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Abstract 

Temporal or spatial variation in selection has the potential to explain long-standing evolutionary problems such as evolutionary stasis and the 
maintenance of genetic variation. Long-term field studies of plants and wild vertebrates have provided some insights, but multigenerational 
measures of selection in wild invertebrates remain scarce. Short-lived ectothermic animals are likely to experience more pronounced environ-
mental variation across generations than longer-lived and endothermic species. As a result, variation in selection may be particularly significant 
in these groups. Over 10 years, we have monitored an individually tagged population of wild crickets (Gryllus campestris) using a network of up 
to 133 day–night video cameras. The over a million hours of video that we watched allowed us to capture detailed information about naturally 
and sexually selected traits and life history parameters. Over 10 discrete generations, the population size ranged from 51 to 546 adults. There 
were also substantial differences among years in the average values of traits including adult emergence date, body size, lifespan, and several 
behavioral traits. We combined measurements of these traits with individual fitness, measured as the number of adult offspring inferred from 
genetic-marker-based parentage assignments. This revealed substantial variation in selection gradients across years in several traits, with evi-
dence that in one trait, adult emergence date, selection switched from positive to negative over the years. Our findings suggest that fluctuations 
in selection gradients are common but complete reversals in the direction of selection may not be very frequent.

Keywords: genetic variation, Gryllus campestris, lifespan, mating rate, polyandry, selection gradient

Introduction

Understanding how genetic variation is maintained in the face 
of selection and genetic drift remains one of the major chal-
lenges facing evolutionary biology (Roff, 1997; Charlesworth 
& Hughes, 1999; Walsh & Lynch, 2018). One potential expla-
nation is that selection acting on specific traits varies in time 
or space. If this variation includes reversals in the direction 
of selection, then allelic variation can be maintained through 
the rescue by positive selection of variants that are under neg-
ative selection in other places or at other times (Bell, 2010; 
Abdul-Rahman et al., 2021; Acker et al., 2021; Johnson et al., 
2023; de Villemereuil et al., 2020; Yamamichi et al., 2023). 
Net selection on a trait can fluctuate between positive and 
negative because the trait optimum varies as a result of envi-
ronmental or demographic variation. It can also vary because 
the mean expression of the trait changes due to maladaptive 
plasticity, even if the trait optimum does not change (Chevin 
et al., 2010, 2013; Gauzere et al., 2020). If we consider these 
possibilities in terms of among-year variation; in the fluctuat-
ing optimum scenario (Bell, 2010) the mean value of a trait 
expressed in the population may be relatively stable across 
years, but in some years, the balance of trade-offs in the costs 
and benefits of the trait may mean that higher expression 
individuals are more fit, and in other years, lower expression 
individuals have higher fitness. In the maladaptive phenotypic 

plasticity scenario (Chevin et al., 2010), net selection can fluc-
tuate even if the trait optimum remains constant across years. 
For instance, in a year with very low food availability, individ-
uals may be smaller than is optimal, creating a selection for 
larger size. In another year where food is more abundant, the 
average size may be larger and there may be no directional 
selection or even selection for smaller size. This will create a 
fluctuating selection of size even though the optimal size has 
not changed. In either of these two scenarios, if fluctuations 
in selection are persistent, it could allow substantial genetic 
variation to be maintained by selection rather than eroded by 
it (Bell, 2010; Nevo, 1988).

Meta-analyses of published estimates of selection on traits 
in wild populations have frequently concluded that the 
strength of selection varies substantially over the years (Bell, 
2010; de Villemereuil et al., 2020; Siepielski et al., 2009). 
Bell (2010) reviewed long-term studies that provide demo-
graphic surveys of genotype frequencies or direct measures 
of survival and fecundity. His conclusion was that selec-
tion often reverses in direction. Taking a more quantitative 
meta-analytical approach, Siepielski et al. (2009) collated 89 
studies, concluding that changes in the direction of selection 
are frequent. However, the robustness of this conclusion has 
been questioned because of issues related to sampling error 
(Morrissey & Hadfield, 2012) and ecological variation in 
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trait repeatability (Dingemanse et al., 2021). de Villemereuil 
et al., (2020) examined the evidence for temporal variation in 
selection on breeding date across 39 populations of 21 wild 
animals. They found substantial variation in the magnitude of 
selection on laying and parturition date among years, but no 
evidence that the direction of selection changed among years.

