quasipoisson error (as the data were overdispersed). Differences in

hatching success between the paring types were analysed with a logistic regression (glm

with binomial distribution). Only wild caught G. campestris females were used for this

experiment. These were caught early in the season when very few matings would have

occurred so most of them were likely to be virgins, but this cannot be certain for any

individual.

RIeggs ¼ 1� number eggs mixed� species pairing

number eggs pure� species pairing
;

RIegg hatching ¼ 1� hatching success mixed� species pairing

hatching success pure� species pairing
:

Literature review

For our review of reproductive barriers in crickets we included all ‘true’ cricket species

(Gryllidae): nine more Gryllus species, three Allonemobius species, three Laupala species

and five Teleogryllus species. We conducted a literature search using the key words spe-

ciation, reproductive barrier, crickets and Gryllidae on the Web of Knowledge and Google

Scholar alongside checking references in relevant papers and tracking subsequent citations

of these papers. We focussed on barriers typically recorded under laboratory conditions.

Different barriers, such as timing of reproduction might be present in nature but are beyond

the scope of this review.
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Results

Reproductive barriers between G. campestris and G. bimaculatus

Prezygotic barriers

The behaviour of female G. bimaculatus and hybrids on the sphere was similar to when

they were observed in a large chamber. In contrast, more female G. campestris switched

between running forward (typical for G. bimaculatus females) and running backwards and

persistently trying to escape. Any trials with such erratic behaviour were excluded from the

analysis. A total of 38 out of 41 G. bimaculatus females were tested successfully, 37 of

which provided data for both trials (on consecutive days). For G. campestris, 20 out of 45

females were successfully tested, with 14 providing 2 trials. Out of the 35 hybrids females

tested, 26 could be used, with 24 double trials.

Long-range mate choice

No-choice experiment Females of the three species groups did not differ in their

response towards a con- or heterospecific song type as indicated by the exclusion of the

song type 9 female identity interaction and song type (p = 0.282 and p = 0.179

respectively, Fig. 2). Female identity, run and side remained in the final model (p = 0.003,

p = 0.005, p \ 0.001, respectively).

The pair-wise comparisons between G. bimaculatus–G. campestris and G. bimacula-

tus—hybrid were very similar: for both, the song type 9 female identity interaction

(p = 0.876 and p = 0.164, respectively) and song type (p = 0.799 and p = 0.143,

respectively) were excluded and run, side and female species remained. For the G. cam-

pestris—hybrid comparison, the interaction was also non-significant (p = 0.097) as well as

female species (p = 0.052), with song type just significant (p = 0.049).

In the next step we tested for the strength of phonotactic response of each female group by

examining whether the intercept was significant in the final model. This revealed that only

G. bimaculatus females showed significant phonotaxis (pintercept \ 0.001), i.e., a turning effort

significantly deviant from zero. The final G. bimaculatus model furthermore included side

(p \ 0.001). The G. campestris intercept approached significance (pintercept = 0.054) and the

final model contained run (p = 0.013). The intercept of hybrid females was not significant
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Fig. 2 The phonotactic response measured as turning effort towards the sound source of female G.
bimaculatus (‘bimac’), G. campestris (‘camp’) and hybrids (‘hybrid’) towards con- and heterospecific male
calling songs. Each female was tested in a no-choice (a) and two-choice b set-up. We arbitrarily choose G.
bimaculatus as conspecific for hybrid females. Note the different scales of the y-axis between a and b
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(pintercept = 0.120) and the final model contained; run (p = 0.034), side (p \ 0.001) and

song type (p = 0.012). See Supporting information C for full statistical results.

Two-choice experiment Female identity was not significant in the full model (p = 0.474),

nor in any of the pair-wise comparisons (p [ 0.202). Conspecific phonotaxis was signif-

icant in the G. bimaculatus–G. campestris and G. bimaculatus—hybrid comparison (both

p \ 0.001).

A preference for conspecific song is indicated by separate lmms for each female group,

revealing inclusion of conspecific phonotaxis in the final model for female G. bimaculatus

and hybrids (p \ 0.001 and p = 0.019, respectively) but not G. campestris (p = 0.349).

