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Introduction to this thesis

Tom P.G. Van den Beuken

Before all else, be armed
― Machiavelli ―

7 | Chapter I

Chapter I

Chapter I

Sexual selection
One of the major goals in evolutionary biology is to understand how genetic and phenotypic
variation evolves and is maintained in single populations (Oliveira et al., 2008). The
evolution of many traits is driven by natural selection (Darwin, 1859). However, the
evolution of some traits cannot be explained by natural selection alone (Darwin, 1871). For
example, in some bird species, males have evolved extravagant feathers that make it more
difficult to fly and are conspicuous to predators (Zahavi, 1975). Given their high fitness costs,
such deleterious traits should be selected against by natural selection and therefore not
maintained in populations. Darwin (1871) proposed that such traits were, in fact, selected
by a mode of natural selection he called ‘sexual selection’.
Though natural selection optimizes survival and reproduction, sexual selection is
aimed predominantly at traits that increase opportunities for an organism to reproduce
(Darwin, 1871). Sexual selection occurs through competition between sexual rivals
(intrasexual selection) or through mate choice (intersexual selection) (Darwin, 1871;
Andersson, 1982a). Central to the functioning of sexually selected traits is that these traits
are costly in some sense (Zahavi, 1975; Andersson, 1982a). Such traits need to be costly in
order to provide an honest signal of an individual’s quality, as only high-quality individuals
will be able to carry the costs associated with the largest investments (Zahavi, 1975;
Andersson, 1982a). For example, male fiddler crabs (genus Uca) have one enlarged claw
(Fig. 1) which they either use for displays to attract females, or as a weapon in male-male
competitions; males with the largest claws are most likely to win a contest or attract females
(see references in Allen and Levinton, 2007). However, the fiddler crab’s enlarged claw is
not only costly to grow, but also makes locomotion more energetically demanding (Allen
and Levinton, 2007, and references therein). Moreover, the large claw can also be costly in
terms of survival, as it may make the fiddler crab more conspicuous to visual predators (such
as humans [Jordão and Oliveira, 2001] and great tailed grackles Quiscalus mexicanus [Koga
et al., 2001]). However, despite all the costs, the large claws enable male fiddler crabs to
sire more offspring than males with smaller claws, resulting in positive sexual selection for
claw size (e.g. Backwell and Passmore, 1996).
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Figure 1. The enlarged right claw of a male fiddler crab (Uca sp.).

Which sex has to compete with other members of the same sex to gain matings,
can largely be predicted by the operational sex ratio: the ratio of reproductively available
males to reproductively available females within a single population (Trivers, 1972; Emlen
and Oring, 1977; Kvarnemo and Ahnesjö, 1996). In most species, females invest more time
and resources than males into reproduction (Williams, 1966). In such cases, females are on
a longer ‘time out’ between reproductive cycles than males (Kvarnemo and Ahnesjö, 1996).
This makes females less reproductively available than males (Williams, 1966; Trivers, 1972).
Consequently, the operational sex ratio becomes male-biased and males compete to gain
access to females (Trivers, 1972; Clutton-Brock and Parker, 1992).
Importantly, as illustrated by the fiddler crab example above, the value of a male’s
sexually selected trait (here the size of the claw) should be positively correlated with the
probability of male reproductive success in order for sexual selection to act to increase its
growth (Berglund et al., 1996, and references therein). Sexual selection for phenotypes that
increase the chances of reproductive success can result in a wide range of male attributes
used to bias these chances (see list of examples in Emlen, 2008). Attributes that are used by
males (or females) to gain access to mates are referred to as precopulatory attributes;
attributes that are used to increase the chances of siring offspring during and/or after
mating are called postcopulatory attributes (Darwin, 1871; Eberhard, 2009).
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Pre- and postcopulatory attributes
Competition for the opportunity to mate has led to the evolution of precopulatory
attributes that are either used to compete with rivals, or to bias female choice (McCullough
et al., 2016). Armaments are used to compete with members of the same sex for matings
and are therefore intrasexually selected precopulatory attributes (Darwin, 1871). For
example, in males of various beetle species, a wide variety of armaments can be found,
including ventral spines and enlarged forelegs or mandibles (Emlen and Nijhout, 2000).
Ornaments are used to favourably bias mate choice, and are therefore intersexually
selected precopulatory attributes (Darwin, 1871). Examples of male ornaments include
visual cues such as the extravagant feathers used in some bird species (e.g. the long-tailed
widowbird Euplectus progne [Andersson, 1982b]), but also chemical (e.g. in the swordtail
fish Xiphophorus birchmanni [Fisher and Rosenthal, 2006]) and acoustic cues (e.g. in birds,
frogs and insects [Searcy and Andersson, 1986]).
Sexual selection does not only act before mating; during or after mating, males
may also have to compete with rivals or bias female choice to fertilize ova using
postcopulatory attributes. After mating has begun, a female’s behaviour, morphology or
physiology may selectively modify the chances that a certain male’s sperm fertilizes one or
more of her ova; this is called cryptic female choice (Thornhill, 1983; Eberhard, 1996).
Cryptic female choice may, amongst others, be effected by prematurely interrupting
copulation or failing to ovulate or transport sperm to sperm storage organs (Eberhard, 1996,
1997). Much like female choice can be influenced by male ornaments, cryptic female choice
can be influenced by intersexually selected postcopulatory attributes. These intersexually
selected postcopulatory attributes include a variety of compounds in the seminal fluid,
sometimes called ‘sperm ornaments’ (Lüpold et al., 2016), that are transferred to the female
(Cordero, 1995; Eberhard and Cordero, 1995; Vahed, 1998; Albo et al., 2013), and nuptial
gifts. Nuptial gifts are resources transferred by the male during or after courtship or mating
that may trigger a female to allow a male to transfer more sperm cells, enable a female to
lay more eggs and/or signal male quality (Vahed, 1998; Simmons et al., 1999a; Albo et al.,
2013). Besides the intersexual selection imposed by cryptic female choice, males may also
be subject to intrasexual selection during or after mating. For example, the sperm cells of
two or more males may compete in sperm competition to fertilize ova (Parker, 1970;
Eberhard and Cordero, 1995). Which male fertilizes most ova in sperm competition can,
amongst others, be decided by intrasexually selected postcopulatory attributes such as the
number of transferred sperm cells, or sperm quality (Parker, 1990a; Fitzpatrick and Lüpold,
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2014). Hence, like before mating, postcopulatory male attributes can also be under intraand intersexual selection during or after mating.
Pre- and postcopulatory attributes need to be costly to provide an honest signal of
male quality (Zahavi, 1975). The costs of precopulatory attributes can include a higher
predation risk (e.g. Zuk and Kolluru, 1998), a locomotive cost (e.g. Basolo and Alcaraz, 2003),
or higher maintenance costs as precopulatory attributes e.g. increase body volume and
therefore the total maintenance costs (Kooijman and Metz, 1983; Parker, 1983; Emlen,
2008). Postcopulatory attributes can also be costly, primarily in their production. For
example, nuptial gifts can be metabolically expensive (e.g. in male two-spot ladybird beetles
Adalia bipunctata [Perry and Tse, 2013]) or contain valuable components (e.g. the antipredator compound cantharidin in the fire-coloured beetle Neopyrochroa flabellata [Eisner
et al., 1996]). Though sperm has long been considered cheap (Bateman, 1948), there is
mounting evidence to support the idea that sperm production can incur significant
metabolic costs to males (e.g. Dewsbury, 1982; Pitnick et al., 1995b; Olsson et al., 1997).
Besides the costs of producing postcopulatory attributes, the tissues required for the
production of postcopulatory attributes may also be expensive. For example, testes in the
bush cricket Platycleis affinis can make up to 14% of a male’s body mass (Vahed et al., 2011).
Though the metabolic costs of growing testes in the bush cricket are unknown, growing
testes (or gonads in general) can be metabolically costly (e.g. in the Sydney rock oysters
Saccostrea glomerata, [Honkoop, 2003]). As a result of the inherent costs of pre- and
postcopulatory attributes, trade-offs between the two can occur when individual energy
budgets are limiting (Parker and Pizzari, 2010).
With limited energy budgets, males may do well to pursue a tactic in which they
specialize in either pre- or postcopulatory attributes. Males that intermediately express
both tactics may be selected against as they are outcompeted by specialists, this is known
as ‘disruptive selection’ (e.g. Gross, 1985). Specialists in pre- and postcopulatory attributes
can only both be maintained in single populations if they have their own (contextdependent) fitness benefits. Therefore, studying the costs and benefits of pre- and
postcopulatory attributes can help us to understand how variation in attributes is
maintained in single populations and thereby contribute to answering the question of how
genetic and phenotypic variation evolves and is maintained in single populations.

Alternative reproductive tactics
An excellent system to study the trade-offs between pre- and postcopulatory attributes are
species with alternative reproductive tactics (ARTs) (also called ‘alternative reproductive
phenotypes’, ARPs). ARTs represent discontinuous variation between males (or females) of
the same species in terms of behaviour, morphology and/or physiology that allow members
of the same sex to pursue different ways of reproducing (Gross, 1996). Many species with
ARTs are male-dimorphic, meaning that there are two male types: the ‘major’ and the
‘minor’ (Oliveira et al., 2008). Majors typically use precopulatory attributes to gain access
to females, for example by monopolizing females (e.g. in the horned beetle Onthophagus
acuminatus [Emlen, 1997]) or monopolizing breeding territories (e.g. in several harvestman
species (order Opiliones) [Buzatto and Machado, 2014]). Minors do not (or rudimentarily)
grow precopulatory attributes and do not monopolize females or territories (e.g. in the
longhorned beetle Dendrobias mandibularis [Goldsmith, 1987]). If minors succeed in getting
access to females, they often use postcopulatory attributes to increase the chances of siring
offspring. For example, minor O. binodis dung beetles produce a larger ejaculate volume
and longer sperm cells than majors (long sperm cells are associated with longer survival
inside the female [Swallow and Wilkinson, 2002]) (Simmons et al., 1999b). Minor grass
gobies (Zosterisessor ophiocephalus) and black gobies (Gobius niger) release ejaculates with
a larger sperm number than majors (Locatello et al., 2007). Larger investments into
postcopulatory attributes, such as those that help in sperm competition, especially
contribute to minor fitness when they use sneaking tactics to surreptitiously mate with
guarded, and often previously mated, females (Parker, 1990b). It is because of these
discrete differences in the expression of precopulatory attributes, and the potential
consequences of the associated costs of postcopulatory attributes for the investment into
postcopulatory attributes, that species with ARTs are excellent systems to study trade-offs
between pre- and postcopulatory attributes.
ART determination can be controlled by ‘alternative strategies’ or a ‘conditional
strategy’ (Gross, 1996). In populations with alternative strategies, there are two or more
genetically based strategies that each produce one ART (i.e. an individual’s genetic makeup
determines its ART). These different ARTs are maintained in single populations through
negative frequency-dependent selection, i.e. the fitness of a tactic decreases as the tactic
becomes more common in a population (Gross, 1996). In populations with a conditional
strategy, there is only one strategy in a population, but this strategy produces two or more
different ARTs (Gross, 1996). For ART determination in a conditional strategy, an individual
uses an environmental cue (for example a hormone level) that informs on the state of its
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environment; there is genetic variation in the sensitivity to this cue between individuals
(Falconer and Mackay, 1996; Gross, 1996; Roff, 1996). The relative value of this
environmental cue is compared to a genetically determined threshold to determine an
individual’s ART (Gross, 1996; Tomkins and Hazel, 2007). In a conditional strategy, majors
have a higher mean fitness than minors, but an individual pursues the ART that optimizes
its fitness given its condition; at the threshold, the fitness of each ART is equal for that
individual (Gross, 1996; Roff, 1996).
An example of an animal where male-morph expression is assumed to be governed
by a conditional strategy is the bulb mite Rhizoglyphus robini (Smallegange et al., 2012).
Male bulb mites are classified as either ‘fighters’ (eq. majors) or ‘scramblers’ (eq. minors)
(Radwan, 1995). Fighters use their enlarged and sharply terminated third leg pair (Fig. 2A,
C) to kill and cannibalise mites, or to monopolize females (Radwan et al., 2000; Radwan and
Klimas, 2001). Scramblers lack enlarged legs (Fig. 2B, D) and therefore cannot kill
conspecifics. A reliable indicator of whether a juvenile male will develop into a fighter or a
scrambler is its body size in the stage preceding adulthood (the ‘tritonymph’) (a proxy for
the environmental cue in the bulb mite) (Smallegange, 2011a). The larger a tritonymph is,
the more likely it is to become a fighter (Smallegange, 2011a). Because the scramblers’
condition was insufficient to pass the minimal threshold to become a fighter, scramblers
(and minors in general) have long been considered to ‘make the best of a bad job’ (Dawkins,
1980; Eberhard, 1982; Smith, 1982; Radwan, 2009). More recent studies have shown that
minors do have some fitness benefits, for example by being superior competitors in sperm
competition (e.g. in the Chinook salmon Oncorhynchus tshawytscha [Young et al., 2013]).
However, contrary to minors in these other species, scramblers do not perform better in
sperm competition than fighters (Radwan, 1997). There is no evidence that scramblers
sneak matings like, for example, minors of some horned dung beetles do (e.g. O. taurus
[Moczek and Emlen, 2000]). The one fitness advantage that scramblers have over fighters
is that they mature at an earlier age than fighters of the same cohort, which means they
can start mating earlier in life (Smallegange, 2011a). However, although this scramblerspecific benefit extends the range of conditions under which male morph coexistence can
occur (Smallegange and Johansson, 2014; Croll et al., 2018), there likely are more scramblerspecific benefits that could extend the range of coexistence further.
Using the bulb mite R. robini, I aimed to investigate if scramblers have attributes,
other than a shorter maturation time, that give them a fitness advantage over fighters and
which would help explain why the two morphs coexist. Specifically, I focussed on the role
of sire morph effects on female reproductive investment and offspring development.
Moreover, fighters of this species are known to kill and sometimes cannibalise conspecifics.

Such acts are costly in terms of inclusive fitness (i.e. fitness gained by the number of an
individual’s genes that it passes on itself plus the number of its genes that are passed on
through relatives) if they indiscriminately kill kin and non-kin. If scramblers have fitness
advantages over fighters, this would extend the range of conditions under which this male
morph coexistence occurs (cf. Smallegange and Johansson, 2014) and thus provide insights
into the mechanisms of the maintenance and evolution of male morph coexistence.

Figure 2. Fighter (A, C) and scrambler (B, D) bulb mite (R. robini) male. Males are shown ventrally in figures A and B. The third leg pair
is weaponized in fighters (coloured red in A) or not weaponized in scramblers (coloured blue in B). Figures C and D (by Jan van Arkel)
show a dorsal-lateral view of a fighter (C) and a scrambler (D).

Outline of this thesis
Ample evidence exists that, within species, majors and minors can differ in intrasexually
selected postcopulatory investments related to sperm competition for fertilization of ova
(e.g. Simmons and Emlen, 2006; Locatello et al., 2013; Young et al., 2013). Between-species
comparisons show that it is possible that males with precopulatory attributes invest less in
intersexually selected postcopulatory attributes than males without precopulatory
attributes (e.g. nuptial gifts are larger in males of unarmed than armed dobsonfly species
[subfamily Corydalinae] [Liu et al., 2015]). Such a trade-off between precopulatory
attributes and investments in intersexually selected postcopulatory attributes could also
exist within species, especially if insufficient resources are available for maximal investment
in both pre- and postcopulatory attributes. In chapters II and III, I investigated whether
fighters and scramblers, i.e. males with and without precopulatory attributes, invest
differently in intersexually selected postcopulatory attributes that increase female
fecundity, like nuptial gifts (Vahed, 1998) or ovipositing stimulating compounds (Cordero,
1995; Eberhard and Cordero, 1995). As a proxy of male postcopulatory investment, I used
female reproductive output. In chapter II, I tested if female reproductive output depends
on her mate’s morph (fighter or scrambler), and if reproductive output depends on whether

14 | Chapter I

15 | Chapter I

Chapter I

a female’s mate is fed for a single day before mating, or starved throughout his adult life. In
chapter III, I followed up on chapter II, and first tested if the duration of starvation and the
number of consecutive matings differently affects scrambler and fighter reproductive
output. To this end, I fed all males for a week and then starved them for one or for two
weeks before mating. In a second experiment, I assessed if the number of offspring that
males sire during three consecutive matings with three different females differs between
scramblers and fighters that were starved or fed.
Apart from direct effects on female fecundity, males with different reproductive
tactics, like fighters and scramblers, can also have different effects on their offspring’s lifehistory traits. An example of such a trait is body size; in many insect species, female fitness,
or specifically fecundity, increases with body size (Honěk, 1993). If males have a higher
fitness at a smaller body size, and if the same genes regulate body size in males and in
females, there is intralocus sexual conflict (IASC) (Bonduriansky and Chenoweth, 2009). As
a consequence of the different trait optima in males and females (small in males versus
large in females), it is possible that a parent produces high-fitness offspring of the same sex,
but low-fitness offspring of the opposite sex (Fedorka and Mousseau, 2004; Pischedda and
Chippindale, 2006; Calsbeek and Bonneaud, 2008). As male morphs differ in several lifehistory traits, the IASC can be of a different magnitude between fighters and females than
between scramblers and females. Indeed, some studies show that females from lines
selected for male weapons have a lower fecundity than those from lines selected against
male weapons (Harano et al., 2010; Plesnar-Bielak et al., 2014). Notably, besides differences
in female fecundity, it is unclear how offspring produced by fighters or scramblers differ in
life-history traits between lines selected for or against weapons (or fighters). In chapter IV,
I bidirectionally selected for male morph expression and compared the sizes of the clutches
that are produced by females in each selection line. Additionally, I compared how many
mites of each of the five bulb mite life stages was present in each clutch. Furthermore, I
collected eggs and tracked them to adulthood to compare the mean sizes per life stage and
life stage duration between the two lines.
Phenotypes associated with different ARTs can sometimes have benefits that are
not directly related to reproduction. Per definition, ARTs play a role in reproduction (Oliveira
et al., 2008), but they can play a secondary role in acquiring different sources of nutrition.
For example, the fighter morphology in the mite Sancassania berlesei, gives fighters a
reproductive benefit in competition with other males, but also enables fighters, contrary to
scramblers, to kill and cannibalise (Łukasik, 2010). Although the ability to kill and cannibalise
seems beneficial, the costs and benefits of this behaviour are context-dependent.
Cannibalism can be beneficial in terms of obtaining nutrients and eliminating competitors,

but killing a relative could be costly to the killer’s inclusive fitness (i.e. genes shared between
the killer and the victim can no longer be transmitted by the victim) (Polis, 1981; Pfennig,
1997). In chapter V I studied the propensity of bulb mite fighters to kill or cannibalise
conspecifics (Radwan et al., 2000; Smallegange and Deere, 2014) and tested whether the
killing or cannibalising of other fighters is affected by the relatedness between fighters (i.e.
were they brothers or not), and the presence or absence of food.
For an increasing number of systems, recent studies have revealed that species
that were thought to be male-dimorphic are, in fact, male trimorphic species. Examples of
such recently discovered systems include the cichlid fish Lamprologus callipterus (Sato et
al., 2004), Otitesella longicauda and O. rotunda fig wasps (Moore et al., 2004), the Gouldian
finch Erythrura gouldiae (Pryke and Griffith, 2006), the ruff Philomachus pugnax (Jukema
and Piersma, 2006), several dung and stag beetle species (Scarabaeoidea) (Rowland and
Emlen, 2009; Iguchi, 2013) and the harvestman Pantopsalis cheliferoides (Painting et al.,
2015). Chapter VI presents evidence that there also is a third male morph in R. robini. Using
allometric scaling analyses (Knell, 2009), I assessed whether the relation between the body
length and leg width show a discontinuous relation within the scrambler-morph.
Finally, in chapter VII, I will discuss the implications of the findings presented in
this thesis, and suggest novel avenues for future studies.
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Alternative reproductive tactic (ART) or alternative reproductive phenotype (ARP):
Discrete, intrasexual variation in terms of behaviour, morphology and/or physiology by
which means members of the same sex adopt different ways of reproducing
Cannibalism: Killing and consuming individuals of the same species
Conditional strategy: A condition-based decision rule that determines what ART an
individual develops into
Inclusive fitness: Fitness resulting from an individual’s genes that are passed on through
its own reproduction plus through the reproduction of relatives (as a result of helping
relatives)
Intersexual: Between different sexes
Intralocus sexual conflict: A ‘tug of war’ resulting from both sexes sharing a genetic
makeup for the same trait, but each having a different trait optimum
Intrasexual: Within the same sex
Major (fighter) male: ART that uses precopulatory attributes to achieve reproductive
success. Here, ‘fighter’ specifically refers to an adult bulb mite major male
Minor (scrambler) male: ART that does not use precopulatory attributes to achieve
reproductive success. Here, ‘scrambler’ specifically refers to an adult bulb mite minor
male
Natural selection: Differential survival and reproductive success of individuals with
different heritable traits
Nuptial gift: A resource transferred from the male to the female during or after
courtship or mating
Operational sex ratio: The ratio of reproductively available males to reproductively
available females within a single population
Postcopulatory attribute: An attribute used during or after mating to bias cryptic female
choice (e.g. ovipositing stimulating compounds) or to compete intrasexually (e.g. larger
sperm in sperm competition)
Precopulatory attribute: An attribute used before mating to bias female choice
(ornament) or to compete intrasexually (weapon)
Sexual selection: The mode of natural selection that optimizes reproductive success
Sperm competition: Competition between sperm of different males to fertilize one or
multiple ova. The probability of fertilizing ova can be affected by sperm quantity in a
‘fair raffle’, or by sperm quality (e.g. the size of sperm cells) in a ‘loaded raffle’
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When a man's stomach is full it makes no difference whether he is rich or poor
― Euripides ―
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Male nutritional history affects female fecundity in a
male-dimorphic mite: evidence for a nuptial gift?

Abstract
In male-dimorphic species, males are often either armed ‘majors’ that can monopolise
access to females, or unarmed and defenceless ‘minors’ that cannot. However, majors,
unlike minors, have to spend energy to maintain their weaponry. Like-for-like, this could
mean that minors have relatively more energy available to increase their reproductive
output through e.g. sperm competition, or the transference of nutrients by means of a
nuptial gift. Such a fitness advantage to minors could therefore contribute to explaining the
coexistence of both morphs in single populations. We tested if food-deprived females of
the male-dimorphic bulb mite Rhizoglyphus robini produced more eggs when mated to a
minor or to a major male, and whether egg production depended on whether their mates
were starved or fed prior to mating. We found no effect of male morph on female fecundity,
but females did produce more eggs when mated to previously fed males. We also found
that females increased in mass, but males decreased in mass over the course of the
experiment. From these observations we infer that fed males are able to transfer nutrients,
a nuptial gift, to their mate. This is the first observation to suggest nuptial gift transfer in
mites. Though males of both morphs appeared able to produce nuptial gifts; other factors,
like habitat complexity, should be considered to identify fitness benefits of minor over
major males to understand why the two morphs coexist.
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Alternative reproductive phenotypes (ARPs) represent discontinuous variations in
behaviour, morphology or physiology between members of the same sex related to
intrasexual competition over access to mates (Oliveira et al., 2008). ARPs have evolved
across a wide range of animal taxa (Gross, 1996; Oliveira et al., 2008) including salmon
(Morasse et al., 2014), dung beetles (Simmons et al., 1999b), howler monkeys (Dunn et al.,
2015), side-blotched lizards (Sinervo et al., 2001), ruffs (Jukema and Piersma, 2006) and
squid (Iwata et al., 2011). Because the evolution of ARPs is hypothesized to be the result of
strong sexual selection, and sexual selection is typically stronger in males, ARPs can be
expected to evolve more frequently in males than in females (Taborsky et al., 2008).
Many male ARPs comprise two morphs: ‘majors’ and ‘minors’ (Oliveira et al.,
2008), the names by which these two morphs are referred to vary across taxa (Taborsky,
1997). Majors typically invest in morphological structures that act as weaponry when
competing with conspecific males e.g. to gain access to, or monopolize females (Oliveira et
al., 2008). A male is more likely to become a major if it has accumulated sufficient resources
during ontogeny to support the development of weaponry (Roff, 1996). Males that have
not accumulated sufficient resources develop into minors (Roff, 1996). Minors generally
have lower fitness than fighters and have consequently long been considered to ‘try to
make the best of a bad job’ (Dawkins, 1980; Eberhard, 1982; Smith, 1982; Oliveira et al.,
2008). However, we now know that minors can adopt alternative strategies to increase their
reproductive success by investing into qualities that help them to be more successful during
copulations. For example, minors of some species produce more sperm cells than majors,
making minors more likely to win in sperm competition (Kvarnemo et al., 2010; Smith and
Ryan, 2010; Young et al., 2013). Minors of other species influence the outcome of sperm
competitions e.g. by means of producing sperm that swims faster or contains more energy
(Locatello et al., 2007). Males in some male-monomorphic species are known to invest into
agents that increase their mate’s fecundity, for instance nuptial gifts (Vahed, 1998). Nuptial
gifts are compounds transferred by the male that are beneficial to the female e.g. through
their nutritional value such as glandular products (Vahed, 1998) prey, (part of) the male
body (Eggert and Sakaluk, 1994; Prenter et al., 2006) or seminal gifts (Bownes and Partridge,
1987; Markow et al., 1990; Eisner et al., 1996; Edvardsson, 2007; Gwynne, 2008). However,
whether or not minor males invest into nuptial gifts to increase their mates’ reproductive
success is, to our knowledge, unknown.
Minors are likely able to invest more resources into reproductive traits than majors
because the major’s weaponry can be energetically costly. This is because a major’s physical

weaponry often makes locomotion less efficient (e.g. Basolo and Alcaraz, 2003; Allen and
Levinton, 2007; Goyens et al., 2015) and because size-for-size, majors likely suffer higher
maintenance costs than minors as they have a larger body volume on account of their
weaponry (Kooijman and Metz, 1983; Parker, 1983; Emlen, 2008; Stuglik et al., 2014). When
compounds that increase female fecundity are costly to produce (Cordero, 1995; Vahed,
1998), having weaponry leads to a lower maximum investment in compounds to increase
female fecundity. If energy budgets are otherwise comparable between majors and minors,
it follows that minors could invest more energy in compounds transferred during mating to
increase the female’s fecundity. Such fitness advantages of minors over majors could help
explain why these two morphs coexist in single populations.
Here, we investigated if minors have a fitness advantage compared to majors in
the number of eggs their mates produce when released from intrasexual competition. We
tested our hypothesis in the male-dimorphic bulb mite Rhizoglyphus robini. Bulb mite
majors are referred to as ‘fighters’ and have sharply terminated legs that can be used to kill
competitors; minors, which are called ‘scramblers’, do not have this weaponry (Radwan et
al., 2000). Whether a male matures as a fighter or a scrambler is strongly dependent on its
energy reserves, i.e. its body size, during its final quiescent stage: relatively large
tritonymphs (final larval stage) are more likely to become fighters than small tritonymphs
(Smallegange, 2011a). The few fitness benefits for scramblers that have been found are a
shorter maturation time, allowing scramblers to start mating earlier in life than fighters
from the same age cohort (Smallegange, 2011a), and a longer lifespan. The fitness benefit
of a longer lifespan is perhaps negligible as male fecundity decreases with age (Radwan and
Bogacz, 2000). Unlike minors in several other species (e.g. Simmons et al., 2007; Young et
al., 2013), there is no evidence that scramblers outcompete fighters in direct sperm
competition (Radwan, 1997; Radwan and Bogacz, 2000).
To test if females mated to scramblers have a higher fecundity than when mated
to fighters, we conducted an experiment in which we recorded the fecundity of virgin
females that were mated singly to either a virgin fighter or scrambler. We hypothesized that
differences between the reproductive output of scramblers and fighters are the result of
differences in energy budgets directly available for investment into reproduction. Fighters
need to maintain their energetically expensive leg structures that they use in male-male
competition; scramblers do not have such structures so that they could have more energy
available to invest directly into reproduction. If this difference exists, it will be most evident
when males are starved. For example, in Drosophila grimshawi, body condition and testes
size only have a negative correlation under starved conditions (Droney, 1998; also see Jia et
al., 2000; Burris and Dam, 2015). Therefore, in our experiment, we starved half of all males
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Materials and methods
Life cycle of the bulb mite
The bulb mite R. robini Claparède (Acari: Acaridae) lives in the soil and is a cosmopolitan
pest of roots, bulbs and tubers of a large number of plants, including agriculturally
important crops such as onions, lilies and garlic (Díaz et al., 2000). The life cycle of the bulb
mite consists of six stages: egg, larva, protonymph, deutonymph (facultative dispersal
stage), tritonymph and adult (Díaz et al., 2000). Between each stage, the mites go through
a quiescent (sessile) moulting stage. The mites’ sizes range from 100 µm for eggs to 1000
µm for adult females (Smallegange, 2011a). Depending on various environmental
conditions, such as temperature and food quality, the time to develop from egg to adult is
11 to 40 days (Smallegange, 2011a), and the adult stage lasts for 31 to 130 days (Gerson et
al., 1983; Díaz et al., 2000). Adult males are dimorphic; they are either fighters or scramblers
(Radwan, 1995).

Maintenance of mites
Stock cultures were kept at the University of Amsterdam (the Netherlands) and have been
obtained in 2010 from storage rooms of flower bulbs in North Holland, The Netherlands.
Henceforth, they were maintained in the laboratory and fed on yeast. Stock cultures were
each kept in small plastic containers (l  w  h: 4  4  2.5cm), on a near water-saturated
substratum of plaster of Paris, covered with a layer of yeast granules (Bruggeman instant
yeast). A square hole was cut in the lid of the plastic containers to allow air flow and
evaporation of water, and a fine mesh covered the hole to avoid mites escaping. To prevent
a build-up of detritus in the containers, about a third of the substratum was scraped away
from each container twice a week, thereby removing food, detritus and about a third of the
mite population. Hereafter, yeast was replenished and drops of water added.
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from the adult stage onwards. Because males may need a minimal amount of resources in
order to be able to invest in reproduction at all, we fed the other half of the males for a
single day, immediately after maturation and one day before mating. All females were
starved to increase their sensitivity to nutritional value of sperm (also see Markow et al.,
1990; Immonen et al., 2009). We regularly scored the mass of both males and females and
the number of eggs laid by females, as (i) we expect males to lose mass through investment
into reproductive output (e.g. nuptial gifts), and (ii), after mating, the females to increase in
mass and/or fecundity.

