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petition simultaneously affects these traits in sub-
divided populations is rarely
populations of the spider mite Tetranychus urticae evolving under budding (pairing
dispersal and either local (fixed sampling from each subpopulation) or global (sampling as a function of subpopulation productivity) competition. Females evolving
under budding dispersal produced less female-biased offspring sex ratios than those
from the random dispersal selection regimes, contradicting theoretical predictions.
In contrast, the scale of competition did not strongly affect sex allocation. Offspring
sex ratio and female fecundity were unaffected by the number of mates, but female
fecundity was highest when their mates evolved under budding dispersal, suggesting
these males inflict less harm than those evolving under random dispersal. This work
highlights that population structure can impact the evolution of sex allocation and
sexual conflict. Moreover, selection on either trait may reciprocally affect the evolution of the other, for example via effects on fecundity.
KEYWORDS

budding dispersal, experimental evolution, hard and soft selection, local mate competition,
scale of competition, Tetranychus urticae

1 | I NTRO D U C TI O N

Hamilton, 1964; Queller, 1992; Rousset, 2004; West, 2009). For
instance, if dispersal is limited, such that only some individuals

Many organisms exist in structured populations, sub-divided into

disperse, the probability of interactions among genetically related

patches that are linked and shaped by demographic factors such

individuals in a patch increases compared to populations in which

as dispersal. The frequency and type of dispersal can determine

all individuals disperse (Hamilton, 1964; Taylor, 1992; Taylor &

whether interactions are more likely to occur among related or

Crespi, 1994; Wilson et al., 1992). However, if individuals disperse

unrelated individuals (Bulmer, 1986; Courteau & Lessard, 2000;

in groups from the same patch (i.e. if there is budding dispersal),
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interactions among genetically related individuals can be main-

reproductive success (Carazo et al., 2014). The evolution of

tained, even if dispersal rates are high (Aviles, 1993; Gardner

sexual conflict may also depend on the frequency (Eldakar &

et al., 2009; Gardner & West, 2006; Lehmann et al., 2006; Lehmann

Wilson, 2011) and type of dispersal (Faria et al., 2020). Because

& Rousset, 2010).

random dispersal reduces relatedness among competitors, it

Dispersal frequency and timing also influence the scale of com-

is predicted to increase the intensity of sexual conflict (Faria

petition. For example, high dispersal, and dispersal occurring prior to

et al., 2015; Rankin, 2011). This may be alleviated by budding

the competitive interaction, lead to global competition, in which indi-

dispersal, which maintains interactions among kin, reducing sex-

viduals compete with equal probability with others in the population

ual conflict and harm inflicted to females, hence increasing their

(Griffin et al., 2004; Taylor, 1992; West et al., 2002). In contrast, lim-

fecundity (Faria et al., 2020).

ited dispersal, and/or dispersal occurring after the competitive inter-

Although population structure is predicted to affect sex allocation

action, is associated with local competition (i.e. competition within

and sexual conflict (Bourke, 2009), no study to date has disentangled

the natal patch) (Frank, 1998; Griffin et al., 2004; Taylor, 1992; West,

how the type of dispersal and the scale of competition impact the evo-

Pen, et al., 2002; Wilson et al., 1992). Therefore, the type, frequency

lution of both within the same set-up. This is at odds with the fact

and timing of dispersal can have a significant impact on the scale at

that evolution under different population structures may simultane-

which competitive interactions occur.

ously impact sex allocation and sexual conflict in a non-independent

In turn, both relatedness and the scale of competition can af-

manner, highlighting the need to integrate studies on these traits

fect sex allocation—the differential investment into male and female

(Chapman, 2009; Schärer & Janicke, 2009). For instance, changes

offspring. Indeed, in sub-divided populations, sex allocation theory

in sex allocation may result in the production of more or fewer indi-

predicts an offspring sex-bias towards the sex for which local com-

viduals of each sex, which impacts sexual conflict. At the same time,

petition between kin is less intense (Charnov, 1982; Hamilton, 1967;

sexual conflict may impact the number of offspring produced (Carazo

Wilson et al., 1992). For example, more female-biased offspring sex

et al., 2014; Lukasiewicz et al., 2017), which may in turn influence sex

ratios are predicted when males compete locally on their natal patch

allocation (Stubblefield & Seger, 1990). This is supported by studies

for mates, and mated females disperse and compete globally for new

showing that multiple mating can impede optimal sex allocation in the

patches (Hamilton, 1967; Herre, 1985; Taylor, 1981). If there is budding

parasitoid wasp Nasonia vitripennis (Boulton et al., 2019; Boulton &

dispersal, relatedness among the offspring of foundresses increases,

Shuker, 2015).

