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Summary

1. Understanding patterns of non-random mating is central to predicting the consequences of

sexual selection. Most studies quantifying assortative mating focus on testing for correlations

among partners’ phenotypes in mated pairs. Few studies have distinguished between assorta-

tive mating arising from preferences for similar partners (expressed by all or a subset of the

population) vs. from phenotypic segregation in the environment. Also, few studies have

assessed the robustness of assortative mating against temporal changes in social conditions.

2. We tracked multiple matings by stream water striders (Aquarius remigis) across variable

social conditions to investigate mating patterns by both body size and behavioural type (per-

sonality). We documented temporal changes in partner availability and used a mixed model

approach to analyse individual behaviours and changes in mating status recorded on an

hourly basis. We assessed whether all or only a subset of individuals in the population

expressed a tendency to mate with similar phenotypes. Our analyses took into account varia-

tion in the level of competition and in the phenotypes of available partners.

3. Males and females exhibited significant assortative mating by body size: the largest males

and females, and the smallest males and females mated together more often than random.

However, individuals of intermediate size were equally likely to mate with small, intermediate

or large partners. Individuals also displayed two contrasting patterns of assortative mating by

personality (activity level). Individuals generally mated preferentially with partners of similar

activity level. However, beyond that general trend, individuals with more extreme personali-

ties tended to exhibit disassortative mating: the most active males mated disproportionately

with less active females and the least active males tended to mate with more active females.

4. Our analyses thus revealed multiple, distinct patterns of nonrandom mating. These mating

patterns did not arise from differences in partner availability among individuals and were

robust to temporal changes in social conditions. Hence, mating patterns likely reflect mate

preferences or arise from male–male competition coupled with sexual conflict. Our study also

stresses the importance of accounting for variation in partner availability and demonstrates

the influence of behavioural variation on mating patterns.

Key-words: alternative mating strategies, assortative mating, mating success, phenotypic

segregation, sexual conflict, sexual selection

Introduction

Interactions between male and female phenotypes often

generate positive or negative assortative mating, in which

individuals with similar or dissimilar phenotypes have a

higher chance of mating (Andersson 1994; Jiang, Bolnick

& Kirkpatrick 2013). Assortative mating can have impor-

tant general evolutionary implications (Crespi 1989;

Andersson 1994; Arnqvist et al. 1996). It can create or

maintain phenotypic variation among individuals within

populations (Andersson 1994) and drive intersexual

co-evolution (Chapman et al. 2003), gene flow (Fronhofer

et al. 2011) or speciation (Schwartz & Hendry 2006; Jiang,

Bolnick & Kirkpatrick 2013). Importantly, assortative

mating can arise from different behavioural mechanisms,
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such as shared trait-dependent space use by males and

females (Ward & Porter 1993; Helfenstein, Danchin &

Wagner 2004), inter- or intrasexual competition

(Taborsky, Guyer & Taborsky 2009; Franceschi et al.

2010) or sexual conflict (Galipaud, Bollache &

Dechaume-Moncharmont 2013; Yu & Wang 2013). Mat-

ing patterns can also depend on the strength and evenness

of mating preferences expressed by different individuals in

the population (Reid & Baruch 2010; Schuett, Godin &

Dall 2011; see also Rabaneda-Bueno et al. 2014). In one

case, individuals may differ in their tendency to mate with

particular phenotypes. For example, some individuals

may prefer to mate with similar phenotypes, while other

individuals exhibit a different or no mating bias (Fig. 1a,

see also Schuett, Godin & Dall 2011). Alternatively, all

individuals in the population may be more likely to mate

with individuals of similar (or dissimilar) phenotypes

(Fig. 1b).

Assortative mating is typically studied by assessing the

population correlation between the phenotypes of mated

males and females at a given time. This standard method

does not use information on the phenotypes of unmated

individuals, does not account for variation in the pheno-

types of potential mating partners available to different

individuals (e.g. the possibility that large and small males

encounter different sized females), nor does it provide

much insight on underlying behavioural mechanisms

(Arnqvist et al. 1996; Crespi 1989). Much more insight

on mating patterns and underlying mechanisms can be

derived from tracking individuals through multiple mat-

ings, taking data on male and female behaviours and on

the social conditions they experience. Such data sets allow

us to (i) investigate how male and female phenotypes

interact to predict the likelihood of mating; (ii) take into

account variation in the phenotypes of potential partners

available to each individual; and (iii) assess the role of

temporal/spatial variation in the social environment.

If individuals with different phenotypes differ in the

phenotypes they are more likely to mate with, the proba-

bility of mating should be influenced by a statistical two-

way interaction between male and female phenotypes

(Fig. 1a). In particular, with positive assortative mating

where more similar phenotypes are more likely to mate

than dissimilar ones, then the relative similarity of an

individual’s phenotype and the phenotype of potential

partners should predict the mating outcome (Fig. 1b).