During the experiment, mites were kept individually or in pairs (see Experimental
setup) in plastic tubes (h  d: 50  16mm) filled with a layer of plaster of Paris darkened with
powdered charcoal (to increase the contrast between the mites and the substrate). This
plaster mixture was nearly saturated with water before the mites were added to maintain
high humidity levels for the duration of the experiment. No water was added afterwards to
prevent the mites from suddenly gaining mass from drinking water; food was added for
some males, dependent on the treatment, (see Experimental setup). To allow air exchange,
the caps of the tubes were punctured. Mites were prevented from escaping by covering the
open end of the tubes with a fine mesh, kept in place by the cap. Stock cultures and mites
in tubes were kept in an unlit incubator at 25°C and >70% relative humidity.

Experimental setup
The experiment comprised two treatments: (i) male morph (fighter or scrambler) and (ii)
male nutritional history (fed or starved). The experiment was conducted over nine replicate
time blocks, each replicate time block lasted 12 days and included all treatment
combinations. Given that female bulb mites produce a large proportion of their eggs shortly
after maturing (Gerson et al., 1983), we expected that such a period should be long enough
to provide a good indication of female fecundity. Each block started one week after the start
of the previous block.
On the first day of each block, 75 quiescent tritonymphs (the mites’ final moulting
stage before maturation) were collected from a stock culture and kept individually in tubes.
On day 2, mites had matured and moults were removed so the moults were not consumed.
Sex and male morph were determined, after which each mite was weighed individually to
the nearest 0.1 µg using a Sartorius Supermicro S4 electronic ultramicro balance (accuracy
± < 0.2 µg, Sartorius AG, Göttingen, Germany). Hereafter, half of the scramblers and half of
the fighters were given ad libitum food (one or two yeast granules, depending on granule
size) between day 2 and day 3, the remainder of the males and all females were left unfed.
The ‘nutritional history’ of the males with food will be referred to as ‘fed’, the nutritional
history of the unfed males will be referred to as ‘starved’. On day 3, all mites were weighed
again. After that, females were returned to their individual tubes and paired with a male.
To minimise the age difference between the two mites, each female was paired with the
next male to have been collected in their quiescent tritonymph stage on day 1. We were
unaware at the time that females found in the proximity of (and subsequently paired to)
scramblers in the stock cultures were generally lighter than females found near fighters
(Appendix Fig. A1). Similarly, solitary (i.e. unpaired) females were the lightest group of

24 | Chapter II

A

B

Figure 1. (A) Starved or dehydrated adult female with two large dorsal indents on either side of the anteroposterior axis (arrows) and
(B) fighter male (black arrow) after killing and cannibalising an adult female (white arrow).

Statistical analyses
We analysed four response variables (Table 1): (i) the total number of offspring produced
during the experiment (for results and replicate numbers, see Appendix Table A2), the
mites’ masses on day 4, 5 and 12, minus their mass on day 3 (on this day the mites were
coupled after weighing), henceforth referred to as ‘standardized mass’, of (ii) males
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females (Appendix Fig. A1). We are unsure about the cause of this discrepancy but
accounted for these differences by including the female mass as a covariate in each
statistical analysis (see Statistical analyses). All mites were weighed in the same order each
day to keep time intervals between consecutive weighing moments similar between
individuals. Females for whom no mate was available, were also returned to their tubes and
remained solitary throughout the experiment and were weighed like the other females (for
results, see Appendix Table A1). Henceforth, we weighed and checked whether each mite
was alive on day 4, 5 and 12. The number of eggs laid by each female was counted on day
12. If a mite was unresponsive to the touch of a brush and did not move when turned on its
dorsal side, it was considered dead. A distinction was made between three causes of death:
‘natural causes’, ‘killed’ and ‘other’. Mites that died of natural causes were not deflated and
may have died of an illness, mould, starvation or dehydration. Dehydrated or starved mites
were recognized by two large dorsal indents on either side over the anteroposterior axis,
see Fig. 1A. Killed mites were recognized by their deflated state, often as a result of
puncturing and possibly cannibalism or parasitism, see Fig. 1B. Mites that were crushed or
lost due to handling errors were classified as ‘other’.

(Appendix Table A3) and (iii) females (Appendix Table A1) and, as fighters can kill
conspecifics (Radwan et al., 2000), we analysed (iv) killing incidence (binomial, 0: alive; 1:
killed) (Appendix A4). We analysed the standardized mass changes of mites rather than
changes in the fraction of mass or absolute mass because, if a compound is transferred from
the male to the female to increase her fecundity, it is likely that the absolute mass of this
compound is important to the female’s fecundity rather than the mass of the compound
relative to the mass of the male. Furthermore, using standardized mass changes allow for
an easier comparison of potential mass flows from males to females given that they are of
different initial masses because of treatments or sex (see Appendix Fig. A1 and Fig. A2
respectively for the absolute masses of females and males per treatment from day 2 to 12).
The two treatments male morph (M: fighter or scrambler) and nutritional history (N: fed or
starved) were included in the models as fixed factors.
Table 1. Structures of the full models used to analyse the response variables of the experiment.
Explanatory variables: male morph (M), male nutritional history (N), time after isolation of
mites from the population in days (T). Covariates: initial male and female mass (I M and IF
respectively), i.e. the male or female mass on day 3. Model types are Linear Mixed-effects
models (LMMs) or Generalized Linear Models (GLMs).
Response variable
Model type
Error structure
Full model
1. Reproductive output

GLM

Poisson

M  N + IM + IF

2. Standardized male mass*

LMM

Normal

M  N  T + IM + IF

3. Standardized female mass*

LMM

Normal

M  N  T + IM + I F

4. Killing probability

GLM

Binomial

M  N + IM + IF

* The identity of the couple as well as the replicate number were used as a random factor.
These random factors were not removed in the model simplification procedure

We tested for any effects of time on the changes in male and female mass within
each replicate block by including ‘time’ in days (T) as a continuous factor. For the analyses
of the male and female mass changes, we used a three-way interaction between male
morph, nutritional history and time (M  N  T). The fecundity and killing incidence analyses
included a two-way interaction between male morph and nutritional history (M  N); these
response variables were only checked at the end of the block; hence it was not possible to
test for interactions with time. To control for initial differences in mass between individuals,
all four analyses included the initial male mass (IM) and initial female mass (IF) of each mating
pair, measured on the day the pairs were formed (day 3), as covariates. In total, 383
replicates were started of which were 205 solitary females and 178 couples. Of these
replicates 166 solitary females and 115 couples survived the full experiment.
We tested the effect of male nutritional history and male morph, and their
interaction on the number of offspring produced by females mated to these males using a
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Generalized Linear Model (GLM) with Poisson errors. Here, only data from couples of which
both individuals survived until the end of the replicate time block were used. Next, the
effect of male nutritional history, male morph and time, and their three-way interaction on
changes in standardized male mass were assessed using a Linear Mixed-effects Model
(LMM) with normal errors and with block and mite-couple ID as random factors. Only data
obtained during the time when both mites in a couple were alive were used. In the third
analysis we tested for the effect of male nutritional history, male morph and time, and their
three-way interaction on changes in the standardized female mass using a LMM with
normally distributed errors. The block and mite-couple ID were used as random factors. As
in the previous analysis, all data used for this analysis were obtained during the time when
both mites in a couple were alive. In our final analysis we tested for the effect of the two
main effects male nutritional history, male morph and their interaction on the female killing
incidence with use of a GLM with binomial errors. All mites that were missing or died due
to handling errors or starvation were omitted from the dataset for this analysis.
A model simplification procedure was employed for each analysis. The least
significant term of the highest order interaction was first removed from the fitted model to
produce a reduced model. The difference in deviance between the two models was tested
for by using a likelihood ratio test compared to a chi-squared distribution. If the removal of
the term caused a significant increase in (the difference in) deviance (p-value < 0.05), then
the term remains in the fitted model for the next step. Hence the new fitted model will be
the same as the previous; if a term is removed, the reduced model will become the new
fitted model (see Appendix Table A5). These steps were repeated until only terms remained
of which the removal led to a significant increase in deviance. Random factors were never
removed from the model. In the Results section we present parameter estimates (ê) of each
significant term in the best-fitting, minimal model. The assumption of normally distributed
errors of GLMs and LMMs were confirmed by visually inspecting Q-Q plots. The data used
for the GLMs were checked for overdispersion. Factors used in the LMMs were checked for
collinearity. All analyses were performed using RStudio version 1.0.136 (RStudio Team,
2017), with R version 3.3.2 (R Core Team, 2017) integrated. We used the packages ‘lme4’
(Bates et al., 2015) to run GLMMs, ‘ggplot2’ (Wickham, 2016) for making graphs and ‘grid’
(R Core Team, 2017) for exporting figures.

Results
Reproductive output
We first analysed how male nutritional history and male morph affected female fecundity
(Table 1, Model 1). We found that females mated to fed males laid on average significantly
more eggs than females mated to starved males (N: χ²1 = 7.831, P = 0.005, n = 115; mean
number ± SE [standard error] of offspring per female mated to respectively starved or fed
males, 0.098 ± 0.061 SE and 0.333 ± 0.130 SE) (Fig. 2 and Appendix Table A2). Female
fecundity was not significantly affected by the interaction between male morph and
nutritional state (M × N: χ²1= 3.215, P = 0.073, n = 115), or by the main effects male morph
(M: χ²1 = 0.007, P = 0.931, n = 115, Fig. 2), initial male mass (IM: χ²1 = 1.491, P = 0.222, n =
115) or initial female mass (IF: χ²1 = 1.339, P = 0.247, n = 115).

Figure 2. Relation between the mean number of eggs produced per mating couple during the full replicate block, and male morph and
male nutritional history. Vertical lines are standard errors.

Standardized male mass
In the second analysis we assessed how male nutritional history, male morph and time
affected standardized male mass (Table 1, Model 2). The results showed that the interaction
between male morph and male nutritional history significantly affected standardized male
mass (M × N: χ²1 = 4.723, P = 0.030, n = 153). Fed males lost considerably more mass than
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Figure 3. Mean change of the male standardized mass between day 12 and day 3 per male nutritional history and morph. Vertical lines
are standard errors.

Standardized female mass
In our third analysis we tested the effects of time, male nutritional history and male morph
on standardized female mass (Table 1, Model 3). We found a significant effect of the
interaction between male morph (M) and time (T) on standardized female mass (M × T: χ²1
= 5.710, P = 0.017, n = 153): females that mated with fighters decreased in standardised
mass over the course of the experiment, whereas females mated to scramblers increased
in standardised mass over the course of the experiment (Fig. 4; for parameter estimates,
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starved males (Fig. 3). Moreover, there appeared to be a large discrepancy between the
difference in standardized mass change of starved scramblers and starved fighters as
scramblers lost more mass than fighters (inferred from Fig. 3). This difference was much
less pronounced in fed males (Fig. 3). Secondly, there was a significant negative correlation
between the male mass changes and the initial male mass. Males that were relatively light
on day 3 lost more mass than males that were relatively heavy on day 3 (I M: ê = −0.066, SE
= 0.020, t = −3.314, χ²1 = 10.583, P = 0.001, n = 153). Standardized male mass significantly
decreased over time within each replicate time block (T: ê = −0.028, SE = 0.011, t = −2.695,
χ²1 = 7.221, P = 0.007, n = 153). Changes in standardized male mass over time were not
affected by female initial mass (IF: χ²1 = 3.671, P = 0.055, n = 153).

see Appendix Table A6). However, on average there appeared to be no difference in female
standardized mass between females mated to fighters or scramblers on day 12 (inferred
from non-overlapping standard error bars in Fig. 4). Furthermore, there was no significant
effect of male nutritional history (N: χ²1 = 1.462, P = 0.227, n = 153) or of initial female mass
(IF: χ²1 = 1.332, P = 0.248, n = 153). There was a marginally non-significant trend that females
mated to males with a larger initial mass increased more in mass between the start and end
of the experiment (IM: ê = 0.057, SE = 0.028, t = 2.054, χ²1 = 3.759, P = 0.053, n = 153).
Curiously, though to a lesser extent than mated females, solitary females increased in mass
over time, despite the absence of mates, food or added water (see Appendix Table A1 and
Appendix Fig. A3). We suspect that this increase in mass was due to the active uptake of
ambient water vapours, as has previously been shown to occur in high humidity
environments, like ours, in spiny rat mites (Echinolaelaps echidninus) (Kanungo, 1963).

Figure 4. Mean standardized female mass over time per male morph. Female mass is calculated as a female’s mass relative to its mass
on day 3, the day on which the male and female were coupled. Lines show the predicted interactive effect of male morph and time
on female standardised mass: standardised female mass decreases when females are mated to fighters but increases when females
are mated to scramblers. Vertical lines are standard errors.

Killing probability
In the fourth analysis we tested the effects of male nutritional history and male morph on
killing incidence (Table 1, Model 4). No females were killed by scramblers, but there were

30 | Chapter II

Discussion
In male-dimorphic species, one male morph, the major, typically invests resources in the
development of morphological structures that are used as weapons in male-male
competition (Oliveira et al., 2008). Minors, on the other hand, do not develop such
structures, and therefore likely do not incur energetic costs of maintaining weaponry. As a
consequence, minors might be able to invest more resources into reproduction than majors,
all other things being equal (e.g. Parker, 1990a; Young et al., 2013). Using the maledimorphic bulb mite R. robini, we investigated if females mated to a minor produced more
offspring than females mated to a major, either under favourable, or unfavourable
conditions. We found that, in bulb mites, female fecundity did not differ between females
that were mated with a fighter (major male) or a scrambler (minor male), but that fed males
sired more offspring than starved males.
Males of both morphs were either fed or starved for a single day prior to mating.
Regardless of male morph, females mated to a fed male laid more eggs than those mated
to a starved male. This suggests that males of both morphs invest into reproduction, but
that the level of investment is dependent on their previous nutrient intake; a comparable
result was found by Immonen et al. (2009) for the nuptial gift-giving Drosophila subobscura.
We cannot be sure if the difference in the fecundity of females mated to fed or starved
males was due to (cryptic) female preference for fed males (e.g. Fisher and Rosenthal,
2006), a longer copulation time (R. robini mites are known to mate for a shorter amount of
time when starved, Gerson and Thorens, 1982), nuptial gifts, ovipositing stimulating
compounds or anything else. However, given the observation that males generally
decreased in mass over the course of the experiment (Fig. 3), and their mates (compared to
single females [Appendix Fig. A1]), increased in mass, it is plausible that some mass (and
thus resource) was transferred from the male to the female during copulation.
There are alternative explanations to explain these changes in mass: males may
lose mass as a result of the metabolic costs of mating, as fed males mate for longer (Gerson
and Thorens, 1982) but consequently have a higher reproductive output. Alternatively,
scramblers are less sclerotized than fighters and might be more prone to lose mass under

31 | Chapter II

Chapter II

females killed by fighters; this difference was statistically significant (M: χ²1 = 11.419, P <
0.001, n = 137; killing incidence per male morph ± SE: fighter: 22 out of 110, 0.200 ± 0.038
SE; scrambler: 0 out of 27, 0.000 ± 0.000 SE). Killing incidence was not affected by male
nutritional history (N: χ²1 = 1.543, P = 0.214, n = 137), initial male mass (IM: χ²1 = 0.040, P =
0.842, n = 137) or initial female mass (IF: χ²1 = 0.284, P = 0.594, n = 137).

starvation conditions (as we observed that scramblers lost more mass than fighters when
starved). Females, on the other hand, may increase in mass as a result of an increased water
uptake (e.g. Kanungo, 1963) to accommodate the egg laying process. However, if males
indeed transfer a beneficial mass to females, this could best be described as a nuptial gift.
To our knowledge, this is the first reported observation suggestive of a nuptial gift transfer
in mites. In Acarus siro, a species related to the bulb mite (Dabert et al., 2010), Witaliński et
al. (1990) identified morphological structures in the female reproductive tract through
which females could absorb nutritional contributions. If female bulb mites have similar
structures, they could use these to absorb nutrients in seminal fluid (e.g. Simmons and
Parker, 1989) to obtain valuable substances (Bownes and Partridge, 1987; Markow, 1988;
Edvardsson, 2007; Gwynne, 2008) or digest superfluous (Sivinski, 1980) or non-reproductive
(Silberglied et al., 1984; Swallow and Wilkinson, 2002) sperm cells. To unequivocally
determine the existence of nuptial gift transfer in the bulb mite, morphological studies to
identify structures in the female’s anatomy that take up nutrients from seminal fluid (as in
Witaliński et al., 1990), and physiological studies that follow the fate of potential nutrients
in the seminal fluid (e.g. Bownes and Partridge, 1987), are required.
Contrary to our hypothesis, we found no difference in the number of offspring
sired by scramblers and fighters. One explanation for the absence of a sire morph effect is
that there is no difference between the two morphs in the transference of components that
promote female fecundity. Alternatively, our response variable may not have been suitable
to find differences between the two morphs, for example: rather than offspring number,
offspring quality differed between the two male morphs (as suggested in Smallegange,
2011a). Furthermore, females mated to scramblers may have laid more eggs during the
initial stages of the experiment but drew level with females mated with fighters towards
the end of the replicate block – such a notion is supported by the results in Fig. 4 if the
decreases in female mass correlate to ovipositing. As the number of eggs were only counted
at the end of each replicate block, we are unable to link changes in female mass to egg
laying dates.
Given that we did not find a difference in the fecundity of females mated to a
scrambler or a fighter, and given that there is no evidence that scramblers perform better
in sperm competitions (Radwan, 1997; Radwan and Bogacz, 2000), the answer to the
question of why the two male morphs of the bulb mite coexist in single populations still
eludes us. Skrzynecka and Radwan (2016) recently proposed that the maintenance of the
dimorphism in bulb mite populations is the result of balancing selection acting on a genetic
polymorphism. However, environmental conditions play a significant role in male morph
expression in the bulb mite (Smallegange, 2011a); hence we feel this male dimorphism is
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best classified as a conditional strategy (Tomkins and Hazel, 2007). Smallegange and
Coulson (2011) estimated the heritability for the scrambler morph to be 0.41 and for the
fighter morph 0.30, suggesting that this male morph expression is a polygenic trait that is
both under environmental and genetic control. The challenge therefore still exists to
unravel the mechanisms that maintain the conditional expression of male morphs in the
bulb mite. An answer may be found in differences between the male morphs in
reproductive output or life-history traits (such as maturation time Smallegange and
Johansson, 2014).
We found that fighters in our experiment, unlike scramblers, regularly killed their
mate, regardless of their nutritional state. In another male-dimorphic mite, Sancassania
berlesei, Łukasik (2010) also found that fighters killed other mites, including juveniles and
females, but mostly under low-food conditions. The fact that the killing incidence in R. robini
fighters in our experiment was not affected by their nutritional state, suggests that fighters
killed out of aggression or to avoid potential competition for resources available in the
future (e.g. Polis, 1981), rather than to obtain resources via cannibalism. It is important to
find out why fighters kill conspecifics, as such interactions can greatly influence the
dynamics of populations (Smallegange et al., 2018). Smallegange et al. (2018), for example,
found that when fighter bulb mites were removed from exponentially growing populations
(where individuals had ad libitum access to food), more fighters survived as killing pressure
was reduced, so that fighter abundance actually increased. Interestingly, under foodlimited, density-dependent circumstances, the harvesting of fighters from closed
populations resulted in an evolutionary shift towards reduced fighter expression. Such
contrasting plastic and evolutionary responses in alternative phenotype expression to
variation in the strength of density-dependence complicate the unravelling of the ecological
and evolutionary drivers of phenotype expression (e.g. Smallegange and Deere, 2014).
Interactions like these within an eco-evolutionary feedback loop, whereby population
dynamics and phenotype expression interact, are likely widespread across taxa because i)
changes in population size and structure depend on differences in life history trajectories
between individuals, which are a product of natural selection, and ii) the outcome and rate
of trait evolution can be altered by population density, composition and growth. However,
few studies have teased apart the drivers of the two-way interaction between trait
expression and population dynamics (but see Turcotte et al., 2013; Farkas and MontejoKovacevich, 2014). We are only now beginning to unravel the intricate relation between
male morph expression and the effects that majors and minors have on the dynamics of
populations (Smallegange and Deere, 2014; Smallegange et al., 2018).

In addition to the aforementioned biotic factors, abiotic factors can play a role in
the maintenance of male dimorphisms as well. For example, Tomkins et al. (2011) found in
the male-dimorphic bulb mite R. echinopus that scramblers have a selective advantage over
fighters in complex habitats, as scramblers were quicker to find females than fighters were.
The authors hypothesized that this difference is the result of impaired locomotion due to
the enlarged leg pair in fighters (Tomkins et al., 2011). When male weaponry impairs
locomotion (e.g. Moczek and Emlen, 2000; Basolo and Alcaraz, 2003; Wilson et al., 2009),
habitat complexity and spatial variation in food availability could reduce the major males’
encounter rate with both females and food, and, consequently, increase selection against
expression of the major morph. Furthermore, because minor males are not impaired in their
locomotion (e.g. Basolo and Alcaraz, 2003; Allen and Levinton, 2007; Goyens et al., 2015),
they can obtain larger energy reserves than major males in complex habitats. Females have
previously been found to prefer well-fed males over starved males as mates (e.g. Droney,
1996; Rantala et al., 2003; Fisher and Rosenthal, 2006; Albo et al., 2012); similarly, females
may evolve to prefer minor males with large reserves if such reserves benefit a female’s
fecundity (such benefits were shown here). Male morph coexistence may then be the result
of stabilising selection on whichever morph is able to achieve the largest reserves,
depending on variability in environmental conditions.
In conclusion, the results of this study suggest that nuptial gifts, killing risks, and
possible associated selective forces on male phenotype through potential female mate
choice, complicates the understanding of the maintenance of male dimorphisms in single
populations (e.g. Sinervo et al., 2000). Future research should consider incorporating
population-level feedbacks on male morph expression, as well as the role of abiotic factors
in the mating arena.
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Appendix
As explained in the main text, we have chosen to analyse and show only the ‘standardized’
masses of the mites; these are the masses of the mites on days 4, 5 and 12 minus their
masses on day 3 of the experiment. On day 3 the mite couples were formed; hence this
subtraction shows the mass changes of the mites after coupling. Furthermore, we have
focussed on the results obtained from mite couples and largely left solitary mites out of the
picture. In this Appendix you can find the relative masses of coupled and solitary females
(Table A1), the relative masses of paired males (Table A3), the fecundity of couples (Table
A2) and killing incidence (Table A4). Table A5 shows all the model simplification steps used
in each statistical analysis to arrive at each final model as presented in the main text. In
Table A6 we present the parameter estimates of the effect on female mass of the
interaction between male morph and time. Figures A1 and A2 show the changes in the
absolute mass over time of females and males respectively, per male morph and nutritional
history from day 2 onwards. Day 2 is the day on which the quiescent tritonymphs (moulting
stage immediately preceding maturity, collected on day 1) emerged as adults and were
weighed for the first time. Finally, we show the standardized masses over time of solitary
females and of coupled females per male morph in Fig. A3.
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Tables

Fighter

Starved

1.410

0.118

61

1.784

0.137

58

1.004

0.152

49

Fighter

Fed

1.652

0.116

58

2.147

0.152

53

1.479

0.168

39

Scrambler

Starved

1.340

0.221

15

0.860

0.261

15

1.017

0.244

12

Scrambler

Fed

1.374

0.186

19

1.500

0.268

18

2.100

0.476

15

0.057

18
0

0.874

0.073

176

1.749

0.134

166

Solitary

-

0.526

Table A2: Mean number of offspring produced by couples per male
morph and male nutritional history. The means and standard errors
(SE) are shown. Mites that were not alive at the end of the replicate
block were omitted from the data shown below.
Male morph
Nutritional history
N
Mean
SE
Fighter

Starved

49

0.122

0.075

Fighter

Fed

39

0.308

0.128

Scrambler

Starved

12

0.000

0.000

Scrambler

Fed

15

0.400

0.335

Table A3. Mean male mass (in µg) on days 4, 5 or 12 minus their mass on day 3, the day on which the male
and female were paired. The means and standard errors (SE) are shown per male morph and male nutritional
history. The N’s represent the number of complete couples for which data points have been collected on
days 4, 5 or 12 respectively. Only data was used of complete couples, if a mite was missing, no data collected
afterwards was used.
Male
morph

Nutritional
history

Fighter
Fighter

Day 4-3
Mean
(µg)

SE
(µg)

Starved

0.467

Fed

−1.178

Scrambler

Starved

Scrambler

Fed

Day 5-3
N

Mean
(µg)

SE
(µg)

0.071

61

0.353

0.091

58

−1.436

−0.513

0.230

15

−1.074

0.223

19

Day 12-3
N

Mean
(µg)

SE
(µg)

N

0.071

58

0.316

0.089

49

0.106

53

−1.649

0.118

39

−0.520

0.178

15

−0.750

0.251

12

−1.811

0.235

18

−1.760

0.209

15
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Table A1. Mean female mass (in µg) on days 4, 5 or 12 minus their mass on day 3, the day on which the male and
female were paired. The means and standard errors (SE) are shown for mated females per male morph and male
nutritional history and for solitary females. The N’s represent the number of complete couples or solitary females
for which data points have been collected on days 4, 5 or 12 respectively. Only data was used of complete couples,
if a mite was missing, no data collected afterwards was used.
Day 4-3
Day 5-3
Day 12-3
Male
Nutritional
Mean
SE
Mean
SE
Mean
SE
morph
history
N
N
N
(µg)
(µg)
(µg)
(µg)
(µg)
(µg)

Table A4. Killing incidence of females by males during the replicate
block per male morph and male nutritional history. The means and
standard errors (SE) are shown. Mites that were lost due to
handling errors or died of natural causes were omitted from the
data shown below.
Male morph
Nutritional history
N
Mean
SE
Fighter

Starved

58

0.155

0.048

Fighter

Fed

52

0.250

0.061

Scrambler

Starved

12

0.000

0.000

Scrambler

Fed

15

0.000

0.000

Table A5. Model simplification steps used for the analyses of female
fecundity, male and female mass changes, and killing incidence. For each
step, the least significant term (starting with the highest order interaction),
in underscored font below, was removed from the fitted model resulting in
the reduced model. A significant difference in deviance between the
models was tested for by using a likelihood ratio test compared to a chisquared distribution. If the removal of the term caused a significant
increase in (the difference in) deviance, i.e. χ²1 (p-value < 0.05, printed in
bold), then the fitted model for the next step will be the same as the
previous fitted model; otherwise the reduced model will become the new
fitted model of the next step. The explanatory variables are: male morph
(M), male nutritional history (N), and time after isolation of mites from the
population in days (T). Covariates: initial male and female mass (I M and IF
respectively), i.e. the male or female mass on day 3. The main effects
making up interaction terms are also included as separate main effects in
the models (e.g. MN equals M × N + M + N). Similarly, any main effects or
two-way interactions comprising a three-way interaction are also
separately included in the model (M  N  T equals M × N × T + M × N + M ×
T + N × T + M + N + T).
1. Full model: GLM: Reproductive output ~ M  N + IM + IF. Poisson error
structure.
Step #

Fitted model

Reduced model

χ²1

P

1

M  N + IM + IF

M + N + IM + IF

3.215

0.073

AIC-value (df)

145.002 (6)

146.216 (5)

2

M + N + IM + IF

N + IM + I F

0.007

0.931

AIC-value (df)

146.216 (5)

144.224 (4)

3

N + IM + IF

N + IF

1.491

0.222

AIC-value (df)

144.224 (4)

143.714 (3)

4

N + IF

N

1.339

0.247

AIC-value (df)

143.714 (3)

143.053 (2)

5

N

1

7.831

0.005

AIC-value (df)

143.053 (2)

148.884 (1)

Final model: Reproductive output ~ N
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2. Full model: LMM: Standardized male mass ~ M  N  T + IM + IF
Random factors: Mite ID and replicate block number. Normal error structure.
Model 1

Model 2

χ²1

P

1

M  N  T + I M + IF

M  N + M  T + N  T + IM + I F

0.318

0.573

AIC-value (df)

1208.633 (13)

1202.803 (12)

2

M  N + M  T + N  T + IM + I F

M  N + N  T + IM + IF

0.001

0.977

AIC-value (df)

1202.803 (12)

1195.263 (11)

3

M  N + N  T + IM + IF

M  N + T + IM + IF

1.125

0.289

AIC-value (df)

1195.263 (11)

1188.488 (10)

4

M  N + T + I M + IF

M + N + T + IM + IF

4.723

0.030

AIC-value (df)

1188.488 (10)

1191.115 (9)

5

M  N + T + I M + IF

M  N + T + IM

3.671

0.055

AIC-value (df)

1188.488 (10)

1183.213 (9)

6

M  N + T + IM

M  N + IM

7.221

0.007

AIC-value (df)

1183.213 (9)

1181.146 (8)

7

M  N + T + IM

MN+T

10.583

0.001

AIC-value (df)

1183.213 (9)

1185.715 (8)

Final model: Standardized male mass ~ M  N + T + IM

3. Full model: LMM: Standardized female mass ~ M  N  T + IM + IF
Random factors: Mite ID and replicate block number. Normal error structure.
Step #

Model 1

Model 2

1

M  N  T + IM + I F

M  N + M  T + N  T + IM + IF 0.329 0.566

χ²1

P

AIC-value (df)

1583.612 (13)

1578.817 (12)

2

M  N + M  T + N  T + IM + I F M  T + N  T + IM + I F

AIC-value (df)

1578.817 (12)

1577.586 (11)

3

N  T + M  T + I M + IF

M  T + N + IM + IF

AIC-value (df)

1577.586 (11)

1572.284 (10)

4

M  T + N + IM + I F

M + T + N + IM + IF

AIC-value (df)

1572.284 (10)

1571.453 (9)

5

M  T + N + IM + I F

M  T + IM + IF

AIC-value (df)

1572.284 (10)

1570.728 (9)

6

M  T + IM + IF

M  T + IM

AIC-value (df)

1570.728 (9)

1564.350 (8)

7

M  T + IM

MT

AIC-value (df)

1564.350 (8)

1560.998 (7)

0.028 0.866
1.555 0.212
5.710 0.017
1.462 0.227
1.332 0.248
3.759 0.053

Final model: Standardized female mass ~ M  T
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Step #

4. Full model: GLM: Killing probability ~ MN + IM + IF. Binomial error structure.
Step #

Model 1

Model 2

χ²1

P

1

M  N + IM + IF

M + N + IM + IF

< 0.001

0.999

AIC-value (df)

120.222 (6)

118.222 (5)

2

M + N + IM + IF

N + IM + I F

11.419

< 0.001

AIC-value (df)

118.222 (5)

127.641 (4)

3

M + N + IM + IF

M + N + IF

0.040

0.842

AIC-value (df)

118.222 (5)

116.262 (4)

4

M + N + IF

M+N

0.284

0.594

AIC-value (df)

116.262 (4)

114.546 (3)

5

M+N

M

1.543

0.214

AIC-value (df)

114.546 (3)

114.089 (2)

Final model: Standardized female mass ~ M

Table A6. Parameter estimates of the significant effect
on female mass of the interaction between male morph
and time. The parameter estimates (ê), the standard
errors (SE) and t-values for each term are shown. The
parameter estimates denote the difference in female
mass for each morph between Day i and Day j.
Day i-j
Morph
ê
SE
t-value
Fighter

5-4

0.422

0.156

2.705

Scrambler

12-4

−0.304

0.169

−1.793

Fighter

12-5

−0.725

0.170

−4.256

Scrambler

5-4

−0.155

0.287

−0.539

Fighter

12-4

0.260

0.308

0.844

Scrambler

12-5

0.415

0.309

1.343
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Figure A1. Absolute female mass over time of solitary females and females coupled to males that were starved or fed and fighters or
scramblers. Quiescent tritonymphs (final moulting stage before maturity) were obtained on day 1 and not weighed before they
matured on day 2. Non-solitary females were coupled to males on day 3. All mites were starved from the moment they were obtained
from the population with the exception of fed males, these were given ad libitum food between days 2 and 3. Vertical lines are
standard errors.