(Note that for hybrid females G. bimaculatus is ‘conspecific’). See Supporting information

D for full statistical results.

Short-range mate choice

For all three sequential mate choice steps we first discuss the three pairing types involving

a female G. bimaculatus (open circles, connected by a line in Fig. 3) and then the three

paring types involving a male G. bimaculatus (the column marked ‘bimac’ on the x-axis of

Fig. 3). The outcome of the model comparisons is given in Table 1. Each individual is only

used once for a particular pairing type and only once a day. A total of 127 mate choice

experiments were performed (see Table 1 for sample sizes of the different pairing types).

The total number of individuals, with number used multiple times in brackets, is as fol-

lows: 79 (7) male and 90 (6) female G. bimaculatus, 32 (0) and 12 (0) G. campestris, and

16 (0) and 25 (0) hybrids.

Song The different male groups responded differently towards female G. bimaculatus, as

indicated by inclusion of species identity in the final model (Table 1a; Fig. 3a). Pair-wise

comparisons showed that these differences are strong between all pairs, except the

G. bimaculatus 9 G. campestris versus G. bimaculatus 9 hybrid pairing.

Similarly, G. bimaculatus males responded differently to females of the three groups

(Table 1b; Fig. 3a). This can be attributed to the significant difference between

G. bimaculatus 9 G. bimaculatus versus G. campestris 9 G. bimaculatus. These differences

are however less pronounced compared to the responses of different male groups to female G.

bimaculatus (Fig. 3a).
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Fig. 3 Mean responses with standard errors of males (initiation of courtship song (a)) and females
(mounting (b) and mating (c)) to con- and heterospecific partners. Pairing types involving a female G.
bimaculatus (open circles) are connected by a line. G. campestris is abbreviated as ‘camp’, G. bimaculatus
to ‘bimac’ and hybrids to ‘hybrid’

1002 Evol Ecol (2013) 27:993–1015

123



Mounting Males of the three different groups differed significantly in how likely they

were to be mounted by female G. bimaculatus (Table 1a; Fig. 3b). Pair-wise comparisons

revealed that this is due to female G. bimaculatus mounting a conspecific significantly

more often than they mount a G. campestris male. There was no significant difference in

mounting between the G. bimaculatus 9 G. campestris versus G. bimaculatus 9 hybrid

pairing comparison.

Females of the different groups responded differently to G. bimaculatus males

(Table 1b; Fig. 3b). Furthermore, female G. bimaculatus and G. campestris differed sig-

nificantly in their propensity to mount, with no mounting by female G. campestris (as

reported by Veen et al. (2011)). G. campestris and hybrid females differed significantly.

Mating The results of the full model are similar to mounting with the exception of

G. bimaculatus 9 G. campestris pairings, as mounting results in a mating much less

frequently for this group (Table 1a; Fig. 3c). The only significant pair-wise difference is

between G. bimaculatus females 9 G. bimaculatus versus G. campestris males.

Similarly, the female groups differed in their response to male G. bimaculatus

(Table 1b; Fig. 3c). Pair-wise differences were significantly different for G. bimaculatus

versus G. campestris 9 male G. bimaculatus and female G. campestris versus hybrid 9

male G. bimaculatus.

Postzygotic barriers

Longevity

The three species groups differed significantly in longevity, with hybrids living the longest,

G. campestris the shortest and G. bimaculatus intermediate (Fig. 4; Table 2a). Longevity

differed significantly between all three pair-wise species comparisons. Post hoc Kruskal–

Wallis comparisons for each species group to test for differences between the sexes

revealed a sex difference in longevity for G. campestris but not for

G. bimaculatus or hybrids (Table 2b).

Table 1 Model comparisons of different short range mating behaviours with male species (a) or female
species (b) as explanatory variables

