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In systems of strong sexual conflict, male harassment can constrain female feeding, which can limit fecundity. Female responses to 
harassment can depend on the social context or differ between individuals, and could be based on social or intrinsic behavioral cues 
at different spatio-temporal scales. Using experimental groupings of stream water striders (Aquarius remigis), we examined individual 
behavioral differences and effects of sex ratio on 4 aspects of female behavior: 1) habitat use and 2) activity, which lead to differences 
in 3) feeding rates and 4) mating rates. We compared effects of the immediate social environment, immediate female habitat use and 
activity, and consistent female behavioral tendencies (personalities) on feeding and mating probabilities, and asked if population sex 
ratio affected the relationships among these behaviors. We found that individual females did differ significantly in all 4 behaviors. 
Population sex ratio strongly influenced average female habitat use, feeding, and mating behaviors, and female feeding and mating 
behaviors were predicted by a combination of moment-to-moment female behavioral state, moment-to-moment social factors, and 
consistent individual female behavioral differences. Furthermore, habitat use tendencies correlated significantly with activity tenden-
cies, and habitat use and activity tendencies predicted mating probabilities, but not feeding probabilities. Our study elucidates the spe-
cific individual-level behavioral mechanisms that lead to observed population-level patterns and emphasizes the benefits of studying 
behavior at multiple spatial and temporal scales.
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INTRODUCTION
Understanding the causes of  variation in mating success and other 
fitness-related measures is a fundamental goal of  sexual selection 
studies. Many studies have focused on variation in mating rate, 
which is typically a major determinant of  male fitness, or variation 
in female mate preference (Andersson 1994). For females of  most 
species, however, access to mating opportunities is typically not 
limiting, and instead, feeding rate limits fecundity (Bagenal 1969; 
Frisch 1978; Wrangham 1980; Boggs and Ross 1993; Richardson 
and Baker 1997; Awmack and Leather 2002). In systems character-
ized by sexual conflict, reduced female feeding efficiency is a widely 
documented cost of  male harassment (Magurran and Seghers 

1994; Rowe et  al. 1994; Clutton-Brock and Parker 1995; Stone 
1995; Sirot and Brockmann 2001; Kimber et  al. 2009; Tobler 
et  al. 2011). Variation in costs of  feeding, and female behavioral 
responses to them, can also be influenced by social factors such 
as the presence and behavior of  other individuals of  both sexes 
(Griffiths 1996; Pilastro et  al. 2003). In particular, the group sex 
ratio is known to influence both female feeding and mating behav-
iors. One well-studied example is in water striders (semiaquatic 
insects, family Gerridae), in which higher male-to-female ratios are 
associated with more male harassment of  females and lower rates 
of  female feeding (reviewed in Rowe et al. 1994). In multiple spe-
cies, in this family, mating and feeding behaviors are connected—
mated females (i.e., pairs) are harassed less than unmated females 
and thus more free to search for food, and unmated females appear 
to be more willing to mate when they are heavily harassed (Rowe 
et al. 1994). Similarly, in poeciliid fishes (family Poeciliidae), female Address correspondence to T.W. Wey. E-mail: tina.wey@gmail.com
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feeding decisions are largely driven by levels of  male harassment 
(Griffiths 1996), and higher male-to-female ratios result in reduced 
female feeding (Magurran and Seghers 1994; Tobler et al. 2011).