Figure A2. Absolute male mass over time of fed or starved males, and fighters or scramblers. Quiescent tritonymphs (final moulting
stage before maturity) were obtained on day 1 and not weighed until after they matured on day 2. Non-solitary females were coupled
to males on day 3. All mites were starved from the moment they were obtained from the population with the exception of fed males,
which were given ad libitum food between days 2 and 3. Vertical lines are standard errors.
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Figure A3. Standardized female mass over time for solitary females and females mated to scramblers or fighters. Female mass is
calculated is an individual’s mass relative to its mass on day 3, the day on which the male and female were coupled. Vertical lines
are standard errors.
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Chapter III
Costs of weaponry: unarmed males sire more offspring
than armed males in a male-dimorphic mite
Tom P.G. Van den Beuken, Chris C. Duinmeijer, Isabel M. Smallegange

Whosoever desires constant success must change his conduct with the times
― Machiavelli ―

43 | Chapter III

Chapter III

Published in Journal of Evolutionary Biology. doi: 10.1111/jeb.13402

Abstract
Morphological structures used as weapons in male-male competition are not only costly to
develop but are also probably costly to maintain during adulthood. Therefore, having
weapons could reduce the energy available for other fitness-enhancing actions, such as
postcopulatory investment. We tested the hypothesis that armed males make lower
postcopulatory investments than unarmed males, and that this difference will be most
pronounced under food-limited conditions. We performed two experiments using the maledimorphic bulb mite Rhizoglyphus robini, in which males are either armed ‘fighters’ or
unarmed ‘scramblers’. Firstly, we tested whether fighters and scramblers differed in their
reproductive output after being starved or fed for one or two weeks. Secondly, we
measured the reproductive output of scramblers and fighters (starved or fed) after one, two
or three consecutive matings. Scramblers sired more offspring than fighters after one week,
but scramblers and fighters only sired a few offspring after two weeks. Scramblers also sired
more offspring than fighters at the first mating, males rarely sired offspring after
consecutive matings. Contrary to our hypothesis, the fecundity of starved and fed males did
not differ. The higher reproductive output of scramblers suggests that, regardless of
nutritional state, scramblers make larger postcopulatory investments than fighters.
Alternatively, (cryptic) female choice generally favours scramblers. Why the morphs
differed in their reproductive output is unclear. Neither morph performed well relatively
late in life or after multiple matings. It remains to be investigated to what extent the
apparent scrambler advantage contributes to the maintenance and evolution of male
morph expression.

44 | Chapter III

Introduction

45 | Chapter III

Chapter III

Trade-offs play a vital role in shaping the life history of individuals when the expression of
one trait impedes the functionality of another, or when different traits depend on the same,
limited resource (Stearns, 1992; Smallegange, 2016). A trade-off that has recently received
attention is that between precopulatory attributes, such as armaments and ornaments, and
postcopulatory attributes, such as sperm number or size (Parker et al., 2013; Evans and
García-González, 2016; Simmons et al., 2017). Especially when competition over access to
mates and fertilization of ova is strong and there is little variance between individuals in
resource acquisition, males may be restricted to allocating resources to either pre- or
postcopulatory attributes (Van Noordwijk and de Jong, 1986; de Jong, 1993; Parker et al.,
2013; Lüpold et al., 2014).
Precopulatory attributes increase male mating opportunities by increasing the
likelihood of acquiring mates through male-male competition (fighting or display) or mate
choice (Darwin, 1871; Emlen, 2008). Postcopulatory attributes increase the chances that a
male will reproduce by increasing the likelihood of successfully fertilizing ova when a male
does mate, e.g. by transferring more competitive sperm if the female has mated with
another male (i.e. in sperm competition [Parker & Pizzari, 2010]) or favourably biasing
cryptic female choice by transferring nutritive or female-hormone-like substances to the
female (Eberhard, 1997; Vahed, 1998; Poiani, 2006). Alternatively, males may intentionally
or unintentionally manipulate female (remating) behaviour (Parker, 2006) by transferring
harmful components (Johnstone and Keller, 2000) or injuring the female during mating
(Lange et al., 2013). Both pre- and postcopulatory attributes can be costly to produce for
males. The costs of precopulatory attributes, such as morphological structures that act as
weapons, probably remain high after they have been developed, because they can impede
efficient locomotion (e.g. López and Martín, 2002; Basolo and Alcaraz, 2003; Allen and
Levinton, 2007; Wilson et al., 2009; Goyens et al., 2015), require large, energy consuming
muscles to operate (e.g. Marden, 1989; Joseph et al., 2017), and/or increase a male’s body
volume, which increases somatic maintenance costs (Kooijman and Metz, 1983; Parker,
1983; Emlen, 2008). Postcopulatory attributes such as nuptial gifts (e.g. Perry and Tse,
2013), the seminal fluid (Poiani, 2006) and sperm cells (Pitnick et al., 1995a; Thomsen et al.,
2006; Lüpold et al., 2016) can be metabolically expensive to produce. In addition, there may
be a locomotive cost of producing postcopulatory attributes, as testes can take up a large
proportion of a male’s body mass, e.g. up to 13.8% in the bush cricket Platycleis affinis
(Fieber, 1853) (Vahed et al., 2011). The costs of investing in pre- or postcopulatory

attributes should give rise to trade-offs between the attributes if insufficient resources are
available.
The costs associated with the possession of precopulatory attributes could limit
investment in postcopulatory attributes. This trade-off is exemplified by the leaf-footed
cactus bug, Narnia femorata (Stål, 1870), which, after autotomizing its weaponized legs
during development, is able to grow testes before maturity that are larger than those of
non-autotomized (control) males (Joseph et al., 2017). This suggests that the autotomy of
its weapons freed up resources that could be invested elsewhere (Joseph et al., 2017).
Similarly, the ablation of genital precursor cells in juvenile male horned scarab beetles
Onthophagus taurus (Schreber, 1759) results in the growth of larger horns compared to
unablated males (Moczek and Nijhout, 2004). Such studies indicate that the investment
costs of pre- and postcopulatory attributes reciprocally limit their expression. In the leaffooted cactus bug and the horned scarab beetle, the trade-off between investing in preand postcopulatory attributes occurs prior to maturation (Moczek and Nijhout, 2004;
Joseph et al., 2017). The question that we ask here is: do costs associated with having
precopulatory attributes affect postcopulatory energy budgets and reproductive
investment post maturation, i.e. during the adult stage?
In some male-dimorphic species, during ontogeny, males either do or do not
develop precopulatory attributes such as the weaponry used in male-male competition
(Oliveira et al., 2008). Because of this discrete difference between males, these species are
ideal study systems with which to investigate trade-offs between pre- and postcopulatory
attributes and their relative contributions to reproductive success. If males of maledimorphic species are in good condition during ontogeny (body size is a commonly used
proxy), they are able to develop large weapons that they can use to monopolize females
(Tomkins and Hazel, 2007; Oliveira et al., 2008). Males that are in poor condition during
ontogeny may still be able to grow small weapons, but they would not be able to compete
against males with larger weapons (e.g. Moczek and Emlen, 2000; Tomkins and Hazel,
2007). Instead, males in poor condition often do not grow weapons during ontogeny, and
adopt alternative reproductive tactics (Tomkins and Hazel, 2007). In some cases, pre- and
postcopulatory investments are positively correlated (for a list of examples see Evans and
García-González, 2016), but males that invest highly in both traits may suffer other costs,
such as early reproductive senescence (e.g. Preston et al., 2011). In some species, unarmed
males invest more in postcopulatory attributes than armed males (Parker et al., 2013); for
example, unarmed males may produce more sperm cells to increase the probability of
fertilizing ova in sperm competition when they do get to mate (e.g. Locatello et al., 2007).
Crucially, in some male-dimorphic species, males are unable to shed weapons after
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developing them (Oliveira et al., 2008), and are bound to the weapons’ maintenance costs.
As a result of the limitations imposed by the obligatory costs of weapons and the costs of
investing in postcopulatory attributes, we predict that a trade-off between pre- and
postcopulatory attributes is more likely under extended periods of limited food availability
(e.g. Gage and Cook, 1994; Droney, 1998; Simmons, 2012).
In this study, we tested the hypothesis that during the adult stage, costs associated
with having precopulatory weaponry adversely affect postcopulatory energy budgets and
investment, and consequently reproductive output, particularly under food-limited
conditions. To test our hypothesis, we used the male-dimorphic bulb mite Rhizoglyphus
robini (Claparède, 1869). In R. robini, adult males differ in their third leg pair: the armed
‘fighter’ has an enlarged third leg pair with a sharp end that functions as a weapon to kill
rivals. The third leg pair of the unarmed ‘scrambler’ is not enlarged and scramblers cannot
kill competitors (Radwan et al., 2000). Male morph expression in R. robini is partly heritable
(Radwan, 2003a; Smallegange and Coulson, 2011), but because male morph determination
in R. robini follows a conditional strategy (Tomkins and Hazel, 2007), it is also to a large
extent environmentally determined: only relatively large male nymphs become fighters, as
only they have accumulated a sufficient amount of resources to develop fighter legs
(Smallegange, 2011a). Fighters have several fitness benefits over scramblers. Fighters can
kill other mites, which allows them to eliminate rivals, monopolize access to females, and
even obtain additional resources through cannibalism (Radwan et al., 2000; Radwan and
Klimas, 2001; Smallegange and Deere, 2014). Scramblers have a shorter maturation time
than fighters, so scramblers can mate earlier in life than fighters from the same cohort
(Smallegange, 2011b). Scramblers also live longer than fighters (Radwan and Bogacz, 2000),
however, the reproductive output of both morphs decreases with age and the number of
previous mates (Radwan and Bogacz, 2000), hence the reproductive benefit of an increased
longevity is questionable. There is no evidence that either male morph differentially invests
in postcopulatory attributes such as sperm competition (Radwan, 1997); however, Van den
Beuken and Smallegange (2018a [chapter II]) found that, after allowing one day of feeding,
males of both morphs sired more offspring than starved males. These results suggest that
males transferred resources to their mate which increased offspring production, e.g. a
nuptial gift. Because having precopulatory attributes and producing postcopulatory
attributes are probably costly during the adult stage, we surmise that there is a trade-off
between having weaponry versus being able to invest in postcopulatory attributes, which
affects reproductive output. To test for the existence of this trade-off we performed two
experiments: a ‘single mating’ and a ‘multiple matings’ experiment. In both experiments,
we used female reproductive output as a proxy for male postcopulatory investment.

In the single mating experiment, we assessed if male morphs differed in their
investment into postcopulatory attributes that would increase female fecundity (e.g.
nuptial gifts). As a proxy of the investments in these postcopulatory attributes we tested
whether there was a difference in reproductive output between virgin females that were
mated with a fighter (with precopulatory attributes) and those that were mated with a
scrambler (without precopulatory attributes), and whether this result was affected if males
had been starved or fed, for one or two weeks. Females can be more susceptible to
nutritional contributions when they are starved (e.g. Immonen et al., 2009). Therefore, we
starved females in the single mating experiment.
It is possible that, rather than investing in attributes that increase female fecundity
(single mating experiment), a male morph invests more resources into multiple copulations
(multiple mating experiment). In the multiple matings experiment, we tested whether there
was a difference in reproductive output between virgin females that were mated with a
fighter, and those that were mated with a scrambler after the male’s first, second and third
mating, separated by 2-hour intervals. Males were starved or fed for six days prior to the
first mating. In this experiment, our focus lies on the ability of males to invest resources in
multiple matings, not on producing nuptial gifts for multiple matings. Therefore, we fed
females in order for the females’ nutritional state not to limit the potential reproductive
output of males.
Males in both experiments were starved because we assumed that the constraints
on investment in reproduction imposed by precopulatory attributes are most pronounced
in energy limited, i.e. starved, circumstances. In both experiments we included a control
treatment in which males were provided ad libitum access to food. In the single mating
experiment this was conducted to control for any age effects in males (e.g. reproductive
senescence [Radwan and Bogacz, 2000]), and in the multiple mating experiment it was
conducted to test whether investment in multiple reproductive events is dependent on
male nutritional state.
We hypothesized that i) scramblers would sire more offspring than fighters in both
experiments, and that the differences between the two morphs would be most pronounced
in starved males; ii) fed males would sire more offspring than starved males in both
experiments; and iii) the number of sired offspring would decrease for both morphs, but
particularly for fighters, with increasing male age (single mating experiment) and number
of consecutive matings (multiple matings experiment).
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The bulb mite R. robini

Maintenance of mites
Mites for the stock cultures were collected from flower bulb storage rooms in Anna
Paulowna, North Holland (the Netherlands) in 2010 (50 randomly selected founding
individuals for each of four, periodically mixed stock cultures). The stock cultures had been
maintained at the University of Amsterdam (the Netherlands) for just over two years before
the start of the experiment and were kept in small plastic tubs (l × w × h: 8 × 8 × 3 cm) that
were two-thirds filled with plaster of Paris. Water drops and yeast granules (Bruggeman
instant yeast) were added on top of the plaster to provide the mites with food and water.
A sixth of the substratum was scraped clean of yeast and detritus twice a week, and several
drops of water and yeast granules were placed in the scraped area. In order to allow
ventilation and water evaporation, a square hole (approximately l × w: 2 × 2 cm) was cut
into the centre of the lid and covered with fine mesh to prevent the mites from escaping.
For the duration of the experiment, mites were kept in plastic ‘individual’ tubes (h
× d: 50 × 16 mm), either individually or in pairs (see Experimental setup). The tubes were
two-thirds filled with a mixture of plaster of Paris and powdered charcoal for a visual
contrast between the mites and the substratum. Yeast (if the treatment required it, see
Experimental setup) and water (almost a saturating quantity) were replenished once a week
for the entire duration of the replicate block. The caps used to close the tubes were
punctured to allow ventilation and water evaporation from the tube. The same fine mesh
that was used to cover the population tubs was also used between the cap and the tube to
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The subterraneous bulb mite R. robini is a pest of a wide array of agriculturally important
plants including garlic, onion, carrot, rye and several ornamental plants, and can be found
all over the world (Díaz et al., 2000). The bulb mite goes through five or six stages during its
development: egg, larva, protonymph, deutonymph (facultative dispersal stage that only
occurs under adverse conditions), tritonymph and adult (Baker, 1982). Except for the larval
stage, each stage is preceded by a quiescent phase during which the mite is immobile until
it moults. Only during the adult stage is the mite’s sex or male morph identifiable. The
development from egg to adult takes from 11 to 40 days (Smallegange, 2011a) and the adult
stage lasts 31 to 130 days, depending on various environmental factors (Gerson et al., 1983;
Díaz et al., 2000).

prevent the mites from escaping through the hole. Both the stock cultures and the
individual tubes were kept at 25° C at >70% relative humidity in an unlit incubator.

Experimental setup
Single mating experiment
The single mating experiment comprised three treatments: i) male morph (MM: fighter or
scrambler), ii) male nutritional state (NS: starved or fed; started after an initial eight days of
feeding, see Fig. 1), and iii) mating week (MW: week 1 or 2; counted after the initial eightday feeding period, see Fig. 1). The experiment had a randomised block design in which
each replicate block comprised all eight treatment combinations, i.e. all pairwise
combinations of the three treatments. The response variable was the mean total number
of eggs laid by the mate of each male within one week of mating. In total, 10 replicate blocks
were completed. Each block started one week after the previous one.

Figure 1. Experimental design of the single mating experiment. All males were fed for the first eight days after adult emergence.
Thereafter, males were either fed or starved for a week and then mated with a standardized, starved, virgin female, or fed or starved
for two consecutive weeks and then mated. The female was starved before, during and after mating. After mating, the female was
isolated. One week later, the number of eggs laid by the female was counted. Some females that did not lay eggs during this week.
To check whether this was because they were not fertilized or lacked nutritional resources, we fed them ad libitum food, and counted
the number of eggs during this additional week. The described methods were applied in the same way to fighters and scramblers.
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On the first day of each replicate block, 200 quiescent tritonymphs (sessile
moulting stage before the mite enters the adult stage, lasting approximately a day) were
collected from the four stock cultures (50 from each). The collected mites were stored
individually in tubes without food. The next day, almost all of the collected mites had
matured, and only male mites were kept. A dorsal photograph was taken of each of these
males (Zeiss Stemi 2000-C microscope equipped with a Zeiss Axiocam 105 color camera,
0.63-5× magnification). Using this image, we measured male idiosoma length (body length
minus the chelicerae) over the anteroposterioral axis to the nearest 4.5 µm (standard
deviation of 10 repeated measures) using Zen 2.3 (Blue edition) software. Such a length
measurement is a standard proxy for body condition in the bulb mite and is the easiest
measurement that can be taken of a mite while reducing measurement error due to mite
movement. We selected scrambler and fighters (treatment: male morph) in roughly equal
numbers for this experiment (see Appendix Table A1.A). After the males were
photographed, they were individually housed in tubes with ad libitum food in an unlit
incubator for eight days to build up a reserve. All of the males were given a single
opportunity to mate with a female over 24 hours: either one week after the initial eight-day
feeding period (week 1) or two weeks after the initial eight-day feeding period (week 2)
(treatment: mating week, see Fig. 1). During these one or two weeks, males were either
continuously fed or starved (treatment: male nutritional state, see Fig. 1). Half of the males
were starved during these one or two weeks to assess the rate of reserve depletion. The
other half were fed in order to control for age effects on male reproductive output (e.g.
reproductive senescence [Radwan and Bogacz, 2000]). Both females and males, including
fed males, were starved during the 24-hour mating period. As male size may have changed
after the first measurement because of aging, feeding or starving, and size may explain
differences in female fecundity, we measured the males again before mating. Females were
measured only once, after mating. The mating period was set at 24 hours because i) this
should have been more than enough time to complete mating (and mate searching)
(Radwan and Siva-Jothy, 1996), ii) a previous study found that fighters often kill females if
left without food for an extended period of time (Van den Beuken and Smallegange, 2018a
[chapter II]), and iii) we wanted to assess whether males, particularly starved males, died
more often after mating, perhaps as a result of a terminal reproductive investment;
however, no male died of such causes.
All of the females were obtained as quiescent tritonymphs from each of the four
stock populations five days before they were paired with a male. Between 50 and 250
quiescent tritonymphs were collected to obtain females. This number depended on the
number of males obtained earlier and the number of overlapping replicate blocks. Because

we were interested in differences between the male morphs in siring offspring (e.g. by
transferring nuptial gifts), emerging females were starved after maturing and for the
duration of the experiment. Seven days after the males and females were separated, the
number of eggs produced by the females was counted and used as a proxy for male
postcopulatory investment.
We noticed that a considerable number of these females did not produce eggs.
Therefore, from replicate block 3 onwards, we provided non-egg-producing females with
ad libitum yeast for a week after the trial to ascertain whether they had been fertilized (and
were fertile). We found that about one-third of these females did not produce offspring and
had probably not been fertilized. As we could not check whether females from blocks 1 and
2 had been fertilized, we omitted females that did not lay eggs during the first week of
blocks 1 and 2 (43 of 49 omitted; in one couple the female died). In blocks 3 to 10, we
omitted data points if the male died before the mating period was over, females laid no
eggs during either the experimental or feeding week, or if they died before the number of
offspring was assessed (74 of 139 were omitted; in five couples the male or female died).
One data point was omitted because the female size measurement was missing. The
remaining 70 trials were included in the analyses (see Appendix Table A1.A for replicates
per treatment combinations). Because data of the females that did not lay eggs during the
experimental week and were fed afterwards were inherently biased, we did not analyse the
effects of any of the treatments on the number of eggs laid by these fed females.
Multiple matings experiment
This experiment comprised three treatments: i) male morph (fighter or scrambler), ii) male
nutritional state (starved or fed), and iii) mating trial (first, second or third trial) (Fig. 2). All
of the mites were obtained as quiescent tritonymphs from the stock populations. The
quiescent tritonymphs and the adults that emerged from the tritonymphs the next day were
stored individually in tubes. In contrast to the single mating experiment, in which all of the
females were starved with the exception of the post-trial egg-laying week, all of the adult
females that emerged were supplied with ad libitum yeast. We fed all of the females so that
their egg production would not be constrained, as the goal of this experiment was to
investigate whether males of different morphs or nutritional states invest differentially in
consecutive matings. Adult scramblers and fighters (treatment: male morph) were
randomly assigned a ‘fed’ or ‘starved’ treatment (approximately half of the scramblers and
half of the fighters, see Appendix Table A1.B) in which they were given ad libitum access to
food or no food, respectively (treatment: nutritional state, see Fig. 2). Six days after the
adult males had emerged, they were transferred to an individual tube without food. Here,
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Figure 2. Experimental design of the multiple matings experiment. Males were either continuously fed or starved during the first six
days after adult emergence. Hereafter, they were mated to a total of three females. Each female was in a tube with the male for 2
hours. The number of eggs laid by the female was counted until the female laid no more eggs for two weeks, during which time the
female was fed ad libitum yeast.
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each male was subjected to three consecutive mating trials. During each 2-hour mating trial
each male was paired with a different virgin female (treatment: mating trial, see Fig. 2). Bulb
mites are known to copulate for approximately 20 minutes (Radwan and Siva-Jothy, 1996),
so 2 hours should be more than enough for at least one successful copulation (cf.
Smallegange et al., 2012). We recorded whether copulation took place. After mating, the
males were discarded and the females were transferred back to their individual tubes where
they had access to ad libitum yeast and could lay eggs. Total egg production was then
recorded until a female laid no eggs for two consecutive weeks, after which point we
assumed it would not produce any more eggs. To prevent hatched individuals from affecting
the female oviposition rate, females were transferred to a new tube every week. A total of
91 males were paired with three females each. Data were omitted if females died before
finishing the two-week period during which they laid no eggs (omitted data points: mating
trial 1, 4; mating trial 2, 2; and mating trial 3, 0). Mating trial 1 data were only used if the
male copulated with the female (n = 37), mating trial 2 data were only used if the male sired
offspring during mating trial 1 and copulated during mating trial 2 (n = 4), and mating trial
3 data were only used if the male sired offspring during the previous two mating trials and
copulated during mating trial 3 (n = 0). Given the low number of replicates for matings trials
2 and 3, we could only analyse data for mating trial 1. See also Appendix Table A1.B for
replicates per treatment combinations and the number of (successful) matings.

Statistical analyses
For the single mating experiment, we used a Generalized Linear Model (GLM) with a Poisson
error distribution (checked for overdispersion) to analyse how the mean number of eggs
laid by a female within a week of mating was affected by the main effects male morph
(MM), nutritional state (NS) and mating week (MW), as well as a three-way interaction (MM
× NS × MW) and three two-way interactions between these three treatments (MM × NS,
MM × MW and NS × MW). As covariates, we included male length after adult emergence
(‘male length 1’, ML1), male length before mating (‘male length 2’, ML2), female length after
mating (‘female length’, FL) and the stock population from which each male (PM) and
female (PF) was obtained. A linear model was fitted to test whether male size before mating
was related to male morph.
For the multiple matings experiment, we tested for the effects of male morph
(MM), nutritional state (NS) and their two-way interaction (MM × NS) on the number of
eggs produced by each female using a GLM with a quasi-Poisson error distribution.
To select the best statistical model for both experiments, we used a model
simplification procedure that produced a reduced model from the full model by first
removing the least significant term of the highest order. The difference in deviance between
the reduced and full model was then tested using a likelihood ratio test, in which the
difference in deviance between the two models followed a chi-squared distribution. If this
test indicated a significant increase in deviance (P < 0.05), then the previously removed term
was retained in the fitted model; if the increase was not significant, the term was removed
from the model (Crawley, 2007). These steps were repeated until only terms remained of
which the removal led to a significant increase in deviance (see Appendix Tables A2 and A3
for the model simplification steps of the single mating and multiple matings experiments,
respectively). In the Results section, we present the parameter estimates (ê) of each
statistically significant term in the best-fitting minimal model. Contrasts among the
treatments in significant interactions or main effects were obtained through general linear
hypothesis testing. All of the analyses were performed using R version 3.3.2 (R Core Team,
2017) integrated in RStudio version 1.1.383 (RStudio Team, 2017). We used the R packages
‘stats’ for GLM analyses (R Core Team, 2017), ‘emmeans’ (Lenth, 2018) and ‘multcomp’
(Hothorn et al., 2008) for general linear hypothesis testing, and ‘ggplot2’ for producing
figures (Wickham, 2016).
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Results
Single mating experiment
We found a significant effect of the interaction between male morph and mating week on
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the number of eggs produced by a female (MM  MW: χ²1 = 4.575, P = 0.032). Specifically,
females mated to scramblers in mating week 1 produced more eggs than those mated to
scramblers in mating week 2, and those mated to fighters in either mating week. The latter
three treatment groups did not differ amongst each other (see Fig. 3, contrasts between
treatments tested using general linear hypothesis testing; P-values and estimates are given
in Appendix Table A4). There was no significant effect of the male’s nutritional state on the
mean number of eggs produced by the female (NS: χ²1 = 1.218, P = 0.270). Furthermore, the
mean number of eggs laid by females was negatively correlated with male body length just
before mating (ML2: χ²1 = 14.575, P < 0.001) but positively correlated with female body
length (FL: χ²1 = 30.175, P < 0.001). Which of the four stock populations a female was
obtained from significantly affected the mean total number of eggs produced by a female
(PF: χ²3 = 10.770, P = 0.013; for means, standard errors and general linear hypothesis testing
see Appendix Table A5). A linear model found no significant correlation between male
morph and male body length before mating (MM [scrambler]: t = 0.959, P = 0.341, R² =
0.013). The significant results are summarised in Table 1.

Figure 3. Effect of the interaction between male morph and mating week on the mean number of eggs laid by the female (single mating
experiment). This graph uses the pooled data of starved and fed males, as the male nutritional state had no statistically significant
effect on female fecundity. Untransformed data are shown. Statistically significant differences between treatment combinations are
indicated by different letters above the error bars (general linear hypothesis testing after a generalized linear model: P < 0.05).
Vertical lines are standard errors.

Table 1. Interactions and main effects that remained in the final model of the single
mating experiment. For the full model simplification steps and additional model
coefficients see Appendix Table A2. Abbreviations: male morph (MM), mating week
(MW), male length before mating (ML2), female length after mating (FL) and the stock
population number from which the female was obtained (PF). Estimates (ê) are included
for significant main effects with one level.
Term
χ² (df)
P-value
Details
1

MM × MW

4.575 (1)

0.032

See Fig. 3

2

ML2

3.481 (1)

< 0.001

ê = −0.023, SE = 0.007, z = −3.481

3

FL

30.175 (1)

< 0.001

ê = 0.014, SE = 0.003, z = 4.936

4

PF

10.770 (3)

0.013

See Appendix Table A5

Multiple matings experiment
As in the single mating experiment, scramblers sired significantly more offspring than
fighters in mating trial 1 (MM (scrambler): χ²1 = 226.260, P = 0.013; Fig. 4). We found no
significant interaction between male morph and nutritional state (MM  NS: χ²1 = 7.652, P
= 0.648) and no significant effect of nutritional state (NS: χ²1 = 95.651, P = 0.104) (for model
simplification steps and parameter estimates see Appendix Table A3). Only four males that
mated with the first female also mated with the second female, these males were all
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fighters. No male mated with all three females (Fig. 4). Given the low number of mating
males (see Appendix Table A1.B), we did not analyse the effects of male morph or nutritional
state on offspring production in mating trials 2 and 3.

Chapter III

Figure 4. Number of offspring sired by scramblers or fighters after the first, second or third mating trial in the multiple matings
experiment. Numbers above the error bars indicate the number of males that mated with a female out of the number of males that
were paired with a female (mating trial 1), the number of males that mated with a female out of the number of males that sired
offspring with female 1 (mating trial 2), or the number of males that mated with a female out of the number of males that sired
offspring with females 1 and 2 (mating trial 3). Vertical lines are standard errors.