Pair 1 Pair 2 Song Mounted Mated

a #

Full model $ 9 # $ 9 # 0.003 0.042 0.009

Pairwise comparisons bimac 9 bimac (42) bimac 9 camp (32) 0.005 0.016 0.003

bimac 9 bimac bimac 9 hybrid (16) 0.005 0.132 0.077

bimac 9 camp bimac 9 hybrid 0.521 0.666 0.907

b $

Full model 0.076 \0.001 0.003

Pairwise comparisons bimac 9 bimac camp 9 bimac (12) 0.024 \0.001 \0.001

bimac 9 bimac hybrid 9 bimac (25) 0.37 0.778 0.375

camp 9 bimac hybrid 9 bimac 0.161 \ 0.001 1

For analyses involving the proportion of males initiating courtship song male ID was added as a random
effect and for mounting and mating, female ID was included. The full model, including all three paring
types, is followed by three comparisons between the different paring types (pair 1 and pair 2). G. campestris
is ‘camp’ and G. bimaculatus is ‘bimac’. See Supporting information E for a full overview of statistical
results. Sample sizes of the different pairing types are given in brackets
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Number of eggs

The number of eggs laid differed significantly between the three pairing types as indicated

by the inclusion of species group in the final model (p \ 0.001). The pair-wise comparison

between the two pure species pairings (G. bimaculatus and G. campestris) and pure

G. campestris pairs versus female G. bimaculatus 9 male G. campestris significantly

differed (both p \ 0.001) with a much higher number of eggs for G. campestris females

(Fig. 5). Pure G. bimaculatus laid more eggs (Fig. 5), but not significantly so compared to

female G. bimaculatus 9 male G. campestris pairs (p = 0.068). See Supporting infor-

mation F for full statistical details.

Hatching success

Species group was retained in the full model (p \ 0.001) indicating a significant difference

between the three pairing types. Pair-wise comparisons showed a significantly lower

hatching success of both pure G. campestris pairs and female G. bimaculatus 9 male

G. campestris pairs compared with pure G. bimaculatus pairs (see Fig. 6). Hatching suc-

cess of female G. bimaculatus 9 male G. campestris was significantly reduced compared

to pure G. campestris pairs. (All pair-wise comparisons p \ 0.001, see Supporting infor-

mation G for full statistical results.)

Combined effect of reproductive barriers

The absolute contribution of the different barriers described above is depicted in Fig. 1b. It

is clear that prezygotic barriers are very strong for both mixed-species pairing types, but
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Fig. 4 Longevity of male and female G. bimaculatus (‘bimac’; n = 352/350), hybrids (‘hybrid’: n = 53/
37) and G. campestris (‘camp’: n = 61/50), in days. Sample sizes are for female and male respectively

Table 2 Kruskal-Wallis test for
differences in longevity between
the three species groups (a), and
between sexes within each spe-
cies group (b)

v2 d.f. p

a

Species group 66.95 2 \0.001

b

Sex differences

G. bimaculatus \0.01 1 0.948

G. campestris 5.31 1 0.022

Hybrid 1.04 1 0.307
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especially those involving a female G. campestris. Postzygotic barriers affected repro-

ductive isolation only very weakly.

Reproductive barriers in Gryllidae

Between species pairs, there were an average of 2.88 (se = 0.44. median = 2) prezygotic

barriers and 2.29 (0.46, 2) postzygotic barriers identified. Not all barriers between two

species have been assessed for both types of mixed-species pairing types (Fig. 7).

Three out of the 16 species pairs showed asymmetric prezygotic barriers. This was 4 out

of 13 for the postzygotic barriers (the G. bimaculatus and G. campestris pair was excluded,
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as postzygotic barrier differences cannot be assessed due to complete asymmetric pre-

zygotic isolation).

Discussion

We found multiple pre- and postzygotic reproductive barriers between G. bimaculatus and

G. campestris and show that this is widespread among Gryllidae. The prevalence of

prezygotic barriers suggest an important role for sexual selection in the maintenance of

species, but its role in speciation is much more controversial (Ritchie 2007). We discuss

the potential effects of multiple barriers and asymmetric hybridization, as recorded in

crickets, on the evolution of reproductive barriers.