Individual females can also differ in their response to male 
harassment, leading to differences in feeding and mating rate. 
Within populations, individuals often differ consistently across time 
or contexts in their behaviors (i.e., they exhibit animal personali-
ties or behavioral syndromes), which can influence individual fitness 
and population outcomes, including mating success (Gosling 2001; 
Sih et al. 2004; Réale et al. 2007; Schuett and Dall 2009). In par-
ticular, individual differences in female activity or habitat use can 
influence feeding rates that, in turn, affect fecundity (McLaughlin 
2001, Biro et  al. 2006, Webster et  al. 2009, David et  al. 2011). 
Importantly, effects of  individual differences in personality on 
feeding or mating outcomes can be mediated by the social envi-
ronment at both short- and longer-term temporal scales (Sih et al. 
2014; Han and Brooks 2014). Both moment-to-moment variation 
in behavioral state (e.g., current activity or habitat use) and social 
context (e.g., current sex ratio) and consistent, longer-term individ-
ual differences in personality and average social conditions (e.g., sex 
ratio) over a longer term can influence individual feeding and mat-
ing decisions (e.g., Blanckenhorn 1991; Blanckenhorn and Perner 
1996; Han and Brooks 2013; Bloxham et al. 2014; Han and Brooks 
2014; Bateson et al. 2015).

We examined the links between female habitat use and activ-
ity on feeding and mating probabilities in stream water striders 
(Aquarius remigis), a model study system for sexual conflict (Rowe 
et  al. 1994; Weigensberg and Fairbairn 1994; Lauer et  al.1996; 
Watson et  al. 1998). Male water striders coerce copulations and 
remain attached to females during long copulation bouts. Higher 
levels of  male harassment reduce female activity and feeding rates 
of  unpaired females (Krupa and Sih 1993; Rowe et al. 1996). Most 
of  the work on water striders has focused on factors explaining 
variation among males in mating success. In contrast, for females, 
mating and carrying males increases both energy costs and pre-
dation risk (Fairbairn 1993; Watson et  al. 1998). Multiple mat-
ing by females does not appear to yield genetic benefits; instead, 
for females, the main benefit of  multiple mating appears to lie in 
increased opportunities to feed because most males will not harass 
paired females. However, some males temporarily become unusu-
ally aggressive (hyper-aggressive) toward other individuals and even 
pairs. Hyper-aggression can only be observed on short timescales, 
but it can have important impacts on female feeding and mating 
(Sih and Watters 2005; Eldakar et al. 2009; Chang and Sih 2013; 
Sih et al. 2014; Wey et al. 2015). Previous work suggests that hyper-
aggressive males might harass females irrespective of  mating status 
and thus might have negative impacts on female feeding (Eldakar 
et al. 2009). Interestingly, hyper-aggressive males also harass other 
males and so might reduce harassment of  females by other males 
(Chang and Sih 2013). Thus, hyper-aggressive males might be a 
key component of  the social environment affecting the trade-off 
between female feeding and mating.

In this study, we examined how female variation in habitat use 
and activity influenced their feeding and mating probabilities at 
2 experimentally determined sex ratios, representing 2 different 
levels of  male harassment. We quantified the effects of  overall 
sex ratio (manipulated at the group level) on average female habi-
tat use, activity, feeding, and mating. Additionally, we compared 
effects of  the immediate social environment (including number of  
males, number of  other females, and presence of  hyper-aggressive 
males in the pool), immediate female habitat use and activity, and 

consistent female behavioral tendencies (personalities) on feeding 
and mating rates. Finally, we tested the predictions that individual 
differences in habitat use and activity would be associated with dif-
ferences in feeding and mating probabilities and examined relation-
ships among these behaviors at 2 levels of  male harassment.

MATERIALS AND METHODS
Collection and housing conditions

Adult water striders of  both sexes were collected from Stebbins 
Cold Canyon Reserve in Solano County, California, United States, 
and brought back to research facilities at the Center for Aquatic 
Biology and Aquaculture at the University of  California (UC) Davis 
before each of  2 replicate 7-day experimental blocks in April and 
May of  2011. We marked each individual on the dorsal side with a 
unique number (within sexes), using Testors® (Rockford, IL) non-
toxic enamel paint markers. Females also received a distinct color 
combination immediately posterior to their eyes, so that they could 
be identified during mating. The colors of  a female’s marking did 
not have an observable effect on her mating rate (Wey et al. 2015). 
When not being used in the experiment, animals were held indoors 
in large, aerated holding tanks with refuges and abundant food. 
Female body measurements were taken from digital photographs 
of  the ventral surface of  the individual. As most body size measure-
ments were highly correlated, we only considered total body length, 
which ranged from 12 to 16 mm.