Discussion
We investigated whether there is a trade-off in adult males between the possession of
precopulatory attributes and the opportunity for postcopulatory investment to increase
offspring production in the male-dimorphic bulb mite R. robini. We found that i) scramblers
sired more offspring than fighters, ii) this was regardless of the male’s nutritional state, and
iii) young scramblers sired more offspring than old scramblers. There was no difference in
the number of offspring sired between young and old fighters, and reproductive output
declined sharply after the first mating.
Scramblers in both the single mating and multiple matings experiments sired more
offspring than fighters. In the single mating experiment, scramblers sired more offspring
than fighters after one week, but there was no difference after two weeks. In the multiple
matings experiment, scramblers sired more offspring than fighters after the first mating,
but not after the following matings. This could be a result of (cryptic) female choice as
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females could prefer to invest in reproducing with scramblers because female offspring of
scramblers has a higher fitness than the female offspring of fighters (Stuglik et al., 2014). In
other words: the level of intralocus sexual conflict may be lower between females and
scramblers than between females and fighters (Bonduriansky and Chenoweth, 2009). Other
studies support the possibility of a lower intralocus sexual conflict between females and
scramblers as bidirectional selection for male morph expression yields higher fitness
daughters in scrambler lines than in fighter lines (Plesnar-Bielak et al., 2014; Van den
Beuken and Smallegange, 2018b [chapter IV]). Alternatively, scramblers transfer an
oviposition-stimulating compound to females to increase the males’ reproductive output.
To the best of our knowledge, there is no empirical evidence that scramblers transfer an
oviposition-stimulating compound to females, but it does occur in insects in which males
produce substances during copulation that can induce ovulation and oviposition in females
(Cordero, 1995; Poiani, 2006). Compounds that induce ovulation or oviposition can be costly
to produce (Cordero, 1995), so it is possible that the metabolic costs of fighter legs limit the
amount of energy available to synthesize the compound. Therefore, the higher reproductive
output of scramblers could be explained by (cryptic) female choice favouring scramblers, or
by oviposition-stimulating compounds that are (temporarily) transferred by scramblers but
not fighters.
We did not find any effect of nutritional state on the reproductive output of males
of different morphs, neither did we find that scramblers performed better than fighters
under starved conditions. This does not support our hypothesis or the results obtained by
Van den Beuken and Smallegange (2018a [chapter II]), who, in a similar experiment, found
that starved females mated to ‘fed’ males produced more offspring than starved females
mated to ‘starved’ males. Importantly, after reaching maturity, ‘fed’ males were fed for a
single day and ‘starved’ males were always starved in the study by Van den Beuken and
Smallegange (2018a [chapter II]). In the present study, we fed both ‘starved’ and ‘fed’ males
in the single mating experiment for eight days prior to starting the experiment. Hence, the
reserves built up during this period may have (largely) negated the effects of starvation or
feeding afterwards. Although we did not feed ‘starved’ males in the multiple matings
experiment from maturity onwards (as in Van den Beuken and Smallegange, 2018a [chapter
II]), the opportunity to mate was considerably shorter (3 × 2 hours versus 10 days), which
may not have been sufficient time for fed males to sire more offspring than starved males.
Van den Beuken and Smallegange (2018a [chapter II]) proposed that males increased their
fecundity by transferring nutritious nuptial gifts to females. If this were the case, in our
experiment we would have expected that a nutritious nuptial gift would result in a certain,
more-or-less fixed number of eggs produced, regardless of female nutritional state (possibly
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some of the gift could be used for the starved female’s metabolism, rather than for eggs,
see Voigt et al., 2008). Instead, we found that the egg production of fed females mated to
scramblers or fighters was several orders of magnitude higher than that of starved females
mated to scramblers or fighters. As we discussed in the previous paragraph, it is therefore
probable that other mechanisms underlie females’ increased egg production when mated
to scramblers, such as (cryptic) female choice for scramblers, or an oviposition-stimulating
compound that is transferred by scramblers (which may bias cryptic female choice).
In the single mating experiment, the scrambler effect on the reproductive output
of females was only evident in the first mating week, but not in the second mating week.
This could have been an effect of reproductive senescence (e.g. Bonduriansky and Brassil,
2002), which affects reproductive output in male bulb mites (Radwan and Bogacz, 2000).
Alternatively, scramblers may invest more in reproduction during early adulthood, and
adaptively decrease their investment later in life, e.g. in order to prolong their lifespan
(Williams, 1966; e.g. Cotter et al., 2011). In the multiple matings experiment, no additional
offspring were produced if a scrambler mated more than once, and only 10% of fighters
that mated with the first female sired offspring after the second mating. This may be a
mating strategy that allocates maximum resources to the first mating opportunity (Wedell
et al., 2002). It does appear that the reproductive benefit of scramblers over fighters is
context-dependent and may be short-lived.
Regardless of what the underlying mechanisms are, our results reveal a direct link
between the presence or absence of precopulatory attributes and reproductive output in
the absence of sperm competition. Theory predicts that with increasing population density,
the number of mates each female copulates with will increase, so the benefits of
precopulatory attributes (to increase the chance of obtaining females) decrease and the
benefits of postcopulatory attributes (to increase the chance of producing offspring when
mating) increase (Parker and Pizzari, 2010; Parker and Birkhead, 2013; McCullough et al.,
2018). It follows that the reproductive benefit of investing in postcopulatory attributes
rather than precopulatory attributes also increases with increasing population density
(Parker and Pizzari, 2010; Parker and Birkhead, 2013; McCullough et al., 2018). Indeed,
under low food conditions, bulb mite males are mostly fighters (Smallegange et al., 2018),
but under strong density-dependent conditions, male morph expression is biased towards
scramblers (Smallegange and Deere, 2014). However, these results could also be explained
by the costly expression of the fighter phenotype under a high population density (and
hence limited food). Therefore, we need to unravel how fighter and scrambler fitnesses
depend upon population density in order to understand how R. robini male morph
expression varies over time. Our results highlight the complexity of how different processes

affect trade-offs between pre- and postcopulatory attributes and the expression of
alternative morphs.
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We performed two experiments: the ‘single mating’ and the ‘multiple matings’ experiment.
In both experiments, we manipulated the nutritional state of males. In the single mating
experiment, we varied the amount of time males spent being fed or starved before mating
with one female. In the multiple matings experiment the amount of time spent being fed or
starved did not differ, but males mated with three consecutive females.
In the single mating experiment, all males were fed for eight days after which they
were either starved or fed ad libitum until they were mated with a female. All males were
singly mated to a virgin female once and for one day: half of the males were mated one
week after the initial eight days ended (mating week 1), the other half of the males was
mated two weeks after the initial eight days (mating week 2) (number of replicates per
treatment group in Table A1.A). As a response variable we counted the number of eggs laid
by the female one week after the male and female finished mating. We used a Generalized
Linear Model (GLM) with Poisson error distribution to analyse our results. In Table A2 we
show what model simplification steps we have taken to go from the full GLM model to the
final model. Our results show, amongst others, that the mean number of eggs produced by
females is dependent on an interaction between the male’s morph and mating week. We
used general linear hypothesis testing to test for statistically significant treatment factors
within this interaction; the pairwise results of these tests are shown in Table A4. We found
that the stock population from which we obtained the female affected the number of eggs
she laid. Table A5 shows the mean number of eggs laid by females obtained from each of
the four stock populations, as well as the contrasts between populations calculated using
general linear hypothesis testing.
In the multiple matings experiment we starved or fed adult male fighters or
scramblers for six days after adult emergence before pairing them with three consecutive
females (number of replicates per treatment group in Table A1.B). Each male was paired
with a female for two hours during which we checked whether they mated or not. The
number of eggs produced by each mated female was our response variable. We used a GLM
with quasi-Poisson error distribution to analyse our results. As with the single mating
experiment we used model simplification steps to reduce the full model to the final model,
the steps are shown in Table A3.

Tables
Table A1. Replicate number per treatment combination for the single mating (A) and
multiple matings experiment (B). Table A shows the number of pairs that successfully
mated (i.e. produced eggs during the trial or during the following feeding period) / the
number of pairs that were checked for successful mating. Table B shows the number of
males that were paired with a female / the number of males that copulated with the
female / the number of males that sired offspring with the female / the number of males
that sired offspring with this female and the previous female(s) (only trials 2 and 3). In
both datasets, we omitted data points if the female (single mating experiment) or if one
of the previous females (multiple matings experiment) died before the final assessment
of her reproductive output. The replicate numbers of data used for the analyses are
printed in bold.
A
Mating week

Fighter
Starved

Fed

Scrambler
Starved

Fed

1

11 / 16

7/9

7/9

9 / 12

2

11 / 13

7/9

8 / 12

10 / 14

B
Mating trial

Fighter
Starved

Fed

Starved

Fed

1

32 / 17 / 10 / -

28 / 10 / 7 / -

13 / 4 / 3 / -

14 / 6 / 5 / -

2

31 / 4 / 2 / 2

28 / 3 / 1 / 1

13 / 0 / 0 / 0

14 / 1 / 1 / 0

3

31 / 1 / 0 / 0

28 / 0 / 0 / 0

13 / 0 / 0 / 0

14 / 2 / 0 / 0

Scrambler
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Step #

Fitted model

Reduced model

χ²1

P

1

MM  NS  MW + ML1 + ML2 + FL + PM + PF

MM  NS + MM  MW + NS  MW + ML1 +
ML2 + FL + PM + PF

2.648

0.104

2

MM  NS + MM  MW + NS  MW + ML1 +
ML2 + FL + PM + PF

MM  MW + NS  MW + ML1 + ML2 + FL +
PM + PF

1.933

0.164

3

MM  MW + NS  MW + ML1 + ML2 + FL +
PM + PF

MM  MW + NS + ML1 + ML2 + FL + PM +
PF

0.876

0.349

4

MM  MW + NS + ML1 + ML2 + FL + PM +
PF

MM + MW + NS + ML1 + ML2 + FL + PM +
PF

4.575

0.032

5

MM  MW + NS + ML1 + ML2 + FL + PM +
PF

MM  MW + NS + ML2 + FL + PM + PF

0.123

0.726

6

MM  MW + NS + ML2 + FL + PM + PF

MM  MW + ML2 + FL + PM + PF

1.218

0.270

7

MM  MW + ML2 + FL + PM + PF

MM  MW + ML2 + FL + PF

1.351

0.717

8

MM  MW + ML2 + FL + PF

MM  MW + ML2 + FL

10.770

0.013

9

MM  MW + ML2 + FL + PF

MM  MW + FL + PF

14.575

< 0.001

10

MM  MW + ML2 + FL + PF

MM  MW + ML2 + PF

30.175

< 0.001

Final model: Mean number of eggs laid by female ~ MM  MW + ML2 + FL + PF

Final model coefficients [relative to intercept]

z

Estimate (ê)

Std. Error

Intercept [fighter, mating week 1, female stock pop. 1]

0.731

2.582

3.532

Male morph [scrambler] (MM)

2.806

1.575

0.561

Mating week [2] (MW)

1.425

0.836

0.587

Male length 2 (ML2)

−3.481

−0.023

0.007

Female length (FL)

4.936

0.014

0.003

Female stock population number [2] (FP)

0.009

0.004

0.387

Female stock population number [3] (FP)

−1.181

−0.452

0.383

Female stock population number [4] (FP)

−2.362

−1.774

0.751

Male morph [scrambler] × Mating week [2] (MM × MW)

−1.864

−1.491

0.800
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Table A2. Single mating experiment: model simplification steps used for the analysis of the effect of male morph, nutritional state and
mating week on the mean total number of eggs laid by a female. We used a GLM with Poisson error distribution to test for the effects
on the mean number of eggs laid by females during the week after mating of the main effects male morph (MM), nutritional state
(NS) and mating week (MW), the three two-way interactions between these three treatments (MM × NS, MM × MW and NS × MW),
the three-way interaction (MM × NS × MW) as well as the covariates male length after emergence (male length 1: ML1), male length
before mating (male length 2: ML2), female length after mating (female length: FL) and the stock population number from which
each male (PM) and the female (PF) was obtained. From this full model, we removed the least significant term (starting with the
highest order interaction), in underscored font below, producing a reduced model. We tested for statistically significant increases in
deviance between the full and reduced models using a likelihood ratio test compared to a chi-squared distribution. If the increase in
deviance was significant (i.e. χ²1: P-value < 0.05, printed in bold), then the fitted model in the next step will be the same as the
previous step; else (χ²1: P-value>0.05) the reduced model becomes the fitted model of the next step. Here, the next least significant
term, starting with the highest order interaction, was removed from the fitted model to create a new reduced model. Terms were
removed until only terms remained in the final model of which the removal would lead to a significantly lower deviance. At the
bottom of the table we present the parameter estimates of each main effect and interaction in the final model.
Full model: GLM: Mean number of eggs laid by female ~ MM  NS  MW + ML1 + ML2 + FL + PM + PF. Poisson
error structure.
N = 70.

Table A3. Multiple matings experiment: model simplification steps used for the analysis
of the effect of male morph and nutritional on the number of eggs laid by the first
female. We used a GLM with quasi-Poisson error distribution to test for the effects on
the mean total number of eggs laid after mating trial 1 of the main effects male morph
(MM) and nutritional state (NS) and the two-way interaction between these two main
effects (MM × NS). Model simplification steps were performed as described in the
legend of Table A2. Underlined main factors or interactions were removed from the
full model, P-values indicating a statistically significant increase in deviance (i.e. χ²1: Pvalue < 0.05) are printed in bold. At the bottom of the table we present the parameter
estimates of the remaining main effect in the final model.
Full model: GLM: Mean number of eggs per female ~ MM  NS. QuasiPoisson error structure. N = 37.
Step #

Fitted model

Reduced model

χ²1

P-value

1

MM  NS

MM + NS

7.652

0.648

2

MM + NS

MM

95.651

0.104

3

MM

1

226.260

0.013

Final model: Mean number of eggs per female ~ MM

Final model coefficients [relative to intercept]

t-value

Estimate

Std. Error

Intercept

18.492

3.593

Male morph [scrambler] (MM)

2.537

0.745

0.194
0.294

Table A4. Single mating experiment: results of general linear
hypothesis testing of contrasts within treatments of the
statistically significant two-way interaction between male
morph and mating week on the number of laid eggs. P-values
smaller than 0.05 show that there is a statistically significant
difference between the two hyphenated treatment factors
within the treatment factor in the first column. Shown
estimates (ê) and their standard errors (SE) are of the first
mentioned treatment factors (in the column header)
relative to the second mentioned factor.
Interaction: male morph and mating week (P = 0.032)
Male morph: Fighter - Scrambler
Week 1

ê = −1.575, SE = 0.561, z = −2.806, P = 0.005

Week 2

ê = −0.083, SE = 0.544, z = −0.153, P = 0.878
Mating week: Week 1 - Week 2

Fighter

ê = −0.836, SE = 0.587, z = −1.425, P = 0.154

Scrambler

ê = 0.655, SE = 0.474, z = 1.381, P = 0.167
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Table A5. Single mating experiment: the mean number of eggs laid by females obtained from
each of the four stock populations as well as the contrasts between populations obtained by
using general linear hypothesis testing.
P-value difference, with population number
Mean

SE

N

I

II

III

IV

Population I

1.000

0.441

20

-

-

-

-

Population II

1.167

0.506

18

1.000

-

-

-

Population III

1.000

0.485

17

0.624

0.587

-

-

Population IV

0.133

0.091

15

0.077

0.084

0.302

-
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Chapter IV
Life-history consequences of bidirectional selection for
male morph in a male-dimorphic bulb mite
Tom P.G. Van den Beuken and Isabel M. Smallegange

It is difficult to believe in the dreadful but quiet war
lurking just below the serene facade of nature.
― Charles Darwin ―
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Abstract
Intralocus sexual conflict (IASC) arises when males and females have different trait optima.
Some males pursue different alternative reproductive tactics (ARTs) with different trait
optima, resulting in different strengths of IASC. Consequently, e.g. daughter fitness is
differentially affected by her sire’s morph. We tested if and which other life-history traits
correlatively change in bidirectional, artificial selection experiments for ARTs. We used the
male-dimorphic bulb mite Rhizoglyphus robini, where males are high-fitness ‘fighters’ or
low-fitness ‘scramblers’. Twice in each of the five generations of selection, we assessed
clutch composition and size. Furthermore, we tracked offspring from egg to adulthood in
the first and final generation to detect differences between selection lines in the size and
duration of stages, and maturation time. We found that selection for male morph increased
the frequency of that morph. Furthermore, compared to fighter lines, scrambler lines
produced more females, which laid larger eggs (in the final generations), and maintained a
higher egg-laying rate for longer. Otherwise, our results showed no consistent differences
between the selection lines in clutch size and composition, life stage size or duration, or
maturation time. Though we found few correlated life-history trait changes in response to
selection on male morph, the differences in egg laying rate and egg size suggest that IASC
between fighters is costlier to females than IASC with scramblers. We hypothesize that
these differences in reproductive traits allow fighter-offspring to perform better in small,
declining populations but scrambler-offspring to perform better in large, growing
populations.
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Intralocus sexual conflict (IASC) can arise between males and females when both sexes have
different fitness optima for the same phenotypic traits (Bonduriansky and Chenoweth,
2009). IASC occurs when males and females i) share a genetic architecture for a certain
phenotypic trait, ii) have different phenotypic trait optima and iii) neither sex is at its
optimal trait expression (Morris et al., 2013). IASCs revolve around sex-specific trait optima
for life-history, morphology, behaviour or physiology (Adler and Bonduriansky, 2014). As a
consequence of the sex-specific trait optima, it is possible that a high-fitness parent
produces high-fitness offspring of the same sex, but low-fitness offspring of the opposite
sex (Fedorka and Mousseau, 2004; Pischedda and Chippindale, 2006; Calsbeek and
Bonneaud, 2008). However, the strength of intersexual conflicts over traits, and their
consequences for offspring fitness, may differ within sexes.
In some species there is discrete phenotypic variation within sexes; this may
generate different levels of IASC between sexes. Large within-sex variation can occur when
members of the same sex pursue different life-history strategies. A prominent example of
this are male-dimorphic species where two male morphs each pursue different alternative
reproductive tactics (ARTs) (Oliveira et al., 2008). Individuals with different ARTs differ in
terms of life-history, physiology, morphology and/or behaviour (Gross, 1996). In maledimorphic species, males express either of two ARTs: males are either a ‘major’ or a ‘minor’.
Majors typically use precopulatory attributes such as weaponry or ornaments to
respectively compete with other males or bias female choice (Oliveira et al., 2008). Minors
are typically unarmed and rely on various tactics to sire offspring, e.g. involving sneaking or
sperm competition (Oliveira et al., 2008). ART determination can be fully under genetic
control (in alternative strategies) or based on a conditional strategy (Gross, 1996). In a
conditional strategy an individual estimates the quality of its environment using an
environmental cue (such as hormone level, often body size is used as a proxy), there is
genetic variation in the sensitivity for this cue. This environmental cue is compared to a
genetic threshold of male morph expression to determine whether a male becomes a major
or a minor (Gross, 1996; Roff, 1996; Tomkins and Hazel, 2007). At the threshold, the fitness
of majors and minors is equal, but majors have the highest mean fitness (Gross, 1996).
Because of the different ARTs pursued, each of the two morphs has inherently different trait
optima (Engqvist and Taborsky, 2016). For example: to compete with rivals, majors can
benefit from having a large body size, whereas minors may sneak matings more easily if
they have a small body size (e.g. in the horned dung beetle Onthophagus taurus: Moczek

and Emlen, 2000). Given the different optimal trait values of minors and majors, the level
of IASC can differ between females and majors, and females and minors.
Male morphs are known to have opposing effects on their daughters’ fecundity.
For example, Harano et al. (2010), found in broad-horned flour beetles (Gnatocerus
cornutus) that in lines selected for males with large mandibles (a male-limited weapon),
female lifetime reproductive success decreased, whereas it increased in lines selected for
males with small mandibles. Similarly, after bidirectional selection for male morph
expression in the male-dimorphic bulb mite Rhizoglyphus robini, female fecundity and
longevity decreased in major-lines and increased in minor-lines (Plesnar-Bielak et al., 2014).
These results suggest that female fecundity is more negatively affected by the IASC with
majors than by the IASC with minors. In a conditional strategy, majors have the highest
mean fitness (Gross, 1996). Therefore, these results – where the high-fitness majors sire
daughters with a lower fecundity – are comparable to other studies where high-fitness
fathers sired low-fitness daughters (i.e. the fitness of a parent negatively correlates with the
fitness of offspring of the opposite sex). These negative correlations are likely a result of a
higher IASC between high-fitness fathers (or mothers) and daughters (or sons) (Fedorka and
Mousseau, 2004; Pischedda and Chippindale, 2006). Though IASC will, to varying degrees,
concern many traits, some specific traits have been suggested to explain negative
correlations between sire and daughter fitness. These traits include inheritance of majorspecific high expression levels of metabolic genes (Stuglik et al., 2014; Plesnar-Bielak et al.,
2014), male-associated hormone production (Mills et al., 2012) and possibly the expression
of male-specific morphological traits in females (Swierk and Langkilde, 2013; Buzatto et al.,
2018). However, if female fecundity is affected by IASC, it seems likely that other life-history
traits in offspring of high- or low-fitness males are affected as well.
Previous studies have shown that selection for particular traits may lead to
correlated responses in other life-history traits (Roff, 1993). For example, bidirectional
selection for testes length in the fruit fly Drosophila hydei led to correspondingly long or
short testes in adult males, but also led to longer maturation time of both males and females
in lines selected for long testes (Pitnick, 2000). Here we aimed to investigate in detail to
what extent bidirectional selection for male morph expression in the male-dimorphic bulb
mite R. robini affects key correlated life-history traits like the sizes and duration of life stages
and male weapon size.
The bulb mite R. robini is a cosmopolitan species that feeds off the roots and tubers
of a large number of plants, several of which are of economic importance including onion,
garlic, rye and several ornamental plants (Díaz et al., 2000). R. robini mites go through the
following life stages: egg, larva, protonymph, deutonymph (facultative dispersal stage),
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tritonymph and adult (Baker, 1982). As in many mite species, adult bulb mite females are
larger than conspecific males (Walter and Proctor, 2013), and even though female
tritonymphs are on average larger than male tritonymphs, it is not possible to distinguish
sexes or morphs before the adult stage with certainty. Adult male bulb mites are dimorphic:
males develop as high-fitness ‘fighters’ (majors) which have an enlarged third leg pair that
they can use as weaponry to kill rivals; or males develop as low-fitness ‘scramblers’ (minors)
which, like females, do not have an enlarged third leg pair (Radwan and Klimas, 2001).
Scramblers can instead increase their fitness by making a larger investment in
postcopulatory attributes (Van den Beuken et al., 2018 [chapter III]). Male morph
expression in bulb mites is determined by a conditional strategy which is affected by both
environmental and genetic factors (Tomkins and Hazel, 2007). If juvenile males grow up in
favourable food conditions, they are likely to grow larger; if they surpass a genetically
determined size-threshold for male morph expression they will develop into fighters,
otherwise they will become scramblers (Smallegange et al., 2012).
We conducted a bidirectional selection experiment for male morph expression.
The experiment lasted five generations; twice within each generation we assessed female
fecundity, measured as clutch size (the total number of offspring), and the number of mites
of each stage present in the clutch (clutch composition). Additionally, we isolated eggs and
assessed the mean size and duration of each life stage of these individuals, as well as the
total time they required to maturate.
Selection for high- or low-fitness parents can impact several offspring life-history
traits. Firstly, high-fitness parents can sire high-fitness offspring of the same sex, but lowfitness offspring of the opposite sex (Fedorka and Mousseau, 2004; Pischedda and
Chippindale, 2006; Calsbeek and Bonneaud, 2008). Such impacts on offspring fitness can be
the result of higher IASC, as the traits that e.g. grant a high fitness to fathers, result in a low
fitness in daughters (often egg production is used as a measure of female fitness)
(Bonduriansky and Chenoweth, 2009). Secondly, bidirectional selection for fighter leg size
in R. echinopus resulted in correlated responses in the leg sizes of scramblers and females;
strongly suggesting that the expression of enlarged legs (i.e. a fighter-limited weapon) is not
uncoupled between morphs or sexes (Pike et al., 2017; Buzatto et al., 2018). Lastly, other
studies selecting bidirectionally for male weaponry (or weapon size) have found that female
clutch size decreased in lines selected for weapons, and increased in lines selected against
weapons (Harano et al., 2010; Plesnar-Bielak et al., 2014). It is therefore possible that the
decrease in female fecundity is a consequence of the expression of male-limited (or fighterlimited) traits in females; such expressions can be costly to female fitness (e.g. Swierk and
Langkilde, 2013).

Here, we hypothesize that female clutch size is smaller (or larger) in lines selected
for fighter (or scrambler) males (cf. Harano et al., 2010; Plesnar-Bielak et al., 2014).
Furthermore, we hypothesize that this decrease in female fecundity is linked to the (limited)
expression of fighter-specific weapons in homologous structures of females or scramblers.
Therefore, we measured the leg widths of adult females, fighters and scramblers in both
selection lines. We obtained these leg width-measurements using adults obtained from
eggs that we isolated and tracked to adulthood. While tracking these eggs to maturity, we
also measured the duration and mean body size of each stage, and the maturation time (i.e.
total development time) of individual offspring, and compared them between selection
lines. Finally, we also compared the number of mites in each life stage (clutch composition)
and compared them between selection lines.

Materials and methods
Selection lines
To found our stock cultures, four groups of 50 bulb mites each were obtained from flower
bulbs in storage rooms near Anna Paulowna in North Holland (the Netherlands) in 2010.
These four stock cultures have been intermixed approximately every 6 months to reduce
the level of inbreeding. In order to obtain virgin females to start the first generation, we
collected 240 quiescent tritonymphs (moulting stage immediately preceding adulthood)
from our four stock populations (60 from each) and stored each individually in individual
tubes (7 mL: 50 × 16 mm) (the maintenance of the stock cultures is described in Van den
Beuken and Smallegange, 2018a [chapter II]). Individual tubes were filled for about twothirds with plaster of Paris, with charcoal for contrast. The day after the quiescent
tritonymphs were collected, the adults emerged. Emerged males were discarded and
females remained in their tubes without food. The next day (day 1 in Fig. 1), we selected 60
of these females and used them to start the first generation of our selection experiment
(five fighter and five scrambler replicate lines, each consisting of six couples of a male and
a female). On the same day (day 1 in Fig. 1), a total of 60 adult males was collected directly
from the population tubs (males did not need to be virgin to start a selection line, so we
could collect adults rather than quiescent tritonymphs). Each male was transferred to a
different ‘population tube’ (12 mL: 40 × 23 mm, filled for about two-thirds with a mixture
of plaster of Paris and charcoal), after which one individually isolated, virgin female (from a
different stock culture than the male) was added. Each stock population culture was nearly
equally represented in each replicate line. There were some small deviations in the equal
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distributions as two mites from stock population III were lost (from stock populations I, II,
III and IV, we obtained respectively 30, 31, 28 and 31 males or females). Water and ad
libitum yeast was added to the population tubes before adding the male and female. We
collectively refer to all offspring produced by the male and female as a ‘clutch’.
(Only generations 0 and 5)
Life stage size and durations,
and maturation time

Adult male
(Day 14)

Day 1

Day 2 Day 5

Quiescent
Adult
tritonymph
male
female
Day 12
Day 14

Mating pair
First larvae emerging First adults emerging
Clutch size and
Clutch size and
composition
composition

Figure 1. Method used to create fighter and scrambler selection lines and moments at which data were collected

To start a new generation, eleven days after the previous generation was started
(day 12, Fig. 1), four quiescent tritonymphs were collected from each clutch and stored
individually in individual tubes without food. Two days later (day 14, Fig. 1), the females
that emerged from these quiescent tritonymphs were selected, and one female from each
population tube was coupled with one adult male. This adult male was obtained directly
from a different clutch, but within the same selection line and replicate, to start a new
generation (day 14 and day 1, Fig. 1). Scramblers were always picked in scrambler lines, and
fighters in fighter lines; aside from their morph, they were randomly selected within each
clutch. If none of the collected quiescent tritonymphs on day 12 (Fig. 1) produced an adult
female, or if no adult male of the desired morph was present in a population, a replacement
was obtained from another clutch within the same replicate and selection line (never from
the same clutch). We avoided high levels of inbreeding by making sure that siblings never
mated with each other; the coupling of mites with shared grandparents was mostly avoided.
In total, we used five generations, each replicated five times for both fighter and scrambler
selection lines. No control line was established because a random selection of a male morph
will result in selection lines very similar to the fighter lines, given the fact that fighter
frequencies in the stock populations are very high. Also, alternating morph selection every
generation would be ineffective because the control line most likely would not contain
scrambler offspring.
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Adult female
(Day 14)

For each generation, cleaned or fresh individual and population tubes were used.
Before the introduction of a mite, the plaster in the population tubes was nearly saturated
with water, and ad libitum yeast was provided. Within each generation, we added water
and ad libitum yeast to each population tube on days 5, 9 and 12. If feeding or watering
coincided with obtaining data, the feeding and watering was done directly after the
observations were made.

Male morph ratio
To validate that bidirectional selection was effective, we counted the number of fighters
and scramblers in a clutch on day 12; this is when the firsts adults emerge, and the
consequences of male-male killing are minimized. Collected data were not used if one or
both parents had died before this assessment was made (n = 76), or if no adult males were
(yet) present in a clutch (n = 32; in total 108 of 300 datapoints were omitted).

Maturation time, life stage duration and life stage size
Of the offspring produced by the first and final generation (generations 0 and 5), we isolated
three eggs of each clutch. These eggs were collected two days after the male and female
were paired (day 2, Fig. 1). We recorded i) the egg length and structural size of each
subsequent stage of each mite, ii) the leg width of each adult and iii) the life stage duration
and maturation time. We checked the stage of all collected offspring once a day. If a mite
had entered a new stage, it was measured. The structural body size used here was the
distance between the ventral postero-distal points of the border between the coxa and
trochanter of the anterior leg pair (see Appendix Fig. A1). Because this region is sclerotized
it will not, or only minimally, expand when a mite grows during a stage or starts to produce
eggs. Therefore, we feel that this structural body size measurement is the best, nonintrusive, proxy of mite condition. As we cannot take the same measurement for eggs, we
have used the length of the elliptical eggs as a measurement. In adults, we measured the
width of the basal part of the trochanter of either leg of the third leg pair as an indication
of the size of weapons in fighters or expression of homologous structures (see Appendix Fig.
A1). This measurement was taken using the same photographs used to measure structural
body size in adults. The structural size measurements and leg widths of adults were also
used to see if there were differences in the allometric relation between the leg width and
body size between the two selection lines. Photographs for measurements, were taken
using a Zeiss Stemi 2000-C microscope equipped with a Zeiss Axiocam 105 color camera,
0.63-5× magnification. We used the Zen 2.3 (Blue edition) software to make measure
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distances on these photographs to the nearest 2.0 µm for third leg width measurements
and to the nearest 1.4 µm in structural body size (uncertainty calculated from 10 repeated
measurements on a fighter).
Data were omitted if a mite could not be followed from egg to adulthood, as mites
that develop into different sexes or morphs can already differ in size during juvenile stages
(e.g. Smallegange, 2011a) (108 omitted data points). Seven additional data points were
omitted because the photographs were not clear enough to take accurate measurements.
One male developed both a fighter and a scrambler leg and was omitted as well. For the
replicate numbers per stage, we refer to Appendix Table A1.A.