Accounting for variation among individuals in the pheno-

types of available potential mating partners (i.e. individu-

als of the opposite sex that are in the same

neighbourhood and not already paired) allows us to test

for assortative mating beyond any role of temporal or

spatial segregation among individuals with different

phenotypes. Finally, assessing the robustness of assorta-

tive mating patterns against changes in social conditions

provides insights on the importance of inter- or intrasex-

ual competition and mate preferences in shaping mating

patterns. Past studies on mating patterns have rarely

distinguished between these possibilities and typically have

not examined alternative, underlying mechanisms.

In this paper, we took advantage of an extremely

detailed data set on mating interactions in stream water

striders (Aquarius remigis) in semi-natural streams to

assess mating patterns based on morphology and beha-

vioural type (Sih & Bell 2008), the latter of which is

seldom investigated in assortative mating studies (Jiang,

Bolnick & Kirkpatrick 2013). We quantified how male
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Fig. 1. The phenotype of mated males and females in a population

can interact to predict mating rate in two ways. (a) Only a portion

of the population exhibits a particular mating bias, while the other

portion is equally likely to mate with partners of all phenotypes.

Under such a nonrandom mating pattern, male and female pheno-

types should interact (i.e. a statistical two-way interaction) to pre-

dict mating probability. (b) All individuals in the population

exhibit a mating bias for partners with a similar phenotype. If such

a mating pattern exists, the phenotypic similarity between males

and females should predict their probability of mating.
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and female morphologies (body size, foreleg width) and

behaviours (activity, aggressiveness) interacted to predict

mating rate and mating duration. We also took into

account temporal variation in the social environment, the

level of intrasexual competition and the phenotypes of

available partners. Water striders display highly dynamic

and promiscuous mating interactions, characterized by

high levels of female harassment by males and intense sex-

ual conflict over mating. Males must overcome female

resistance in ‘wrestling matches’ (Weigensberg & Fair-

bairn 1994; Lauer, Sih & Krupa 1996). Larger males tend

to be better than smaller ones at overcoming female resis-

tance. Via this mechanism, we expect that small males

should mate only with small females, while large males

should mate with a wider range of female sizes (Arnqvist

et al. 1996). Hence, we predicted that a two-way interac-

tion between male and female body sizes would be a

stronger predictor of mating rate (e.g. Fig. 1a) than strict

similarity between male and female body sizes (e.g.

Fig. 1b).

Individuals also express consistent behavioural differ-

ences in activity (both males and females) and aggressive-

ness (males; Sih, Lauer & Krupa 2002; Wey et al. 2015).

Higher activity should increase the rate of encounter with

potential mates and is thus associated with a higher mating

rate in both males and females (Sih, Lauer & Krupa 2002;

Sih, Wey & Chang 2014; Wey et al. 2015). In contrast to

the clear-cut predictions on assortative mating by size, the

natural history of the system suggests alternative predic-

tions on assortative mating by activity type. One hypothe-

sis is that individuals with an inactive personality might

mate predominantly with active partners. Inactive males

might rarely encounter inactive females (and vice versa),

but can mate by ‘ambushing’ more active females as they

swim by. This should result in a two-way interaction

between male and female activities predicting mating rate

(e.g. Fig. 1a) and a trend towards disassortative mating by

activity type. Alternatively, males and females that are

more active could mate predominantly with each other,

leaving less active individuals that are ‘hiding’ along the

stream edges or in refuge habitat to mate among them-

selves. This would predict that the similarity among male

and female activity levels should determine mating rates.

Materials and methods

study system

Stream water striders are semiaquatic insects exhibiting a single,

terminal breeding season in the spring. Males spend most of their

time actively skating on the water to encounter females and

coerce them into copulations. Males that successfully overcome

female resistance to mate stay on her back in copula, usually for

several hours, as a form of mate guarding. Male mating attempts

and mate guarding increase energy expenditure and predation

risk for females (Weigensberg & Fairbairn 1994; Watson, Arn-

qvist & Stallmann 1998), eventually driving females off the water

surface into refuges (Krupa, Leopold & Sih 1990; Krupa & Sih

1993; Sih & Krupa 1995). Some males are disproportionately

aggressive (aka hyperaggressive males, Sih & Watters 2005) and

have strong impacts on the behaviour and microhabitat use of

other males and females in the same pool (Eldakar et al. 2009;

Chang & Sih 2013; Sih, Wey & Chang 2014). Both males and

females display consistent differences in activity (repeatability of

44%, P.-O. Montiglio, T.W. Wey, A.T. Chang, S. Fogarty, A.

Sih, unpublished data; Wey et al. 2015). To a lesser extent, indi-

vidual males also differ consistently in their aggressiveness

(repeatability of 16%, P.-O. Montiglio, T.W. Wey, A.T. Chang,

S. Fogarty, A. Sih, unpublished data), with more active males

also being more aggressive (Sih, Lauer & Krupa 2002). Notably,

males are also known to differ in how they adjust their activity

to the intensity of male–male competition. Whereas some males

increase their activity as a response, other males decrease it or

fail to respond (i.e. social plasticity; see P.-O. Montiglio, T.W.