exacerbating local competition between related males for mates,

Here, we uncover the effects of the type of dispersal and the scale

thus selecting for even more female-biased sex ratios (Aviles, 1993;

of competition on the evolution of sex allocation and sexual conflict

Gardner et al., 2009). However, if the proportion of individuals dispers-

in the spider mite Tetranychus urticae. Previous work in this species

ing is limited, and females compete locally for resources, competition

has shown the evolution of sex allocation, and conflict between the

becomes intense for both sexes and selection favours a more balanced

sexes over the optimal offspring sex ratio, in populations evolving

offspring sex ratio (Table S1; Bulmer, 1986; Courteau & Lessard, 2000;

under panmixy or local mate competition (Macke et al., 2011, 2014).

Frank, 1985, 1986; Herre, 1985; Taylor & Crespi, 1994). A few empir-

In addition, it is known that in this species only the sperm from the

ical studies to date have investigated the consequences of budding

first copulation fertilizes a female's eggs (Rodrigues et al., 2020).

dispersal (Kummerli et al., 2009), or disentangled the relative effects

Still, multiple mating is common in this species, imposing costs in

of the scale of competition and relatedness (Griffin et al., 2004) on the

females by reducing the proportion of daughters as well as female

evolution of kin-selected behaviours, but none have disentangled the

fecundity (Macke et al., 2012; Rodrigues et al., 2020). This reduc-

effect of these two factors on sex allocation.

tion in female reproductive output is thought to be a consequence

Population structure is also predicted to impact the evolution
of sexual conflict, that is, asymmetric reproductive interests be-

of strong competition among males and, thus, evidence of male harm
due to sexual conflict (Rodrigues et al., 2020).

tween mating partners (Bourke, 2009; Faria et al., 2020; Pizzari

In a fully crossed design, using experimental evolution, we placed

et al., 2015). Competition for mates between males often involves

replicate populations of T. urticae in 4 selection regimes with either

strategies that are harmful to females reducing their survival

local or global competition, and random versus budding dispersal.

and reproductive output (Arnqvist & Rowe, 2005; Crudgington

This design enabled us to follow evolution of both sex ratio and sex-

et al., 2005; Parker, 2006; Wigby & Chapman, 2004). However,

ual conflict under different population structures. We expect sex

under global competition, when interactions occur among kin,

allocation evolution under global competition to be towards more

reduced harming behaviour in males is expected to be selected

female-
biased offspring sex ratios than under local competition,

for, as harm reduces patch productivity (Pizzari et al., 2015;

due to reduced competition between related females locally in the

Pizzari & Gardner, 2012; Rankin, 2011). A number of empirical

patch. Furthermore, global competition, when coupled with budding

studies are compatible with this prediction (Carazo et al., 2014;

dispersal, should produce the most female-biased offspring sex ra-

Hollis et al., 2015; Le Page et al., 2017; Lukasiewicz et al., 2017,

tios (see Table S1 for precise predictions for sex allocation under our

but see Chippindale et al., 2015). For instance, in the fruit fly

different selection regimes). In contrast, as there is no mixing under

Drosophila melanogaster, females repeatedly exposed to related,

local competition with budding dispersal, we do not expect selection

as opposed to unrelated, males presented a higher lifetime

to occur in this treatment.
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Sexual conflict should also evolve differently in the different se-

following generation had reached adulthood, all 10 groups were

lection regimes. We predict that female harm inflicted by males, ex-

mixed, and the newly emerged mated adult females were haphaz-

pressed as reduced fecundity, will be diminished when males evolve

ardly assigned to the different selection regimes.

under budding dispersal, where interactions occur among kin.

2 | M ATE R I A L A N D M E TH O DS

2.3 | Establishment and maintenance of
selection regimes

2.1 | Biological model

The impact of different types of dispersal (budding versus random)
and scales of competition (local versus global) on the evolution of sex

The two-spotted spider mite, T. urticae Koch (Acari: Tetranychidae),

allocation and sexual conflict in T. urticae was investigated using a fully

is a generalist herbivore with a host range of over 1,100 plant spe-

crossed experimental design (Figure 1): (a) global competition, bud-

cies (Helle & Sabelis, 1985; Migeon & Dorkeld, 2019). T. urticae has

ding dispersal (‘Global Budding’, GB), (b) global competition, random

an arrhenotokous haplodiploid life cycle (~14 days egg –adult at 20–

dispersal (‘Global Random’, GR), (c) local competition, budding disper-

25˚C): sons develop from unfertilized, haploid eggs and daughters

sal (‘Local Budding’, LB) and (d) local competition, random dispersal

from fertilized, diploid eggs. In this species, females are the dispers-

(‘Local Random’, LR). Each regime was replicated three times (GB-1,

ing sex, whereas males generally remain on their natal patch, with

GB-2, GB-3, GR-1, GR-2, GR-3, LB-1, LB-2, LB-3, LR-1, LR-2 and LR-3).