Clutch size and composition

Statistical analyses
Male morph ratio
We estimated the heritability of male morph expression, using data obtained during five
generations of selection, with the threshold model of quantitative genetics (Falconer and
Mackay, 1996). This model calculates the heritability of a normally distributed character
(such as hormone level) that is assumed to underlie male morph expression (the
environmental cue). In turn, this character is assumed to be based on a threshold of
expression such that individuals that are above this threshold express one phenotype while
those below the threshold express the alternative phenotype (Roff, 1996). For this model,
we used the proportion of each morph as counted on day 12 in generations 1 to 5 (for
results and formulae, see Appendix Table A2). To test for differences in male morph ratios
between generations 1 and 5 we used a generalized linear mixed-effects model (GLMM,
function ‘glmer’ in R’s lme4 package [Bates et al., 2015]) with Poisson error distribution
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We measured the clutch size (total number of offspring) and composition (number of
individuals of each stage) on day 5 (when the first eggs start hatching) and on day 12 (when
the first adults emerge). We excluded the founding generation (generation 0) from our
analyses because the founding males and females have been reared in the stock cultures
until adulthood (males) or the quiescent stage directly preceding adulthood (females);
hence there are various factors that could affect female fecundity (e.g. male age, food
availability during development). Clutch size and composition data were omitted if one or
both parents had died, or if no offspring was produced before the data were collected (see
Appendix Table A1.B for replicate numbers)

(because the data was not normally distributed). In this model we used the number of
fighters as a response variable. This response variable was tested against an offset (using
R’s ‘offset’ function [R Core Team 2017]) of the total number of males as well as generation
number (G), selection line (L) and the two-way interaction GL. The replicate block number
was included as a random term (Appendix Table A3.A).
Maturation time, life stage duration and life stage size
We tested how the mean life stage size (egg length, structural size and adult leg width), life
stage duration and the total maturation time (from egg to adult) was affected by the
selection line (L), generation number (G) and (eventual) morph or sex of tracked offspring
(O), the three two-way interactions (G  L, G  O and L  O) and the three-way interaction
(G  L  O). The effects of these factors on the life stage size were analysed using a linear
mixed-effects model (LMM). The data of the effects of the factors on life stage duration and
maturation time were not normally distributed and therefore analysed using a GLMM with
Poisson error distribution. In these models the replicate number was included as a random
term (see Appendix Table A3.B and A3.C).
To test if the allometric scaling between the response variables leg width and body
size differed between selection lines in females, scramblers or fighters, we used
Standardised Major Axis estimation and Testing Routines (SMATR) (Warton et al., 2012).
Clutch size and composition
We used a linear mixed-effects model (LMM) to analyse the effects of the generation
number (G), selection line (L) and their two-way interaction on the clutch size and the
number of mites of each stage per clutch as assessed on day 5 and 12 of each generation
(see Fig. 1). The replicate number was included as a random factor (see Appendix Table A3.D
and A3.E).
Model simplification procedure
In all analyses using an LMM or a GLMM, we used a model simplification procedure to find
the minimal adequate model (see Crawley, 2007). During this procedure, we first removed
the least significant term of the highest order interaction and compared this reduced model
to the full model where this term was not removed. If the removal of the term led to a
significant increase in the difference in deviance (likelihood ratio test compared to a chisquared distribution, p-value < 0.05) the term was kept in the model and a new reduced
model was made. In this new reduced model, the second least significant term of the
highest order was removed and compared to a full model. If the removal of a term did not
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Results
Male morph ratio
The proportion of males that were fighters increased over the generations in fighter lines
and decreased in scrambler lines (G × L: χ²1 = 284.140, P < 0.001, n = 271, Fig. 2). The
estimated heritability of the male morph was 0.298 in scrambler lines and 0.419 in fighter
lines (see Appendix Table A2).
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lead to a significant increase in the difference in deviance (p-value > 0.05), then the term
was removed from the model and the next least significant term of the highest order was
removed from the new reduced model. These steps were repeated until only terms
remained in the model of which the removal would lead to a significant increase in the
difference in deviance (for the model simplification steps and results see Appendix Table
A3) (Crawley, 2007). The random factor ‘replicate block number’ was never removed from
a model. We visually inspected Q-Q plots of the residuals of each LMM model to confirm
that the data had normally distributed errors. Models with a Poisson error distribution were
checked for overdispersion. In the Results section, we will report the parameter estimates
(ê) of each significant main effect in the best-fitting, minimal model. Parameter estimates
of the main effect selection line (L) show the difference in the intercept (Δ) between
individuals from scrambler lines compared to individuals from fighter lines (L: Δ scramblers
–fighters). Similarly, parameter estimates of the main effect ‘offspring morph or sex’ (O)
show the difference in the intercept of scramblers (O: Δ scramblers – females) or fighters
compared to females (O: Δ fighters – females). The parameter estimates of the main effect
‘Generation’ show the difference in the intercept between generation 5 and generation 0
(G: Δ generation 5 – 0).
All statistical analyses were performed using the R software (version 3.4.3) (R Core
Team, 2017) integrated in R Studio (version 1.1.419) (RStudio Team, 2017). The package
‘lme4’ (Bates et al., 2015) was used to run LMMs and GLMMs (using the ‘lmer’ and ‘glmer’
functions respectively). The package ‘smatr’ (Warton et al., 2012) was used for SMATR. We
made figures from our data using the package ‘ggplot2’ (Wickham, 2016).

Figure 2. The effect of selection lines on the mean fraction fighters of males for each generation of selection. Vertical lines are standard
errors.

Maturation time, life stage duration and life stage size
We found a significant interaction between selection line and generation number on the
mean length of eggs (G × L: χ²1 = 4.221, P = 0.040, n = 262): the mean length of eggs produced
in fighter-selected lines was longer than those produced in scrambler-selected lines in
generation 0. However, in generation 5, we found the opposite effect, as eggs produced in
scrambler lines were longer than those produced in fighter lines (Fig. 3). Notably, the mean
egg length of both selection lines decreased between generations 0 and 5 (Fig. 3). Besides
eggs decreasing in length between the first and final generation, we found similar declines
over time in the structural sizes of larvae, protonymphs and tritonymphs (see Table 1 and
Fig. 4).
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Figure 4. Mean life stage size of offspring from generations 0 and 5. Asterisks indicate a significant difference between the two
treatment levels (n.s.: not significant, *: P < 0.05, **: P < 0.01, ***: P < 0.001. Vertical lines are standard errors.
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Figure 3. The mean egg length in clutches obtained from generations 0 and 5. Vertical lines are standard errors.

Table 1. Changes in the sizes of larvae, protonymphs and tritonymphs with the
number of generations of selection (G). The parameter estimates show the
difference in the intercept between generation 5 and generation 0 (G: Δ
generation 5 – 0).
Stage
Estimate (ê)
SE
χ²1
P
n
Larva

−2.440

0.703

11.877

< 0.001

261

Protonymph

−2.839

0.845

10.969

< 0.001

246

Tritonymph

−4.797

1.488

10.351

0.001

260

Furthermore, we found that larvae in scrambler lines were significantly smaller
than larvae in fighter lines (L: Δ scramblers – fighters: ê = −1.952, SE = 0.703; χ²1 = 7.683, P
= 0.006, n = 261). Female mites (adult and juvenile) were larger than mites of the same life
stage that were or would become fighters; which in turn were larger than mites of the same
life stage that were or would become scramblers. Specifically, this difference was found in
protonymphs, tritonymphs and adults (Table 2).

Table 2. Effects of the sex or morph of an individual (O) on the sizes of protonymphs, tritonymphs and adults.
Parameter estimates show the difference in the intercept of scramblers (Δ scramblers – females) or
fighters (Δ fighters – females) compared to females.
Stage
Δ
Estimate (ê)
SE
χ²1
P
n
Protonymph

Tritonymph

Adult

scramblers – females

−4.553

1.235

fighters – females

−2.498

0.949

scramblers – females

−9.532

2.184

fighters – females

−5.084

1.639

scramblers – females

−35.454

2.989

fighters – females

−23.499

2.228

16.018

< 0.001

246

21.840

< 0.001

260

146.160

< 0.001

259

The width of the third leg pair of adults was affected by two two-way interactions.
Firstly, there was a statistically significant interaction between the selection line and the sex
or morph of the adult offspring on the width of the third leg pair (L × O: χ²2 = 6.290, P =
0.043, n = 259): the legs of fighters and scramblers from scrambler lines were wider than
those from fighter lines, but the reverse was true for legs of females (Fig. 5A). Secondly, the
third leg pair width of adults was significantly affected by the interaction between the
generation number and the sex or morph of the adults (G × O: χ²2 = 7.677, P = 0.022, n =
259): between the start and the end of the experiment, the third leg pair scramblers became
wider and the leg width of females became smaller; the leg width of fighters remained more
or less unchanged (Fig. 5B).
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We tested for differences in allometry between body size and leg width between
the two selection lines for females, scramblers and fighters. For this analysis we fitted the
natural logarithm (log) of the body size and leg width using a SMATR (Warton et al., 2012).
We found that there was no difference between the two selection lines in log body size ×
log leg width allometry in the elevation or slope of females, scramblers or fighters (see
Appendix Table A4)
Finally, we have found no evidence that the duration of the various stages was
affected by the selection line, generation number or the sex or morph the mite will develop
into, or any of the two- or three-way interactions between these main effects (see Appendix
Table A3.C for results).

Clutch size and composition
Clutch size, as well as the number of mites of most life stages within a clutch, decreased
over the course of the selection experiment, both for measurements taken on day 5 and
day 12. In the day 5 data, we found a negative correlation between the number of
generations of selection and the clutch size (G: Δ generation 5 – 0: ê = −5.205, SE = 0.930;
χ²1 = 29.324, P < 0.001, n = 234) and the number of eggs per clutch (G: Δ generation 5 – 0: ê
= −3.586, SE = 0.878; χ²1 = 16.109, P < 0.001, n = 234). Similarly, in the day 12 data, the clutch
size decreased with the decreasing numbers of generations of selection (G: Δ generation 5
– 0: ê = −9.695, SE = 1.428; χ²1 = 41.720, P < 0.001, n = 223). Correspondingly, we found a
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Figure 5. The mean third leg pair width in adult females, fighters and scramblers compared between (A) scrambler- and fighter lines,
and (B) generation 0 and 5. Vertical lines are standard errors.

decrease in the number of larvae, protonymphs, tritonymphs, females and fighters (Table
3).
Table 3. Changes in clutch composition on day 12 as a result of the number
of generations of selection (G). Parameter estimates show the difference
in the intercept of the number of larvae, protonymphs, tritonymphs,
females and fighters per clutch in generation 0 relative to generation 5
(Δ generation 5 – 0).
Stage
Estimate (ê)
SE
χ²1
P
n
Larva

−2.235

0.477

21.052

< 0.001

224

Protonymphs

−3.358

0.623

27.246

< 0.001

224

Tritonymphs

−2.747

0.503

28.056

< 0.001

223

Females

−0.777

0.309

6.267

0.012

224

Fighters

−0.662

0.213

9.595

0.002

224

The number of larvae on day 5 were affected by a significant two-way interaction
between the generation number and selection line (G × L: χ²1 = 4.794, P = 0.029, n = 234,
Appendix Fig. A2). However, we are confident this effect was the result of the unusually
large number of larvae produced by generation 1 of both selection lines, working as a
leverage point (see Appendix Fig. A2). The number of eggs produced before day 12 was
significantly affected by the interaction between the generation number and selection line
(G × L: χ²1 = 6.265, P = 0.012, n = 223, Fig. 6). Fig. 6 shows that the lines for egg production
of both selection lines cross: the number of eggs is higher in fighter lines in the first two
generations, but during generations 4 and 5, the number of eggs in scrambler lines becomes
higher.
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On day 12 we found more females in the clutches of scrambler lines than in fighter
lines (L: Δ scramblers – fighters: ê = 2.406, SE = 0.880; χ²1 = 7.420, P = 0.006, n = 224, Fig. 7).
Moreover, there were fewer fighters in scrambler lines than in fighter lines (L: Δ scramblers
– fighters: ê = −2.419, SE = 0.606; χ²1 = 15.477, P < 0.001, n = 224). The number of scramblers
in a clutch was the result of an interaction between the generation number and selection
line (G × L: χ²1 = 4.116, P = 0.042, n = 224, cf. Fig. 2) and was higher in scrambler- than in
fighter lines.
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Figure 6. The mean number of eggs in each clutch counted on the twelfth day of each new generation. Vertical lines are standard
errors.

Figure 7. The mean number of females found on day 12 in each clutch over five generations. Vertical lines are standard errors.

Discussion
IASC can occur when a phenotypic trait that is expressed in both females and males has
different fitness optima in the sexes but is governed by the same genes (Bonduriansky and
Chenoweth, 2009). In IASC, selection acts in each sex towards reaching its own trait
optimum. The result is typically that in neither sex the optimal trait value is reached
(Bonduriansky and Chenoweth, 2009). In male-dimorphic species, each male morph has
inherently different optimal trait values (Morris et al., 2013). These different trait values will
generate a stronger or weaker IASC between males and females – depending on the
mismatch with female optimal trait values. Previous results show that females from lines
selected for high-fitness ‘major’ males often have a lower fecundity than daughters from
low-fitness ‘minor’ male selection lines (Harano et al., 2010; Plesnar-Bielak et al., 2014).
Here, we investigated how the selective environment – five generations of bidirectional
selection for male morph – affected life-history traits in terms of clutch size and
composition, maturation time, expression of fighter-limited weaponry in scramblers and
females, and life stage sizes and duration.
In our experiment, selection for male morph was successful and several correlated
life-history traits differed between the selection lines. We confirmed previous findings that
male morph expression in the bulb mite is heritable (Radwan, 2003a; Smallegange and
Coulson, 2011; Plesnar-Bielak et al., 2014). Unsurprisingly, since heritability measures are
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strongly context-dependent (Falconer and Mackay, 1996; Radwan, 2009), our heritability
values in scrambler (0.298) and fighter lines (0.419) differed from those reported for other
populations: Radwan (2003a): fighter lines: 0.18 - 0.39; scrambler lines: 0.79 - 0.83;
Smallegange and Coulson (2011): fighter lines: 0.30, scrambler lines: 0.41.
In line with some previous studies (Harano et al., 2010; Plesnar-Bielak et al., 2014),
we found some potential fitness benefits of females in lines selected against male
weaponry. A correlated response to our selection regime that we found was that fighter
line females produced more eggs in the first generation, but scrambler line females laid
more eggs during the fourth and fifth generation. The fact that females maintained a higher
egg-laying rate in scrambler lines could be the result of a stronger IASC between females
and fighters, than between females and scramblers (Stuglik et al., 2014; Plesnar-Bielak et
al., 2014). The latter result is consistent with the findings of Plesnar-Bielak et al. (2014) and
Harano et al.’s (2010) findings, that female fecundity was lower in lines selected for male
weapons than in lines selected against male weapons. Hence, the putative lower IASC levels
in scrambler lines may have beneficial effects on female fitness.
Some correlated responses to our selection regime may have important effects on
how scrambler and fighter fitness vary under different environmental conditions. This is in
addition to the fact that scramblers of the same cohort mature earlier than fighters
(Smallegange, 2011a), which is beneficial in growing, as opposed to declining populations
(Caswell, 1982). Higher egg-laying rates of scrambler-related females can also be
advantageous in growing populations when competition for resources is limited (Wilbur et
al., 1974). Also – to our knowledge for the first time in a bidirectional selection line
experiment – we reported that scrambler line clutches consistently produced more females
than clutches of fighter lines. Possibly, this was a demographic response if juvenile or adult
females were killed more frequently by the larger number of fighters in fighter lines (cf. Van
den Beuken and Smallegange, 2018a [chapter II]). The higher number of females likely yields
a high clutch growth rate in growing populations (Lee et al., 2011). All this means that we
expect scramblers to perform better in growing populations. In turn, we expect fighters to
perform better in small populations where fighters use their weapons to monopolize access
to females by killing rivals (Radwan and Klimas, 2001). Because bulb mite populations likely
show boom-bust cycles, given the ephemeral nature of their food source (Lesna et al.,
1996), the maintenance of male-dimorphisms could be fuelled by frequent boom-bust
cycles where fighter and scrambler relative fitness advantages fluctuate, in addition to their
differences in success in intrasexual competition (Radwan, 2009).
Generally, the evolutionary shift in male morph expression that we observed in our
artificial selection experiment did not carry over to offspring life-history traits. We did find

a significant interaction between selection line and generation number on egg length: eggs
from fighters were initially longer than those from scramblers (as in Smallegange, 2011a).
However, after five generations of selection, eggs produced in scrambler lines were longer.
In contrast, larvae from fighter lines were on average larger than larvae from scrambler
lines, regardless of the generation number. In subsequent life stages, we found no
differences in the structural body sizes between the selection lines. Selection for scrambler
or fighter expression therefore had no carry-over effects on adult body size. This is in line
with the environmental threshold model (Hazel et al., 1990, 2004) that assumes that (adult)
body size distributions remain unaltered as male morph expression evolves. Instead, the
model predicts that, within a constant body size distribution, the threshold for male morph
expression shifts in response to a selection pressure (e.g. Tomkins et al., 2011), resulting in
more or fewer males developing into a fighter. Such an evolutionary shift in the threshold
for male morph expression likely occurred in our selection experiment (cf. Smallegange and
Deere, 2014), with limited carry-over effects on juvenile sizes.
We observed that the mean sizes of life stages and the number of individuals
present per life stage, as well as the mean clutch size, decreased over the course of the
selection experiment regardless of the selection line. Interestingly, although the mean size
of all juvenile stages decreased over the course of the selection experiment, the mean size
of adults did not decrease. Perhaps mites in the final juvenile stage were able to
compensate for any retarded growth (Hector and Nakagawa, 2012). Alternatively, smaller
individuals may have died before reaching adulthood, biasing the body size data (the
number of adult females and fighters also decreased with increasing number of
generations).
The general decrease in clutch sizes (and some individual life stage sizes) may be
the adverse result of inbreeding or genetic drift which was, to some extent, unavoidable in
our experimental setup (the lowest inbreeding coefficient in our replicates was 0.137, the
highest was 0.309). Inbreeding and genetic drift can have had several unknown effects on
our results, possibly even interacting with traits selected for in selection lines. High levels of
inbreeding in R. robini are known to reduce female fecundity, increase juvenile mortality
and consequently, increase the risk of population extinction (Radwan, 2003b). However, we
contest that the selection-line specific differences in life-history traits that we observed are
the result of inbreeding, and not of bidirectional selection. We likely selected for the
threshold (or sensitivity to environmental cues) for male morph expression to increase or
decrease respectively in scrambler and fighter lines. If this selection results in higher levels
of inbreeding (i.e. lower genetic variation) in e.g. fighter lines, then this would entail that
there is less standing genetic variation in genes that would decrease the threshold (resulting
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in more fighters) than there is that would increase the threshold. To our knowledge, there
are no empirical studies to support this idea, and we think that it is unlikely that it occurred
in our study.
We also inspected the allometric relation between body size and leg width to test
if the scaling between body size and leg width differed between selection lines. Buzatto et
al. (2018) found that bidirectional selection for leg width in R. echinopus fighters resulted in
positively correlated responses in leg sizes of scramblers and females. This suggests that the
development of leg size is not fully decoupled between fighters and scramblers (also see
Pike et al., 2017) or females. Though we did not select for leg width in this experiment, we
did find that in scrambler lines, compared to fighter lines, fighter and scrambler legs were
wider and female legs were narrower. However, contrary to our hypothesis, we could not
support the notion that this was due to differences in allometric scaling between legs and
body size. Regardless, given our results and those of Buzatto et al. (2018), we stress that the
expression of traits that are considered to be limited to one sex or male morph may be
expressed (to a limited extent) in other sexes or morphs. These traits should therefore not
be ignored as such male-specific traits may affect fecundity in females (e.g. Swierk and
Langkilde, 2013).
In conclusion: our data shows that multiple generations of bidirectional selection
for male morph can result in correlative responses in other life-history traits, including shifts
in the number of females within clutches, and the long-term egg-laying rate and egg sizes.
Differences between selection lines in these life-history traits may define under what
circumstances fighter and scrambler clutches may have an increased fitness. Likely, the
differences between selection lines were fuelled by different levels of IASC between
females and the two male morphs.

Appendix
We conducted an experiment in which we bidirectionally selected for male morph
expression for five generations in the male-dimorphic bulb mite Rhizoglyphus robini. In
generations 1 to 5 we counted how many males of each morph were present in each clutch
on day 12 (after the first adults emerged). With these data we calculated the heritability of
the liability of the scrambler and fighter morph (Table A2). Additionally, we tested how the
proportion fighters of males was affected by the selection line, the number of generations
and their two-way interaction (Table A3.A).
Using data obtained by following three eggs from each clutch in generations 0 and
5 to adulthood (replicate numbers in Table A1.A), we tested for the effects of selection line,
generation number and (eventual) morph or sex of mites, as well as the three two-way
interactions and single three-way interaction, on the i) life stage size (Table A3.B), ii) leg
width of each adult (Table A3.B) and the iii) life stage duration and maturation time (Table
A3.C). For an example of the structural size and leg width measurement, see Fig. A2.
We assessed the clutch size and composition twice per generation (on day 5 and
day 12, replicate numbers in Table A1.B). We used this data to analyse how the selection
line, generation number and their two-way interaction affect the clutch size and
composition as assessed on day 5 (Table A3.D) and day 12 (Table A3.E). Fig. A2 shows the
outliers we found in the number of larvae found in clutches on day 5, in both selection lines.
For all models we used model simplification steps to find a minimal adequate
model; the performed simplification steps can be found in Table A3.
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Tables
Table A1. The number of replicates for the clutch size and composition assay (A) and the life
stage and duration, third leg size and developmental time assay (B). Table A shows the
number of isolated offspring that could be tracked from egg to adult in generations 0 and
5. Table B shows the number of clutches that were assessed per selection line and
generation (generations 1 to 5). These assessments were made twice in each generation:
on day 5 and day 12.
A
Fighter line
Scrambler line
Generation

0

5

0

5

Replicates

64

63

66

68

Generation

1

2

3

4

5

1

2

3

4

5

Day 5

24

22

21

19

22

23

28

25

23

27

Day 12

22

21

19

18

17

23

28

26

22

27

B

Fighter line

Scrambler line

Generation

n

f

x

i

n

f

x

i

1

20

0.349

0.385

1.058

20

0.900

−1.282

0.195

2

26

0.525

−0.050

0.751

21

0.883

−1.175

0.221

3

23

0.512

−0.025

0.777

12

0.902

−1.282

0.191

4

17

0.673

−0.440

0.533

15

0.896

−1.282

0.204

5

24

0.747

−0.674

0.431

14

0.953

−1.665

0.103

R = 1.059, Heritability = 0.145

R = 0.383, Heritability = 0.538
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Table A2. Calculation of the narrow-sense heritability of the liability of the scrambler and fighter morph
in respectively scrambler- and fighter lines. The presented fractions (f) are the fraction of males that
developed the morph selected for as counted on day 12 of each generation. The mean liability for a
trait (x) and the mean deviation of individuals from the mean liability (i) are both expressed in
standard-deviation units from the population mean (Falconer and Mackay, 1996). The values for x
and i were both obtained from Falconer and Mackay (1996). The heritability of liability were
calculated using the formulae in Falconer and Mackay (1996): 𝑯𝒆𝒓𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚 = 𝑹/ ∑ 𝒊; with R being
the response to selection between generation 1 and generation 5: 𝑹 = −(𝒙𝟓 − 𝒙𝟏 ). In several
populations no males were present on day 12 (in each generation and selection line: 30 – n); these
populations were omitted for this calculation.
Scrambler line
Fighter line

Table A3. Model simplification steps used to analyse (A) the relative number of fighters in clutches (B) the size of each life
stage and the width of the third leg pair of adults, (C) the life stage duration and total development time, (D) the clutch size
and composition on day 5 and (E) day 12. From each fitted model (model 1), we removed the least significant term of the
highest order interaction (term underscored) to produce a reduced model (model 2). To test for a significant difference
in deviance between the two models, we used a likelihood ratio test compared to a chi-squared distribution. If the
reduced model had a significantly higher deviance χ² than the fitted model (P < 0.05, printed in bold), then we kept the
removed term in the next fitted model and removed the second least significant term from the model to produce a new
reduced model. We continued repeating these steps until only terms remained in the model of which the removal leads
to a significant increase in deviance. The relative male morph number (Table A3.A) and clutch size and composition (Table
A3.D and A3.E) analyses feature a two-way interaction between the generation number (G) and selection line (L) (G × L).
For the analyses of the mean sizes per stage (A3.B) and stage duration (A3.C) we used a three-way interaction between
the generation number, selection line and the sex or morph into which a mite develops (O) (G × L × O). The two-way
interactions (G × L, G × O and L × O) and the three main effects (G, L and O) are included in each model where the threeway interaction G  L  O is used. Similarly, the two main effects in the two-way interaction G  L are also included in each
model. Each model includes the replicate block number as a random factor; this random factor was never removed from
the model. We used linear mixed-effects models (LMM) for all analyses except for the male morph ratio and the life stage
duration and maturation time analysis (Table A3.C). The analyses of stage duration and male morph ratio did not produce
normally distributed data; hence we used a generalized linear mixed-effects model (GLMM) with a Poisson error
structure. We will show the parameter estimates (ê) of each significant main effect. The parameter estimates of selection
line (L) are the intercepts of the scrambler lines (L-Scramblers) relative to those of the fighter lines (‘L: Δ scramblers –
fighters’ in the main text). Likewise, parameter estimates of the main effect ‘offspring morph or sex’ (O) show the
intercepts of mites that will become or are scramblers (O-Scramblers) or fighters (O-Fighters), relative to the intercepts
of females (respectively ‘O: Δ scramblers – females’ and ‘O: Δ fighters – females’ in the main text). The parameter
estimates of the main effect ‘Generation’ show the difference in intercept between generation 5 and generation 0 (‘G: Δ
generation 5 – 0’ in the main text).
(A) Male morph ratio
Number of fighters, relative to total number of males after 12 days
Full model: GLMM: Number of fighters ~ G  L + offset (number of males). N = 271
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

284.140

< 0.001

AIC-value (df)

15012.290 (5)

15294.430 (4)

Final model: Number of fighters ~ G  L

(B) Life stage sizes
Mean length of eggs
Full model: LMM: Egg length ~ G  L  O. N = 262
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

2.292

0.318

AIC-value (df)

1996.027 (14)

2005.847 (12)

2

GL+GO+LO

GL+GO

0.176

0.916

AIC-value (df)

2005.847 (12)

2010.857 (10)

3

GL+GO

GL+O

2.283

0.319

AIC-value (df)

2010.857 (10)

2017.843 (8)

4

GL+O

G+L+O

4.221

0.040

AIC-value (df)

2017.843 (8)

2023.917 (7)

5

GL+O

GL

1.880

0.391

AIC-value (df)

2017.843 (8)

2021.675 (6)

Final model: Egg length ~ G  L
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Mean structural size of larvae
Full model: LMM: Size larvae ~ G  L O. N = 261
Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

2.098

0.350

AIC-value (df)

1640.040 (14)

1646.960 (12)

2

GL+GO+LO

GO+LO

0.033

0.857

AIC-value (df)

1646.960 (12)

1647.548 (11)

3

GO+LO

GO+L

0.825

0.662

AIC-value (df)

1647.548 (11)

1650.335 (9)

4

GO+L

L+O+G

2.391

0.303

AIC-value (df)

1650.335 (9)

1654.700 (7)

5

L+O+G

L+G

1.417

0.492

AIC-value (df)

1654.700 (7)

1655.330 (5)

6

L+G

G

7.683

0.006

AIC-value (df)

1655.330 (5)

1662.091 (4)

ê = −1.952, SE = 0.703, t = −2.780

7

L+G

L

11.877

AIC-value (df)

1655.330 (5)

1666.291 (4)

ê = −2.440, SE = 0.703, t = −3.470

< 0.001

Final model: Size larvae ~ L + G

Mean structural size of protonymphs
Full model: LMM: Size protonymphs ~ G  L  O. N = 246
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.196

0.907

AIC-value (df)

1614.164 (14)

1619.867 (12)

2

GL+GO+LO

GL+LO

0.280

0.869

AIC-value (df)

1619.867 (12)

1622.849 (10)

3

GL+LO

GL+O

2.781

0.249

AIC-value (df)

1622.849 (10)

1628.130 (8)

4

GL+O

G+L+O

2.669

0.102

AIC-value (df)

1628.130 (8)

1631.668 (7)

5

G+L+O

G+O

< 0.001

0.986

AIC-value (df)

1631.668 (7)

1631.180 (6)

6

G+O

G

16.018

< 0.001

AIC-value (df)

1631.180 (6)

1646.984 (4)

F: ê = −2.498, SE = 0.949, t = −2.630
S: ê = −4.553, SE = 1.235, t = −3.690

7

G+O

O

10.969

AIC-value (df)

1631.180 (6)

1641.706 (5)

ê = −2.839, SE = 0.845, t = −3.360

Final model: Size protonymphs ~ G + O
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Step #

Mean structural size of tritonymphs
Full model: LMM: Size tritonymphs ~ G  L  O. N = 260
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.333

0.847

AIC-value (df)

2003.883 (14)

2012.013 (12)

2

GL+GO+LO

GO+LO

0.020

0.889

AIC-value (df)

2012.013 (12)

2014.088 (11)

3

GO+LO

LO+G

0.187

0.911

AIC-value (df)

2014.088 (11)

2019.208 (9)

4

LO+G

L+O+G

0.703

0.704

AIC-value (df)

2019.208 (9)

2024.876 (7)

5

L+O+G

O+G

0.525

0.469

AIC-value (df)

2024.876 (7)

2026.034 (6)

6

O+G

O

10.351

0.001

AIC-value (df)

2026.034 (6)

2036.897 (5)

ê = −4.797, SE = 1.488, t = −3.220

7

O+G

G

21.840

2049.824 (4)

F: ê = −5.084, SE = 1.639, t = −3.100
S: ê = −9.532, SE = 2.184, t = −4.360

AIC-value (df)

2026.034 (6)

< 0.001

Final model: Size tritonymphs ~ G + O

Mean structural size of adults
Full model: LMM: Size adults ~ G  L  O. N = 259
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.617

0.734

AIC-value (df)

2142.719 (14)

2152.362 (12)

2

GL+GO+LO

GL+GO

1.250

0.535

AIC-value (df)

2152.362 (12)

2159.784 (10)

3

GL+GO

L+GO

1.441

0.230

AIC-value (df)

2159.784 (10)

2163.792 (9)

4

L+GO

L+G+O

2.782

0.249

AIC-value (df)

2163.792 (9)

2172.738 (7)

5

L+G+O

L+O

0.653

0.419

AIC-value (df)

2172.738 (7)

2174.604 (6)

6

L+O

O

1.387

0.239

AIC-value (df)

2174.604 (6)

2177.254 (5)

7

O

1

146.160

< 0.001

2326.633 (3)

F: ê = −23.499, SE = 2.228, t = −10.550
S: ê = −35.454, SE = 2.989, t = −11.860

AIC-value (df)

2177.254 (5)

Final model: Size adults ~ O
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Mean leg width of adults
Full model: LMM: Leg width adults ~ G  L  O. N = 259
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.692

0.708

AIC-value (df)

1758.174 (14)

1764.744 (12)

2

GL+GO+LO

GO+LO

2.045

0.153

AIC-value (df)

1764.744 (12)

1767.839 (11)

3

GO+LO

LO+G

7.677

0.022

AIC-value (df)

1767.839 (11)

1778.445 (9)

4

GO+LO

GO+L

6.290

0.043

AIC-value (df)

1767.839 (11)

1776.925 (9)

Final model: Leg width adults ~ G  O + L  O

(C) Life stage duration and maturation time
Egg stage duration
Full model: GLMM: Egg stage duration ~ G  L O (Poisson error distribution). N = 262
Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.454

0.797

AIC-value (df)

890.603 (13)

887.057 (11)

2

GL+GO+LO

GL+LO

0.086

0.958

AIC-value (df)

887.057 (11)

883.142 (9)

3

GL+LO

LO+G

0.197

0.658

AIC-value (df)

883.142 (9)

881.339 (8)

4

LO+G

L+O+G

0.282

0.869

AIC-value (df)

881.339 (8)

877.621 (6)

5

L+O+G

O+G

0.007

0.935

AIC-value (df)

877.621 (6)

875.627 (5)