Wey, A.T. Chang, S. Fogarty, A. Sih, unpublished data).

animal collection and husbandry

We collected adult water striders from Stebbins Cold Canyon

Reserve, Solano County, California (38°30030�7″N; 122°05050�1″
W), in April and May of 2011 (see Sih, Wey & Chang 2014). We

numbered each individual with enamel paint markers and

photographed them from the ventral view. Females also received

colour marks posterior to their eyes on their dorsum to allow iden-

tification while mated and carrying a male on their back. The col-

our of the dots females received did not predict their mating rate,

and individuals resumed normal behaviour, including mating, a

few minutes after being marked; hence, we are confident that the

marks did not bias our results (Wey et al. 2015). We measured

individual body length (from the tip of the rostrum to the tip of

the genitalia) from photographs and foreleg width using the soft-

ware IMAGE J (Rasband, 1997–2014, http://imagej.nih.gov/ij/). A

ruler included in each photograph allowed us to translate the

length measurements in pixels to millimetres.

For each of two replicate blocks, we divided individuals into

four groups with either an even (24 males and 24 females) or a

male-biased sex ratio treatment (32 males and 16 females), with

two groups per treatment per block. Each group was transferred

to a separate outdoor artificial stream consisting of four circular

pools of ~1�5 m diameter connected by shallow riffles. A pump

system maintained a water flowing from pool 1 to pool 4 (see

Chang & Sih 2013; Sih, Wey & Chang 2014 for a thorough

description of the streams). We provided four pieces of styrofoam

(~5 cm 9 5 cm) at water level located at the sides of each pool

and two bricks along with gravel in each riffle, allowing striders

to leave the water surface (Chang & Sih 2013). We replaced dead

or missing individuals daily to maintain sex ratios and densities.

Each block lasted 7 days.

behavioural observations

Between 09.00 and 18.00 h, we located each individual hourly

(i.e. scan observations) and recorded its behaviour as follows:

feeding or not; on the water or not; active or not; mating or not;

and if mated, identity of mating partner. We considered individu-

als active if they were unmated and skating anywhere on the

water or if they were in the centre of the pool (>10 cm from the

edge). We also recorded all occurrences of male aggression

during 6-min focal observations (three rounds per day per pool)
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to assign an ordinal aggressiveness score ranging from 0

(nonaggressive) to 3 (hyperaggressive) to each unmated male (see

Sih & Watters 2005 for details on the scoring method). Following

previous studies in this system, we attributed a score of zero to

males expressing little or no movement and males that failed to

initiate interactions with other males. A score of one indicated

males that were active, touched other individuals and showed

occasional jumps. A score of two indicated males that were active

and jumped most individuals encountered, but only struggled

with females. Finally, a score of three indicated males that

actively followed other individuals and had extended struggles

with most females, males or pairs they encountered. We assigned

half-point (0�5, 1�5, 2�5) scores when males were between cate-

gories (Sih, Lauer & Krupa 2002; Sih & Watters 2005).

For each male, we quantified individual mating success (mating

rate and duration, see statistical analyses below), overall activity

levels (as defined above, see analyses below) and an estimate of

mating competition experienced (calculated as the number of

unmated males and females actively skating on the water using

hourly observations, excluding the focal individual). Higher num-

bers of unmated active males are thought to reflect increased

male–male competition for mating and also higher levels of

harassment for females. We used focal observations on male

aggression to determine whether each pool included a hyperag-

gressive male during any of three daily focal observations. We

also used focal observations on male aggression to investigate

whether males differed consistently in their aggressiveness.

statist ical analyses

Estimation of individual activity, aggressiveness and

response to competition

For unmated males and females separately, we estimated individ-

ual activity behavioural types (BTs) from generalized linear mixed

models analysing the probability of observing each individual as

being active during scan observations as a function of the follow-

ing fixed effects: the sex ratio of the stream, the number of

unmated active males and females in the pool, and whether a

hyperaggressive male was present in the pool. These models also

included individual identity, the date, time of the scan observa-

tion and stream as categorical random effects. To account for

known plasticity in both male and female activities (P.-O. Monti-

glio, T.W. Wey, A.T. Chang, S. Fogarty, A. Sih, unpublished

data), we also included a random slope estimating consistent

male and female differences in their response to the number of

males active on the water in the pool. We then extracted the best

unbiased linear predictors (BLUPs) associated with each male

and female’s activity and social plasticity (Pinheiro & Bates

2000). Such coefficients express the overall probability of each

individual being active as deviations from the population mean,

and they offer the advantage of being corrected for the effects of

the social environment. Because we calculated BLUPs separately

for males and females, individual scores represent their beha-

viours relative to the mean for that sex.

Some authors have recently advocated against the use of such

BLUPs when measuring selective pressures acting on individuals

genotypes because BLUPs may be biased when the model is used

to infer selection on genotypic values and informed by too small

of a data set (Hadfield et al. 2010). However, in our case, we

were interested in the relationships among individual phenotypes,

for which BLUPs are less likely to be biased estimates. Moreover,

our data set is unusually detailed compared to most studies using

BLUPs (reviewed in Hadfield et al. 2010), since each individual

was observed on average 40 times (range = 10–50, N = 316

males; range = 17–53, N = 218 females). Individual coefficients

estimated using a Bayesian, less biased, approach showed correla-

tions with our BLUPs ranging from 0�95 to 0�98 (package

‘MCMCglmm’, Hadfield et al. 2010). Hence, we are confident

that our approach allows us to investigate the relative activity

level of different individuals with little or no bias.