Behavioral experiments

Experiments were conducted in a shaded, outdoor artificial stream 
system, which has been previously used for studying water striders 
(Sih and Krupa 1995; Sih and Watters 2005; Chang and Sih 2013; 
Wey et al. 2015). Briefly, the system included 4 linear streams, each 
consisting of  5 large (1.5-m diameter) circular pools, filled to a 
depth of  ~40 cm, interconnected by narrow (137 cm × 37 cm) fiber-
glass troughs, which we refer to as “riffles,” and fed by well water. 
Pools had relatively deep still water, and riffles had light shallow 
(<1 cm) flow. An input pipe at the highest end of  each stream cre-
ated continuous flow downstream from Pool 1 to Pool 5, to an out-
flow pipe at the bottom. Only Pools 1 through 4 were used in the 
experiments described here due to water quality issues in Pool 5, 
where light debris tended to accumulate on the water surface. We 
placed vertical screens above Pool 1 and below Pool 4 to prevent 
animals from escaping. To provide dry refuges, we affixed 4 rectan-
gular pieces of  Styrofoam (~5 cm × 5 cm) at water level around the 
sides of  each pool, set 2 bricks in each riffle, and placed gravel in 
the riffle below Pool 4.

Male and female water striders were randomly assigned into 
treatments of  either equal sex ratio (24 males, 24 females) or a 
male-biased sex ratio (32 males, 16 females), with 2 of  each treat-
ment per block. Sex ratio treatments were assigned to alternating 
streams and switched between blocks. Each individual was only 
used in 1 block and confined to 1 stream, but animals could move 
freely between pools within the same stream. Individuals that died 
were replaced daily to maintain sex ratios and densities. Abundant 
food was provided (4 dead crickets in each pool, every 2 h) through-
out the day and removed at the end of  each day.

We conducted hourly spot checks on each pool between the 
hours of  09:00 and 18:00, up to a maximum of  8 checks per day. 
On the first days of  each block, we allowed animals to acclimate 
for several hours after introduction to the streams, so for these days 
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only, observations began after 13:00. At each check, we attempted 
to locate every individual and record several behaviors: on the 
water or not, active or not, feeding or not, mating or not, and if  
mating, partner identity. We scored a female as active if  she was 
moving directionally while propelled by her legs (i.e., not drift-
ing) when first spotted. Observers moved slowly to avoid startling 
animals, and we did not count activity if  a female started mov-
ing after she was spotted. Individuals observed in the riffles were 
considered not on the water and not active. In addition to hourly 
spot checks, we also conducted three 6-min focal observations per 
pool per day to examine male aggressive behaviors. These focal 
observations occurred roughly every 2 h and were timed to avoid 
overlap with spot checks. For each focal observation, we identified 
the presence of  hyper-aggressive males. Male water striders often 
attack conspecifics indiscriminately but typically quickly disengage 
from other males and only engage in prolonged struggles (holding 
or grappling with the forelimbs) with females. However, some males 
sometimes struggle for longer periods (>3 s to several minutes), and 
even attempt to mate, with seemingly inappropriate partners (other 
males, pairs, dead conspecifics, or even food items). We define this 
as hyper-aggression. Because males exhibiting hyper-aggression 
tend to continue this behavior for several hours or longer (Wey 
TW, Sih A, personal observation; Sih et  al. 1990), for each pool 
at each spot check, we considered a hyper-aggressive male to be 
present in the pool if  we noted hyper-aggression during the closest 
focal observation. To get finer-scale measures of  the moment-to-
moment social environment, for each pool at each spot check, we 
calculated the number of  unmated males on the water, the number 
of  unmated females on the water, and whether there was a hyper-
aggressive male at the closest 6-min male aggression check.