There does not appear to be a clear consensus on how 
much selection fluctuates in natural populations. What is 
clear, is that there is an imbalance in the representation of 
taxa in studies of selection on wild animals, which are dom-
inated by mammals and birds. For example, the study by de 
Villemereuil et al., (2020) is one of the largest collated 
datasets of its kind, but only includes birds and mammals. 
Terrestrial homeotherms represent only a tiny fraction of 
animal biodiversity. Also, they are frequently at the extreme 
end of trait distributions (e.g., in size, lifespan, and fecundity) 
relative to vastly more diverse and numerous invertebrates. 
This bias may be a major contributor to the current picture 
we have, which is of relatively weak evidence for fluctuations 
in the direction of selection. Long-lived birds and mammals 
are heavily buffered against environmental fluctuations and 
may have the option of reducing investment in reproduction 
for long periods. In contrast, annual insects and other short-
lived organisms may be unable to avoid the selective effects 
of within and among-year environmental variation (Ellner & 
Hairston, 1994).

A handful of invertebrate examples have been included in 
selection meta-analyses (Kingsolver et al., 2001; Siepielski et 
al., 2009), these examples are very welcome although they are 
typically short-term, with only four of the invertebrate studies 
in those reviews including more than two generations. Also, 
they depend upon male reproductive success being estimated 
through counting numbers of mates or matings, despite it 
being well established that males can trade-off investment in 
gaining matings against success in sperm competition (e.g., 
Evans, 2010; Kingsolver et al., 2001; Siepielski et al., 2009; 
Simmons et al., 2017).

Behavioral traits are particularly interesting in relation to 
responses to environmental variation because they are poten-
tially extremely plastic. Whether this plasticity means that we 
do not observe variation in selection resulting from environ-
mental variation is an open question. However, in addition 
to the taxonomic bias in existing quantifications of selection 
across years, there has historically been a severe underrep-
resentation of behavioral traits. There are only three studies 
of behavioral traits (<1%) in Siepielski et al.’s (2009) influ-
ential meta-analysis of the temporal dynamics of phenotypic 
selection in the wild. These comprise Wagner and Sullivan’s 
(1995) study of sexual selection across 2 and 3 years in two 
populations the Gulf Coast toad, Bufo valliceps; a study of 
boldness in bighorn sheep (Ovis canadensis) (Réale & Festa-
Bianchet, 2003) and of number of mating partners in the sand 
lizard Lacerta agilis (Olsson & Madsen, 2001). More studies 
are beginning to accumulate including studies of the Siberian 
chipmunk (Tamias sibiricus) (Le Cœur et al., 2015) showing 
that the likelihood of being trapped is a heritable trait that 
is positively selected in some years and selected against in 
other years. Similarly, Nicolaus et al. (2016) found that in 
great tits (Parus major) selection on the speed of exploration 
varied according to local density. A larger-scale study of five 
populations of the same species (Mouchet et al., 2021) also 
found that selection on exploratory behavior varied both in 
space and in time. Studies on European shags (Phalacrocorax 

aristotelis) have identified fluctuating selection on migration 
vs. residency in juveniles (Ugland et al., 2024) and adults 
(Acker et al., 2021).

Crickets have become a major laboratory model for stud-
ies of sexual selection, revealing females exercising pre- and 
post-copulatory mate choice among males according to fac-
tors such as their size (Simmons, 1987), songs (Simmons & 
Ritchie, 1996), dominance (Bretman et al., 2006; Rantala & 
Kortet, 2004), immunocompetence (Tregenza et al., 2006), 
and relatedness (Bretman et al., 2011). They are also a model 
system for neurobiology, particularly in relation to phonotaxis 
(Hedwig, 2006; Poulet & Hedwig, 2005; Sarmiento-Ponce 
et al., 2021). Our model species is the field cricket Gryllus 
campestris, which has been extensively studied, particularly 
in relation to male sexually selected traits (Hissmann, 1990; 
Jacot et al., 2004; Rost & Honegger, 1987; Simmons, 1995) 
and senescence (Hissmann, 1990; Jacot et al., 2004; Makai 
et al., 2020; Rodríguez-Muñoz et al., 2019a, 2019b, 2019c, 
2019d; Rost & Honegger, 1987; Simmons, 1995). Between 
2006 and 2017, we studied a population of field crickets in a 
meadow in Northern Spain which they have inhabited for at 
least 50 years. We have collected detailed information about 
individual traits and assigned parentage to each generation of 
newly emerging adults from amongst the adults sampled in 
the previous breeding season (see Methods section).