6

O+G

G

0.206

0.902

AIC-value (df)

875.627 (5)

871.834 (3)

7

G

1

1.628

0.202

AIC-value (df)

871.834 (3)

871.461 (2)

Final model: egg stage duration ~ 1
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Step #

Larva stage duration
Full model: GLMM: larval stage duration ~ G  L  O (Poisson error distribution). N = 251
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.477

0.788

AIC-value (df)

757.953 (13)

754.430 (11)

2

GL+GO+LO

GO+LO

0.012

0.912

AIC-value (df)

754.430 (11)

752.4426 (10)

3

GO+LO

LO+G

0.416

0.812

AIC-value (df)

752.4426 (10)

748.859 (8)

4

LO+G

L+O+G

0.879

0.644

AIC-value (df)

748.859 (8)

745.738 (6)

5

L+O+G

O+G

0.003

0.958

AIC-value (df)

745.738 (6)

743.740 (5)

6

O+G

O

0.043

0.835

AIC-value (df)

743.740 (5)

741.784 (4)

7

O

1

0.553

0.759

AIC-value (df)

741.784 (4)

738.336 (2)

Final model: larval stage duration ~ 1

Protonymph stage duration
Full model: GLMM: protonymph stage duration ~ G  L  O (Poisson error distribution). N = 251
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.087

0.958

AIC-value (df)

675.502 (13)

671.589 (11)

2

GL+GO+LO

GL+GO

0.131

0.937

AIC-value (df)

671.589 (11)

667.7201 (9)

3

GL+GO

GL+O

0.210

0.900

AIC-value (df)

667.7201 (9)

663.930 (7)

4

GL+O

G+L+O

0.090

0.764

AIC-value (df)

663.930 (7)

662.020 (6)

5

G+L+O

G+L

0.036

0.982

AIC-value (df)

662.020 (6)

658.056 (4)

6

G+L

L

0.100

0.752

AIC-value (df)

658.056 (4)

656.156 (3)

7

L

1

0.154

0.695

AIC-value (df)

656.156 (3)

654.310 (2)

Final model: protonymph stage duration ~ 1
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Tritonymph stage duration
Full model: GLMM: tritonymph stage duration ~ G  L  O (Poisson error distribution). N = 261
Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.239

0.887

AIC-value (df)

767.252 (13)

763.491 (11)

2

GL+GO+LO

GL+LO

0.017

0.992

AIC-value (df)

763.491 (11)

759.508 (9)

3

GL+LO

GL+O

0.291

0.865

AIC-value (df)

759.508 (9)

755.799 (7)

4

GL+O

G+L+O

0.312

0.577

AIC-value (df)

755.799 (7)

754.111 (6)

5

G+L+O

G+L

0.153

0.926

AIC-value (df)

754.111 (6)

750.264 (4)

6

G+L

G

0.095

0.757

AIC-value (df)

750.264 (4)

748.359 (3)

7

G

1

1.355

0.244

AIC-value (df)

748.359 (3)

747.714 (2)

Final model: tritonymph stage duration ~ 1

Maturation time
Full model: GLMM: maturation time ~ G  L O (Poisson error distribution). N = 261
Step #

Model 1

Model 2

χ²

P

1

GLO

GL+GO+LO

0.045

0.978

AIC-value (df)

1131.123 (13)

1127.169 (11)

2

GL+GO+LO

GL+LO

0.096

0.953

AIC-value (df)

1127.169 (11)

1123.265 (9)

3

GL+LO

GL+O

0.244

0.885

AIC-value (df)

1123.265 (9)

1119.508 (7)

4

GL+O

G+L+O

0.236

0.627

AIC-value (df)

1119.508 (7)

1117.744 (6)

5

G+L+O

G+L

0.138

0.933

AIC-value (df)

1117.744 (6)

1113.883 (4)

6

G+L

G

0.115

0.735

AIC-value (df)

1113.883 (4)

1111.998 (3)

7

G

1

1.134

0.287

AIC-value (df)

1111.998 (3)

1111.131 (2)

Final model: maturation time ~ 1
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Step #

(D) Clutch size and composition – day 5
Clutch size – day 5
Full model: LMM: Clutch size ~ G  L. N = 234
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

0.375

0.375

AIC-value (df)

2076.157 (6)

2078.041 (5)

2

G+L

G

0.799

0.372

AIC-value (df)

2078.041 (5)

2080.625 (4)

3

G

1

29.324

< 0.001

AIC-value (df)

2080.625 (4)

2109.720 (3)

ê = −5.205, SE = 0.930, t = −5.594

Final model: Clutch size ~ G

Number of eggs – day 5
Full model: LMM: Number of eggs ~ G  L. N = 234
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

0.227

0.634

AIC-value (df)

2050.671 (6)

2051.878 (5)

2

G+L

G

0.228

0.633

AIC-value (df)

2051.878 (5)

2053.782 (4)

3

G

1

16.109

< 0.001

AIC-value (df)

2053.782 (4)

2069.517 (3)

ê = −3.586, SE = 0.878, t = −4.085

Final model: Number of eggs ~ G

Number of larvae – day 5
Full model: LMM: Number of larvae ~ G  L. N = 234
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

4.794

0.029

AIC-value (df)

1327.914 (6)

1330.534 (5)

Final model: Number of larvae ~ G  L

(E) Clutch size and composition – day 12
Clutch size – day 12
Full model: LMM: Clutch size ~ G  L. N = 223
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

0.287

0.592

AIC-value (df)

2153.526 (6)

2155.780 (5)

2

G+L

G

0.2422

0.623

AIC-value (df)

2155.780 (5)

2158.666 (4)

3

G

1

41.720

< 0.001

AIC-value (df)

2158.666 (4)

2201.071 (3)

ê = −9.695, SE = 1.428, t = −6.789

Final model: Clutch size ~ G
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Number of eggs – day 12
Full model: LMM: Number of eggs ~ G  L. N = 223
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

6.265

0.012

AIC-value (df)

1618.361 (6)

1624.052 (5)

Final model: Number of eggs ~ G  L

Number of larvae – day 12
Full model: LMM: Number of larvae ~ G  L. N = 224
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

0.002

0.970

AIC-value (df)

1675.405 (6)

1675.169 (5)

2

G+L

G

0.825

0.364

AIC-value (df)

1675.169 (5)

1676.437 (4)

3

G

1

21.052

< 0.001

AIC-value (df)

1676.437 (4)

1695.786 (3)

ê = −2.235, SE = 0.477, t = −4.688

Chapter IV

Final model: Number of larvae ~ G

Number of protonymphs – day 12
Full model: LMM: Number of protonymphs ~ G  L. N = 224
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

1.746

0.186

AIC-value (df)

1796.525 (6)

1798.515 (5)

2

G+L

G

3.538

0.060

AIC-value (df)

1798.515 (5)

1803.001 (4)

3

G

1

27.246

< 0.001

AIC-value (df)

1803.001 (4)

1829.215 (3)

ê = −3.358, SE = 0.623, t = −5.387

Final model: Number of protonymphs ~ G

Number of tritonymphs – day 12
Full model: LMM: Number of tritonymphs ~ G  L. N = 224
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

0.250

0.617

AIC-value (df)

1706.958 (6)

1707.081 (5)

2

G+L

G

0.589

0.443

AIC-value (df)

1707.081 (5)

1708.225 (4)

3

G

1

28.056

< 0.001

AIC-value (df)

1708.225 (4)

1734.787 (3)

ê = −2.747, SE = 0.503, t = −5.466

Final model: Number of tritonymphs ~ G
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Number of females – day 12
Full model: LMM: Number of females ~ G  L. N = 224
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

0.001

0.980

AIC-value (df)

1488.917 (6)

1487.806 (5)

2

G+L

L

6.267

0.012

AIC-value (df)

1487.806 (5)

1491.567 (4)

ê = −0.777, SE = 0.309, t = −2.519

3

G+L

G

7.420

AIC-value (df)

1487.806 (5)

1494.778 (4)

ê = 2.406, SE = 0.880, t = 2.736

0.006

Final model: Number of females ~ G + L

Number of fighters – day 12
Full model: LMM: Number of fighters ~ G  L. N = 224
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

2.481

0.115

AIC-value (df)

1319.004 (6)

1319.641 (5)

2

G+L

L

9.595

0.002

AIC-value (df)

1319.641 (5)

1325.909 (4)

ê = −0.662, SE = 0.213, t = −3.114

3

G+L

G

15.477

AIC-value (df)

1319.641 (5)

1333.921 (4)

ê = −2.419, SE = 0.606, t = −3.994

< 0.001

Final model: Number of fighters ~ G + L

Number of scramblers – day 12
Full model: LMM: Number of scramblers ~ G  L. N = 224
Step #

Model 1

Model 2

χ²

P

1

GL

G+L

4.116

0.042

AIC-value (df)

1185.395 (6)

1186.996 (5)

Final model: Number of scramblers ~ G  L

Table A4. Results of the SMATR analysis testing for differences in allometry between
body size and leg width between females, scramblers and fighters in both selection
lines. Shown are the elevation and slope (with the 95% confidence interval [CI]) of the
log body size × log leg width allometry of females, scramblers and fighters in fighter
and scrambler lines.
Sex or morph
Selection line
Elevation (95% CI)
Slope (95% CI)
Female
Scrambler
Fighter

Fighter
Scrambler
Fighter
Scrambler
Fighter
Scrambler

4.304 (3.278, 5.331)
4.265 (3.429, 5.101)
2.490 (1.056, 3.923)
2.151 (0.579, 3.723)
0.936 (−2.386, 4.258)
2.654 (1.122, 4.186)

0.282 (0.041, 0.558)
0.289 (0.093, 0.508)
0.673 (0.363, 1.109)
0.750 (0.418, 1.237)
0.987 (0.374, 2.572)
0.600 (0.289, 1.028)
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Figures

Figure A2. The number of larvae as counted on day 5 for generations 1 to 5. Vertical lines are standard errors.
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Figure A1. Structural body size (grey) and third leg width (black) measurements on the ventral side of a left-facing female

100 | Chapter IV

Chapter V
Et tu, brother? Kinship and increased nutrition lower
cannibalism incidence in male bulb mites
Tom P.G. Van den Beuken, Logan W. Stockwell and Isabel M.
Smallegange

Manuscript submitted to Animal Behaviour

If God did not intend for us to eat animals, then why did he make them out of meat?
― John Cleese ―
Chapter V
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Abstract
The killing of conspecifics returns indirect benefits when killers eliminate competitors for
resources, and direct benefits when cannibals obtain nutrients directly after killing.
Cannibals risk pathogen infection and both killers and cannibals risk reducing their inclusive
fitness when killing kin. When competing with kin over food during a prolonged period of
starvation, we surmise that this cost-benefit ratio will stay almost constant for killers, as
their benefits are indirect so that they direct killing away from kin (unless in extremis), but
that this ratio will reduce over time for cannibals, as their benefits are direct, such that they
will start consuming kin when food-stressed. We tested this hypothesis using the maledimorphic bulb mite Rhizoglyphus robini where males are armed ‘fighters’ that can kill and
cannibalise, or unarmed ‘scramblers’. In four-fighter groups that were either starved or fed
for two weeks, and that comprised either kin (brothers) or non-kin (at most cousins), we
assessed the number of dead and cannibalised fighters. The cumulative number of dead
and cannibalised fighters was higher under starved than under fed conditions, and
increased over time, irrespective of group-relatedness, rejecting our cannibalism
hypothesis. Instead, we found that fewer kin than non-kin were cannibalised, but fighters
discriminated to a much lesser extent between kin and non-kin when killing. Possibly,
cannibalism of kin incurs a greater risk of infection by pathogens to which cannibals are
genetically susceptible. Our results highlight the importance of distinguishing killing from
cannibalism, as they can have contrasting effects on the demography of populations.
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The killing of conspecifics is a widespread phenomenon in the animal kingdom (Polis, 1981).
Reasons to kill conspecifics are diverse; notably, the killing of conspecifics reduces
competition for resources such as food or mates (Polis, 1981). Importantly, there are costs
associated with killing. For example: killers risk injury during fights, and a killer can suffer a
reduction in inclusive fitness if the victim is related to the killer (Polis, 1981). To avoid
inclusive fitness loss by killing kin, killing has been hypothesized to promote the evolution
of kin recognition (Pfennig, 1997). Kin recognition requires that individuals i) express a
phenotypic ‘kin label’, ii) recognize the label and iii) exhibit kin-biased behaviour (Hamilton,
1964; Mateo, 2004). If kin has been successfully identified, the premise is that animals more
readily refrain from killing kin than non-kin (Pfennig, 1997).
Like conspecific killing, cannibalism (i.e. conspecific predation [Fox, 1975]) comes
with costs and benefits. As cannibalism requires the victim to be killed, cannibalism
inherently shares the same costs and benefits as killing; however, there are some additional
costs and benefits to cannibalism. Whereas killing provides the indirect benefit of gaining
access to (nutritional) resources by eliminating competition, cannibalism has the additional
direct benefit of instantly acquiring food (Polis, 1981). Compared to killing, cannibalism also
has additional costs such as the increased risk of pathogen or parasite infection (Polis,
1981). Comparing the behaviour of killers and cannibals is particularly interesting if the
contested resource is food.
Both killing and cannibalism are expected to be more common under starved than
under fed conditions (Svare and Bartke, 1978; Polis, 1981; Pfennig et al., 1993; Fincke,
1994). Under starved conditions, killing eliminates competition over access to limited
resources, and cannibalism additionally directly provides nutrition to the cannibal (Polis,
1981). The incidence of killing and cannibalism is likely dependent on the balance between
their relative costs and benefits. A shift in the relative costs and benefits of killing and
cannibalism may lead to a corresponding shift in the incidence of killing and cannibalism.
For example, when starved, individuals become increasingly hungry over time, the
resource-value – and thus the benefit of killing or cannibalism – increases (Pfennig et al.,
1993). Though potential cannibals may initially refrain from killing kin (and losing inclusive
fitness), prolonged starvation, and increased hunger, will result in a reduction of the costbenefit ratio (Pfennig et al., 1993). Therefore, under extended periods of starvation, the
probability of the cannibalism of kin may increase.
Similarly, killers are predicted to kill more competitors under prolonged periods of
starvation as the value of the contested resource (food) increases. Importantly, under

starved conditions the benefits of killing are indirect; killing a potential competitor for food
is only beneficial once food becomes available. However, under starved conditions the
benefit of cannibalism is direct; cannibalism directly delivers nutrition and is therefore
directly beneficial. To our knowledge, the effect of food conditions and starvation over time
on the killing and cannibalism incidence has not been tested within the same experiment.
This is important because, firstly, killing and cannibalism can have different costs and
benefits, and secondly, theory has shown that the killing or cannibalising of conspecifics can
have very contrasting effects on the demography of populations, as well as the evolution of
the killing behaviour itself (Croll et al., 2018).
Here we experimentally investigated the effect of food conditions on the
prevalence of killing and cannibalism over time, in kin and non-kin groups of male bulb mites
(Rhizoglyphus robini). Bulb mite males are either unarmed ‘scramblers’ or armed ‘fighters’
that have thickened legs with sharp ends that they can use to kill and cannibalise
conspecifics (Van den Beuken and Smallegange, 2018a [chapter II]). Though scramblers and
fighters represent different alternative reproductive tactics, the potential for different diet
compositions suggests that they may also represent alternative trophic tactics (Łukasik,
2010). As scramblers have not been observed to be able to kill conspecifics (Van den Beuken
and Smallegange, 2018a [chapter II]), we only used fighters for this study. Bulb mites live in
large aggregations where females lay many solitary eggs, hence bulb mites are likely to
experience mixed-kin environments. Killing and cannibalism by fighters occurs frequently in
bulb mites (e.g. Smallegange et al., 2018; Van den Beuken and Smallegange, 2018a [chapter
II]), and female reproductive output is higher in kin-selected groups than in non-kin selected
groups (Łukasiewicz et al., 2017). Therefore, there likely is selection on bulb mites to
distinguish kin from non-kin.
We subjected fighters to a no-choice experiment wherein non-kin or kin-only
groups of four fighters were kept for two weeks with or without access to high quality food.
During these two weeks, we assessed, twice, at weekly intervals, how many fighters were i)
dead but intact, which we took as a proxy of being killed, and ii) how many fighters were
dead and deflated, which we took as a proxy of being cannibalised, as bulb mites cannibalise
by feeding on the bodily fluids from their victim leaving a deflated husk (see Fig. 1B in Van
den Beuken and Smallegange, 2018a [chapter II]). We expect that fighters kill more in the
starved than in the fed treatment, as we assume fighters to compete for resources that they
perceive as being scarce (e.g. females, but also food in case of the starved treatment).
Furthermore, we expect that more non-kin than kin are killed. As the experiment
progresses, we expect that the cumulative number of killed kin and non-kin increases over
time. Crucially, we expect that the relative costs and benefits of killing remains more or less
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Materials and methods
Collection of adult fighters
Mites for our stock cultures were obtained in 2010 from flower bulb storage rooms in North
Holland (The Netherlands); each of our four stock cultures was founded by 50 randomly
selected individuals. We are not aware of the level of inbreeding (and therefore the
opportunity for a distinction between kin and non-kin) in our populations, though through
regular remixing of the stock populations we aimed to maintain genetic diversity. Our bulb
mite populations were maintained as detailed in Van den Beuken and Smallegange (2018a
[chapter II]). From our stock populations, we collected quiescent tritonymphs; this is the
bulb mite’s final moulting stage before reaching adulthood, which lasts approximately 24
hours. Quiescent tritonymphs were individually transferred to ‘individual tubes’ (7 mL: h ×
d: 50 × 16 mm) that were two-thirds filled with plaster of Paris (mixed with some powdered
charcoal for visual contrast between the ivory-coloured mites and grey substratum). The
caps closing the individual tubes were punctured to allow for air exchange; a fine mesh was
used between the cap and the tube to prevent the mites from escaping. Before mites were
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constant as neither starved nor fed fighters benefit directly from killing (after killing the
contested resource remains absent). Thus, we expect no interactive effects between time
passed, food conditions or relatedness on killing incidences. We do expect that the relative
benefits of cannibalism increase over time under starved conditions. As we explained
previously, cannibals have a direct gain from cannibalising under starved conditions (i.e.
obtaining nutrients). Hence, we expect that cannibalism incidences increase over time
under starved conditions, but not under fed conditions (as e.g. in the spadefoot toad
Scaphiopus bombifrons [Pfennig et al., 1993]). Moreover, we expect a stronger increase in
the cannibalism incidences over time in kin, than in non-kin groups; in kin-groups we expect
cannibals to refrain from cannibalism at the start of the experiment, but to compensate for
it towards the end of the experiment (cf. Pfennig et al., 1993). We expect fighters to
cannibalise more in non-kin groups than in kin groups, and we expect cannibalism to show
an increase over time as the experiment progresses and hunger increases. Hence, we expect
a significant, three-way interaction between food conditions, relatedness and time on
cannibalism. Finally, we included a control treatment where a single fighter was tracked
under the same conditions as four-fighter groups. We used this control to confirm that
deflation does not occur in isolation (and is therefore a proxy of cannibalism), to assess
background mortality and to assess the effect of starvation on mortality over time.

put into tubes, an almost saturating quantity of water was added to the plaster. A day after
the quiescent tritonymphs were collected and added to the tubes, the emerged adults were
provided with ad libitum yeast (Bruggeman instant yeast). Mites were kept in these tubes
with yeast for three days to fully mature. Afterwards, we randomly selected a total of 27
couples, each consisting of one virgin male and one virgin female. These couples were
paired in a ‘population tube’ (12 mL: 40 × 23 mm, same substratum and punctured caps as
individual tubes) with ad libitum yeast. Females usually start laying eggs one day after
mating. Four days after the male and female were coupled, we collected all eggs laid by the
female and divided them evenly into four fresh population tubes and provided them with
ad libitum yeast. If needed, depleted food was replenished and water was added every
three days. Eggs hatched and developed into adults during the following 11-14 days. After
these 11-14 days, adult fighters were selected from each clutch and were put singly
(controls) or in groups of four in a population tube (see Experimental setup).

Experimental setup
Fighters were kept in the population tubes for a total of two weeks (one replicate block).
During this time, males were in single-fighter groups, or in four-fighter groups (treatment:
group size [G]: single- or four-fighter groups). Fighters were either provided with ad libitum
access to yeast (fed) or with no food at all (starved) throughout the replicate block
(treatment: nutritional state [N]: fed or starved). Four-fighter groups consisted of either
four brothers (kin) or four distantly related fighters (non-kin) (treatment: relatedness [R]:
kin or non-kin). As response variables we assessed the number of dead and deflated fighters
per group. We assessed this twice per replicate block: one and two weeks after the start of
the replicate block (treatment: fixed factor time [T]: week 1 or week 2). Fighters were
marked ‘dead’ if they were unresponsive to the touch of a brush, and ‘deflated‘ if their dead
bodies were also deflated (see Van den Beuken and Smallegange, 2018a [chapter II], Fig. 1B
for a photographic image of a deflated mite). After assessing the number of dead and
deflated fighters on week 1, we replenished the food (only in fed treatments) and water.
Brothers were all obtained from different clutches produced by the same parents
and thus were separated from brothers from the egg stage onwards (average relatedness =
0.5). We separated brothers to prevent site-specific kin recognition through context-based
recognition (e.g. individuals occurring in the same area) or prior association (familiar
individuals) but rather have fighters rely on kin recognition through recognition alleles
(recognition of phenotypic traits such as the green beard effect: Dawkins, 1976) or selfreferent phenotype matching (recognition of phenotypic traits matching the observer’s)
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(Mateo, 2004; Schausberger, 2004). Alternatively, unfamiliar kin are recognized through
‘indirect familiarization’: here, unfamiliar brothers express the same labels as familiar
brothers with which an individual shared a clutch (Porter, 1988; Mateo, 2004). Non-kin
fighters were obtained from clutches produced by different parents and were at most
cousins if their parents happened to be siblings (average relatedness ≤ 0.125). However, we
deemed the odds of obtaining siblings from the populations as negligible given the large
number of mites in the stock populations (several thousand per stock population).
Groups in which one or more fighters were killed due to handling errors were
removed from the dataset. We could not determine whether fighters were deflated or not
on four occasions; we omitted these data points from our deflated-data analyses (kin, fed:
n = 1, kin, starved: n = 0, non-kin, fed: n = 1, non-kin, starved: n = 2). No deflated males were
found in single-fighter groups, so we could not run an analysis comparing the number of
deflated fighters between single- and four-fighter groups.

Response variables and statistical analyses
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As response variables we used the per capita number of dead fighters (between single and
four-fighter group comparisons) or the number of dead or drained fighters (within fourfighter group comparisons). The number of dead or drained fighters on week two is the
total (i.e. cumulative) over the full two-week replicate block. We used cumulative numbers
so that the total number of mites (dead and alive) was equal in week 1 and week 2 data
sets. The disadvantage is that it is not possible to see if the rate of killing or cannibalism
differs between week 1 and week 2; though it is questionable whether a comparison
between these two rates is meaningful if the starting group size differs between week 1 and
week 2. Furthermore, though it would have been interesting to use the fraction ‘drained of
killed’ as a response variable, this number did not produce a large enough sample size per
treatment group.
We analysed our response variables using two General Linear Models (GLMs) and
a Generalized Linear Mixed Model (GLMM) (respectively using R’s ‘glm’ function [R Core
Team, 2017], and the ‘glmer’ function of the ‘lme4’ R-package [Bates et al., 2015]). We used
a GLMM with a binomial error distribution to analyse how the per capita mortality or
deflation probability differed between the single-fighter control groups and four-fighter
groups, and how each probability was affected by nutritional state and time. The per capita
mortality or deflation probability was a binary response variable (0: alive, 1: dead or
deflated). Each fighter in a four-fighter group was included as a separate entry;
pseudoreplication was avoided by including the Group ID number as a random factor. Note

that the shown replicate numbers are of each individual mite in single and four-fighter
groups. The models did not converge if the factor time was included in any interaction.
Therefore, within the models we only included the interaction between nutritional state
and group size (N × G) and the main effects nutritional state, group size and time. Next, we
used a GLM with a Poisson error distribution to analyse how the mean number of dead or
deflated fighters per four-fighter group was affected by the main effects relatedness,
nutritional state and time, the three two-way interactions (N × R, N × T and R × T), and the
single three-way interaction (N × R × T). We checked the models for overdispersion.
In all analyses, we used a model simplification procedure to acquire a minimal
adequate model from the full models described above (Crawley, 2007). To this end, the
least significant term of the highest order interaction was first removed from the fitted
model to produce a reduced model. If the removal of this term led to a significant (P < 0.05)
increase in deviance (tested using a likelihood ratio test compared to a Chi-squared
distribution) we did not remove this term from the model and removed the second least
significant term of the highest order interaction. If a removal did not lead to a significant
increase in deviance, then this term was removed from the model, and the next least
significant term of the highest order interaction was removed. The random term was never
removed. We repeated these steps until only significant terms remained in the model. All
model simplification steps can be found in Appendix Table A1. In the Results section, we will
present the parameter estimates (ê) of all significant main effects. These estimates will
show the difference between the intercepts of the first treatment level minus the second
treatment level (G: Δ four fighters – one fighter; R: Δ non-kin – kin; N: Δ starved – fed; T: Δ
week 2 – week 1). We calculated the effect sizes (Cohen’s d, Cohen, 1988) of each main
effect. Figures were produced using the ‘ggplot2’ (Wickham, 2016) and ‘ggpubr’
(Kassambara, 2017) packages in R (R Core Team, 2017).

Results
In our first analysis, we assessed if the per capita mortality probability in four-fighter groups
differed from the per capita mortality in single-fighter control groups (group size: single- or
four-fighter), and if this probability was differentially affected by the presence or absence
of food (nutritional state: starved or fed), the duration of the experiment (time: week 1 or
week 2) or the interaction between group size and nutritional state (see Appendix Table
A1.A for the full model and model simplification steps). The analysis showed that the per
capita mortality probability was significantly higher in starved than in fed treatments (N: Δ
starved – fed; ê = 0.824, SE = 0.250; χ²1 = 10.867, P < 0.001, n = 606; Cohen’s d [95% CI lower,
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upper limit] = 0.318 [0.158, 0.478]; Fig. 1A). Moreover, the cumulative per capita mortality
probability was significantly higher after two weeks than after one week (T: Δ week 2 – week
1; ê = 1.070, SE = 0.193; χ²1 = 32.474, P < 0.001, n = 606; Cohen’s d [95% CI lower, upper
limit] = 0.437 [0.276, 0.598]; Fig. 1B). The per capita mortality probability was furthermore
higher in four-fighter groups than in single-fighter groups (G: Δ four fighters – one fighter;
ê = 1.847, SE = 0.440; χ²1 = 22.784, P < 0.001, n = 606; Cohen’s d [95% CI lower, upper limit]
= 0.581 [0.330, 0.833]; Fig. 1C). There was no significant effect of the interaction between
group size and nutritional state on the per capita mortality probability (G × N: χ²1 = 2.403, P
= 0.121, n = 606). Cohen’s d and its associated 95% confidence interval (CI) confirm the
above results for each treatment as the 95% CIs do not overlap with zero.

Chapter V

Figure 1. The mean cumulative per capita mortality probability of fighters. Shown are the results for the treatments nutritional state
(A), time (B) and group size (C). Asterisks indicate a significant difference between the two treatment levels (n.s.: not significant, *:
P < 0.05, **: P < 0.01, ***: P < 0.001). Vertical lines are standard errors.

No deflated fighters were found in the 35 single-fighter control groups, whereas
94 out of 252 fighters were deflated in the 63 four-fighter groups that were not omitted.
Due to this absence of deflated fighters in the single-fighter control treatment, we could
not analyse our treatments differentially affected the number of deflated fighters in singleand four-fighter groups.
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Next, we analysed how the number of dead fighters within four-fighter group was
affected by nutritional state, time, relatedness of fighters (relatedness: kin or non-kin), the
three two-way interactions, and the single three-way interaction between these three main
effects. Our analysis showed that there were no significant interactions between the three
main effects (Appendix Table A1.B). We found that the number of dead fighters was
significantly higher in starved groups than in fed groups (N: Δ starved – fed; ê = 0.380, SE =
0.141; χ²1 = 7.383, P = 0.007, n = 134; Cohen’s d [95% CI lower, upper limit] = 0.568 [0.222,
0.913]; Fig. 2A). Furthermore, the cumulative number of dead fighters was significantly
higher in week 2 than in week 1 (T: Δ week 2 – week 1; ê = 0.552, SE = 0.144; χ²1 = 15.265,
P < 0.001, n = 134; Cohen’s d [95% CI lower, upper limit] = 0.849 [0.496, 1.203]; Fig. 2B).
There was no significant effect of relatedness on the number of dead fighters (R: Δ non-kin
– kin; χ²1 = 1.791, P = 0.181, n = 134; Cohen’s d [lower, upper limit] = 0.264 [−0. 077, 0. 604];
Fig. 2C). However, the 95% CI of Cohen’s d only just overlapped with zero, suggesting the
absence of a statistically significant effect of relatedness on the number of dead fighters
might be due to lack of statistical power.