Statistical analyses

We ran a series of  generalized linear mixed models (GLMMs) ana-
lyzing factors affecting female habitat use, activity, feeding probabil-
ity, and mating probability in the multipool, artificial stream social 
groupings.

Quantifying individual variation in female 
habitat use

Using only observations of  females that were unmated, we fit a 
GLMM to identify factors predicting whether a female was on the 
water at a given time step, based on the categorical fixed effects 
of  stream sex ratio and random intercepts for the categorical vari-
ables: individual, block, pool, day, and observation (a unique cat-
egorical identifier for each round of  observation). Empirically, we 
know that females are almost never feeding when off the water, so 
we did not include feeding behavior as a fixed factor. We used a 
binomial error distribution (logit link function) and tested for signif-
icance of  random effects using a log-likelihood ratio test (LRT) with 
1 degree of  freedom (Pinheiro and Bates 2000). We extracted the 
best linear unbiased predictors (BLUP) for each individual, which 
provides a coefficient reflecting the individual’s overall probability 
of  being on the water, as a corrected deviation from the popula-
tion mean (Pinheiro and Bates 2000). Although there are potential 
biases of  using BLUPs as measures of  individual phenotypes when 
there are very few observations per individual (Hadfield et al. 2010), 
the large number of  observations per individual (median = 39, 1st 
quartile = 27, and 3rd quartile =41) in our dataset likely minimizes 
these biases. Hereafter, we refer to BLUPs from the female habitat 
use model as the habitat use behavioral type (BT).

Quantifying variation in female activity

Because water striders can only be active when they are on the 
water, we used the subset of  observations of  females already on the 
water to determine behaviors associated with female activity, so that 
habitat use and activity BTs would not necessarily be correlated. 
We fit a GLMM predicting whether a female was active at a given 
time step, based on the categorical fixed effects of  stream sex ratio, 
whether the female was feeding in the same time step, whether the 
female was mating in the same time step, and random intercepts for 
the categorical variables: individual, block, pool, day, and observa-
tion. We again used a binomial error distribution (logit link func-
tion) and tested for significance of  random effects using a LRT with 
1 degree of  freedom. We extracted individual BLUPs and refer to 
them as the female activity BT.

Explaining variation in female feeding and 
mating success

Using only observations on females that were not feeding, we fit 
a GLMM predicting whether a female began feeding in the next 
time step. Similarly, using all observations when a female was not 
mating in the current spot check, we fit another GLMM predicting 
whether the female began mating in the next time step. For both 
models, we initially included several categorical fixed effects: stream 
sex ratio, if  the female was on the water, active, and if  there was a 
hyper-aggressive male in the same pool in the current observation. 
For analyses of  feeding, we further included a fixed effect of  mat-
ing, and for analyses of  mating, we included a fixed effect of  feed-
ing. For both models, we also initially included the fixed effect of  
several covariates: female habitat use BT, female activity BT, female 
body length, number of  other unmated females on the water in the 
current spot check, and number of  unmated males on the water in 
the current spot check. We started with a full model including all 
main fixed effects and 2-way interactions between treatment and 
other fixed effects and trimmed the model in a stepwise manner 
based on AIC (Crawley 2007). We included random intercepts for 
several categorical variables: individual, block, pool, day, and obser-
vation. We used a binomial error distribution (logit link function), 
and we tested for significance of  random effects using a LRT with 
1 degree of  freedom. We extracted individual BLUPs and refer to 
them as female feeding tendency and female mating tendency.

Individual behavioral profiles

We interpreted a significant random effect of  individual (calculated 
from LRTs in the above GLMMs) as evidence for consistent indi-
vidual variation within the context of  the social groups. We cal-
culated repeatability of  female behaviors (r) for habitat use and 
activity from models excluding fixed effects as the ratio between the 
variance associated with the individual female (Vid) to the total vari-
ance (Lessells and Boag 1987), which for our binomial models with 
logit link is calculated as sum of  the individual variance and π2/3 
(Nakagawa and Schielzeth 2010). We also tested for bivariate corre-
lations between female habitat use BT and activity BT and between 
female feeding tendency and mating tendency.