The first barrier is a weak prezygotic barrier during the first (long-range) mate attraction

phase. This data should be treated with care as G. campestris females behaved erratically

on the sphere. This may be because, unlike G. bimaculatus, this species is very active

during the day and uses a burrow to escape from predators (Rodrı́guez-Muñoz et al. 2010;

Rodrı́guez-Muñoz et al. 2011). If indeed present, the lack of species discrimination in G.

campestris females is surprising given the females’ absolute preference function (but see

Thorson et al. 1982 for similar results). Female G. bimaculatus only preferred conspecific

song in the two-choice test, which may affect mate choice in nature if species densities

influence mate choice patterns. When confronted with only heterospecifics, G. bimaculatus

females are likely to hybridise, but this will happen less frequently if conspecifics are

around. Experimental work has shown effects of prior experience on con- and hetero-

specific mate choice (Izzo and Gray 2011). Under natural conditions, however, these

effects are unclear.

Our results do not strongly support the notion that calling and courtship song differ in

their effects on species isolation (Gray 2005) as we find that both song types influence

reproductive isolation but only weakly. Instead, short-range mate choice appears to be a

very important prezygotic barrier in this species pair. This appears to be common among

the Gryllidae and leads us to conclude that there is only weak support at best for the idea

that long-distance signals are more important in species recognition. Furthermore, a

phylogenetic analysis of acoustic communication failed to find a univocal pattern of song

divergence explaining speciation in the Gryllus genus (Desutter-Grandcolas and Robillard

2003), indicating a more complex scenario of character divergence underlying speciation.

More generally, the distinction between ‘species recognition’ signals and those used for

‘classic’ (intraspecific) sexual selection, as suggested for crickets, has been challenged

(Sullivan 2009; Mendelson and Shaw 2012). In various organisms, such as Tungára frogs,

sexual signals appear to be part of a continuum instead of resulting from distinct selection

processes (Ryan and Rand 1993; Phelps et al. 2006). The mating pattern emerging from

sexual selection (this includes species recognition) is driven by differential fitness return of

the mating partner(s), which can be due to ‘intraspecific’ qualities such as parental effort,

or genetic incompatibilities between individuals belonging to different populations. These

selection forces act simultaneously and may interact. Signals have been found to combine a

function in obtaining intraspecific mate choice benefits and enhance species-assortative

mating in insects (Higgie and Blows 2007; Svensson et al. 2007), fish (e.g., Barlow and Siri

1997; Hankison and Morris 2002; van der Sluijs et al. 2008) and birds (e.g., Pryke and

Andersson 2008). The continuum of signals hypothesis can explain a wide variety of

mating patterns and signal properties (such as static and dynamic: Gerhardt 1991) and may