We also extracted each male’s social plasticity measured by the

slope of how his activity changed as a function of the number of

unmated active males in the pool (hereafter referred to as ‘male’s

response to competition’). Finally, we used a similar approach to

quantify each male’s individual aggressiveness. We extracted

BLUPs from a linear mixed model analysing male aggressiveness

scores as a function of the individual’s identity, the date and the

time of day (all categorical random effects, P.-O. Montiglio,

T.W. Wey, A.T. Chang, S. Fogarty, A. Sih, unpublished data).

Components of male mating success: mating rate and

duration

First, we quantified how male and female phenotypes interacted

with each other and with social conditions to predict male mating

rate by modelling the probability of any unmated male and

female to form a mating pair between two successive scan obser-

vations. To do this, we built a data set retaining all unmated indi-

viduals in each pool for each scan observation and created all

possible pairs of unmated individuals within the same pool for

the same observation. Some of these pairs were observed mating

at the next scan observation (assigned a value of one), whereas

other pairs failed to initiate mating (assigned a value of zero). We

then analysed this probability of initiating mating for each pair

using a generalized linear mixed model (with a binomial error dis-

tribution) as a function of male and female BTs (activity, aggres-

siveness) and social plasticity, male and female body sizes, male

foreleg width, stream sex ratio (even or male-biased) and the local

social environment (the number of unmated active males and the

number of unmated active females, the presence of a hyperaggres-

sive male). Since we were interested in how male and female

phenotypes interacted with each other and with the social envi-

ronment, we also tested for all two-way interactions between all

male and female traits. For example, we included interactions

between female size and male activity and between male foreleg

width and the number of males active on the water and so on.

Such two-way interactions would describe how much a male’s or

female’s mating bias varies with its own phenotype (see Fig. 1a).

For example, larger females could exhibit higher chances of mat-

ing with large males, while smaller females have a similar chance

of mating with small and large males (see Fig. 1a). In addition,

we were also interested in whether males and females with more

similar activity levels or body lengths were more likely to mate

(see Fig. 1b). We thus included the absolute value of the differ-

ence between male and female activity BTs and between male and

female standardized body sizes (for each sex: mean = 0, standard

deviation = 1). Such an effect would be significant if individuals

in the population generally had higher chances of initiating mat-

ing with individuals of similar (or dissimilar) phenotypes.

Such a data set includes pseudoreplication since all males and

females are observed repeatedly within a limited number of scan
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observations, pools and days. We accounted for this by including

male identity, female identity, the date, time of day and the

stream as categorical random effects. This data set also poses the

problem of nonindependence between the outcomes observed

among all the possible pairs including a single individual. Each

individual is present many times per scan observation in the data

set but can still only mate with a single partner. This can bias the

statistical significance estimated for the effects in the model (be-

cause the model assumes all pairs have equal chances of being

observed and have an outcome value of one). We ascertained

that our results were not biased by this nonindependence by cre-

ating a series of 1000 data sets that could be observed under the

assumption of random mating, with each individual, pool and

scan observation round having the same number of matings as

the real data set. We then fitted the final mating rate model to

each of these data sets to obtain the distribution of each parame-

ter of the random models (null estimates). The distribution of

null estimates therefore describes what we would have expected if

the individuals we observed mated randomly. We also report the

corrected P-values, measured as the proportion of the null esti-

mates falling below or above the observed estimate (Table 1).

Correcting the P-values in this way did not change which esti-

mates were statistically significant (P < 0�05), but enabled us to

be confident that our results were not biased by the structure of

our data set. The code used to carry out permutations, fit the null

models and correct the P-values is available as Appendix S1.

Secondly, we analysed the mating duration of all mated pairs

using a similar modelling approach. For each previously mated

pair at a given scan observation, we analysed whether the pair

was still mating (1) or had stopped (0). We analysed this outcome

using a generalized linear mixed model as above and tested for

the same effects (both fixed and random terms). Since the data

set on mated pairs only relied on observed matings (as opposed

to the data set on mating rate), we did not correct the statistical

significance of the estimates as above.