Figure 2. The mean cumulative number of dead fighters per four-fighter group. Shown are the treatments nutritional state (A), time
(B) and relatedness (C). Asterisks indicate a significant difference between the two treatment levels (n.s.: not significant, *: P < 0.05,
**: P < 0.01, ***: P < 0.001). Vertical lines are standard errors.
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Finally, we analysed how the number of deflated fighters per four-fighter group
was affected by nutritional state, relatedness, time, and all possible two- and three-way
interactions between these three terms. There were no significant interactions between
main effects (see Appendix Table A1.C). As with the number of dead fighters, more fighters
were deflated under starved than under fed conditions (N: Δ starved – fed; ê = 0.506, SE =
0.168; χ²1 = 9.147, P = 0.002, n = 126; Cohen’s d [lower, upper limit] = 0.735 [0.374, 1.096];
Fig. 3A) and the cumulative number of deflated fighters was higher in week 2 than in week
1 (T: Δ week 2 – week 1; ê = 0.544, SE = 0.171; χ²1 = 10.472, P < 0.001, n = 126; Cohen’s d
[lower, upper limit] = 0.735 [0.374, 1.096]; Fig. 3B). However, unlike the number of dead
fighters, the number of deflated fighters was significantly higher in non-kin groups than in
kin groups (R: Δ non-kin – kin; ê = 0.363, SE = 0.168; χ²1 = 4.758, P = 0.029, n = 126; Cohen’s
d [lower, upper limit] = 0.447 [0.094, 0.801]; Fig. 3C).
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Figure 3. The mean cumulative number of deflated fighters per four-fighter group. Shown are the treatments nutritional state (A),
time (B) and relatedness (C). Asterisks indicate a significant difference between the two treatment levels (n.s.: not significant, *: P <
0.05, **: P < 0.01, ***: P < 0.001). Vertical lines are standard errors.
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Discussion
Some (but not all) costs and benefits of conspecific killing and cannibalism differ. Killers
benefit by eliminating rivals for resources (e.g. food), but risk injury or the loss of inclusive
fitness when killing kin. By definition, cannibalism requires the victim to be killed;
inherently, cannibalism shares the same costs and benefits as killing. Additionally,
cannibalism directly returns resources through the consumption of prey. Cannibalism has
the added cost of an increased risk of pathogen or parasite infection (Polis, 1981). Here, we
tested, in a single experiment, how the effect of food conditions and starvation over time
affect the killing and cannibalism incidence in kin and non-kin groups of adult bulb mite
fighters.
Firstly, we found that the per capita mortality probability of fighters was higher in
four-fighter groups than in single-fighter control groups. We considered mortality observed
in single-fighter groups as background mortality. Thus, we infer from the fact that the per
capita mortality probability was more than three times higher in four-fighter than in singlefighter groups (Fig. 1C), that fighters in four-fighter groups likely kill each other.
Alternatively, fighters in four-fighter groups are more likely to die e.g. because of diseases
spread by conspecifics (Anderson and May, 1981) or interference with feeding (GossCustard, 2002). However, given the fact that we frequently observed antagonistic behaviour
during the experiment, and that conspecific killing by fighters has frequently been observed
previously (Radwan et al., 2000; Van den Beuken and Smallegange, 2018a [chapter II]), we
think it is reasonable to assume that a large proportion of dead fighters in four-fighter
groups were killed by other fighters.
Similarly, we surmise that deflated mites are indeed evidence of cannibalism (Van
den Beuken and Smallegange, 2018a [chapter II]). No deflated fighters were found in singlefighter control groups, but they were frequently found in four-fighter groups. Moreover,
the number of deflated fighters was higher under food-stressed than under fed conditions
(in accordance with previous results that positively correlate cannibalism incidences with
starvation [Polis, 1981; Schausberger, 2003]). We did not actively monitor the behaviour of
fighters during the experiment; therefore, we cannot unequivocally determine whether
fighters were killed, and that cannibalism followed as an opportunistic by-product of killing;
or that fighters were killed in order to cannibalise them. In one trial, all four fighters were
deflated, suggesting two fighters died while cannibalising each other and that fighters may
thus die as a result of being fed on rather than prior to feeding. Indeed, we have previously
observed several cases of fighters feeding on the bodily fluids of a living female (see ‘Video
1’ under Data deposition). In any case, based on the comparisons between our single-fighter
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on cannibalism was 0.426, and on killing 0.264:

0.426
0.264

× 100% = 161%). We are not sure

why this is the case, but it could be associated with the costs specific to cannibalising kin.
When cannibalising, cannibals risk parasite or pathogen infection (Polis, 1981). Resistance
or susceptibility to pathogens can be regulated by single genes (e.g. in mice: Skamene et al.,
1982). If kin have the same resistance or susceptibility genes as the cannibal, then a cannibal
is more likely to catch a disease that it is susceptible to from kin than from non-kin (assuming
that the number of pathogens each individual can carry is limited, e.g. with large numbers
being lethal). For example, Pfennig (2000) offered spadefoot toad tadpoles (Spea
bombifrons) closely, intermediately and distantly related prey species and found that the
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control groups and the four-fighter groups, we surmise that dead fighters are largely
evidence of killing, and deflated fighters are the result of cannibalism.
The main aim of our study was to assess whether variation in food conditions and
starvation over time have different effects on the killing and cannibalism incidences in kin
versus non-kin groups. Confirming our hypotheses, we found that the killing incidence is
higher under starved than under fed conditions, and the killing rate did not differ between
week 1 and 2 (inferred from Fig. 2). The killing incidence was lower in kin than in non-kin
groups, but this difference was non-significant, possibly due to a lack of statistical power. In
terms of the cannibalism incidence, we expected a significant three-way interaction
between food conditions, relatedness and time passed. Instead, like the killing incidence,
we found that the number of cannibalised fighters was higher under starved, than under
fed conditions, and that the cannibalism incidence stayed more or less constant over time
(inferred from Fig, 3). We also found that fewer kin than non-kin were cannibalised.
Contrary to our expectation, the difference in the number of cannibalised fighters between
kin and non-kin groups did not diminish towards the end of the experiment in the groups
that were starved. Perhaps the experiment did not last long enough to shift the benefit of
killing kin such that it surpasses the associated inclusive fitness costs. Indeed, bulb mites
can live for several weeks under food-deprived circumstances (Smallegange, 2011b).
Alternatively, the benefits of cannibalising are generally low, but the costs are high (e.g.
high pathogen-infection risk), such that they will only under extreme conditions outweigh
the costs of cannibalising kin. Regardless, we have demonstrated that food sources,
relatedness and time can affect the killing and cannibalism incidences in fighters, but the
responses of killing and cannibalism to these treatments are similar (see Fig. 2 and 3).
The treatment effects on killing and cannibalism incidence were similar. However,
in terms of effect sizes, the effect of being in a kin versus a non-kin group reduced the
cannibalism incidence 61% more than the killing incidence (Cohen’s d of relatedness effect

tadpoles performed best on, and preferred to eat prey of intermediately related species.
Pfennig (2000) hypothesized that the preference for intermediately related prey was the
result of a compromise between the nutritional benefits of closely related prey and the low
pathogen-infection risk in distantly related prey. Alternatively, unlike what we predicted,
fighters are primarily occupied with eliminating competitors – regardless of relatedness –
for resources, such as food and females. Obtaining nutrition through cannibalism may then
be of secondary importance. An experiment using the same treatments as used here, with
the addition of a variable number of females (sufficient or insufficient mates for all fighters)
could shed light on whether or not fighters kill kin and non-kin indiscriminately to acquire
more matings. Though we are not sure why fighters discriminate between kin and non-kin
when cannibalising, but to a much lesser extent than when killing, we have shown that
relatedness has different effects on the killing and cannibalism incidences. We therefore
advocate that killing and cannibalism incidences should be considered separately,
particularly because theory has shown that the killing or cannibalising of conspecifics can
have very contrasting effects on the demography of populations, as well as the evolution of
the killing behaviour itself (Croll et al., 2018).
To our knowledge, this is the first empirical evidence to support kin recognition in
R. robini; kin recognition can play an important role in individual fitness (e.g. Armitage,
1989) and has previously been demonstrated in several Acari (Schausberger, 2003; Tien et
al., 2011). For the kin treatments in our experiment, we used four brothers that were raised
in different population tubes. We did this in order to be able to exclude kin recognition
through context-based recognition or direct prior association (Mateo, 2004). Therefore,
unless imprinting is completed during the egg stage, kin recognition in this species is likely
based on recognition alleles, self-referent phenotype matching or indirect familiarity
(Porter, 1988; Mateo, 2004). Bulb mites are blind, but have well-developed chemical
sensory receptors on their setae (hairs). Setea can be used for the perception of cuticular
pheromones (Baker, 1982). To my knowledge there is no evidence of kin recognition
mediated by pheromones in the Acari, however there is evidence pointing in this direction
in the subsocial spider Stegodyphus lineatus (Grinsted et al., 2011).
In R. robini, kin recognition may be beneficial for reproduction as R. robini females
in highly-related selection lines were found to have a higher reproductive output than lessrelated groups (Łukasiewicz et al., 2017). Alternatively, when food sources are very scarce,
the cannibalism of kin may allow a cannibalistic population to survive, whereas noncannibalistic populations may go extinct (Polis, 1981). Indeed, by being cannibalised by kin,
a victim may paradoxically increase its own inclusive fitness if cannibalism means that the
related cannibal survives and reproduces (Polis, 1981). In the absence of alternative food
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sources, the persistence of a population of kin may therefore be dependent on the tendency
of cannibals to consume kin. Łukasik (2010) proposed for the male-dimorphic mite
Sancassania berlesei that the fighter morph represents a trophic dimorphism where one
morph (the fighter) can kill and cannibalise whereas the other (the scrambler) cannot. If this
is indeed the case, then the likelihood of a population persisting through a prolonged period
of starvation may be dependent on the number of fighters in a population and their
‘willingness’ to cannibalise kin.

Conclusion
Our results agree with theoretical and empirical studies in that cannibalism is more
prevalent between non-kin than between kin (Pfennig, 1997). Crucially, in our study, the
effect of relatedness on the killing of conspecifics was less strong. We stress that future
research should consider conspecific killing and cannibalism separately, as both may show
different responses under similar environmental conditions.

Data deposition
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All
raw
data
are
available
in
the
Figshare
repository:
https://figshare.com/s/6f1b1828d95af5d72583
‘Video 1’, showing a fighter feeding on the bodily fluids of a living female, is available at:
https://figshare.com/s/a53e1e1f4af202b78990

Appendix
We performed an experiment in which we kept groups of four fighters in a tube for two
weeks. During these two weeks we either starved or fed the fighters (treatment: nutritional
state [N]). Groups fighters were either all kin (brothers) or non-kin (at most cousins)
(treatment: relatedness [R]). We assessed the number of dead and deflated fighters after
two time intervals: after week 1 and week 2 (treatment: time [T]). We included a control
treatment where a single fighter was tracked under the same conditions as four-fighter
groups.
We made three statistical models and used model simplification steps to find
minimal adequate models. The simplification steps taken to find the minimal adequate
model for the comparison of the per capita mortality probability between the single-fighter
control groups and four-fighter groups can be found in Table A1.A. The within-four-fighter
group comparison of the mean number of dead and deflated fighters per group can be
found in Table A1.B (dead) and Table A1.C (deflated).
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Tables

Per capita mortality probability (binomial: 0 or 1) ~ N  G + T.
Random effects: Group ID. Binomial error distribution. N = 606.
Step #

Fitted model Reduced model

χ²1

P

1

NG+T

N+G+T

2.403

0.121

AIC (df)

718.737 (6)

719.141 (5)

2

N+G+T

G+T

10.867

< 0.001

AIC (df)

719.141 (5)

728.007 (4)

3

N+G+T

N+T

22.784

< 0.001

AIC (df)

719.141 (5)

739.925 (4)

4

N+G+T

N+G

32.474

< 0.001

AIC (df)

719.141 (5)

749.614 (4)

Final model: Per capita mortality probability ~ N + G + T
Final model coefficients

Estimate

Intercept [single fighter, fed, week −4.403
1]
1.847
Group size [four fighters] (G)

Std. Error
0.572
0.440

Nutritional state [starved] (N)

0.824

0.250

Time [week 2] (T)

1.070

0.193
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Table A1. Model simplification steps to find minimal adequate models. Table
A1.A: the per capita mortality probability (single-fighter control groups
compared to four-fighter groups), Table A1.B: the number of dead fighters
(within four-fighter groups), and Table A1.C: the number of deflated fighters
(within four-fighter groups). In analysis A, we used a GLMM with a binomial
error distribution to assess how the per capita mortality probability was
affected by the main factors nutritional state (N), group size (G) and time (T),
and the interaction between nutritional state and group size (N × G). We
included each group’s unique ID code as a random factor. In analyses B and
C, we used a GLM with Poisson error distribution to test for the effects of
nutritional state (N), relatedness (R) and time (T), and the three two-way (N
× R, N × T and R × T), and the single three-way interaction (N × R × T), on the
mean number of dead (analysis B) or deflated (analysis C) fighters per fourfighter group. From the full models, we removed the least significant term
(starting with the highest order interaction, in underscored font below),
producing a reduced model. We tested for statistically significant increases
in deviance between the full and reduced models using a likelihood ratio test
compared to a Chi-squared distribution. If the removal of a term led to a
significant increase in deviance (i.e. χ²1: P-value < 0.05, printed in bold), this
term was kept in the next full model, otherwise it was removed. In either
case, in the next step we removed the next least significant term. These steps
were repeated until only terms remained in the model of which removal
would lead to a significant increase in the model’s deviance. Random factors
were never removed from models. Parameter estimates of each term in the
final model are presented at the bottom of each table.
A
Full model (single-fighter compared to four-fighter groups):

B

Full model (within four-fighter groups):
Number of dead fighters per group ~ N  R  T. Poisson error
distribution. N = 134.

Step #

Fitted model

Reduced model

χ²1

P

1

NRT

NR+NT+RT

0.258

0.612

AIC (df)

385.393 (8)

383.651 (7)

2

NR+NT+RT NR+RT

0.018

0.895

AIC (df)

383.651 (7)

381.669 (6)

3

NR+RT

NR+T

0.705

0.401

AIC (df)

381.669 (6)

380.374 (5)

4

NR+T

N+R+T

0.183

0.669

AIC (df)

380.374 (5)

378.557 (4)

5

N+R+T

N+T

1.791

0.181

AIC (df)

378.557 (4)

378.349 (3)

6

N+T

T

7.383

0.007

AIC (df)

378.349 (3)

383.732 (2)

7

N+T

N

15.265

< 0.001

378.349 (3)

391.613 (2)

Final model: Number of dead fighters per group ~ N + T
Final model coefficients

Estimate

Std. Error

Intercept [fed, week 1]

−0.079

0.141

Nutritional state [starved] (N)

0.380

0.141

Time [week 2] (T)

0.552

0.144

C

Full model (within four-fighter groups):
Number of deflated fighters per group ~ N  R  T. Poisson error
distribution. N = 126.

Step #

Fitted model

Reduced model

χ²1

P

1

NRT

NR+NT+RT

0.174

0.676

AIC (df)

318.602 (8)

316.776 (7)

2

NR+NT+RT NR+RT

0.023

0.880

AIC (df)

316.776 (7)

314.800 (6)

3

NR+RT

N+RT

0.865

0.352

AIC (df)

314.800 (6)

313.664 (5)

4

N+RT

N+R+T

2.001

0.157

AIC (df)

313.664 (5)

313.665 (4)

5

N+R+T

N+T

4.758

0.029

AIC (df)

313.665 (4)

316.423 (3)

6

N+R+T

R+T

9.147

0.002

AIC (df)

313.665 (4)

320.813 (3)

7

N+R+T

N+R

10.472

< 0.001

AIC (df)

313.665 (4)

322.137 (3)

Final model: Number of deflated fighters per group ~ N + T + R
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Final model coefficients

Estimate

Std. Error

Intercept [kin, fed, week 1]

−0.633

0.200

Relatedness [non-kin] (R)

0.363

0.168

Nutritional state [starved] (N)

0.506

0.170

Time [week 2] (T)

0.544

0.171
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Chapter VI
Evidence for a third male type in a male-dimorphic model
species.
Kathryn A. Stewart, Tom P.G. Van den Beuken, Flor T. Rhebergen,
Jacques A. Deere, and Isabel M. Smallegange

Published in Ecology (2018) 99: 1685-1687. doi: 10.1002/ecy.2239

Far, far below the deepest delvings of the dwarves,
the world is gnawed by nameless things
― J.R.R. Tolkien ―
(referring to mega-scramblers)
(obviously)
Chapter VI
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Numerous macro- and micro-evolutionary mechanisms have been proposed to help explain
the enormous intra- and interspecific diversity we see globally. These processes have
similarly been presented to give rise to discontinuous phenotypic variation within
populations or even sexes, raising important questions as to how these discrete variants
originate and are maintained. For example, to improve reproductive success, males of some
species either do or do not invest in conspicuous, risky, or energetically costly reproductive
strategies that result in intrapopulation differences between groups of males in terms of
physiology, behaviour or morphology (Oliveira et al., 2008). Evolutionary theory posits that
male-male competition (and associated trade-offs between increased reproductive
potential and costs of those traits: e.g. increased predation risk or energy depletion) can
promote the development of an inconspicuous, risk adverse, less energetically demanding
‘alternative reproductive tactic’ (ART) such as sneakers (versus guards) or satellites (versus
callers). Indeed, ARTs are pervasive across the animal kingdom and have extensively been
studied in various taxa (Oliveira et al., 2008). Although awareness of ARTs is widespread
throughout the scientific community, we still find ourselves discovering new mating tactics
even for extensively studied organisms (e.g. Lank et al., 2013; Persons, 2017), with
laboratory populations proving indispensable for exposing their evolutionary foundations
(e.g. Radwan, 2009).
In our laboratory, we study the bulb mite (Rhizoglyphus robini), a common pest of
numerous crops, as a model system to investigate the links between environmental
influences and expression of ARTs. Importantly, this genus has been used as an archetypal
organism for studying the cause and effect of ARTs in populations for nearly a century (Foa,
1919). Because Rhizoglyphus species have a short generation time and are easily reared in
laboratories, this taxon is an ideal system for studying the ecological-evolutionary
underpinnings of ARTs. Male bulb mites display one of two discrete, reproductive tactics: 1)
‘fighters’ with a thickened and sharply terminated third leg pair that can be used to fight
and kill conspecifics, and 2) ‘scramblers’ which lack such armaments (Fig. 1A). Research
suggests that a body size threshold mediates morph expression (Smallegange et al., 2012),
such that when the quality or quantity of food intake is high, males mature at a larger size,
and are more likely to develop into a fighter (Smallegange et al., 2012). Importantly, we can
easily identify these two ARTs on the basis of the presence or absence of the enlarged third
leg pair (Fig. 1A).
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We currently house stock populations consisting of tens-of-thousands of bulb
mites obtained on two occasions from two locations in the Netherlands: 1992 from flower
fields, and 2010 from flower bulbs in storage rooms, both near Anna Paulowna in North
Holland. From these stock populations we have initiated numerous experiments that
require the diligent inspection of population demographics, including individuals’
morphology and reproductive tactic. Surprisingly, we recurrently encounter males that are
morphologically similar to females (large body size, bulbous abdomen, relatively slim third
leg pair) – a phenomenon we describe as ‘mega-scramblers’ (Fig. 1A). What is more, some
of these mega-scramblers are so large that their non-armamented legs are almost as wide
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Figure 1. A) Dorsolateral images of adult bulb mites (Rhizoglyphus robini) including the female, and male trimorphism (mega-scrambler,
fighter, and scrambler). Individuals are presented at the same scale (scale bar: top left) and aligned from largest to smallest (left to
right). Arrows indicate structural differences in the third-leg pair among sexes and morphs. B) Scatterplots of bulb mite male body
length to leg width (log-transformed) collected from our 1992 (left) and 2010 (right) stock populations. Switch-point regressions
between scramblers and mega-scramblers are represented by black trend lines. All measurements are in µm.

as the armamented legs of fighters (Fig. 1). While not as common as either fighter or
scrambler males, we have observed these mega-scramblers in both independent stock
populations, and under various environmentally-manipulated regimes during experimental
rearing, suggesting that these mega-scramblers do not arise as a result of some artificial
laboratory biotic or abiotic factor.
To distinguish ARTs in male-dimorphic species where the male sexually selected
trait is expressed on a continuous scale, like horn size in beetles (Rowland and Emlen, 2009),
allometric scaling analyses were used to characterize the discontinuity in the trait (Knell,
2009). When we apply an allometric scaling analysis to all scramblers (of both the ‘normal’
and ‘mega’ types), we find a breakpoint that signifies an abrupt change in the scaling
relation between body length and leg width, separating scramblers from mega-scramblers
(Fig. 1B). This suggests that these mega-scramblers comprise a third male morphology, or
‘trimorphism’ (see Appendix for methodology). Although trimorphisms in-and-ofthemselves are not unheard of (e.g. Shuster and Wade, 1991; Lank et al., 2013), allometric
analyses of species previously classified as male-dimorphic has assisted in discovering
cryptic diversity, as was done in the recent reanalysis of numerous beetle species that were
thought to comprise two male morphs (Rowland and Emlen, 2009). Considering that the
bulb mite is widely used as a model organism for studying ARTs, we are surprised this
phenomenon has not been noted previously, as it could call into question the tacit
dichotomous nature of allocating males as either scramblers or fighters, with repercussions
for our understanding of the evolution and maintenance of the bulb mite male morphs.
It remains an open question as to the origin of this plastic trait, and whether
expression of the mega-scrambler phenotype is adaptive. Evidence to date suggests
environmentally mediated threshold mechanisms moderate morph expression
(Smallegange et al., 2012) and, although previous research indicates frequency dependent
selection is unlikely in this system (Smallegange and Deere, 2014), we cannot discount this
explanation as of yet without experimentally manipulating frequencies of all three morphs
(Friedman and Sinervo, 2016).
One potential adaptive explanation for the existence of female-like megascramblers is that they represent a female-mimicking ART. Males mimicking females as a
strategy to achieve copulations and avoid aggressive encounters with other armamented
males have frequently been observed in nature for various taxa, and are suggested to attain
intermediate reproductive fitness compared to their higher-status or sneaker male
counterparts (Oliveira et al., 2008). We have sporadically witnessed mega-scramblers being
mounted by fighters indicating that other males may perceive them to be similar to females
as well. Through general handling of our stock populations, we have not witnessed fighters
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or scramblers attempting to mount one another, although we have not empirically tested
for such behaviour. Given that the subterranean mites we study do not have eyes, but do
have well-developed setal chemical sensory receptors, successful mimicry in these megascramblers may rely more on chemical than morphological cues, although we cannot
exclude that tactile cues play a role. Chemical communication research could involve
pheromonal profiling of adult mites; possibly mega-scramblers are more similar to females
than other male morphs in the production of the sex-pheromone, α-Acaridial (females
produce twice as much as males; Mizoguchi et al., 2003). Extensive ethological studies may
further reveal that the levels of aggressive or sexual behaviour shown towards megascramblers are more similar to those shown to females than to those shown to other males.
With future research applying such approaches, it may be possible to show that megascramblers differ not only morphometrically but also chemically or behaviourally from other
males; such findings would support our notion that the mega-scrambler should indeed be
considered an ART.
Alternatively, mega-scrambler expression may be a consequence of adaptive
somatic buffering against environmental fluctuations (Nettle and Bateson, 2015). For
example, juveniles that experience poor conditions may benefit by raising the threshold for
fighter phenotype expression, thereby preserving resources that could be allocated for
other prioritized functions. In spatially or temporally fluctuating environments, this may
result in the expression of mega-scrambler phenotypes, particularly if the environment that
sets the ART threshold early in juvenile life mismatches with the environment experienced
later in juvenile life.
Finally, mega-scrambler expression could be a maladaptive side-effect of
intralocus conflict between male tactics or sexes (Rice and Chippindale, 2001). This could
happen if optima for investment in particular somatic functions (e.g. reproduction, growth,
body size) differ between male tactics or between the sexes, maintaining genetic variation
in energy allocation rules and thereby growth curves (Radwan et al., 2016).
Over the last century, a predominant number of biological investigations utilized
either model systems or laboratory populations for experimentation. While model
organisms are extensively studied from diverse perspectives (genetics, behaviour, lifehistory, etc.) it would be imprudent to assume new organism-oriented discoveries are
behind us. By means of a careful reassessment of ARTs in (model) species, not only may we
expand our knowledge on the extent of natural diversity within species, we may also be
able to connect certain morphological, behavioural or physiological states to each other on
the basis of an underlying ART.
Methodology can be found in the Appendix of this article.
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Appendix
Methodology
Morphometric measurements
Males were randomly selected from the 1992 and 2010 stock populations and scored as
fighter or non-fighter (combining scramblers and mega-scramblers). In addition, relatively
large non-fighters, the putative mega-scramblers, were searched for by eye and were
classified as non-fighters as well. All 1992 males were photographed using a Lumenera
Infinity 3.1 camera connected to a Zenith SRZ-4500 (7-45×) stereomicroscope. Subsequently
we used Infinity Analyze Imaging Software to measure to the nearest 0.1 µm (i) body length
(excluding mouthparts) and (ii) the width of the basal part of the trochanter of the third leg.
The 2010 males were photographed using a Zeiss Axiocam 105 color camera on a Zeiss Stemi
2000-C (0.5-15×) microscope. The photographs were measured using the Zen 2.3 (Blue
edition) software. We conducted all analyses on log-transformed measurements.
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Morphometric analysis
Fighter males can be identified by eye by the presence of their fighter legs. We determined
male morph within all non-fighters by fitting a switch-point regression between log body
length and log leg width using the segmented package in R (R Development Core Team,
2013) (Knell 2009). For the 1992 population, this regression gave a break point at a log body
length of 6.513 (standard error = 0.034), equalling a body length of 674.8 µm (Fig. 1B). This
means that males within the 1992 population with a body length greater than or equal to
this switch-point of 674.8 µm can be classified as mega-scramblers, the remaining males
can be classified as scramblers. For the 2010 population, this regression gave a switch point
at log body length of 6.267 (standard error = 0.051), equalling a body length of 526.9 µm
(Fig. 1B). Again, males with a body length greater than or equal to this break point can be
classified as mega-scramblers, and the remaining males as scramblers.
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Chapter VII
Synthesis

Tom P.G. Van den Beuken

All animals are equal, but some animals are more equal than others
― George Orwell ―

Chapter VII
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Alternative reproductive tactics (ARTs) represent discrete differences between members of
one sex in terms of physiology, behaviour or morphology (Gross, 1996), and have been
studied to answer questions about the trade-offs between pre- and postcopulatory
attributes in individuals and species. To date, much is known about the mating benefits for
males with precopulatory attributes (e.g. armed males), but why males without
precopulatory attributes coexist with males with precopulatory attributes in single
populations is largely unknown.
In this thesis, I used the male-dimorphic bulb mite Rhizoglyphus robini as a model
species to study if and what fitness benefits ‘scramblers’ (males without precopulatory
attributes) may have over ‘fighters’ (males with precopulatory attributes). We still know
little about the mating benefits for males without precopulatory attributes, or of the
benefits in having precopulatory attributes that are not directly associated with
reproduction, such as feeding. Here, I demonstrated that scramblers invest more resources
into intersexually selected postcopulatory attributes than fighters (chapters II and III), and
that females mated to scramblers may have a relatively higher fitness than females mated
to fighters (chapter IV). Furthermore, in chapter V, I provided evidence that fighters kill and
cannibalise kin less often than non-kin. Finally, I presented evidence of a previously
undescribed third male-morph in the bulb mite: the mega-scrambler (chapter VI). Below, I
will highlight how the findings of these chapters contribute to understanding how the male
dimorphism is maintained in single bulb mite populations.

The trade-off between pre- and postcopulatory attributes
There are several assumptions that underlie the hypothesis that there is a trade-off
between energy budgets available for pre- or postcopulatory attributes during the adult
stage (tested in chapters II and III). The main ones are that i) there is little heterogeneity in
resource acquisition, resulting in trade-offs between different attributes during the adult
stage (i.e. there are no individuals with ‘big houses and big cars’ [Reznick et al., 2000;
Simmons et al., 2017]) and ii) during the adult stage, resources are limited and therefore
need to be partitioned between two or more life-history traits (de Jong, 1993), and iii)
resources are partitioned between pre- and postcopulatory attributes. In chapter II, I found
that starved males sire fewer offspring than fed males, showing that limiting resources
affect male investment into reproduction or postcopulatory attributes. Building on this
result, in chapter III I found that scramblers sired more offspring than fighters, evidencing a
trade-off between pre- and postcopulatory attributes, supporting my hypothesis. However,
I indirectly quantified this trade-off between pre- and postcopulatory attributes by

130 | Chapter VII

131 | Chapter VII

Chapter VII

measuring reproductive output of males with and without precopulatory attributes, likely
causing much noise in the dataset. Therefore, it would be more informative to have direct
measurements of the costs associated with pre- and postcopulatory attributes, such as
energetic costs, to get a more precise, and less noisy estimation of the costs of these
attributes.
A direct quantification of the physiological costs of pre- and postcopulatory
attributes could highlight if and how precopulatory (and likely postcopulatory) attributes
also interact with other life-history traits, such as immune system function (e.g. Barbosa et
al., 2018). Trade-offs between multiple life-history traits can lead to neutral, or even
positive correlations between pre- and postcopulatory attributes (Van Noordwijk and de
Jong, 1986; de Jong, 1993; Reznick et al., 2000; Simmons et al., 2017). Quantifying the
physiological costs of pre- or postcopulatory attributes directly, rather than indirectly, as
well as the costs of other life-history traits may therefore give more insights into the effects
of pre- or postcopulatory attributes on an individual’s fitness.
Measuring the physiological costs of life-history traits will be problematic. For
example, to measure the costs of weapons, one option would be to prevent individuals on
a trajectory to the fighter phenotype from developing their weapons. These ‘disarmed’
males can, for example, be knockout mutants (Warren et al., 2013), juveniles where the
weapon’s proliferating cells are cauterized (Simmons and Emlen, 2006) or embryo’s where
the precursor cells for horns are ablated (as done in beetle testes [Moczek and Nijhout,
2004]). The next step would be to compare the metabolic rates of armed and disarmed
individuals. However, it is likely that resources that would normally be used for weapons in
armed males, do not disappear in disarmed males but are reallocated to different
structures. As a result, the metabolic rate of an armed male may be the same as that of a
disarmed male. Therefore, the physiological costs of weaponry can only be assessed by
measuring the redistribution of resources to other life-history traits in males that can no
longer produce weaponry.
Instead of measuring the distribution of resources to numerous life-history traits
as a proxy for the trade-off between pre- and postcopulatory attributes, I propose to
compare the caloric contents of ejaculates between males with and without precopulatory
attributes. This requires making the assumption that the resource budgets available for
reproduction are split dichotomously between pre- and postcopulatory attributes, as it is
often depicted in resource allocation tree-models (de Jong, 1993). Through the use of a
microbomb calorimetry it is possible to obtain an estimate of the energetic contents of an
ejaculate (Thomsen et al., 2006) or nuptial gift (Voigt et al., 2005). However, to my
knowledge the energetic costs of ejaculate production have not yet been assessed.

Importantly, components in sperm can be valuable without necessarily being energetically
costly. Water for example, has no energetic value, but the high water content of nuptial
gifts transferred by male bruchid beetles (Callosobruchus maculatus) is thought to drive
water-deprived females to mate more often (Edvardsson, 2007). Hence, an energetic tradeoff between pre- and postcopulatory attributes can be approximated by correlating the
expression of precopulatory attributes to the energetic costs of ejaculates, but these costs
may not equate to the fitness cost of the ejaculate.