provide a useful framework to study the evolution of sexual signals during speciation.
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Fig. 7 An overview of the reproductive barriers documented between species belonging to the true crickets
(Gryllidae). For each species pair, the two different mixed-species pairing types were compared to pure
species pairing. Only the female species of these pairs is presented to keep the figure concise, and a line to
aid comparison separates the different pairs. In case of uncertainty, e.g., due to an inconclusive study or
multiple studies with conflicting result, the thickness of the bar is reduced in size. Most traits studied in the
category ‘other’ are presumed to have an effect (e.g., differences in cuticular hydrocarbons were found
between the species and these were used for mate choice) but needs experimental verification. See
supporting information H for a detailed description of these barriers. *Includes survival of nymphs, **If
intermediate between parents it is assumed to contribute to a barrier but as ‘less certain’. References: 1
(Gregory and Howard 1993), 2 (Howard 1986), 3 Howard et al. (1998), 4 Howard and Gregory (1993), 5
Howard et al. (1993), 6 Birge et al. (2010), 7 Ross et al. (2008), 8 Veech et al. (1996), 9 Howard and Waring
(1991), 10 Gregory and Howard (1994), 11 Traylor et al. (2008), 12 Marshall (2004), 13 Marshall (2007), 14
Mendelson and Shaw (2005), 15 Shaw (2000), 16 Mendelson and Shaw (2002), 17 Mullen et al. (2007), 18
Mendelson and Shaw (2006), 19 Honda-Sumi (2005), 20 Ohmachi and Masaki (1964), 21 Hill et al. (1972),
22 Hennig and Weber (1997), 23 Pollack (1982), 24 Lim (1970), 25 Hoy et al. (1977), 26 Hoy and Paul
(1973) 27 Harrison and Bogdanowicz (1997), 28 Larson et al. (2011), 29 Harrison (1983), 30 Harrison
(1985), 31 Harrison and Arnold (1982), 32 Doherty and Storz (1992), 33 Ross and Harrison (2002), 34
Maroja et al. (2009b) 35 Maroja et al. (2009a), 36 Izzo and Gray (2011), 37 Gray and Cade (2000), 38 Izzo
and Gray (2004), 39 Gray (2005), 40 Fitzpatrick and Gray (2001), 41 Smith and Cade (1987), 42 Cade and
Tyshenko (1990), 43 Jang and Gerhardt (2006a), 44 Jang and Gerhardt (2006b), 45 Jang and Gerhardt
(2007), 46 Jang et al. (2009), 47 Leonard and Hedrick (2009), 48 Cousin (1933), 49 von Hörmann-Heck
(1955), 50 Veen et al. (2011), 51 Tyler et al. (in press)
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The first important postzygotic barrier is reduced hatching success of mixed-species

pairs, which could be caused by problems during egg and/or embryo development. In

contrast to many studies finding a reduced viability of hybrids across many taxa, hybrids in

our study lived longer than the two pure species. This stresses the importance of quanti-

fying multiple barriers to estimate gene flow between two species. In our case gene flow

will probably not be enhanced much as hybrid longevity is a late acting barrier.

Sexual selection as a postzygotic barrier

Sexual selection is a contentious issue in speciation (reviewed in Ritchie 2007), but its

contribution as a postzygotic barrier through hybrids is little studied (Nosil et al. 2005). We

find several lines of evidence that suggest this may be important. We showed that male

hybrids have a reduced rate of initiating courtship song. Furthermore, G. bimaculatus

females mounted and mated with hybrids less frequently than conspecific males, but more

frequently than G. campestris. Both processes are predicted to reduce gene flow between

the two pure species. Gene flow could be further reduced by mate choice expressed by

female hybrids, which was always intermediate to those of the pure species.

In contrast to our prediction, hybrid females showed a clear calling-song preference for

G. bimaculatus (contra Hoy and Paul 1973), which was even stronger than female

G. bimaculatus have for conspecific song. One possible explanation, that hybrids have an

open-ended preference function, i.e. there is strong directional preference (e.g., for faster

pulse rates) is unlikely as both parental species appear to have a unimodal (‘absolute’)

preference (Popov and Shuvalov 1977; Thorson et al. 1982). The reduced attractiveness of

male hybrid calling song is predicted to reduce gene flow, provided that female choice is

not constrained. Theoretical models (Servedio 2004) together with studies of e.g., fish

(Vamosi and Schluter 1999), insects (Naisbit et al. 2001, Bridle et al. 2006) and birds

(Svedin et al. 2008) and our results indicate that sexual selection on hybrids may be

widespread and should not be ignored in studies of speciation.

Combination of reproductive barriers and speciation pathways

One of the interests of studying reproductive barriers in detail, and in multiple closely

related species groups, is to identify similarities in reproductive barriers among species

pairs. This may in turn reveal patterns matching those predicted by different speciation

pathways. In the Gryllidae, patterns of barriers match three pathways: speciation through

sexual selection, reinforcement, and evolution of conspecific sperm precedence.