mating occurring before female dispersal (Kennedy & Smitley, 1985;

For each replicate population, each generation comprised a total

Mitchell, 1973). We report tertiary sex ratios (adult males divided by

of 96 mated adult females, being assigned in pairs to 48 bean leaf

the total number of adult offspring) as males and females can only

patches (4 cm2 each, corresponding to a very mild infestation level,

be distinguished as adults using microscopy: males are smaller than

thus low competition) placed on water-saturated cotton wool in a

females and possess a pointed abdomen.

plastic box (255 mm length × 183 mm width × 77 mm height). Mating
occurred on the natal patch among the offspring of the 2 females,

2.2 | Population origins

before mated daughters dispersed. A single male is capable of fertilizing up to 15 females in a single day (Krainacker & Carey, 1989);
hence, the number of males available to fertilize all females on a

In 2013, 10 different T. urticae populations were collected and sepa-

patch was not limiting. All replicates from all regimes were main-

rately maintained on bean plants at 25 ± 2°C, with a 16 h light: 8 h

tained in the same conditions, the only difference being how popula-

dark cycle at the University of Lisbon. These populations comprised

tions were mixed and transferred to new patches at each generation

seven populations from Portugal (Lou, DC, AMP, DF, CH, COL and

(Figure 1). Note that such variation in population structure inher-

RF), two from Spain (Albe and Alro) and one from France (FR) (Zélé

ently affects the effective population size and thus the degree of

et al., 2018). All populations were treated with antibiotics to ensure

inbreeding in populations.

that they were free of bacterial endosymbionts, known to be sex

In the budding dispersal regimes, females were always trans-

ratio distorters (Breeuwer, 1997). The sex ratio of each individual

ferred with another female from the same patch to form the next

population ranges from 0.22 to 0.40 (Zélé et al., 2020). In November

generation. In contrast, in the random dispersal regimes, females

2015, more than 50 females from each of the 10 populations were

from different patches were placed together on a ‘mixing patch’ (10

transferred to the University of Montpellier and mixed to form a

bean leaves placed together) before being transferred, in haphaz-

genetically diverse population to seed the experiment (hereafter

ardly chosen pairs, to a new patch. Local competition was imposed

called the ‘ancestral population’). This newly mixed population was

by letting an equal number of adult females per patch seed the next

maintained on 12 whole bean plants (variety: Pongo) in a plastic box

generation (2–4 females per patch in ‘Local Random’; adjusted at

(395 mm length x 335 mm width x 323 mm height) at 25°C with

each generation to accommodate mortality). Under global compe-

a 16 h light: 8 h dark cycle. Each week, old plants were removed

tition, relative patch productivity (the total number of daughters

and replaced with young, un-infested plants. All bean plants used

produced compared to that of the other patches within the repli-

to maintain mite populations and for all experiments described

cate) determined the number of female adult offspring transferred

below were grown from seeds in an isolated, herbivore-free room at

to the next generation: in the ‘Global Random’ regime, all 48 patches

23 ± 1°C with a photoperiod of 12 h light: 12 h dark at the University

were placed on a ‘mixing patch’ onto which adult females dispersed

of Montpellier.

(patches with more female offspring having a higher representa-

Fourteen days before starting the experiment, 10 independent

tion on the ‘mixing patch’) before being transferred in pairs; in the

groups of 40 females were haphazardly sampled from the ancestral

‘Global Budding’ regime, the number of adult females on each patch

population and put on a patch (10–15 bean leaves placed together)

was counted to calculate relative fecundity (i.e. dividing the number

on water-saturated cotton wool to lay eggs. This allowed maternal

of females per patch by the total number of females across the 48

effects to be equalized and ensured that females seeding the ex-

patches), so that patches with the most offspring contributed more

periment were of the same age. Two weeks later, when mites of the

pairs of females to the next generation.
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F I G U R E 1 Description of the selection regimes. Four selection regimes were established and maintained for 33 generations, each with
three experimental replicates. In ‘Local Budding’, 2 females from each of the 48 patches (squares) were transferred in pairs to a new patch
for the next generation (Gx+1). In ‘Local Random’, an equal number of females (2 –4; the number was adjusted at each generation to account
for mortality) from each patch were pooled together on a large common leaf patch (‘mixing patch’, rectangle), from which females were
subsequently haphazardly transferred in pairs to 48 new patches. In ‘Global Budding’, the number of adult females per patch was counted
before each transfer to calculate fecundity relative to that of the other 47 patches in the replicate. Each patch contributed with a number of
female pairs, to the following generation, proportional to its relative fecundity. In ‘Global Random’, all 48 patches were placed on a ‘mixing
patch’ onto which females could disperse for ~ 4 hours, after which adult females were haphazardly transferred in pairs to 48 new patches
for the next generation. Related females within a treatment are denoted as the same shade of grey [Correction added on 6 February 2021,
after first online publication: Figure 1 has been updated.]