Some of the traits we have measured have obvious poten-
tial relationships with fitness, and we have chosen to focus 
on these. Morrisey and Hadfield (2012) point out that 
among studies that quantify selection, there is a clear nega-
tive relationship between how strong the apparent evidence 
for variation in selection among years is, and how reliably 
estimated are the parameters upon which that claim is based. 
This makes interpreting patterns across studies problem-
atic. It also leads them to argue that identifying the ecolog-
ical basis of selection is likely to be more informative than 
studying trait-fitness correlations alone. However, this is a 
demanding requirement (Milesi et al., 2016). It has been 
achieved by experimentally intervening to drastically alter 
selection pressures, as in Losos et al.’s (2006) introduction of 
a novel predator to six small Bahamian islands. Their manip-
ulation shifted selection on resident Anolis sagrei lizards first 
to longer, and then to shorter legs as A. sagrei adopted a 
more arboreal habit. However, where naturally occurring 
variation in selection has been studied, it has only been pos-
sible to identify the environmental source of selection in a 
small number of studies where either obvious climatic events 
have occurred, or unusually dominant sources of selection 
exist. The classic example is Gibbs and Grant’s (1987) study 
of the finch Geospiza forth where directional selection 
in favor of large adult size under (typical) drought condi-
tions reversed in response to an exceptionally wet climate 
event. A related example is the observation that in sockeye 
salmon (Oncorhynchus nerka) variation in lake water level 
caused selective mortality of larger individuals creating vari-
ation in selection on body size (Carlson & Quinn, 2007). 
Climate change has also provided the opportunity to iden-
tify relationships between spring temperatures and selection 
on bird populations such as earlier breeding times in great 
tits (Husby et al., 2011). Predictable seasonal variation has 
also been shown to cause fluctuating selection in Drosophila 
melanogaster where generation times of a few weeks occur 
within seasonally fluctuating temperature regimes (Bergland 
et al., 2014).
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Our population of field crickets lives in an environment 
that varies substantially among annual generations. This is 
apparent from the fact that adult population sizes varied 
between 51 and 546 among years, and the sex ratio (males 
to females) at adult emergence varied from 0.52 to 1.11 (see 
Supplementary Table S1). These demographic fluctuations are 
presumably the result of environmental variation occurring 
along a very large number of axes including air temperature, 
availability of sunshine, levels of rainfall, the prevalence of 
a range of vertebrate and invertebrate predators, and many 
others, all of which vary in importance through the lifecy-
cle. In the absence of a specific environmental parameter that 
we could test for a relationship with selection, our aim is to 
quantify selection across a range of traits. We examine the 
relationship between the level of expression of these traits and 
the number of offspring the individual has in the next genera-
tion. We do this for eight independent annual generations and 
determine whether selection (irrespective of its provenance) 
fluctuates significantly over the years. We use the term “fluctu-
ating selection” to refer to changes in the strength or direction 
of selection through time following Johnson et al. (2023) and 
Bonnet and Postma (2018). We are particularly interested in 
whether there are reversals in the direction of selection on 
traits among years, and in whether the extent of among-year 
variation in behavioral traits is comparable or systematically 
different to that in size and life history traits.

Material and methods

Study system

Our data are the product of WildCrickets, a long-term project 
monitoring of a wild population of field crickets G. camp-
estris in a meadow in northern Spain (Rodríguez-Muñoz et 
al., 2019d). This species has a single generation each year, 
with the first adults emerging in mid to late April and the 
last adults dying in mid-July. Individuals of both sexes build 
burrows as a refuge from predation and bad weather. Most 
interesting events occur at burrow mouths (Rost & Honegger, 
1987) with individuals spending only short periods moving 
between them. This lifestyle allows us to record the adult lives 
of the entire population in great detail, by attaching unique 
tags to individuals as they become adult and monitoring the 
population through daily surveys and a network of up to 133 
day/night video cameras. During the adult season, males call 
from their burrows to attract females and both sexes move 
around the meadow, displacing members of the same sex 
from burrows and sharing burrows with a single member of 
the opposite sex (Fisher et al., 2016). We take a DNA sam-
ple at adult emergence, allowing us to assign the parentage 
of each generation from amongst the adults sampled in the 
previous breeding season. Details on how the meadow is 
managed every year, our monitoring protocol and parentage 
assignment to estimate fitness, are available in Rodriguez-
Muñoz et al. (2010) and Rodriguez-Muñoz et al. (2019d). 
The data included in this study cover eight generations within 
the period 2006–2014 and comprise 364,902 hr of video 
where a cricket was present under the camera. We did not 
include the years 2009, 2015, and 2016 as we do not have 
parentage assignments for offspring from those years.