We fit GLMMs with the “glmer” function in the “lme4” pack-
age (Bates et al. 2014) and linear models with the “lm” function in 
the “base” package of  R version 3.1.2 (R Development Core Team 
2014). Note that each GLMM used particular subsets of  the full 
data so sample sizes varied between models. We checked all model 
residuals for normality and homoscedasticity. Although model sim-
plifications were based on LRTs, we report P-values for fixed effects 
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in the tables as calculated from a normal approximation for esti-
mated coefficients of  fixed effects in GLMMs, as additional infor-
mation. Although these P-values are anticonservative and biased 
toward rejecting the null model at small sample sizes, they should 
be a reasonably accurate reflection in the current models given 
the extremely large number of  observations used in our analysis. 
Additionally, we used the function “sim” in the R package “arm” 
(Gelman and Su 2015) to run 10 000 simulations of  values from the 
posterior distribution, and from these simulations, we provide 95% 
confidence intervals around the mean for estimates of  fixed effects 
in the text. We report model results with all continuous predictor 
variables centered to mean of  0 and scaled by dividing by 1 SD, so 
that the estimated coefficients reflect standardized effect sizes.

RESULTS
Female habitat use and activity

Individual females differed significantly in their habitat use 
(r = 0.196, LRT = 143.8, df = 1, P < 0.001, and N = 190) and activ-
ity (r = 0.120, LRT = 43.0, df = 1, P < 0.001, and N= 194) when 
unmated. Average behavior of  unmated females also depended on 
the overall social context and on her behavioral state. On average, 
unmated females in streams with a male-biased sex ratio (where 
males tend to harass females more than in streams with an equal 
sex ratio) were less likely to be on the water (N  =  2914, coeffi-
cient  =  −0.680, 95% CIs: −1.042, −0.321; Table  1), but if  they 
were already on the water, females were no less likely to be active 
in the male-biased treatment (N = 2556, coefficient = 0.009, 95% 
CIs: −0.318, 0.330; Table 2). Instead, female activity while on the 
water was more clearly related to their behavioral state; they were 
less active when they were feeding (coefficient = −1.203, 95% CIs: 
−1.555, −0.842) or mating (coefficient = −1.177, 95% CIs: −1.436, 
−0.908) (Table  2). Additionally, several random effects explained 
spatial and temporal variation in female habitat use (Table 1) and 
activity (Table 2).

Female feeding probability

Overall, the moment-to-moment probability that a female water 
strider would begin feeding depended on her immediate behav-
ioral state and on the social environment (final model results in 
Table  3), but not on her BT. Females were much more likely to 

start feeding in the next hour if  they were active while on the 
water (coefficient  =  0.573, 95% CIs: 0.264, 0.873). On average, 
females in the male-biased sex ratio treatment were less likely to 
start feeding (coefficient  =  −0.253, 95% CIs: −0.482, −0.031), 
but within treatment groups, females were more likely to start 
feeding when there were more unmated males in the pool (coef-
ficient  =  0.141, 95% CIs: −1.436, −0.908). Additionally, even 
after accounting for all fixed effects, individual females (N = 193) 
differed significantly in tendency to start feeding (LRT  =  8.56, 
df = 1, P = 0.003), and feeding rate differed between observation 
numbers (Table 3).

Female mating probability

The moment-to-moment probability that a female water strider 
would begin mating depended on several components of  her 
behavioral state and on the social context (final model results in 
Table 4). Females were more likely to start mating within the next 
hour when they were feeding (coefficient = 0.453, 95% CIs: 0.157, 
0.755). Females in the male-biased sex ratio streams were also more 
likely to start mating (coefficient = 0.591, 95% CIs: 0.291, 0.884). 
Interestingly, there was also an interaction between the sex ratio 
treatment and the number of  unmated males in the pool, such that 
number of  unmated males in the pool had a greater positive effect 
on female probability of  mating at the male-biased ratios (num-
ber unmated males: coefficient = 0.105, 95% CIs: −0.053, 0.261; 
treatment × number unmated males: coefficient = 0.222, 95% CIs: 
0.017, 0.429). On the other hand, females were less likely to start 
mating when there was a hyper-aggressive male in her pool (coef-
ficient = −0.511, 95% CIs: −0.971, −0.038).