Models of mating rate and mating duration were simplified

using a stepwise backward approach based on AIC (Symonds &

Moussalli 2010). We estimated the statistical significance of ran-

dom terms using a log-likelihood ratio test (Pinheiro & Bates

2000). This test compares the ratio of the log-likelihood of the

final model to the log-likelihood of a model which is identical but

lacks the term of interest. This ratio follows a chi-square distribu-

tion and uses one degree of freedom. We fit all models with the

‘glmer’ function in the ‘lme4’ package (Bates, Meachler & Bolker

2012) available in R version 2.14.2 (R Core Team 2015). All con-

tinuous explanatory variables were centred. For all models, we

Table 1. Predictors of mating rate (probability of initiating mating) (N = 19 549 possible pairs, 687 realized pairs, 297 males and 211

females in 8 stream groupings, during 80 scan observations and 14 days, deviance = 5707). The model was simplified using backward

stepwise deletion of all terms not contributing to the smallest AIC. Statistical significance of each parameter estimate was estimated by

comparing each observed parameter value to its distribution under the assumption of random mating (based on 1000 permutations, see

‘Statistical analyses’ in the Methods section). The mean null estimates and their standard error were computed from the distribution of

parameters obtained from the simulated random mating data sets

Random effects Variance LRT d.f. P

Male ID 0�07 3�97 1 0�046
Female ID 0�07 4�71 1 0�030
Scan observation 0�04 2�72 1 0�099
Date 0�07 8�11 1 0�004
Stream <0�01 <0�01 1 >0�999

Fixed effects Estimate � SE Null estimate � SE Pb

Intercept �3�23 � 0�14 �3�47 � 0�01 0�035
Stream sex ratioa (male-biased) 0�21 � 0�11 0�29 � 0�01 0�001
Number of unmated active males �0�01 � 0�02 �0�09 � 0�01 <0�001
Number of unmated active females �0�15 � 0�11 �0�27 � 0�01 0�056
Presence of hyperaggressive male �0�38 � 0�16 �0�41 � 0�01 0�289
Male individual activity 0�28 � 0�08 0�04 � 0�01 <0�001
Female individual activity 0�12 � 0�12 �0�05 � 0�01 0�007
Male response to competition �0�68 � 0�91 �0�67 � 0�02 0�494
Male individual aggressiveness 0�49 � 0�27 �0�10 � 0�01 <0�001
Male body length �0�11 � 0�09 �0�01 � 0�01 0�079
Female body length 0�09 � 0�07 �0�01 � 0�01 0�012
Male foreleg width �0�60 � 0�80 �0�53 � 0�02 0�033
Stream sex ratio 9 female individual activity 0�42 � 0�24 0�23 � 0�01 0�121
Stream sex ratio 9 male body size 0�23 � 0�12 0�03 � 0�01 0�022
Number of unmated active females 9 male foreleg width �1�67 � 1�22 �0�27 � 0�04 0�120
Presence of hyperaggressive male 9 male body size �0�28 � 0�19 �0�12 � 0�01 0�169
Number of unmated active males 9 male response to competition 0�54 � 0�31 0�13 � 0�01 0�077
Male body length 9 female body length 0�13 � 0�07 0�01 � 0�01 0�026
Absolute difference in activity �0�37 � 0�11 �0�03 � 0�01 <0�001
Male activity 9 female activity �0�51 � 0�17 �0�07 � 0�01 <0�001

LRT, Log-likelihood ratio test; SE, standard error.
aEven sex ratio is taken as the reference.
bEstimated as the quantile of the 1000 permutations yielding an estimate greater than the observed estimate.
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report standardized coefficients (expressing changes in the

response variable associated with increments of one standard

deviation in explanatory variables) in the text, but we report the

raw estimates in tables.

Results

mating rate

The model of mating rate with the lowest AIC (AIC

weight = 0�41, see Appendix S2) was only slightly differ-

ent from the second and third best models (delta

AIC = 0�84 and 2�00, respectively) by the exclusion of two

nonsignificant interactions: one between the number of

females on the water and male activity BT (esti-

mate = �0�15 � 0�13, z = �1�14, P = 0�25) and another

between stream sex ratio and male foreleg width (esti-

mate = �1�48 � 1�71 z = �0�86, P = 0�39). Hence, we

chose to report only the best model. This model showed

that features of the social environment interacted with

both male and female phenotypes to predict mating rate

(estimated as the probability of initiating mating). Larger

males did not have any overall mating advantage (esti-

mate = �0�05 � 0�06, P = 0�079; see Table 1 for unstan-

dardized estimates and full model) but had a higher

mating rate in streams with a male-biased sex ratio com-

pared to smaller males (interaction between male body

length and stream sex ratio: estimate = 0�17 � 0�09,
P = 0�022). Larger females, on the other hand, did exhibit

a higher mating rate (estimate = 0�05 � 0�05, P = 0�012).
In particular, we detected that larger females were more

likely to mate with larger males and smaller females were

more likely to mate with smaller males, while individuals

of intermediate size were equally likely to mate with part-

ners of all sizes (interaction between male and female

body lengths: estimate = 0�07 � 0�04, P = 0�026, Fig. 2,

see also Fig. S3.1 in Appendix S3).