Due to the time taken for each transfer, transfers from one

2.4.2 | Sex allocation in a common environment

generation to the next were done over 1, 2 or 3 days. When done
over more than one day, at least one replicate population from

In this assay, all regimes were each exposed to a common environment

each regime was transferred on the same day. All replicates were

for 1 generation to equilibrate maternal effects before measuring the

maintained in a climate chamber at 25 ± 2°C, with a photoperiod

offspring sex ratios of females that mated randomly with males from

of 16h light: 8h dark. During the selection experiment, all repli-

their selection regime (Figure S1). For this, at generation 31, 96 mated

cates in the ‘Local Budding’ regime were lost after generation 14,

daughters were haphazardly chosen from the 48 patches within each

and 1 replicate in the ‘Global Budding’ regime was lost at gen-

selection regime and placed on a large leaf patch (~200 cm2) where

eration 22 (GB-3). These lines were lost because females on the

they laid eggs together. Fourteen days later, the offspring on these

different patches did not produce any offspring, or only male off-

patches emerged as adults and mated among themselves (Generation

spring, leading to extinction of lines. In total, 33 generations of

31 + 1). Ninety-six mated female offspring from each mixing patch

selection were performed.

were then haphazardly chosen to measure their offspring sex ratio; 48
were placed individually on 2 cm2 patches, and another 48 placed in

2.4 | Responses to selection

pairs on 4 cm2 patches. Females were allowed to lay eggs for 7 days on
these new patches, before being killed. After 2 weeks, once offspring
had emerged as adults, the number of daughters and sons on each

2.4.1 | Sex allocation during experimental evolution

patch was counted. This experiment was set-up over three days, with
one replicate per regime being treated each day.

The sex allocation of females was measured directly in the replicate
populations of each selection regime at generations 12, 17, 20 and
31. This was done by counting the number of males and females

2.4.3 | Sex allocation in response to patch fecundity

per patch within each experimental replicate prior to the following
transfer. Thus, sex ratio comprised the combined output of the two

Measures of offspring sex ratio on patches concern the sex alloca-

females per patch.

tion of two females on that patch. While this is informative, it may

|
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obscure responses to selection, especially if offspring sex ratio dif-

Due to female mortality or failure to lay eggs, the total number of

fers between females, for instance, if a focal female's sex allocation

patches containing virgin males from each line varied from 17 to 28

changes in response to her own fecundity only, or also to that of her

(GB-1 = 28, GB-2 = 17, GR-1 = 21, GR-2 = 21 and GR-3 = 21). On

patch mate (Stubblefield & Seger, 1990). To test this hypothesis, we

day 1 of the experiment, males from the different patches within

measured the fecundity and sex allocation of single females from our

each replicate population were mixed on a large leaf patch so they

selection regimes in response to the presence of eggs laid by sterile

could be haphazardly distributed across treatments (see below).

females on the same patch (Osouli et al., 2014). Because the eggs of

On the patches where the 240 immature, virgin females had been

the sterilized females do not hatch, we can distinguish the offspring

kept isolated for 2 days, eggs were removed and females were as-

of the focal female (adult individuals) from that of the sterilized one

signed to mate with males from either the ‘Global Random’ or ‘Global

(unhatched eggs) within a single patch.

Budding’ selection regime and to either the ‘single’ or ‘double’ mate

This experiment was implemented after 33 generations of selec-

treatment (N = 30 per treatment). In all treatments, males from the

tion. As for the preceding experiment, individuals within each repli-

selection regimes were placed with the virgin females for 5 hours on

cate population were subject to a common environment. However,

day 1 of the experiment. Twenty-four hours later (day 2), in patches

in this experiment it was over two generations (generation 33 + 2;

assigned to the double mating treatment, a second male was placed

Figure S1). At the same time, females from the ancestral population

with the female and left for 5 hours. This mating period was chosen

were placed in a common environment for 2 generations, as done

to take into account the time females were together with their mates

with females from the selection regimes (Figure S1), to generate ster-

at each generation prior to transfer to new patches. In both treat-

ile females. To sterilize these females, they were exposed to 100 Gy,

ments, females were left to lay eggs and on day 6 of the experiment,

at a dose of 2.7 Gy min-1, using a Xstrahl XenX pre-clinical irradiator

female mortality was checked and alive females were removed from

at the Institute of Cancer Research, Montpellier (IRCM). Preliminary

the patches. The total number of eggs per patch was counted and,

studies revealed that this dose of X-ray irradiation is sufficient to

8 days later, offspring sex ratio was measured.