Parentage assignment

Genetic profiling with microsatellite loci was performed to 
conduct parentage analysis. Details of this procedure are 

provided elsewhere (Bretman et al., 2011; Rodríguez-Muñoz 
et al., 2019d). Briefly, we used between 14 and 21 autoso-
mal loci. Genotyping was performed on an ABI3730 capil-
lary sequencer, using standard protocols (Ball et al., 2010) 
and scoring was performed using GeneMapper v3.7 soft-
ware. Parentage analysis was performed using genotype data 
combined with spatial and mating information in a Bayesian 
framework using the MasterBayes package (Hadfield et al., 
2006; Koch et al., 2008). We estimated the pedigree on a year-
by-year basis rather than as a single run, as field crickets are 
annual, and thus generations are not overlapping. Using the 
modal parentage assignment for each individual, maternity 
was assigned to a sampled individual in the population for 
1,326 out of 1,568 individuals (0.85 of the population) and 
paternity to a sampled individual for 1,441 individuals (0.92 
of the population). These figures, and our observation that 
during the breeding season, new adults (that we have not 
observed having overwintered there) occasionally appear in 
the meadow, indicate that there is limited immigration into 
our meadow (see also Bretman et al., 2011). The median con-
fidence of maternity assignments, to known individuals, was 
0.985 and in paternity assignments was 0.987.

Description of traits

We explored variation in selection by analyzing the relation-
ship between fitness (response variable) and eight morpholog-
ical, behavioral, and life history traits (predictors) that could 
affect reproductive success. We quantified fitness as the num-
ber of offspring produced per adult cricket in year t that sur-
vived to adulthood in year t + 1. This fitness measure has the 
weakness that it is affected by both parent and offspring traits 
(as offspring traits will affect their survival to adulthood). 
This means there is the potential for our selection metrics to 
be affected by direct and indirect effects of traits on juvenile 
survival. However, our metric does provide a clear measure 
of each parent’s count of offspring that have the potential to 
pass their genes on to the next generation. In common with 
most invertebrates, counting the eggs laid by female crickets 
living in the wild is an impossible task, as each female injects 
hundreds of eggs into the soil in multiple locations. Our pre-
dictors included adult size, timing of adult emergence and 
longevity, and traits that quantified the intensity of polygamy, 
mobility (in relation to both time and space), and effort in 
attracting mates (for males only).

In our study population, sexual activity does not start until 
about 5 days after adult emergence (Rodríguez-Muñoz et al., 
2019a). We therefore only included data from events that 
happened at least 5 days post-adult emergence. Adult crick-
ets move frequently between burrows, leaving one burrow 
and arriving at another a few minutes later (median duration 
of each visit to a burrow is 1.2 hr). Because we often have 
more burrows than cameras to monitor them, there are some 
crickets where we only have a small amount of observational 
data, perhaps from a single period during the individual’s life. 
Cricket behavior is dependent on the weather (for instance, 
crickets avoid leaving their burrows when it is raining). It is 
also affected by the seasonal changes that occur as spring pro-
gresses and there are systematic changes in behavior with age 
(Makai et al., 2020). These effects mean that parameter esti-
mates from crickets where we only have a few hours of obser-
vational data are likely to be very unreliable. To avoid the 
noise from these poorly sampled, but otherwise random indi-
viduals masking biologically relevant patterns, we excluded 
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crickets observed for less than 96 hr over their reproductive 
lives. For those living more than 35 d, at least 24 hr out of 
the total observation time had to happen after that age, this 
meant that we had between 787 and 1,374 unique individu-
als for each trait that we studied. This data exclusion is not 
based on any characteristics of the crickets, but on chance in 
relation to their visits to our cameras, so we do not expect 
it to cause any bias. The number of individuals per year and 
sex before the removal of poorly sampled crickets is shown 
in Supplementary Table S2. We quantified our predictors as 
follows:

Thorax width: Measured from a digital picture using 
imageJ analysis software (Schneider et al., 2012).

Emergence date: Day of the year when the cricket reached 
adulthood (counted from day 1 on 1 Jan).

Lifespan: Number of days alive as an adult. For individuals 
whose death date was not observed, we assume they died on 
the day after the last available observation.

Mates per day: This is the mean number of unique partners 
a cricket mated with per day, over its whole life. We calculated 
it by dividing the total number of different mates an individ-
ual was observed mating with by the total number of days of 
video observation we had of that cricket.

Burrows per day: Mean number of different burrows 
visited per day. We calculated it by dividing the total num-
ber of unique burrows visited when under observation by 
the total number of days we observed the cricket with a 
camera.

Distance among burrows: Maximum distance between any 
two pairs of burrows from among all the burrows where we 
observed the cricket during its adult life. Moving exposes 
crickets to the risk of predation and reflects investment in 
reproduction, as food resources are hyper-abundant through 
the meadow. To control for the effect of time under observa-
tion, we divided the maximum distance by the total number 
of days the target individual was observed.