We also detected evidence for assortative mating by

behavioural type; however, the patterns were complex. In

general, more active males and, to a lesser extent, females

initiated more matings (males: estimate 0�19 � 0�06,
P < 0�001; females: 0�07 � 0�06, P = 0�007). Male and

female activities interacted in two ways: on the one hand,

males and females with similar activity levels exhibited

higher mating rates, meaning that pairs of more active part-

ners, pairs of partners with average activity and pairs where

both partners have low activity all had a higher probability

to mate together than other pairs (absolute difference

between male and female activity levels: esti-

mate = �0�22 � 0�07, P < 0�001; Fig. 3a, see also Fig. S3.2

in Appendix S3). In addition, however, we also detected a

significant negative male BT 9 female BT interaction (esti-

mate = �0�20 � 0�06, P < 0�001), which by itself indicates

that less active females tended to mate with more active

males and more active females to mate more with less active

males, while individuals with average activity BT showed

little or no mating bias by BT (Fig. 3b, see also Fig. S3.3 in

Appendix S3). These two patterns combined to yield a

complex relationship between male and female activities

and mating probability where males experienced stabilizing

selection favouring an intermediate activity level (Fig. 3c).

After accounting for all these effects, we still detected con-

sistent differences in mating rate among individual males

(variance = 0�07, LRT = 3�97, P < 0�001) and females

(variance = 0�07, LRT = 4�71, P < 0�001). Mating rate also

varied significantly among days (variance = 0�07,
LRT = 8�11, P = 0�004).

mating duration

The model of mating duration with the lowest AIC (AIC

weight = 0�27, see Appendix S4) was only superficially dif-

ferent from the second and third best models (delta

AIC = 0�87 and 1�49, respectively) by the exclusion of two

nonsignificant interactions: one between the number of

males on the water and female activity BT (esti-

mate = �0�07 � 0�07, z = �1�10, P = 0�270) and another

interaction between stream sex ratio and female activity BT

(estimate = 0�52 � 0�43, z = 1�21, P = 0�227). Hence, we

again chose to report only the best model. Unlike mating

rate, the duration of the mating bouts (estimated as the

probability that mated pairs continued mating in the next

observation) depended exclusively on interactions between

male or female phenotype and the social environment, and

not on interaction between male and female phenotypes.

Matings were longer in groups with a male-biased sex ratio

(estimate = 0�81 � 0�17, z = 4�55, P < 0�001; see Table 2
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Fig. 2. Male and female body lengths interacted to predict mat-

ing rate. Smaller females mated more with smaller males. In con-

trast, larger females had slightly higher mating rates with larger

males (N = 19 549 possible pairs, 687 realized pairs, 297 males

and 211 females in 8 stream groupings, during 80 scan observa-

tions and 14 days). Dots show where the observed pairs used to

estimate the interaction would fall on the response surface.

Observed probabilities are also presented in Appendix S3

(Fig. S3.1).
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for unstandardized estimates and full model). Larger

females had longer mating durations (esti-

mate = 0�43 � 0�12, z = 3�60, P < 0�001). More active

males had shorter matings (estimate = �0�19 � 0�07, z =
�2�85, P = 0�004) but increased their mating duration in

response to the presence of more unmated active males in

the pool (interaction between male activity and the number

of unmated active males in the pool: esti-

mate = 0�15 � 0�05, z = 2�99, P = 0�003). More active

males also increased their mating durations to a greater

extent in the presence of a hyperaggressive male in the pool

(interaction between male activity and presence of a hyper-

aggressive male: estimate = 0�45 � 0�21, z = �2�09, P =
0�036). Males with wider foreleg width were also involved

in shorter matings (estimate = �0�18 � 0�08, z = �2�25,
P = 0�024) and reduced their mating duration even more

with increasing numbers of unmated active females in the

pool (interaction between male foreleg width and number

of unmated active females in the pool: estimate = �0�13 �
0�05, z = �2�46, P = 0�014). After accounting for all these

determinants of mating duration, we still detected signifi-

cant differences in mating duration among males (variance

component = 0�30, LRT = 14�29, P < 0�001) and females

(variance component = 0�46, LRT = 40�37, P < 0�001).

Discussion

In this study, we analysed the effect of partners’ pheno-

types, the social environment and their interactions on mat-

ing patterns. Our approach took advantage of an unusually

detailed data set taking into account temporal changes in

social conditions and partners’ availability. We found that

males with a consistently higher activity and aggressiveness

level exhibited higher mating rates. Females that were con-

sistently more active also exhibited higher mating rates.

The potential importance of consistent behavioural differ-

ences during mating interactions has been emphasized mul-

tiple times (Sih & Bell 2008; Schuett, Godin & Dall 2011),

yet studies documenting such patterns are still rare. We also

showed that larger females experienced higher mating rates

and that larger males mated more often than smaller ones,
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Fig. 3. Nonrandom mating with respect to male and female

activities. The figures show the predicted main effects of male

and female activities and (a) their two-way interaction, (b) the

effect of the absolute value of their difference, their two-way

interaction or (c) their combination on mating rate (see Table 1).