sterilize females that lay eggs that do not hatch (see Table S2).
Single adult females from the different selection regimes were
placed on individual leaf patches with one sterile female and allowed

2.5 | Statistical analysis

to lay eggs for 5 days. Both females were then killed and patch fecundity, the total number of eggs per patch (laid by the sterile and

All analyses were carried out using the R statistical package (v. 3.0.3)

the fertile female, coming from the ancestral population and from

and JMP13. We used Generalized Linear Mixed Models (GLMMs,

one of the selection regimes, respectively) was measured. Nine days

package glmmTMB; Brooks et al., 2017) with a beta-binomial error

later, the adult offspring of fertile females were counted, and the

structure and logit link function, and quasi-
poisson or negative

2

offspring sex ratio measured. A total of 48 leaf patches (4 cm ) were

binomial error structures and log link function, to analyse the ef-

set-up per replicate population.

fect of selection regime on sex ratio and mean offspring production, respectively. Maximal models were simplified by sequentially

2.4.4 | Sexual conflict

eliminating non-significant terms (p < 0.05) from the highest-to the
simplest-order interaction, with the highest p-value to establish a
minimal model (Crawley, 2007). The significance of the explanatory

The impact of mating with males evolved under the ‘Global Budding’

variables in the minimal models was established using chi-squared

and ‘Global Random’ selection regimes on the fecundity of females

tests (Bolker et al., 2009). A posteriori contrasts with Bonferroni cor-

from the ancestral population was compared in a separate assay.

rections were done to interpret the effect of selection regime when

Females were collected from the different selection regimes at

significant (glht, multcomp package; Hothorn et al., 2008). Details of

generation 33 and spent two further generations in a common envi-

all models are given in Table S3.

ronment before the experiment (G33 + 2, as above; Figure S1). The
females from the ancestral population experienced one generation
in a common environment, being placed in 2 boxes, each containing

2.5.1 | Sex allocation during experimental evolution

100 females on a large ‘mixing patch’. Thirteen days later, 240 immature, virgin females (i.e. daughters) were isolated on 4 cm2 individual

To analyse the impact of the selection regime on offspring sex

leaf patches, on which males would subsequently be placed to meas-

ratio, generation (12, 17, 20 and 31) and selection regime (GB,

ure the degree of sexual conflict.

GR and LR) were included in the model as fixed factors, as well

To obtain males from each selection regime, on days 10 and 11

as their interaction. Generation was analysed as a covariate and

of the second generation in the common environment (G33 + 2), 30

was log transformed to improve the fit of the model. Experimental

immature, juvenile females were isolated from each replicate pop-

replicate (GB-1, GB-2 , GR-1, GR-2 , GR-3 , LR-2 and LR-3 ,) was in-

ulation and each placed on a 4cm2 leaf patch. These virgin females

cluded as a random factor nested within selection regime, and the

emerged as adults and laid eggs for six days. Because spider mites

day measurements were taken as a random factor nested within

are haplodiploid, only male progeny emerged from these eggs.

generation.
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of eggs present in the patch (‘total patch fecundity’). In this analysis,
the selection regime of the focal female (GB, GR and LR), and relative

To investigate the effect of selection regime on offspring sex ratio

(or total) patch fecundity were included in models as fixed factors, as

in a common environment, we used a model with selection regime

well as their interaction, and experimental replicate (GB-1, GB-2, GR-

(GB, GR and LR) and the number of females per patch (1 or 2) as

2, GR-3, LR-2 and LR-3) nested within selection regime was added as

fixed factors, as well as their interaction, and replicate population

a random factor. These analyses only included females alive on day

(GB-1, GB-2, GR-1, GR-2, GR-3, LR-2 and LR-3), nested within selec-

4 of the experiment and excluded replicates GR-1 and LR-1, due to

tion regime as a random factor. This analysis excluded replicate LR-1

fewer than 10 patches with more than 3 offspring.

due to fewer than 8 patches with more than 3 offspring. For this

We used data from this experiment to compare observed offspring sex ra-

variable, the best fit model included a parameter to account for zero

tios with predicted values from theoretical models (see Supplementary Materials

inflation (ziformula ~ 1; package glmmTMB; Brooks et al., 2017).

Table S1 for details) using two-tailed t tests in JMP13. Observed offspring sex
ratios were mean values for fertile females from each selection regime.