Time at burrow: Median duration of time spent on each 
visit to any burrow, calculated from all the visits recorded for 
this individual over its life. Usually, sexual activity starts a few 
days after adult emergence. Hence, for crickets with known 
emergence date, we excluded all the movements happening 
before 5 days of age.

Calling effort (males only): We recorded point samples 
every 2 min during the first 10 min of every hour where we 
observed the target male with a camera. If we saw the male 
calling at any of those point samples, we recorded him as 
calling. We then calculated calling effort as the proportion 
of hourly observations when the male was calling. As for the 
previous trait and for the same reason, we excluded the first 5 
days after adult emergence. We also excluded all individuals 
with less than 10 samples in total to avoid very unreliable 
estimates due to the small sample size.

Statistical analyses

To compare selection among years, we need a common 
model to describe the relationship between traits and fitness. 
Inspection of graphs for individual years indicated that the 
dominant patterns we observed were either no effect or direc-
tional selection within years, we therefore estimated linear 
selection gradients. To test for variation in selection gradi-
ents, we followed the common approach of running gener-
alized linear mixed models independently for each trait. To 
simplify the analyses, we ran separate models for each sex. 

This approach is also appropriate because it is likely that 
the same traits are under different selection regimes in males 
and females; for instance, movements around the meadow 
have a completely different function in mate-searching 
males than they do in females (who are surrounded by the 
singing of potential mates). We did not include age in our 
analyses because our species has discrete generations; adults 
emerge in early to mid-spring and die between late spring 
and early summer within the same year. We ran analyses in 
R (R Development Core Team, 2020, v. 4.0.3) and RStudio 
(RStudio Team. 2020, v. 1.3.1093) using the lme4 package 
(Bates et al., 2015) with a negative binomial family distri-
bution to cope with overdispersion. This approach uses a 
log-link function by default, which puts fitness on a rela-
tive scale equivalent to the traditional approach of divid-
ing by mean fitness and using linear regression (e.g., Bonnet 
& Postma, 2018; Lande & Arnold, 1983). This means that 
our fitness gradients can be directly compared with those 
estimated using earlier methods. We checked whether the 
output of the models showed overdispersion by using the 
method proposed by Harrison (2014). Before the analyses, 
we centered all traits within years (by subtracting the mean 
of the year) and standardized them across years by divid-
ing by the standard deviation of the centered values. The 
phenotypic traits of small ectotherms like these crickets are 
extremely dependent on weather conditions which vary sub-
stantially from year to year. A cold winter will affect the 
size and emergence date of the entire cohort and failing to 
control for this means that variation is dominated by envi-
ronmental effects. In view of this, we centered traits within 
years. For those traits, where means are similar across years, 
centering within years will not make a relevant difference. 
However, in the Supplementary information, we have also 
included the same analyses based on data-centered among 
years, so that it is possible to compare results between both 
approaches.

We estimated selection gradients separately for each trait 
using mixed models with Fitness as the response variable, 
focal Trait (as described above) as a fixed effect, and Year 
as a random effect. In each case, our main “random slopes” 
model allowed both the average Fitness and the effect of 
the focal Trait on Fitness to vary across each Year in the 
random effects (i.e., Fitness ~ 1 + Trait + (1 + Trait|Year)). 
We then ran a second model whereby the effect of the Trait 
on Fitness was constrained to be the same across all Years, 
with the “random intercepts” allowing Years to vary only in 
their average Fitness (i.e., Fitness ~ 1 + Trait + (1|Year)). We 
then compared these models using a likelihood ratio test to 
assess whether the contribution of the random slopes term 
for Year was significant. We followed Visscher (2006) and 
assumed the difference in log likelihood between the models 
was distributed as a 50:50 mix of χ2

1
 and χ2

2
. This contribu-

tion indicates whether the selection gradient varies over the 
years. When a gradient varies, it can do so without changing 
the direction of selection, so that the differences are just in 
the intensity of selection. Alternatively, variation can involve 
changes in the direction of selection (reversals); i.e., a trait 
can have a positive or negative effect on fitness depending 
on the year. To provide insights into how selection gradi-
ents vary among years, we extracted the coefficients per 
year from the random effects and estimated their confidence 
intervals by bootstrapping using the bootMer function in 
lme4.
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Results