See the text for a more detailed description and interpretation of

these results. Activity behavioural types were estimated as the

BLUPs from models estimating male and female activities as a

function the sex ratio treatment and social conditions (see Sup-

plementary material; N = 19 549 possible pairs, 687 realized

pairs, 297 males, 211 females in 8 stream groupings, during 80

scan observations and 14 days). Dots show where the observed

pairs used to estimate the interaction would fall on the response

surface. Observed probabilities are also presented in Appendix S3

(Figs. S3.2 and S3.3).
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but only under some social conditions. In agreement with

our predictions, we found that male and female body sizes

interacted to predict mating rates (rather than body size

similarity per se). Smaller males tended to mate dispropor-

tionately with smaller females, while larger males exhibited

more homogeneous probabilities of mating across the range

of available female sizes. We also predicted that male and

female activities would interact to predict mating rate in

this system. A very interesting result of our study is that

both an interaction between male and female activity levels,

and the similarity in activity between partners simultane-

ously predicted mating rate. We discuss each of these

aspects below.

assortative mating by personality

A key insight from our study is that the overall mating

pattern with respect to male and female individual

activity level emerged from two distinct mechanisms.

First, we observed a two-way statistical interaction

between male and female activity level, suggesting that

males and females with extreme activity levels (i.e. either

very low or very high activity) mated disassortatively.

This suggests that the performance of an individual’s

mating behaviour depends on the mating behaviour of

its partner. More active males mated with less active

females, while less active males tended to mate with

more active females. The latter likely reflects the fact

that less active males are unlikely to encounter inactive

females, but might rely on an ambush strategy to mate

with more active females. Conversely, more active males

might encounter females of all activity levels, but might

mate more easily (meet less resistance per mating

attempt) with less active females. A similar pattern has

been reported when studying the foraging modes of

predators and preys (e.g. Dirienzo, Pruitt & Hedrick

2013). Alternatively, this pattern could arise if less active

females preferred more active males, or if more active

females avoided active males to a greater extent than

inactive ones. Distinguishing between these hypotheses

will require monitoring the outcome of mating attempts

through direct continuous behavioural observations.

Along with others, we encourage more empirical work

teasing out the role of consistent differences in behaviour

in determining the mating patterns at the population

level (Kralj-Fi�ser & Schuett 2014).

Secondly, we observed that males and females with

intermediate activity levels tended to mate preferentially

with partners of similar phenotypes; that is, the absolute

difference between male and female activities also signifi-

cantly predicted mating rate above and beyond the inter-

action between male and female individual activity.

Recent work suggests that consistent behavioural varia-

tion could play a significant role in sexual competition

(Reaney & Backwell 2007), mate choice (Wilson, Godin &

Ward 2010; Schuett, Godin & Dall 2011) or sexual

conflict (Tregenza & Wedell 2000; Neff & Pitcher 2005).

However, nonrandom mating by behaviour remains lar-

gely unexplored, compared to other, nonlabile, phenotypic

traits (Jiang, Bolnick & Kirkpatrick 2013). Our model

took into account all the potential partners available to

each individual for mating during each scan observation.

Hence, a higher mating rate among similar partners can-

not come from any pattern of spatial segregation between

males and females (i.e. males and females with a lower

activity level aggregating in the same pools). Preference

for more similar partners is typically thought to evolve

when partner’s phenotype impacts the chooser’s reproduc-

tive success (Jiang, Bolnick & Kirkpatrick 2013). To date,

most empirical investigations of the role of behaviour in

sexual interactions have been conducted in birds and fish,

often focusing on systems where males and females pro-

vide some form of postcopulatory reproductive investment

through territory defence or parental care (Both et al.

2005; Schuett, Godin & Dall 2011; Gabriel & Black 2012;

Table 2. Predictors of mating duration (probability of continuing

mating, N = 2971 observations on 233 males and 193 females in

8 stream groupings during 14 days and 80 scan observations,

deviance = 2715). The model was simplified using backward step-

wise deletion of all terms not contributing to the smallest AIC

Random effects Variance LRT d.f. P

Male 0�30 14�29 1 <0�001
Female 0�46 40�37 1 <0�001
Date 0�12 5�29 1 0�021
Focal observation 0�13 8�74 1 0�016
Stream 0�03 1�29 1 0�256

Fixed effects Estimate � SE z P

Intercept 1�02 � 0�20 5�00 <0�001
Stream sex ratioa

(male-biased)

0�76 � 0�18 4�16 <0�001

Number of males �0�06 � 0�03 �1�71 0�086
Number of females 0�27 � 0�19 1�42 0�154
Presence of a

hyperaggressive male

�0�42 � 0�22 �1�87 0�061

Male activity �0�28 � 0�10 �2�74 0�006
Female activity 0�16 � 0�19 0�86 0�388
Male body length 0�16 � 0�16 1�05 0�294
Female body length 0�43 � 0�12 3�60 <0�001
Male foreleg width �3�22 � 1�30 �2�49 0�013
Number of males 9

male activity

0�11 � 0�04 2�99 0�003

Stream sex ratio 9

male body size

�0�29 � 0�19 �1�47 0�141

Number of females 9

female body length

�0�29 � 0�18 �1�59 0�110

Number of females 9

male foreleg width

�5�35 � 2�17 �2�47 0�014

Presence of hyperaggressive

male 9 male activity

0�67 � 0�32 2�08 0�037

Absolute difference in

body size

0�05 � 0�03 1�70 0�088

Male activity 9 female

activity

�0�37 � 0�21 �1�77 0�077

LRT, Log-likelihood ratio test, SE, standard error.
aEven sex ratio is taken as the reference.
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Harris & Siefferman 2014). For example, in convict

cichlids, individual exploration can be used to predict

partners’ parental behaviour, leading to assortative

mating by exploration in this species (Schuett, Tregenza

& Dall 2010). In the absence of biparental care, mate

choice for partner activity may evolve if individuals with

differing activity level also predictably differ in their

fecundity (Kralj-Fiser et al. 2013). In water striders,

females face a trade-off between avoiding the costs associ-

ated with male harassment and acquiring enough food for

their reproduction (Weigensberg & Fairbairn 1994, 1996).