2.5.3 | Sex allocation in response to patch fecundity

2.5.4 | Sexual conflict

In a second analysis, using data from the ‘Sex allocation in response to
patch fecundity’ experiment, we investigated whether the sex alloca-

To test whether selection regime affected the intensity of sexual

tion of the focal female depended on her relative fecundity (‘relative

conflict and male–male competition, female fecundity and off-

patch fecundity’: the number of eggs laid by the focal female divided

spring sex ratio were analysed including the number of mates

by the total number of eggs laid on the patch) and on the total number

(single or double) and the selection regime of the male (‘Global

F I G U R E 2 Mean offspring sex ratio
(± standard error) of females from
the ‘Global Random’ (GR, dark grey),
‘Global Budding’ (GB, black) and ‘Local
Random’ (LR, light grey) selection regimes
across generations. The proportion of
male offspring was measured a) during
experimental evolution at generations
12, 17, 20 and 31 (experimental replicate
means shown for each selection regime)
and b) at generation 31 + 1 after one
generation in a common environment, in
patches with one or two females (means
shown for each experimental replicate
(different symbols) in each selection
regime)
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Budding’ versus ‘Global Random’) as discrete, fixed variables in

Z = −1.597, p = 0.3776; Figure 2a,b; Table S5). The number of fe-

the model, as well as their interaction. Replicate population (GB-1,

males on a patch did not affect the offspring sex ratio (selection re-

GB-2 , GR-1, GR-2 and GR-3) and box (the container in which sev-

gime × number of females per patch: X22 = 4.114, p = 0.128; number

eral individual replicates were maintained) were included nested
within dispersal type as random factors. In the analysis of female
fecundity, all individual replicates in which females died before

of females per patch: X21 = 0.94, p = 0.331; Table S4).

day six were excluded.

3.2 | Comparing observed offspring sex ratios
with theoretical predictions

3 | R E S U LT S

In Table S1, we present the theoretical predictions corresponding

3.1 | Sex allocation during experimental evolution
and in a common environment

to the selection regimes in which spider mite populations evolved
(Gardner et al., 2009; Herre, 1985; Taylor & Bulmer, 1980). Females
from the ‘Global Random’ selection regime produced an offspring
sex ratio of 0.19 (± 0.19 SE) that does not differ from the predictions

There was a consistent significant effect of selection regime on sex

of Taylor and Bulmer (1980) and of Gardner et al. (2009) (t = 0.932,

allocation during the selection experiment and after a generation in

df = 69, p = 0.3544). In contrast, the evolved offspring sex ratios in

a common environment (during selection: X22 = 14.046, p < 0.001;

the ‘Global Budding’ and ‘Local Random’ selection regimes differed

X22 = 11.845, p = 0.002; Figure 2a,b, Table S4).

common environment:

from theoretical predictions. Specifically, females from the ‘Global

Females from the ‘Global Budding’ regime produced less female-

Budding’ selection regime produced a less female-biased offspring

biased offspring sex ratios than females from the ‘Global Random’

sex ratio (mean 0.30 ± 0.03 SE; t = 9.54, df = 55, p < 0.001), and

regime (during selection: Z = −3.741, p < 0.001; common environ-

females from the ‘Local Random’ regime a more female-biased off-

ment: Z = −3.384, p = 0.002; Table S5). There was also a trend for

spring sex ratio (mean 0.24 ± 0.02 SE; t = 7.99, df = 74, p < 0.001),

females from the ‘Global Budding’ regime to produce a less female-

than predicted by theory.

biased offspring sex ratio than females from the ‘Local Random’ regime during the selection experiment (Z = −2.289, p = 0.066), but not
after a generation in a common environment (Z = −1.53, p = 0.331

3.3 | Sex allocation in response to patch fecundity

Figure 2a,b; Table S5). There was no difference in sex allocation
between females from the ‘Global Random’ and ‘Local Random’ re-

Offspring sex ratios changed according to the selection regime of

gimes (during selection: Z = 1.554, p = 0.361; common environment:

focal females and their relative patch fecundity (selection regime:

F I G U R E 3 Offspring sex ratio as a function of relative patch fecundity per patch in the ‘Global Budding’ (GB, black), ‘Global Random’
(GR, dark grey) and ‘Local Random’ (LR, light grey) selection regimes. Females from the different selection regimes were placed on individual
patches (one per patch) with a sterile female from the ancestral population. For each patch, the proportion of offspring produced by
the focal female (i.e. from the selection regime) was calculated as the proportion of eggs that hatched and became adult (relative patch
fecundity), and her offspring sex ratio was measured. Each dot represents an individual replicate (i.e. patch from which measurements were
taken)
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F I G U R E 4 Mean fecundity (± standard
error) of females from the ancestral
population presented with either one or
two males from the ‘Global Budding’ (GB,
black) or ‘Global Random’ (GR, dark grey)
selection regimes. Means shown for each
experimental replicate (different symbols)
in each selection regime at generation
33, after two generations in a common
environment