Notably, a female’s BT also influenced her probability of  
mating. Females that tended to spend more time on the water 
(higher habitat use BT) were more likely to start mating (coeffi-
cient  =  0.407, 95% CIs: 0.264, 0.546), whereas, somewhat sur-
prisingly, females that tended to be more active when on the 
water (higher activity BT) were less likely to start mating (coef-
ficient = −0.170, 95% CIs: −0.315, −0.028). Furthermore, even 
after accounting for all fixed effects, individual females (N = 184) 
still differed significantly in tendency to start mating (LRT = 15.1, 
df = 1, P < 0.001), but no other random effects influenced mating 
probability (Table 4).

Table 1
Generalized linear mixed model for predictors of  female 
habitat use

Random effects

Variance LRT P-value

Female ID 0.747 143.8 <0.001
Observation 0.027 0.993 0.391
Pool 0.123 21.4 <0.001
Date 0.236 55.9 <0.001
Block <0.001 <0.001 >0.999
Fixed effects

Estimate SEM z-value P-value
Intercept −1.053 0.195 −5.39 <0.001
Male-biased (1/0) −0.680 0.186 −3.65 <0.001

Dependent variable: on the water or not in the current observation (binomial 
error distribution). N = 2914, females = 190, observations = 50, pools = 16, 
days = 13, blocks = 2, LRT = log-likelihood ratio test, SEM = standard error 
of  the mean.

Table 2
Generalized linear mixed model for predictors of  female 
activity

Random effects

Variance LRT P-value

Female ID 0.362 43.0 <0.001
Observation 0.089 3.89 0.049
Pool <0.001 <0.001 >0.999
Date 0.239 50.5 <0.001
Block <0.001 <0.001 >0.999
Fixed effects

Estimate SEM z-value P-value
Intercept −0.929 0.190 −4.89 <0.001
Male-biased (1/0) 0.009 0.164 −0.06 0.954
Feeding (1/0) −1.203 0.176 −6.85 <0.001
Mating (1/0) −1.177 0.135 −8.70 <0.001

Dependent variable: active or not in the current observation (binomial 
error distribution). N = 2556, females = 194, observations = 50, pools = 16, 
days = 13, blocks = 2, CI = confidence interval, LRT = log-likelihood ratio 
test, SEM = standard error of  the mean.
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Individual behavioral profiles

As noted earlier, individual females differed consistently with respect 
to habitat use and activity. In addition, habitat use BT and activ-
ity BT were significantly positively correlated (r = 0.228, df = 187, 
and P = 0.002), indicating that individual females that tended to be 
on the water also tended to be more active when there, irrespec-
tive of  their behavioral state or immediate social context. However, 
individual mating tendencies were not significantly associated with 

tendency to feed (r  =  0.093, df  =  182, and P  =  0.210), suggest-
ing that there were no additional longer-term correlations beyond 
immediate effects of  feeding status on mating probability.

DISCUSSION
We examined several inter-related factors at multiple levels, which 
are likely to influence feeding and mating success in many, if  not 
most, systems: 1) immediate, moment-to-moment variation in indi-
vidual behavior (habitat use and activity); 2)  the immediate, local 
social environment (number of  males, number of  females, and 
presence of  a hyper-aggressive male); 3)  longer-term consistent 
variation in individual behavior (personality); and 4) the larger-scale 
social environment (population sex ratio). Our examination of  the 
full range of  effects in the same study revealed some results that 
corroborate previous work and also other surprising results that 
expand our understanding of  the relative importance and interac-
tion of  these factors. Importantly, many of  these insights are only 
possible with the detailed consideration of  spatial and temporal 
variation at multiple scales, emphasizing the need for these kinds of  
data in behavioral studies in general.