Speciation through sexual selection requires the presence of strong prezygotic barriers

and no postzygotic barriers to rule out reinforcement. The reproductive barriers between

G. rubens (Scudder) and G. texensis (Cade and Otte) are concentrated during the pre-

zygotic phase, both during long and short-range mate choice (Gray and Cade 2000; Izzo

and Gray 2004; Gray 2005). Contradictory results have been found with respect to post-

zygotic barriers, indicating no barrier, selection against hybrids and selection favouring

hybrids (Smith and Cade 1987; Cade and Tyshenko 1990). The importance of sexual

selection is enhanced by the absence of character displacement in sympatry, a typical

pattern for reinforcement. Similarly, Laupala crickets show distinct differences in song,

but are otherwise very similar in morphology and ecology (Mendelson and Shaw 2005),

suggesting a crucial role for sexual selection in speciation.
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The importance of sexual selection in maintaining species integrity is supported by the

frequency of prezygotic barriers found in nature. Its relative importance during speciation

is much harder to determine (Ritchie 2007).

Reinforcement is an example where mate choice is important, but interacts with other

barriers, such as reduced hybrid viability. Patterns consistent with such an adaptive

feedback between pre- and postzygotic barriers has, as far as we are aware, only been

found in G. fultoni (Alexander) and G. vernalis (Blatchley) (Jang and Gerhardt 2006b,

2007; Jang et al. 2009). The prerequisites for reinforcement are present for G. bimaculatus,

(and potentially also in G. campestris if courting heterospecifics is costly) and T. emma

(Ohmachi and Matsuura) and T. taiwanemma (Ohmachi and Matsuura), but conclusive

evidence for reinforcement is lacking.

Lastly, conspecific sperm precedence has been found to limit gene flow between Allon-

emobius fasciatus (De Geer) and A. socius (Scudder)(Gregory and Howard 1994; Howard

et al. 1998) along with several postzygotic barriers (Birge et al. 2010). Despite intensive

work, no other prezygotic barriers of significance have been found between these two species

(Veech et al. 1996; Birge et al. 2010). Conspecific sperm precedence might evolve quickly

(Howard and Gregory 1993) and may play an important role as an emerging reproductive

barrier during speciation (Howard 1999). Conspecific sperm precedence has been found in

both (Allonemobius) species pairs and G. bimaculatus (Tyler et al. in press). In the latter

species, multiple prezygotic barriers have been described, indicating that it is hard to

disentangle the importance of one mechanism during speciation, nor is there conclusive

evidence that it evolved as an adaptive response to increase reproductive isolation.

Using an overview of the presence/absence of reproductive barriers to infer speciation

pathways has several caveats. Differences in research interests may bias the barriers studied

by different scientists and hence influence which type of barriers have been described.

Although the species pairs discussed above are among the best studied, no assessment of

reproductive barriers can be completely comprehensive, as a multitude of mutually com-

patible, ecological, behavioural, and genetic factors have been found to act as reproductive

barriers and hence to influence isolation (Coyne and Orr 2004). A case in point is provided by

the G. pennsylvanicus (Burmeister) and G. firmus (Scudder) species pair, which are genet-

ically distinct, exhibit sharp clines of morphological and molecular traits across patch

boundaries, and only few hybrids are found in the wild (Ross and Harrison 2002). Laboratory

studies only found weak prezygotic and weak asymmetric postzygotic barriers (Harrison

1983; Maroja et al. 2009b). Obviously important barrier(s) have not yet been described, and

temporal differences in reproduction may play a role (Harrison 1985). This stresses the

importance of measuring barriers in the wild as selection may differ from the laboratory

(Coyne and Orr 1989). Furthermore, inferring the order and importance of reproductive

barriers is very difficult (Schluter 2001; Coyne and Orr 2004) and interactions will affect the

selection pressures (e.g., increased prezygotic isolation may decrease selection on post-

zygotic barriers). We assume that the absence of a barrier at present means it has never been

important in speciation and, by looking at qualitative patterns only, that the selection

coefficients are similar. These assumptions are hard to test. Figure 7 indicates however that

many barriers in the Gryllidae remain untested. Filling these gaps is required before more

general conclusions about speciation can be drawn.