X22 = 10.90, p = 0.004; relative patch fecundity: X21 = 6.87, p = 0.009;

Budding’ regime consistently produced more male-biased offspring

Figure 3, Table S4). As before, females from the ‘Global Budding’ re-

sex ratios than those from the ‘Global Random’ selection regime.

gime produced a less female-biased offspring sex ratio than females

We also found that higher relative patch fecundity was associated

from the ‘Global Random’ regime (Z = −3.298, p = 0.003; Figure 3,

with more female-biased offspring sex ratios across all selection re-

Table S5). The offspring sex ratio of females from the ‘Local Random’

gimes. Finally, when comparing the intensity of sexual conflict, fe-

treatment did not differ from that of the other two selection regimes

males from the ancestral population mated to males from the ‘Global

(Table S5). Across all treatments, females with higher relative patch

Budding’ regime had higher fecundity than those mated to males

fecundity produced more female-biased offspring sex ratios (selec-

from the ‘Global Random’ regime.

tion regime x relative patch fecundity: X22 = 2.55, p = 0.28; Figure 3).
These results did not change when using total patch fecundity (sum

number of eggs laid by the fertile and sterile female on each patch,

4.1 | Sex allocation

Figure S2, Tables S4 and S5).
Females from the ‘Global Random’ selection regime produced off-

3.4 | Sexual conflict

spring sex ratios consistent with theory (Taylor & Bulmer, 1980). This
corroborates previous findings in mites (Macke et al., 2011) and is
consistent with sex ratio observations in other haplodiploid and dip-

Overall, there was no significant effect of mate number (X21 = 0.024,

loid systems (e.g. Herre, 1985; Reece et al., 2004, 2008). However,

teraction (X21 = 0.073, p = 0.788) on the offspring sex ratio of females

spring sex ratios that differ from theoretical predictions, being more

p = 0.876), male selection regime (X21 = 0.028, p = 0.867) or their in-

the ‘Local Random’ and the ‘Global Budding’ regimes present off-

from the ancestral population (Figure S3, Table S4). However, the total

and less female-biased than predicted, respectively (see Table S1).

number of offspring produced was higher when females mated with

The fact that offspring sex ratios in the ‘Global Budding’ treatment

a male from the ‘Global Budding’, as opposed to the ‘Global Random’,

were not as predicted, and that sex ratios in the ‘Local Random’ and

selection regime (X21 = 4.336, p = 0.036; Figure 4, Table S4). Mate num-

‘Global Random’ regimes were equivalent, suggest that other fac-

ber had no effect on the number of offspring produced when mating

tors, besides the type of dispersal and the scale of competition, may

with males from either selection regime (number of mates: χ21= 1.62,

be at play. Below, we highlight potential factors that may account for

p = 0.203; number of mates*selection regime: χ21 = 0.408, p = 0.523).

the observed patterns.
First, inbreeding is affected by dispersal type (with high in-

4 | D I S CU S S I O N

breeding expected for the budding dispersal regime). Inbreeding
can select for more female-
biased offspring sex ratios (Chung
et al., 2019; Frank, 1985; Herre, 1985). If coupled with high levels

Both sex allocation and sexual conflict responded to selection under

of juvenile mortality this could, in some cases, result in no males in

different population structures. Sex allocation responses were

a patch (Chung et al., 2019; West et al., 2002), potentially explain-

mainly driven by dispersal type (budding versus random), which in-

ing why all 3 replicates of the ‘Local Budding’ and 1 replicate of the

fluences whether interactions occur among kin or unrelated individ-

‘Global Budding’ regimes were lost. Moreover, different inbreeding

uals, and not by the scale of competition. Females from the ‘Global

levels may lead to different levels of inbreeding depression among
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selection regimes, being highest under budding dispersal. Thus, in

by a subsequent increase in this trait value (Kummerli et al., 2009).

our surviving selection regimes, the consequences of inbreeding de-

Although our experimental evolution was done over 33 genera-

pression may be more pronounced in the ‘Global Budding’ regime. In

tions, which is a large number for non-microbial organisms, pop-

haplodiploids like spider mites, inbreeding depression is expressed

ulations may still have been in a transient stage when traits were

mainly in female traits (Tien et al., 2015). Therefore, the accrued

measured.

costs of inbreeding may negate any benefit of female-biased sex ratios in the ‘Global Budding’ regime in the replicates that survived
(Greeff, 1996). As such, there might be selection to augment the pro-

4.2 | Sexual conflict

duction of sons in patches with low fecundity and/or high mortality
due to inbreeding depression to ensure female fertilization (Chung