Less active females would indeed avoid being harassed by

males but would also spend less time foraging, which

could potentially make them less fecund. Future studies

should analyse how female activity predicts fecundity in

order to provide insights on the topic.

assortative mating by body size

We also revisited the well-known pattern of assortative

mating by size, documented by previous studies in water

striders (Rowe et al. 1994; Arnqvist et al. 1996). In accor-

dance with these studies, we found evidence for positive

size-assortative mating, but that this trend was size

dependent. Smaller females displayed a strong tendency

to mate with smaller males, while large females showed

only a weak tendency to mate more with larger males.

Similarly, whereas smaller males showed a higher mating

probability to mate with smaller females, larger males

exhibited a (weaker) bias towards larger females. These

patterns are consistent with the idea that females (particu-

larly small ones) incur higher costs when mating with lar-

ger males and so resist more when the male is larger

(Weigensberg & Fairbairn 1994, 1996). Males might also

generally prefer larger females because they are more

fecund (Bonduriansky 2001; Edward & Chapman 2011),

but larger males might be more successful than small

males at overcoming female resistance to actually mate

with larger females. While such mating patterns may be

referred to as ‘assortative’, they are not likely to exert a

strong effect on body size variation within the population

because some individuals (i.e. larger females) tend to mate

more or less randomly with respect to mate size (Crespi

1989; Arnqvist et al. 1996).

adaptive mating durations

The duration of mating bouts, potentially reflecting both

male mate guarding and female willingness to continuing

carrying a male, depended on male and female pheno-

types and on the social environment. However, unlike

mating rate, mating durations were not predicted by

interactions between male and female phenotypes. The

overall pattern of mating durations was consistent with

adaptive male adjustments in mating duration reflecting a

trade-off between the benefits of mate guarding to reduce

sperm competition vs. the costs in terms of reduced

opportunities to search for the next female. The benefits

of mate guarding are larger if the female partner is more

fecund and if the likelihood that she would mate with

another male (if a male stopped guarding) is higher.

Here, we indeed found that mate guarding durations were

longer with larger (and generally more fecund) females

and in streams with an excess of males. Conversely, the

costs of guarding a female are larger if a male has a

higher chance of mating with a new female. Accordingly,

we found that more active males (which tend to have

higher mating rates than less active ones) also had shorter

mating durations (were quicker to leave a female to

resume mate search). Interestingly, males with different

individual activity levels adjusted their mating duration to

social conditions in a different way. More active males

increased their mating durations to a greater extent (than

less active ones) in response to increasing numbers of

male competitors and to the presence of hyperaggressive

males.

In this study, we provide a detailed analysis of the

effect of partners’ phenotypes, the social environment and

their interactions on mating patterns. In contrast to previ-

ous work (i.e. Krupa & Sih 1993) and most other studies

(Arnqvist et al. 1996; Jiang, Bolnick & Kirkpatrick 2013),

we: (i) distinguish between different mechanisms con-

tributing to mating patterns by morphology and beha-

viour; (ii) take into account the variation in the diversity

of partners available to each individual for mating and

(iii) assess the impact of the social environment and its

temporal/spatial variations on mating interactions. Doing

so allowed us to gain considerable insight into the pat-

terns of interactions between male and female phenotypes

and into the importance of the social environment in

shaping mating patterns. In line with previous studies

(Schuett, Godin & Dall 2011; Chang & Sih 2013; Wey

et al. 2015), our study strongly suggests that behavioural

variation has an important role in shaping mating

patterns, and we urge other researchers to also examine

this fascinating topic. Another key insight from our study

is that changes in social conditions and variation in the

phenotypes of available partners are likely to obscure the

exact mechanisms leading to mating patterns, unless they

are explicitly considered in analyses.
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Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Appendix S1. R code used to (a) generate the simulated datasets

with random mating (see ‘statistical methods’, and (b) validate

the statistical significance of the terms in the final model analys-

ing mating rate (presented in Table 1).

Appendix S2. AIC model simplification for the model analysing

mating rate in water striders in 2011 (N = 19 549 possible pairs,

687 realized pairs, 297 males, 211 females in 4 streams, during 80

scan observations and 14 dates, deviance = 5707).

Appendix S3. Observed patterns of assortative mating.

Appendix S4. AIC model simplification for the model analysing

mating duration in water striders in 2011 (2971 observations on 233

males and 193 females in 4 artificial streams during 14 days and 80

scan observations, deviance 2718).
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