Multiple (interacting) barriers

Multiple reproductive barriers have been found to contribute to reproductive isolation in

well studied system such as the Ficedula flycatchers, Pseudacris frogs, fruit flies and
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damselflies, and our study provides one more example. This empirical pattern is in line

with theoretical models showing that multiple sexual signals such as song, pheromones and

courtship rituals, facilitate speciation (Proulx and Servedio 2009; Doebeli and Ispolatov

2010). The contribution of a potential set of barriers to reproductive isolation varies greatly

among species, ranging from a few barriers of large effect to multiple with weak effect, and

the barriers may furthermore differ between sexes (Svensson et al. 2007). The prevalence

of multiple barriers and their complexity stresses the need to understand the interactions

between reproductive barriers. Reinforcement is an example of an interaction between pre-

and postzygotic barriers. Such interactions may also take place within the same behav-

ioural sequence, e.g., the complete barrier due to no mounting by G. campestris females is

predicted to result in strongly reduced (or no) selection on reducing sperm transfer

(Fig. 1b). Assessing multiple barriers and the traits involved will be a first step. In order to

understand the evolutionary dynamics of reproductive barriers, the genetic underpinning of

these traits should be uncovered (Marie Curie SPECIATION Network 2012).

Asymmetric reproductive barriers

In a substantial percentage of cricket species pairs the reproductive barriers were found to

be asymmetric (19 and 31 % of the pre- and postzygotic barriers, respectively). This is

lower than the 63 % inferred from unidirectional introgression of mitochondrial DNA

across a diverse group of animals (Wirtz 1999), but supports the idea that asymmetric

barriers are widespread (e.g. Sánchez-Guillén et al. 2012; Coyne and Orr 2004). There are

several mutually non-exclusive hypotheses to explain premating asymmetries. Kaneshiro

(1976) proposed that sexual signals were lost during subsequent founder events and

females of the derived forms are less discriminating as found in Drosophila species col-

onizing Hawaii. Recent work on G. rubens is suggestive of the Kaneshiro effect (Gray

2011). Another explanation is based on the ‘continuum of signals’ idea discussed above. If

species come into secondary contact after a period of geographic isolation, sexual signals

used for intraspecific mate choice may experience selection to enhance assortative mating

with individuals from their own population to avoid costly hybridization (Pfenning 1998).

Empirical evidence for this idea comes from spadefoot toads (Pfennig 2000), fruit flies

(Hine et al. 2002; Higgie and Blows 2007, 2008) and damselflies (Svensson et al. 2007).

Detailed information with respect to the selection underlying signal evolution is needed to

test this hypothesis, but is hard to obtain. Interestingly, a different way to avoid this conflict

is through multiple ornaments. In the pygmy swordtail, experimental manipulation of

different sexual signals led to very different mate choice patterns, including a preference

for heterospecific males (Hankison and Morris 2002) showing the importance (and com-

plexity) of multiple signals in mate choice. Lastly, adaptation of the sensory system to the

local environment may lead to coevolved signal-preference systems (sensory drive: Endler

1992). This may facilitate speciation (Boughman 2002), but can also constrain directions in

which the sensory system can evolve causing certain signals to be preferred, resulting in

asymmetric mate choice patterns.

Regardless of the underlying mechanism, asymmetric barriers are likely to result in

different selection pressures acting on the species and may thus lead to differences in

adaptive response (e.g., magnitude of character displacement). The magnitude and direc-

tion of selection may vary considerably among taxa and the different evolutionary con-

sequences this may cause deserve further attention.
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Conclusion

Multiple pre- and postzygotic barriers are common in Gryllids and these barriers may

differ in strength and direction (some increasing gene flow), and vary within and among

species pairs. Progress towards understanding the importance of different barriers and their

evolution can be made by focusing on the details of interactions between barriers within

species pairs, and filling in the gaps in our knowledge of reproductive barriers in clades of

species. This increases our understanding of the feedback between micro- (e.g., local

adaptation) and macroevolutionary processes (e.g., adaptive radiations), which will aid

progress towards formulating a general theory of speciation (Weissing et al. 2011). The

evidence for multiple speciation pathways underlying the divergence of Gryllidae indicates

that this is likely to be a challenging task.
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