The maintenance of alternative morphs in single populations
Theory predicts that in a conditional strategy, minor tactics have a lower mean fitness than
major tactics (Gross, 1996). Importantly, the fitness functions of minors and majors
intersect: individuals in a bad condition have a higher fitness given their condition when
developing into a minor than when developing into a major (Tomkins and Hazel, 2007). This
means that there must be a fitness benefit for bad-condition males to develop the minor
rather than the major phenotype. In the bulb mite, the benefits of the fighter phenotype
are clear: they can use their weapons to kill rivals (Radwan et al., 2000), monopolize females
in small populations (Radwan and Klimas, 2001) and cannibalise (Chapter V). The main
scrambler-specific benefit that has hitherto been found is that scramblers mature at an
earlier age than fighters (Smallegange, 2011a); however it is doubtful that this is sufficient
to maintain the scrambler morph in single populations; especially in non-growing
populations. In other male-dimorphic species, it has been posited that bad-condition males
optimize their fitness by developing into a minor, rather than a major, because it allows
them to employ sneaking tactics, mimic females, or invest in intrasexually selected
postcopulatory attributes, i.e. attributes that are beneficial in sperm competition (Gross,
1996; Oliveira et al., 2008). In my research, I found that scramblers may also gain fitness
benefits by investing more energy in intersexually selected postcopulatory attributes, i.e.
attributes that help scramblers sire more offspring in the absence of sperm competitions
(Van den Beuken et al., 2018 [chapter III]). A larger investment into intersexually selected
postcopulatory attributes by unarmed males has previously been demonstrated between
species (Liu et al., 2015), but to my knowledge, this is the first time it has been demonstrated
within a species.
The potential benefits of investments of (minor) males into intersexually selected
postcopulatory attributes are likely dependent on the female mating rate. I hypothesize
that in species where females do not mate often (or only once), minors are more likely to
invest (more than majors) into intersexually selected postcopulatory attributes. Firstly,
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investment into sperm competition attributes seems counterproductive when females do
not mate multiply, i.e. when sperm competition risk is low (Parker et al., 1997). Secondly, if
the postcopulatory attributes includes a nuptial gift, males risk their nuptial gift being used
for another male’s offspring if female’s mate multiply (e.g. Gwynne, 1988). Females that
copulate singly may be more common in species e.g. with a low population density (e.g.
Gage, 1995). Hence, in species where the probability of female remating is (typically) low, I
expect that a larger investment in intersexually selected postcopulatory attributes can
represent an important minor-specific benefit.
Another scrambler-benefit may be lower intralocus sexual conflict (IASC). IASC
occurs when males and females have different trait optima for traits that are regulated by
the same genes in both sexes (Bonduriansky and Chenoweth, 2009). In IASC, each sex tries
to ‘pull’ the shared trait closer to its own phenotypic optimum; if IASC is not resolved, both
sexes will have a suboptimal trait value for the contested trait (Bonduriansky and
Chenoweth, 2009). Although in a conditional strategy, ART determination is based on an
environmental cue, the sensitivity to this cue, and the threshold this cue has to pass for an
individual to become a fighter, are both under genetic control (Gross, 1996; Roff, 1996;
Tomkins and Hazel, 2007). Bidirectional selection for scrambler (or fighter) expression in
chapter IV has likely resulted in males that have become less (or more) sensitive to
environmental cues and/or had a higher (or lower) minimal threshold to develop into a
fighter. Selection for a higher male predisposition to become scramblers (i.e. selection in
scrambler lines) has also lead to females to maintain a higher egg-laying rate for longer and
lay larger eggs (in later generations) compared to females from fighter lines (Van den
Beuken and Smallegange, 2018b [chapter IV]). Hence, it seems that genes that predispose
males to become scramblers have more positive (or less negative) effects on female fitness
than genes that predispose males to become fighters. These effects likely manifest
themselves through pleiotropic effects as females do not develop a fighter-like phenotype.
Such effects for female fecundity of selection against male weaponry have also been found
in previous publications (Harano et al., 2010; Plesnar-Bielak et al., 2014). From this, I deduce
that IASC is more intense between females and males with a predisposition to become
fighters (or more generally: develop weaponry) than between females and males with a
genetic predisposition to become scramblers (or do not develop weaponry).
To conclude, I propose that the maintenance of the male dimorphism in bulb mite
populations is, at least partly, due to scramblers being able to invest more resources into
intersexually selected postcopulatory attributes, and having a reduced level of IASC.
Although the fighter phenotype will have the highest mean fitness (Gross, 1996), there have
to be fitness benefits associated with the scrambler phenotype in order for the dimorphism

not to disappear from populations. I suggest that these scrambler-specific benefits are a
higher potential investment into intrasexually selected postcopulatory attributes and a
lower IASC level.

Alternative functions of ARTs
Besides its uses in acquiring matings, precopulatory attributes, specifically weapons, may
have additional uses. Although ARTs are, by definition, used to gain reproductive success
(Gross, 1996; Oliveira et al., 2008), the phenotype associated with an ART can have different
functions that are not directly related to reproduction. It is possible that such ‘alternative’
functions evolved first and later acquired a new, or additional role in the competition for
reproduction.
Males could hypothetically use weapons to increase their inclusive fitness. In
chapter V, I found that fighters largely refrain from killing and cannibalising kin, but not nonkin. Smallegange et al. (2018) have found that R. robini fighters may discriminately kill
juveniles that would become fighters; hinting at an adaptive and non-random way of killing
conspecifics to decrease the level of competition. It is therefore possible that fighters kill
more (juvenile) non-kin than kin. By doing so the fighter increases its inclusive fitness by
eliminating competitors for its offspring (and itself).
The fact that fighters, but not scramblers, can kill and cannibalise conspecifics (Van
den Beuken and Smallegange, 2018a [chapter II]), shows that the fighter morphology could
also be an alternative trophic tactic. Similar trophic functions of the of the fighter
morphology have been observed by Łukasik (2010), who found that Sancassania berlesei
fighters, but not scramblers, killed and cannibalised juveniles and females. Moreover, the
results of Łukasik (2010) suggest that S. berlesei fighters kill adult R. robini females, and kill
(and possibly consume) more potworms (Enchytraeus doerjesi) than conspecific scramblers.
The tree lizard Urosaurus ornatus presents a more extreme example of morph-dependent
diets: each of the three male colour morphs in this species is associated with a different
hierarchical level of territorial behaviour but also a different diet composition (Thompson
and Moore, 1991; Lattanzio and Miles, 2016). For example, blue-throated males
monopolize territories to gain access to females, but their diet also consists of prey of higher
trophic levels than the other two morphs (Thompson and Moore, 1991; Lattanzio and Miles,
2016). These differences in diet composition are hypothesized to stem from morph-specific
variations in habitat quality and head morphology (Lattanzio and Miles, 2016). Hence, a
male’s ART may strongly affect the potential composition of its diet and thereby also the
fitness gain of developing precopulatory attributes.
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Besides through intraspecific or intrasexual selection, the fitness of the armed
phenotype can also be affected by abiotic and interspecific interactions. Abiotic factors may
reduce the fitness of the fighter phenotype as weapons likely limit the dispersal capacity of
R. echinopus fighters compared to scramblers in structurally complex habitats (i.e. habitats
with straws [Tomkins et al., 2011]). Interspecific interactions may also differ between armed
and unarmed phenotypes. In the previous paragraph, I discussed how a male’s weaponry
may allow it to feed on other species, but the fitness of the armed phenotype can also be
limited by interspecific interactions. For example in Dawson’s burrowing bee (Amegilla
dawsoni), aggressively competing major males are more susceptible to predatory birds
(Alcock, 1996). Hence, in an ecological context, the fitness of the armed phenotype is
determined by a suite of abiotic, intra- and interspecific factors.
Many studies examining the costs and benefits of precopulatory attributes have
only considered interspecific and intrasexual interactions, yet the costs and benefits of each
morph may also be strongly affected by their biotic or abiotic environment. Hence, there is
significant potential for sexually selected attributes to affect their bearer’s fitness that are
not directly related to intrasexual or intraspecific interactions. To my knowledge, such
considerations of the impacts of precopulatory attributes on an interspecific level have
hitherto almost exclusively been applied to the costs of precopulatory attributes –
especially ornaments – in relation to predation risks (e.g. Zuk and Kolluru, 1998; Jordão and
Oliveira, 2001; Koga et al., 2001). In order to understand what trade-offs are associated with
precopulatory attributes, the scope for their secondary uses needs to be expanded to
include both intra- and interspecific interactions, as well as abiotic factors.

Male trimorphisms
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In Chapter VI, I presented evidence for a third male morph in the bulb mite: the ‘megascrambler’, but I can only speculate as to what maintains such a trimorphism in single
populations. I hypothesized that the mega-scrambler is either a female mimic, the result of
somatic buffering, or a maladaptive side-effect of an IASC (Stewart et al., 2018 [chapter VI]).
Below, I will discuss these non-mutually exclusive hypotheses in more detail.
Firstly, the mega-scrambler could be a female mimic. I based this hypothesis on
the observation that mega-scramblers morphologically resemble females, and fighters have
on occasion been observed to try to mount mega-scramblers (Stewart et al., 2018 [chapter
VI]). A potential benefit of mimicking females is the avoidance of fighter aggression in
populations. If fighters regularly and selectively kill rival males, but not females (selective
killing of other fighters has been shown [Smallegange et al., 2018]), then female-mimics

more likely avoid being killed. In this sense, female mimicry in mega-scramblers would be
akin to female-mimicking male ‘faeder’ ruffs (Philomachus pugnax) that avoid attacks of
aggressive territorial males by mimicking females (Jukema and Piersma, 2006), or malemimicking in females of various female-trimorphic damselfly species, where malemimicking females largely escape male sexual harassment (Cordero and Andres, 1996).
Fighter bulb mites are generally not known to monopolize females or breeding territories;
on some occasions, small populations have been observed to be monopolized by a single
fighter (Radwan and Klimas, 2001). In such small populations a mega-scrambler may benefit
from mimicking females. As a female-mimic, the mega-scrambler may thus avoid agonistic
interactions with fighters.
The question of whether or not the mega-scrambler is indeed a female-mimic, can
be addressed with additional behavioural and chemical testing. Behaviourally, I expect that
females are least often attacked by fighters, but most often mounted; fighters and
scramblers will be most often attacked but least often mounted. Depending on how
successful the mimicry of females is, mega-scramblers should move closer to females than
to scramblers or fighters on this scale. Hence, I expect that fighters relatively rarely attack,
but relatively frequently try to mount mega-scramblers (relative to other male morphs).
This hypothesis could be tested using a similar setup as used in chapter V, but by observing
aggressive and mounting incidences in groups of adults of the same or different morphs and
sexes. In terms of chemical makeup, I expect that the chemical profiles, or specific
constituents of these profiles (e.g. the female sex pheromone α-acaridial [Mizoguchi et al.,
2003]), will be more similar between females and mega-scramblers, than between females
and fighters or scramblers. As bulb mites are blind, they use either tactile or chemical cues
to identify conspecifics of different life stages, sexes or morphs (Baker, 1982). A higher
similarity in behavioural interactions and/or chemical cues between females and megascramblers than between females and fighters or scramblers will provide support for our
female-mimic hypothesis.
ART determination in a trimorphism can be modelled using an environmental
threshold model with two thresholds (Tomkins and Hazel, 2007, 2011). This requires each
individual to have two individual, and genetically determined thresholds (Rowland et al.,
2017). Though I lack concrete evidence for this claim, I expect that the fighter phenotype
requires the highest condition to develop, followed by the mega-scrambler and the
scrambler respectively. This assumption is based on my expectation that the development
of weapons is most expensive, followed by body volume; scramblers have the smallest body
volume and no weapons. A difficulty in using a conditional strategy with two individuallybased and genetically-determined thresholds is that the two thresholds can shift

136 | Chapter VII

137 | Chapter VII

Chapter VII

independently. The result is that in some individuals the thresholds may be in the ‘reversed
order’ (Tomkins and Hazel, 2011; Rowland et al., 2017). This issue does not occur if the two
thresholds are genetically correlated (Tomkins and Hazel, 2011) or if there is very little
genetic variation in the thresholds (Rowland et al., 2017). In chapter IV, selection for
scrambler expression (and possibly mega-scrambler expression, since I did not make a
distinction between the two at the time) did result in more scramblers, while the mean sizes
of scramblers did not differ between scrambler- and fighter selection lines. This suggests
that not the mean sizes of males shifted (resulting in more males that are under the
threshold for fighter development), but rather that the threshold itself shifted (so that a
larger range of sizes is included under the threshold). This also means that there is
considerable genetic variation in the environmental cue threshold. Therefore, I propose
that if there are two thresholds in the bulb mite, that they are genetically correlated.
As an alternative to the mega-scrambler being a third morph, I proposed that the
mega-scrambler’s phenotype could be a consequence of adaptive somatic buffering against
environmental fluctuations (Stewart et al., 2018 [chapter VI]). I posited that if individuals
experience poor food conditions during their juvenile stage, that they may raise the
threshold for fighter expression in order to be able to allocate resources to prioritized
functions, rather than to weaponry. Instead of increasing the threshold, it is arguably more
likely that the sensitivity to environmental cues differs between different stages of juvenile
development. If food conditions have been bad during a highly-sensitive stage of an
individual’s development, the (cumulative) environmental cue may not be able to surpass
the threshold to become a fighter, even if food conditions were sufficient before and/or
after this highly-sensitive stage. The outcome of these two mechanisms is the same:
individuals that experienced temporally bad food conditions during their juvenile
development may adaptively not develop the fighter phenotype in order to save resources
for prioritized functions. This tactic of somatic buffering is adaptive if it helps the individual
to maximise its fitness. However, somatic buffering may be maladaptive when individuals
collect more resources than ‘predicted’ and do not become fighters, even though they have
compensated for the temporal shortage of resources and collected sufficient resources to
develop the fighter phenotype (with a higher fitness). As a result, scramblers may emerge
that have accumulated sufficient resources to develop the fighter phenotype, but instead
stored these resources and grew a large body: enter the mega-scrambler.
Alternatively, juveniles develop into mega-scramblers when they have developed
a large body, but do not have the resource intake to pay the costs of this state. When
maturing, there are a number of essential costs that need to be paid for vital functions. Any
left-over resources can be used for the development of weaponry. Typically, juveniles in

good condition, i.e. with a large body size, have sufficient residual resources and can
become a fighter. However, large juveniles that suddenly experience poor food conditions
will lose these residual resources as the influx of resources is reduced or even stopped, but
the maintenance costs of the large body remain. Consequently, these large individuals do
not have the available resources to develop weaponry, but instead become relatively large
scramblers: the mega-scramblers. Such a shift in resources during the final stage of juvenile
development is probably rare in our stock populations, but that would explain why megascramblers are rarely observed.
A final explanation is that the mega-scrambler is the product of intrasexual
variation in populations that is maintained through an IASC (Stewart et al., 2018 [chapter
VI]). Sexual conflicts between sexes, or between morphs, for optimal trait values will
increase (or maintain) genetic – and phenotypic – variation within sexes or morphs for that
trait (Bonduriansky and Chenoweth, 2009). For example, genetic variation in body size (or
body growth) is maintained because males are selected for smaller body sizes while females
are selected for larger body sizes (as is the case in many insects [Honěk, 1993]). The result
will be that, in a normally distributed population, there will be relatively small and large
males. Mega-scramblers may simply represent the largest extreme of this normal sizedistribution.

Conclusion
A main challenge in evolutionary biology is to understand the origins and maintenance of
genetic and phenotypic variation. The results presented in this thesis contribute to
addressing this challenge, as we now have a better understanding of why variation in
reproductive phenotypes (fighters and scramblers) in the bulb mite can coexist in single
populations. Additionally, this thesis uncovered evidence for a third male morph, though it
is still unclear how this third morph is maintained in populations. I have also provided
evidence to support the idea that there is kin selection in the bulb mite, and demonstrated
that the fighter phenotype not only profits from its weaponry in competition for mating
opportunities, but that this weaponry can also be used as a feeding tool. These results
underscore the notion that a broader view, which goes intrasexual competition, is required
to understand why alternative male reproductive phenotypes often coexist, and are
maintained spatially and temporally across taxa.
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In numerous animal species, alternative reproductive tactics (ARTs) can be found; these are
discrete differences between members of one sex in terms of physiology, behaviour or
morphology. Commonly two male types can be distinguished: ‘majors’ and ‘minors’. Majors
generally use precopulatory attributes to compete with rivals for copulations (i.e. weapons),
or to favourably bias female choice (i.e. ornaments). These precopulatory attributes can be
costly in terms of maintenance, locomotion (e.g. if they impede efficient locomotion) but
also in terms of a survival e.g. if the precopulatory attributes makes the bearer more
conspicuous to predators. Minors are unarmed and therefore do not have the costs of
precopulatory attributes. Instead, some minors are thought to invest more resources in
postcopulatory attributes, these are attributes that increase the chances of fertilizing ova
during or after mating. Ample evidence exists of minors investing more than majors in
postcopulatory attributes that help in sperm competitions. However, there are also
postcopulatory attributes that can be used to increase female fecundity, and are thus useful
outside of sperm competitions. For example, between-species comparisons have shown
that males of species without precopulatory attributes transfer larger nuptial gifts
(beneficial resources) than males of species with precopulatory attributes. However, to my
knowledge, it is hitherto unknown whether there are also within-species correlations
between precopulatory attributes and postcopulatory attributes that increase female
fecundity.
To test if minors can invest more than majors in postcopulatory attributes that
increase female fecundity, I used the male-dimorphic bulb mite (Rhizoghlyphus robini).
Male bulb mites are either ‘fighters’ (eq. majors), which have a weaponized third leg pair,
or ‘scramblers’ (eq. minors), which do not have weaponized legs. Using their weapons,
fighters are able to kill rivals and, in small populations, monopolize females. Scramblers are
unarmed and, contrary to some minors of other species, do not perform better in sperm
competitions. Besides an earlier maturation time, scramblers have no clear fitness benefits.
In chapter II, I showed that males that were fed for a single day after maturation sire more
offspring than males that were starved from maturation onwards. I did not find differences
in the reproductive output between the two-morphs. However, the differences between
fed and starved males suggested that there may be a compound transferred from the male
to the female that increases the number of eggs the female lays. Crucially, the production
of this compound seemed limited by the male’s energy budget. In chapter III, I built on this
result and fed the mites for a more extended period of time. The result was that females

mated to scramblers laid more eggs than females mated to fighters. This suggests that it is
indeed possible for scramblers, or minors in general, to invest more than fighters (or majors)
in postcopulatory attributes that function outside of sperm competition. Such a minorspecific benefit may play an important role in the maintenance of the male dimorphism in
single populations.
Besides investments into postcopulatory attributes, a morph-specific level of
intralocus sexual conflict (IASC) could also play a role in the maintenance of male
dimorphisms. Males and females have different fitness optima for numerous traits, if these
traits are regulated by the same genes in both sexes (for example body size) then this
generates IASC where each sex tries to ‘pull’ the shared trait closer to its own phenotypic
optimum. In turn, scramblers and fighters each have different trait optima, hence the level
of IASC may differ between females and scramblers and between females and fighters. As
a result of these morph-specific levels of IASC, life-history traits of offspring may be
differently affected by paternal morphs. In chapter IV, I tested this by bidirectionally
selecting for fighter or scrambler expression for several generations and comparing clutch
composition and size, and life-history traits of the offspring between the two selection lines.
I found that females from scrambler lines maintained a higher egg-laying rate and laid larger
eggs (towards the final generations) than females from fighter lines. These findings could
be the result of a more intense IASC between males and females in fighter lines than in
scrambler lines. The benefits of mating with scramblers – or the costs of mating with fighters
– for the offspring of females could affect female choice and, consequently, the
maintenance of the dimorphism in single populations.
The killing of conspecifics by fighters has been a recurrent phenomenon in the
experiments for this thesis, but by killing indiscriminately, fighter risk losing inclusive fitness.
Inclusive fitness is the number of an individual’s genes that it passes on itself plus the
number of its genes that are passed on through relatives. Killers risk losing inclusive fitness
if they kill (close) kin as they are then unable to pass on the killer’s genes. Given the
frequency of conspecific killing (e.g. chapter II), I hypothesized that there should be a
selective benefit for killers that recognize kin and avoid killing them. In chapter V, I tested
this hypothesis by making groups of fighters that were either brothers or unrelated, and
assessed how many fighters per group were killed or cannibalised. I found that fighters
tended to avoid killing and cannibalising kin, suggesting that there is kin selection in the
bulb mite. Kin selection may therefore function as a means of avoiding inclusive fitness loss.
In a growing number of species, allometric scaling analyses in male-dimorphic
species have revealed that these species are actually male trimorphic. In our bulb mite stock
populations, we have observed that some unarmed males have an unusually bulbous body
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shape. Using allometric scaling, we found a breakpoint in the scaling relation between body
length and leg width in unarmed males, evidencing that there is a third male morph: the
‘mega-scrambler’. I hypothesized that the mega-scrambler is either a female mimic, a result
of higher somatic buffering capabilities, or of an IASC that has moved farther towards the
female trait optimum than the usual status quo.
In this thesis, I have demonstrated several potential fitness benefits of minor males
in the bulb mite. To my knowledge for the first time, I have demonstrated that minor males
may invest more resources than majors into postcopulatory attributes that allow them to
sire more offspring outside of sperm competition. Secondly, I have shown that females in
scrambler selection lines lay larger eggs and maintain a higher ovipositing rate for longer
than females in fighter selection lines. Such fitness benefits may play an important role in
the evolution and the maintenance of the male dimorphism. Besides these scrambler
benefits, I have provided evidence for kin selection as I found that fighters tend to avoid
killing and cannibalising kin more than non-kin. Finally, I provide evidence for a third male
morph: the ‘mega-scrambler’.
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In een aantal diersoorten gebruiken individuen van dezelfde sekse alternatieve
reproductieve tactieken (ARTs). Zulke ARTs kenmerken zich door discontinue verschillen
tussen individuen van dezelfde sekse in fysiologie, gedrag of morfologie. In mannetjes kan
vaak een onderscheid gemaakt worden tussen twee typen ARTs: de ‘major’ en de ‘minor’.
In veel soorten gebruiken majors ‘pre-copulatoire attributen’. Deze pre-copulatoire
attributen worden vóór het paren gebruikt om de kans op voortplanting te vergroten. Precopulatoire attributen worden gebruikt in fysieke competities met andere mannetjes
(wapens) of om de partnerkeuze van vrouwtjes te beïnvloeden (ornamenten). Naast de
baten zijn er ook kosten verbonden aan deze pre-copulatoire attributen. Pre-copulatoire
attributen hebben metabolische onderhoudskosten, kunnen beweging minder efficiënt
maken en/of kunnen overlevingskansen verkleinen. In de meeste soorten ontwikkelen
minors geen pre-copulatoire attributen; daarom hebben ze ook niet de kosten van deze
attributen. Minors in een aantal soorten investeren niet in pre-copulatoire attributen, maar
wel (meer) in ‘post-copulatoire attributen’. Post-copulatoire attributen zijn attributen die
tijdens of na het paren de kans vergroten dat een mannetje een eicel bevrucht. Er zijn een
aantal voorbeelden van minors die meer dan majors investeren in post-copulatoire
attributen die helpen in spermacompetities (hier wedijveren de spermacellen van twee of
meer mannetjes met elkaar voor het bevruchten van een of meerdere eicellen). Het is
echter ook mogelijk dat post-copulatoire attributen gebruikt worden die de vruchtbaarheid
van vrouwtjes vergroten, en dus ook van pas komen als er geen spermacompetitie
plaatsvindt. Een voorbeeld van een post-copulatoir attribuut is een ‘bruidsschat’, dit is een
waardevolle stof (bijvoorbeeld voeding) die voorafgaand of tijdens het paren van het
mannetje overgebracht wordt naar het vrouwtje. Verschillen in de grootte van zulke
bruidsschatten tussen mannetjes met en zonder wapens zijn eerder gevonden in
vergelijkingen tussen soorten: mannetjes van soorten met ongewapende mannetjes
produceerden grotere bruidsschatten dan mannetjes van soorten met gewapende
mannetjes. Het is echter niet bekend of er ook binnen een soort zulke verschillen kunnen
voorkomen tussen mannetjes met en zonder pre-copulatoire attributen, bijvoorbeeld
tussen major en minor mannetjes, in de productie van stoffen die de vruchtbaarheid van
vrouwtjes vergroten.
Om te testen of minors meer kunnen investeren in post-copulatoire attributen dan
majors, heb ik de bollenmijt Rhizoglyphus robini gebruikt. Deze mijtensoort heeft major en
minor mannetjes, die respectievelijk ‘vechters’ en ‘scramblers’ heten. Net als andere

majors, gebruikt de vechter pre-copulatoire attributen in competitie met andere
mannetjes. Het derde pootpaar van de vechter is vergroot en wordt gebruikt als wapen om
rivalen te doden en, in kleine populaties, om vrouwtjes te monopoliseren. Scramblers
hebben zulke wapens niet en, in tegenstelling tot andere minors, doen scramblers het niet
beter dan vechters in spermacompetities. Naast een kortere ontwikkelingstijd hebben
scramblers weinig fitness voordelen (hier: eigenschappen die de mogelijkheid verschaffen
tot het verkrijgen van meer nageslacht) ten opzichte van de vechters. In hoofdstuk II heb ik
laten zien dat vrouwtjes meer nakomelingen produceren wanneer het mannetje waarmee
ze paren een dag gevoerd is tijdens zijn volwassen stadium dan wanneer dit mannetje
gedurende zijn hele volwassen stadium uitgehongerd is. De hoeveelheid nageslacht bleek
niet te verschillen tussen vrouwtjes gepaard met vechters of met scramblers. Echter, uit dit
experiment bleek wel dat het energiebudget van mannetjes een belangrijke factor is in het
bepalen van de hoeveelheid nageslacht dat het vrouwtje kan produceren. In hoofdstuk III
heb ik voortgebouwd op dit resultaat en heb ik alle mannetjes voor het paren een langere
periode gevoerd. Het resultaat was dat vrouwtjes die gepaard waren met een scrambler
meer nageslacht produceerden dan vrouwtjes gepaard met een vechter. Dit laat zien dat
het mogelijk is dat scramblers (of misschien minors in het algemeen) meer kunnen
investeren dan vechters (of majors) in post-copulatoire attributen die een functie hebben
buiten spermacompetities. Zulke minor-specifieke fitness voordelen kunnen een
belangrijke rol spelen in het behoud van twee ARTs binnen populaties.
Naast de investeringen in post-copulatoire attributen, kan ook een ART-specifieke
sterkte van een intralocus seksueel conflict (IASC) een rol spelen in het behoud van de twee
typen mannetjes in populaties. Een IASC treedt op als mannetjes en vrouwtjes verschillen
in de fitness optima van dezelfde eigenschappen en deze eigenschappen gereguleerd
worden door dezelfde genen in beide seksen. In IASC probeert elke sekse om de gedeelde
eigenschap dichter naar zijn of haar sekse-specifieke optimum te ‘trekken’. Naast elke sekse
kan ook elke ART zijn eigen eigenschapsoptima hebben. Als gevolg daarvan kan de sterkte
van het IASC verschillen tussen vechters en vrouwtjes, en scramblers en vrouwtjes. Het
gevolg van een ART-specifieke IASC sterkte is dat verschillende eigenschappen van het
nageslacht, zoals ontwikkelingstijd en grootte, beïnvloed kunnen worden door de ART van
de vader. In hoofdstuk IV heb ik getest wat het effect is van de ART van de vader op
verschillende eigenschappen van het nageslacht door selectielijnen op te zetten. In deze
selectielijnen selecteerde ik vijf generaties lang voor vechters of voor scramblers (door
telkens respectievelijk vechters of scramblers als vaders voor de nieuwe generatie te
gebruiken). De resultaten lieten zien dat vrouwtjes uit scramblerlijnen langer in staat waren
hun eiproductie op een hoger niveau te houden dan vrouwtjes uit vechterlijnen. Daarbij
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waren de eieren gelegd door vrouwtjes in scramblerlijnen in de laatste twee generaties
groter dan die van vrouwtjes in vechterlijnen. Deze resultaten wijzen op het bestaan van
een zwakker IASC tussen scramblers en vrouwtjes dan tussen vechters en vrouwtjes. De
voordelen van het voortplanten met scramblers – of de kosten van het voortplanten met
vechters – voor het nageslacht van vrouwtjes, en de mogelijke invloed hiervan op de
partnerkeuze van vrouwtjes, kunnen ook een effect hebben op het behoud van de twee
ARTs binnen populaties.
Het doden van soortgenoten door vechters was een wederkerend fenomeen in de
experimenten voor dit proefschrift. Door lukraak te doden riskeren vechters het verliezen
van ‘inclusieve fitness’. Inclusieve fitness is het aantal genen dat een individu doorgeeft aan
de volgende generatie, plus het aantal genen dat wordt doorgegeven via verwante
individuen. Vechters riskeren inclusieve fitness te verliezen als ze (nauwe) verwanten
doden, omdat die verwanten dan de genen van de vechter niet meer door kunnen geven.
Gegeven de regelmaat waarmee vechters soortgenoten doden (zie hoofdstuk II),
verwachtte ik dat vechters een selectief fitness voordeel hebben als ze verwanten
herkennen en het doden van verwanten vermijden. In hoofdstuk V heb ik deze hypothese
getest door te kijken hoeveel vechters per groep van vier vechters werden gedood of
gekannibaliseerd. Ik heb gevonden dat vechters geneigd waren om verwante individuen
minder vaak te doden of te kannibaliseren. Dit suggereert dat bollenmijten verwanten als
dusdanig herkennen en hen anders behandelen dan niet-verwante individuen. Het
herkennen en anders behandelen van verwante individuen kan een rol spelen in het
voorkomen van het verliezen van inclusieve fitness.
In een groeiend aantal soorten met twee ARTs heeft de analyse van allometrische
verhoudingen aangetoond dat deze soorten niet twee maar drie ARTs hebben. In onze
kweekpopulaties vonden we dat een aantal ongewapende mannetjes een ongebruikelijk
groot en bolvormig lichaam hadden. Door de allometrische verhoudingen te vergelijken
tussen verschillende mannetjes hebben we gevonden dat er een breekpunt zit in de
verhouding tussen lichaamslengte en pootbreedte in ongewapende mannetjes. Dit geldt als
bewijs dat deze grote, ongewapende mannetjes een derde ART kunnen zijn: de ‘megascrambler’. Mijn hypothese is dat de mega-scrambler vrouwtjes imiteert, het resultaat is
van grotere reserve-opslag capaciteiten, of van een IASC dat verder richting het optimum
van vrouwtjes is opgeschoven dan gebruikelijk is.
In dit proefschrift heb ik laten zien dat er verscheidene mogelijke fitness voordelen
zijn voor minor mannetjes van de bollenmijt. Bij mijn weten voor de eerste keer, heb ik laten
zien dat minors meer dan majors kunnen investeren in post-copulatoire attributen die
helpen bij het verkrijgen van meer nageslacht buiten spermacompetities. Ten tweede heb

ik laten zien dat vrouwtjes in scrambler selectielijnen grotere eieren leggen en langer een
hogere eierenproductie vasthouden dan vrouwtjes uit vechter lijnen. Zulke fitness
voordelen kunnen een belangrijke rol spelen in de evolutie en het behoud van ARTs. Naast
deze voordelen voor scramblers, heb ik ook bewijs geleverd voor verwantschaps-afhankelijk
gedrag in de bollenmijt omdat vechters vaker het doden en kannibaliseren vermeden in
verwante dan in niet-verwante groepen. Ten slotte heb ik bewijs geleverd voor het bestaan
van een derde type mannetje in de bollenmijt: de ‘mega-scrambler’.
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