Theory predicts that multiple mating with unrelated males causes

et al., 2019; West, Smith, et al., 2002). In line with this, females in

a greater reduction in female reproductive success than multiple

the ‘Global Budding’ regime produced fewer offspring that became

mating with related males (Pizzari et al., 2015). More precisely,

adult, which might be due to higher offspring mortality or lower fe-

Faria et al. (2020) predict that budding dispersal leads to higher

cundity (Figure S4, Table S5). These females also produced slightly

relatedness between males, thus reducing levels of sexual conflict

more male offspring than those from the ‘Global Random’ regime

and increasing levels of female fecundity. In accordance with this,

(Figure S5a, Table S5).

we found that females mated to males from the ‘Global Budding’

Another factor that may affect sex allocation is variable clutch

regime had higher fecundity than those mated to males from the

size. Indeed, when females with asymmetric fecundities oviposit

‘Global Random’ regime, suggesting that ‘Global Budding’ males

simultaneously in the same patch, the sons of a more fecund fe-

inflicted less harm. This replicates previous findings showing

male are subject to more intense competition for mates, as they

that evolving with kin reduced the level of male harm inflicted

mostly compete among brothers to mate with sisters, whereas the

to females in bulb mites (Lukasiewicz et al., 2017). Other stud-

sons of a less fecund female mostly compete with unrelated males

ies have shown that a reduction in male harm may be a plastic

to access unrelated females (Stubblefield & Seger, 1990). More fe-

response to the presence of kin (Carazo et al., 2014; Lymbery &

cund females are thus expected to produce more female-biased

Simmons, 2017). However, in our experiment, since mating was

offspring sex ratios, while less fecund females should produce

with unrelated females from the ancestral population, there were

less female-biased offspring sex ratios. As a result, the patch sex

no direct cues indicating the presence of kin. In addition, com-

ratio becomes skewed towards that produced by the more fecund

peting males coming from the same selection regime experienced

females, that is, a more female-biased sex ratio (Stubblefield &

2 generations of common garden prior to the experiment, which

Seger, 1990; West, 2009). In addition, theory predicts that this

probably reduced relatedness among them. This means that if the

adjustment by females should emerge from a differential in-

response was plastic, then there should be no difference between

vestment in daughters, while maintaining a constant production

selection regimes. Thus, reduced harm was most likely an evolved

of sons, known as the ‘constant male hypothesis’ (Frank, 1987;

response in our study.

Yamaguchi, 1985). Here, we found that, for all selection regimes,

Contrary to expectations (Arnqvist & Rowe, 2005), we did

the sex ratio declined as the relative fertility of the focal female

not find that multiple mating reduced fecundity in either selec-

increased (the same was observed for total patch fecundity,

tion regime. Possibly, the differences in harm inflicted by one

Figure S2), showing that female fecundity and sex ratio are not

or two mates over a single, or two successive five-h our periods

independent traits. Furthermore, although not significantly differ-

respectively, might have been insufficient to detect differences

ent from the other regimes, ‘Local Random’ females generated the

in fecundity between the two treatments. Previous studies with

steepest slope. Coupled with higher overall fecundity observed in

spider mites found fecundity costs when females were simulta-

this selection regime (Figure S4, Table S5), this may explain why

neously exposed to multiple mates for two consecutive periods

offspring sex ratios are more female-biased than expected. Finally,

of 24 hours with an interval of 24 hours between them (Rodrigues

although son production is not constant across selection regimes

et al., 2020), or exposed to two mates on multiple occasions during

(Figure S5a, Table S4), its variation is much lower than that for the

their lifetime (Macke et al., 2012).

number of daughters produced (Figure S5b). Again, this seems to

Here, we only tested the effect of the type of dispersal on

be in line with an effect of clutch size on sex allocation. Note how-

sexual conflict. However, the outcome of sexual conflict may also

ever that the constant male hypothesis is expected to break down

change according to the type of population regulation. Indeed,

under local competition (Rodrigues & Gardner, 2015), a result we

under local competition, increased competition among relatives is

do not recapitulate here.

predicted to cancel out the benefits of cooperation (Queller, 1992;

A final possibility for why populations in the ‘Local Random’

Taylor, 1992; Wilson et al., 1992). This means that sexual conflict

and ‘Global Budding’ selection regimes do not produce the pre-

might be maintained among related individuals when competition

dicted offspring sex ratios is that they have not reached their

is local (Pizzari et al., 2015; Wild et al., 2011). Yet, despite its gen-

evolutionary equilibrium. Another selection experiment found an

eral interest, we are not aware of any study that explicitly tests

initial reduction in cooperation under budding dispersal followed

this.
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