Overall relationships between traits and fitness

Descriptive statistics for traits are provided in Supplementary 
Table S3. We describe our confidence in results using the lan-
guage of evidence as suggested by Muff et al. (2022). Five 
traits showed moderate or greater evidence of having an 
overall positive or negative effect on fitness across years when 
all years are considered together (see estimated effects and  
p-values for random intercepts models in Table 1). This 
included three traits for both sexes (lifespan, mates per day, 
and time at burrow), one male trait (calling effort), and one 
female trait (burrows per day) (Figure 1). Longer lifespan was 
associated with higher fitness in both males and females with 
our data providing very strong evidence to support this rela-
tionship. The rate of mating with new partners measured as 
mates per day (decoupling it from lifespan) was also associ-
ated with higher fitness in both sexes, with this relationship 
very strongly supported by our data. There were also relation-
ships between how individuals used burrows and their fitness: 
We found strong support for the observation that crickets of 
both sexes that spent more time at each burrow they visited 
had lower fitness. In females, there was also moderate sup-
port for a positive association between the mean number of 
burrows visited per day and their fitness. Time spent at each 
burrow and number of unique burrows per day are vari-
ables that we would expect to be negatively related to one 
another, and there was a negative correlation between them 
(Spearman rank correlation, r

males
 = –0.29, r

females
 = –0.39). 

However, because some crickets move repeatedly between the 
same burrows on a single day, whereas others remain for a 
long time in the same burrow and then move to a different 

one, the two measures do capture independent variation. The 
sex-limited, sexually selected trait of male calling effort (the 
number of hours each day during which a male was observed 
singing to attract a mate) had a very strongly supported pos-
itive relationship with fitness. We found no evidence of an 
overall relationship with fitness in either body size or date of 
emergence to adulthood. We also found no effect of home-
range size measured as the greatest distance between any two 
burrows visited by an individual (controlling for observa-
tional effort) and fitness.

As expected, the overall effect on fitness across years was 
nearly identical for all traits between models with data- 
centered within vs. among years (Table 1 and Supplementary 
Table S4; Figure 1 and Supplementary Figure S1). The only 
difference was the size of the error estimates for emergence 
date in males, which were slightly larger when centering 
among years. This difference is a consequence of the differ-
ences in average emergence date among years.

Evidence for fluctuating selection

Of the eight traits that we studied, we found weak to strong 
evidence for fluctuating selection in four traits (lifespan in 
both sexes, and emergence date, mates per day and calling 
effort in males). This fluctuation is identified as the contri-
bution of random slopes to the model fit; see p-values for 
the comparison between the random intercepts and random 
slopes models, right-hand column in Table 1. Fluctuation was 
most evident in the relationship between lifespan and fitness 
which varied between some of the strongest selection we 
observed in 2008, 2012, and 2013 to relatively weak selec-
tion in 2014 (Figure 2). In males, there was strong evidence 

Table 1. Selection gradients for behavioral, morphological, and life history traits in a wild population of the field cricket G. campestris estimated from 

two mixed models; either with year as random intercepts or as random slopes. These models are then compared to assess the evidence for among-

year fluctuations in selection using likelihood ratio tests as described in the methods, assuming a 50:50 mix of χ2

1
 and χ2

2
. Data were centered within 

years and standardized across years. Estimate: estimated selection gradient; SE: standard error; Var RE (95% CI): variance of slopes for the random 

term (year) with 95% CI calculated by bootstrapping using the confint function in lme4, for traits with fluctuating slopes only; chi-sq: chi-squared value; 

P: p-values corrected according to Visscher (2006) (values smaller than 0.05 in bold).

Trait Random intercepts Random slopes Likelihood ratio test

Estimate SE P Estimate SE P Var RE Chi-sq P

Females

Thorax width –0.015 0.067 0.821 –0.012 0.068 0.860 0.002 0.472 0.641

Emergence date 0.014 0.059 0.806 0.006 0.063 0.923 0.001 0.187 0.788

Lifespan 0.642 0.056 <0.001 0.674 0.112 <0.001 0.070 (0.001–0.187) 15.695 <0.001

Mates per day 0.341 0.087 <0.001 0.381 0.099 <0.001 0.012 2.450 0.206

Burrows per day 0.201 0.090 0.025 0.211 0.114 0.063 0.000 0.021 0.938

Distance burrows 0.116 0.085 0.175 0.135 0.095 0.155 0.004 0.695 0.556

Time at burrow –0.256 0.090 0.004 –0.193 0.111 0.081 0.021 2.089 0.250

Males

Thorax width 0.063 0.070 0.367 0.062 0.073 0.398 0.004 0.805 0.519

Emergence date –0.030 0.060 0.620 –0.056 0.092 0.543 0.037 (0.000–0.130) 8.547 0.009

Lifespan 0.667 0.057 <0.001 0.688 0.086 <0.001 0.031 (0.000–0.110) 6.708 0.022

Mates per day 0.426 0.076 <0.001 0.456 0.115 <0.001 0.056 (0.001–0.201) 9.796 0.005