Some of  our results corroborated the general expectation that 
social environment affects female water strider behaviors and mating 
and feeding rates, but some were more subtle or even unexpected. 
At the broader level of  population sex ratio, when the sex ratio was 
male-biased (and presumably there was more male harassment), 
females overall spent less time on the water, were less likely to start 
feeding, and were more likely to start mating, which are all consis-
tent with general insights from previous studies in the genus Aquarius 
(Rowe et  al. 1994). At a more local scale, females were less likely 
to start mating if  they were in the same pool as a hyper-aggressive 
male, which also agrees with recent work in this species (Chang and 
Sih 2013; Sih et al. 2014; Wey et al. 2015). Surprisingly, we found 
that the presence of  a hyper-aggressive male did not reduce female 
feeding rates (but see Eldakar et  al. 2009). This outcome might 
be the result of  an “enemy of  my enemy can be my friend” effect 
where hyper-aggressive males reduce the activity of  other males in 
pools (Chang & Sih 2013; Sih et al. 2014; Wey et al. 2015) and thus 
reduce harassment of  females by those other males. This potential 
benefit to females is the focus of  ongoing work.

While being in a pool with more unmated males did not by itself  
significantly increase a female water strider’s likelihood of  mating, 
there was a significantly stronger positive effect on female tendency 
to mate at the male-biased sex ratio, possibly due to reduced female 
resistance against male mating attempts when harassment rates are 
persistently very high (Lauer et  al. 1996). Somewhat surprisingly, 
females were more likely to start feeding when they were in a pool 
with more unmated males, which suggests that females do not avoid 
males when actively foraging (at least not on the timescale of  our 
hourly observations), even though they spend more time off the water 
on average in the male-biased treatment. Although we do not have an 
a priori explanation for this unexpected pattern, we hypothesize that 
it could be related to the observation that many females remain in 
the same pool in consecutive observations despite having the option to 
move (Wey TW, Montiglio PO, Fogarty S, Sih A, unpublished data). 
If  there is an overall low level of  female mobility and if  males move 
between pools more quickly than females, it is possible that unmated 
males are attracted to pools where they detect foraging females, thus 
driving the positive relationship between unmated males and female 
feeding. However, this is speculative, and more detailed analyses of  
water strider movements would be needed to elucidate this pattern.

Table 3
Final generalized linear mixed model for predictors of  females 
initiating feeding

Random effects

Variance LRT P-value

Female ID 0.136 8.56 0.003
Observation 0.083 9.83 0.002
Pool 0.027 <0.001 >0.999
Date <0.001 <0.001 0.997
Block <0.001 <0.001 >0.999
Fixed effects

Estimate SEM z-value P-value
Intercept −1.873 0.097 −19.5 <0.001
Activity (1/0) 0.573 0.153 3.74 <0.001
Male-biased (1/0) −0.256 0.115 −2.23 0.026
Unmated males 0.141 0.052 2.70 0.007

Dependent variable: feeding or not in the next observation (binomial error 
distribution). Continuous variables are centered and scaled. N  =  4375, 
females  =  193, observations  =  50, pools  =  16, days  =  13, blocks  =  2, 
CI = confidence interval, LRT =  log-likelihood ratio test, SEM = standard 
error of  the mean. Fixed effects excluded from the best model of  female feed-
ing probability were: female habitat use BT, female activity BT, female body 
length, whether she was on the water, whether she was mating, number of  
other unmated females on the water, presence of  a hyper-aggressive male, 
and all 2-way interactions between sex ratio treatment and other predictors.