Burrows per day 0.134 0.091 0.140 0.285 0.143 0.046 0.020 2.640 0.186

Distance burrows 0.076 0.082 0.354 0.164 0.113 0.146 0.021 3.028 0.151

Time at burrow –0.202 0.065 0.002 –0.305 0.120 0.011 0.031 2.053 0.255

Lifetime calling effort 0.473 0.070 <0.001 0.506 0.098 <0.001 0.032 (0.000–0.122) 4.389 0.074

Evolution (2025), Vol. 79, No. 6
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of fluctuating selection on the effect of number of mates per 
day (Table 1, Figure 1). There was also moderate evidence of 
fluctuating selection on emergence date in males, despite there 
being no overall consistent pattern of selection on this trait 
across years (Table 1). This male trait is particularly interest-
ing in this context because it also shows evidence of reversals 
in the direction of selection among years (Figure 2). In 2007, 
2011, and 2014, early emergence in males was associated 
with higher fitness whereas in 2008 and 2012, late emerging 
males had higher fitness, and in 2006, 2010, and 2013, there 
seems to be no effect of emergence date on fitness.

Centering among years did not change the traits that 
showed evidence of fluctuating selection gradients based on 
the likelihood ratio test comparing random intercepts and 
random slopes models (Table 1 and Supplementary Table S4). 
Nor did it change the direction and significance of the overall 
effect of each trait on fitness. When plotting the annual coef-
ficients, centering among years caused a small increase in the 
confidence intervals. As with the overall effect, this increase 
in the estimated error was larger for the emergence date of 
males (Figure 2 and Supplementary Figure S2). The widening 
of confidence intervals meant they overlap with zero for some 
of the years that where clearly non-overlapping when based 
on data-centered within years.

Discussion

Siepielski et al. (2009) considered the existence of fluctuat-
ing selection in the context of its potential contribution to 
evolutionary stasis, i.e., to the maintenance of genetic varia-
tion. They concluded that changes in the direction of selection 
are relatively common but warned that sampling error could 
impose bias on estimates of variation. Morrissey and Hadfield 
(2012) showed that after accounting for this bias, re- analysis 
of the same data revealed that directional selection is the 
rule and that even if there is fluctuating selection, evidence 

for reversal is uncommon. The studies used in these analyses 
were mainly focused on vertebrate morphological traits, with 
poor representation of other animal groups and other types of 
traits (Siepielski et al., 2009).

We used a multigenerational dataset from a wild popu-
lation of an annual field cricket, to analyze morphological, 
life history, and behavioral traits that we expected to affect 
fitness. Around half the traits we studied fulfilled that expec-
tation and showed an overall (across years) relationship to 
fitness. As would be expected, there were particularly strong 
effects in traits that have been identified as fitness-related in 
other species because of their role in sexual selection (life-
time calling effort) or lifetime breeding success (lifespan). 
However, body size, which is frequently associated with phe-
notypic traits that are correlated with fitness (Blanckenhorn, 
2000) including in crickets (Simmons, 1995) does not appear 
to be under directional selection in our population.

The general pattern we observed was quite a lot of among-
year variation in selection gradients. In three of these traits, 
there was moderate or strong evidence that fluctuations in the 
strength of selection were greater than we would expect by 
chance. For male emergence time, these fluctuations meant 
that selection was positive in some years and negative in 
others, with average values within years that varied between 
positive and negative (Figure 1). In addition, in evolutionary 
terms, eight generations is not very long, and a larger number 
of years would increase the likelihood of observing reversals, 
which could contribute to the maintenance of genetic varia-
tion even if they are not very common.

Two traits, lifespan and calling effort, were under consistent 
directional selection across years (Figure 1) but still showed 
large among-year fluctuations in the strength of selection on 
them. Consistent directional selection is not inconsistent with 
fluctuating selection at the genotype level (different genotypes 
could confer longer lives in different years), but it is interest-
ing to consider what might cause the fluctuations we observe. 

Figure 1. Selection gradients for a number of morphological, life history, and behavioral traits, separated by sex (empty circles, females; filled circles, 

males). We have estimated the values from a mixed model including year as random effects (intercepts) for data of eight consecutive generations of a 

wild population of G. campestris, using the lme4 R package (Bates et al., 2015). Trait values are centered within years and standardized across years. 

Error bars show the SD of the annual coefficients for each trait and sex.
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For lifespan, the observation of consistent directional selec-
tion is not surprising since reproduction occurs continuously 
throughout the breeding season, so dying early will often 
reduce fitness. Environmental factors that affect how lifespan 
relates to fitness are likely to vary more among years than 
environmental effects on selection gradients in some other 
traits. For example, if there is a cool period toward the end of 
the breeding season this may mean that crickets are unable to 
mate and lay eggs during the later part of their lives because 
the temperature is too low. As a result, in such years longer 

lifespan will have a weaker relationship with fitness. In con-
trast, years with a long hot summer may allow crickets to 
continue to reproduce in later life creating a stronger relation-
ship between lifespan and fitness. The positive relationship 
between calling effort and fitness we observe fits with our pre-
vious studies of a single year of data (Rodríguez-Muñoz et al., 
2010) and numerous studies of sexual selection on male sig-
naling (Andersson, 1994). However, as well as males attract-
ing females with song, we frequently observe males arriving 
at female burrows (Fisher et al., 2015), something reported 

Figure 2. Selection gradients (± 95% CI) for behavioral, morphological, and life history traits in a wild population of G. campestris over 8 years, 

separated by sex (empty circles, females; filled circles, males), with data standardized across years, after centering the data within years. Analyses 

carried out with the lme4 package (Bates et al., 2015) using a random slopes mixed model with year as random effects. Values show the slope 

(selection gradient) coefficient for each year; the confidence intervals have been estimated by bootstrapping.

Evolution (2025), Vol. 79, No. 6
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by other researchers (Hissmann, 1991). This indicates that 
calling is not essential for mating in males and may be less 
important in years with a high population density, which may 
explain variable effects on fitness.

Looking at the overall pattern of selection on traits when 
all years are combined (Figure 1) the pattern is of traits hav-
ing similar effects on fitness in both sexes (Figure 1). Although 
our analysis is not designed to test for differences between 
the sexes, this finding is noteworthy bearing in mind that our 
expectation would be that the drivers of reproductive suc-
cess would be very different between the sexes, particularly 
in a species with such obvious male secondary sexual traits in 
the form of male singing and frequent fights between males 
(Fisher et al., 2019). This is clearly a point that deserves fur-
ther study.

Our analysis also allows us to compare patterns of vari-
ation in selection in behavior as opposed to other types of 
traits. We hypothesized that the potential plasticity of behav-
ioral traits could allow adaptive phenotypic plasticity to 
reduce fluctuations in their effects on fitness. We predicted 
that this might contrast with morphological or life history 
traits, which may be more tightly linked to environmental 
parameters. However, our data do not seem to support this: 
there is no obvious difference in how variable selection is on 
the three types of traits.

As discussed in our introduction, identifying the environ-
mental variation that drives fluctuating patterns of selection 
is a very tall order. Eight generations are not enough to deter-
mine which of the numerous axes of environmental variation 
among years are causes of variation in selection. The only 
way to find out would be to either continue the study for a 
great deal longer or it might be possible to conduct an exper-
iment in the wild manipulating parameters hypothesized to 
drive the observed variation. There was 1 year in our study 
(2008) when the population size was substantially lower than 
in other years (Supplementary Table S1). This year was not 
associated with any obvious climatic or other environmental 
anomaly of the sort that Gibbs and Grant (1987) identified 
as responsible for a change in the direction of selection in the 
beak size of their finches. Although selection on the number 
of burrows that males visited in 2008 was more negative that 
year than in other years, it is clear from Figure 1 that it is not 
the case that this year alone is responsible for fluctuations 
that we observe. Because all physiological and behavioral 
processes in ectotherms are dependent on body tempera-
ture, it is tempting to speculate that climatic variation will be 
important in driving variation in selection. However, whether 
there are times of the year when annual insects are particu-
larly sensitive to some specific aspect of climate, whether it is 
the average level of a parameter like temperature or the min-
imum or maximum, and whether effects are direct or result 
from impacts on parasites or predators and so-on are all ques-
tion that remain to be studied.

A key issue in evaluating our results is around the relation-
ship between the strength of selection and whether reversals 
in the direction of selection are evolutionarily important. It 
is difficult to determine whether the modest evidence for a 
reversal in selection on the emergence date that we find (Table 
1, Figure 2) is important in maintaining variation in this 
trait. Analyzing the heritability of each trait and the change 
in breeding values from 1 year to the next as in Bonnet and 
Postma (2018) might help. Although ours is by far the largest 
and most ambitious study of selection in a wild invertebrate 
to date, we have only studied eight generations with limited 

power within years due to sample size. Within this snapshot, 
we find substantial evidence that selection varies in strength 
over the years, but only modest evidence for a reversal in 
selection in one trait. Whether one views this as evidence that 
fluctuating selection makes an important contribution to the 
maintenance of genetic variation depends on temporal and 
spatial patterns of environmental variation and population 
size and structure. These parameters are very demanding to 
estimate in wild invertebrates. How frequent reversals in 
selection need to be to maintain variation, and how common 
they are in the small animals that dominate most ecosystems 
is likely to remain the subject of speculation for some time to 
come.
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