Table 4.
Final generalized linear mixed model for predictors of  females 
initiating mating

Random effects

Variance LRT P-value

Female ID 0.287 15.1 <0.001
Observation 0.140 0.005 0.944
Pool <0.001 <0.001 >0.999
Date 0.096 <0.001 >0.999
Block <0.001 <0.001 >0.999
Fixed effects

Estimate SEM z-value P-value
Intercept −1.786 0.144 −12.429 <0.001
Male-biased (1/0) 0.591 0.155 3.805 <0.001
Unmated males 0.105 0.087 1.201 0.230
Activity BT −0.170 0.074 −2.293 0.022
Feeding (1/0) 0.453 0.153 2.955 0.003
Hyper-aggression (1/0) −0.511 0.236 −2.163 0.030
Habitat use BT 0.407 0.072 5.636 <0.001
Male-biased × unmated males 0.222 0.108 2.046 0.041

Dependent variable: mating or not in the next observation (binomial error 
distribution). Continuous variables are centered and scaled. N = 2415, 
females = 184, observations = 50, pools = 16, days = 13, blocks = 2, 
CI = confidence interval, LRT = log-likelihood ratio test, SEM = standard 
error of  the mean. Fixed effects excluded from the best model of  female 
mating probability were: female body length, location on or off the water, 
number of  other unmated females on the water, and 2-way interactions 
between sex ratio treatment and all other predictors except number of  
unmated males on the water.

trade-offs. Even though the population sex ratio had strong effects 
on female behaviors on average, there were no significant interac-
tions between sex ratio treatment and female immediate behaviors 
or female BTs. This suggests that the population sex ratio (level of  
male harassment) had similar effects on all females, regardless of  
their individual BTs. Additionally, individual differences in feeding 
tendencies, as we found, are common and can arise for various rea-
sons (McLaughlin 2001), but we did not see correlations between 
feeding tendencies and other behavioral dimensions, as has been 
found in other systems (McLaughlin 2001, Biro et al. 2006, Webster 
et  al. 2009, David et  al. 2011). The lack of  correlation between 
feeding and mating tendencies in this study differs from other sys-
tems in which female feeding and mating behaviors are correlated 
(e.g., Johnson and Sih 2005).

In general, measuring behavior and its fitness-related outcomes 
in standardized but ecologically relevant ways remain an impor-
tant challenge (Réale et  al. 2007; Réale and Dingemanse 2012). 
We used seminatural stream experiments to manipulate social and 
ecological situations for water striders and provided ample oppor-
tunity to observe most individuals in a broad range of  (ecologi-
cal or social) conditions, fluctuating at different scales. We believe 
that such a multiscale assessment yields substantial mechanistic 
insights into the processes generating variation in fitness-related 
traits such as mating success and feeding rates, and should thus be 
informative for many systems with complex social dynamics.
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specific female behaviors predicted her probability of  starting to 
feed or mate within the next hour. Females that were active were 
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more effectively, that is, mated females are harassed less by other 
males and thus better able to feed (Krupa and Sih 1993; Rowe et al. 
1996). Our results, however, suggest another causal relationship. 
Mating status did not predict the probability that a female would 
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perhaps cannot resist male mating attempts as effectively, and thus 
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differences over longer periods (Dingemanse et al. 2010; Bloxham 
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mating. It would be interesting to test if  the more active females 
also expressed other behavioral traits, such as more effective resis-
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diate social variables influenced mating probability compared with 
feeding probability, which might be motivated mainly by female 
hunger.
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between environment and individual behavioral traits on fitness-
related measures. In particular, these relationships can reveal trade-
offs that can help explain the maintenance of  personality and 
behavioral syndromes (Sih et al. 2004; Smith and Blumstein 2008). 
However, in this study, we did not find evidence for these kinds of  
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feeding and mating tendencies in this study differs from other sys-
tems in which female feeding and mating behaviors are correlated 
(e.g., Johnson and Sih 2005).

In general, measuring behavior and its fitness-related outcomes 
in standardized but ecologically relevant ways remain an impor-
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We used seminatural stream experiments to manipulate social and 
ecological situations for water striders and provided ample oppor-
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