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The study of size-assortative mating, or homogamy, is of great importance in speciation and sexual

selection. However, the proximate mechanisms that lead to such patterns are poorly understood.
Homogamy is often thought to come from a directional preference for larger mates. However, many
constraints affect mating preferences and understanding the causes of size assortment requires a precise
evaluation of the pair formation mechanism. Mate-guarding crustaceans are a model group for the study
of homogamy. Males guard females until moult and reproduction. They are also unable to hold a female
during their own moult and tend to pair with females closer to moulting than them. Using a theoretical
approach, we tested the potential for size-assortative mating to arise from such a state-dependent male
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female-sooner norm, may be a major cause of homogamy in mate-guarding crustaceans. This highlights
the potential for size assortment to arise from preferences not based on body size. It emphasizes the
importance of considering pair formation processes when studying the link between preference and
pattern in order to avoid inferential fallacies.
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Mating partners are often found to resemble each other in
various traits, such as colour, age or body size (Ridley 1983). This
pattern, called positive assortative mating or homogamy, is
particularly widespread in nature. Size-assortative mating, defined
as a positive correlation between male and female size among
couples in a population, has been well described in several taxa,
including birds (Helfenstein et al. 2004), reptiles (Shine et al. 2001,
2003), fishes (Baldauf et al. 2009) and humans (Courtiol et al. 2010).
Most notably, it is a very common mating pattern in insects
(Arngvist et al. 1996) and crustaceans (Bollache & Cézilly 2004a).

Because it restricts gene flow within populations, homogamy
can have major effects on sexual selection and speciation and is the
subject of intense research (Kirkpatrick 2000; de Cara et al. 2008).
Beyond its evolutionary consequences, the causes of homogamy
remain largely unknown. However, the link between the behav-
ioural traits and the resulting mating pattern is rarely straightfor-
ward. For a full understanding of the evolution of these traits, we
need to consider not only the consequences of a particular mating
pattern on gene flow but also the underlying mechanisms by which
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they lead to such a pattern. That is why the mechanisms leading to
size-assortative mating have been a major research topic over the
past three decades (Parker 1983; Ridley 1983; Venner et al. 2010).
Crespi (1989) proposed that size-assortative mating results from
three nonexclusive mechanisms. First, physical constraints can
prevent mismatched pairs from achieving mating. For example,
a male could be physically unable to pair with a female too large or
too small compared with his own size, therefore making mis-
matched pairs less frequent than size-assorted pairs (e.g. Han et al.
2010). Second, if same-sized mates co-occur in time or space,
mating should be size-assortative. Individuals of different sizes
sometimes have different periods of receptivity for pairing
(Miyashita 1994) or are found in different habitats (Bollache et al.
2000). Third, size-assortative mating can be observed in a pop-
ulation in which one or both sexes are exerting directional prefer-
ence towards larger mates (Johnstone 1997). When each male
prefers large mates, size-assortative mating arises if larger males
also outcompete smaller males for access to preferred females,
leaving them to pair with smaller females (e.g. Fawcett & Johnstone
2003; Hdrdling & Kokko 2005; Venner et al. 2010). When females
also prefer larger males, smaller individuals of both sexes are
rejected by larger mates and size-assortative mating should occur
(Parker 1983). Directional mate preference for large partners has
been extensively explored since Crespi (1989). It remains, by far, the
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most commonly invoked process to explain size-assortative mating
in nature (e.g. Elwood et al. 1987; Brown 1990; Rowe & Arnqvist
1996; Beeching & Hopp 1999; Shine et al. 2001; Baldauf et al.
2009; but see Taborsky et al. 2009).

However, studying the link between a mating preference and
a mating pattern is highly challenging (Wagner 1998; Widemo &
Sether 1999). A mating pattern results from the interaction
between individuals’ preferences and internal or external
constraints that may act on these preferences (Cotton et al. 2006).
For instance, scramble competition (i.e. in which individuals’ access
to mates is solely constrained by the pairing success of competing
individuals) is likely to constrain strongly the availability of
potential partners, therefore limiting access to preferred mates. In
that context, observations of individual preferences in the absence
of competition, as reported in several experimental studies, do not
necessarily account for a particular mating pattern (Wagner 1998).
Reciprocally, an observed pattern of size-assortative mating is not
sufficient to identify the traits targeted by the underlying prefer-
ence, nor it is enough to infer either the shape of the preference
function or the decision rule used to discriminate mates. Individ-
uals may base their preferences on a variety of traits other than
body size that reflect the quality of their potential partners. Also,
apart from directional preference for larger mates, preference
functions may sometimes depend on an individual’s own quality
(Alpern & Reyniers 1999). They could either prefer to mate with like
(i.e. homotypic preference; Burley 1983; Cézilly 2004) or discrim-
inate between potential mates according to a state-dependent
threshold (Riebel et al. 2010). Homotypic or state-dependent
preferences have rarely been invoked to explain assortment by
size (but see Kalick & Hamilton 1986), nor have been mating
preferences based on traits other than size.

Size-assortative mating is usually reported when pairs are
conspicuous and easily identified. This is the case in species in
which mating partners share parental investment or display pre- or
postcopulatory mate guarding. It is probably why size-assortative
mating in mate-guarding crustaceans has been the subject of an
extensive literature (e.g. Birkhead & Clarkson 1980; Adams &
Greenwood 1983; Elwood et al. 1987; Iribarne et al. 1996;
Bollache & Cézilly 20044, b; Franceschi et al. 2010), although its
proximate mechanisms are still poorly understood (Sutherland
et al. 2007). In mate-guarding crustaceans, individuals grow
continuously throughout their lives after each moult. An individ-
ual’s intermoult duration (the time between two successive
moults) increases with body size. Females are only receptive for
copulation for a short period of time, as their eggs can be fertilized
for only a few hours after their moult. The strong male—male
competition for access to receptive females favoured the evolu-
tion of long-lasting precopulatory mate guarding, as guarding
a female earlier in her intermoult period provides the male with
a competitive advantage (Parker 1974; Grafen & Ridley 1983;
Jormalainen 1998). Perhaps owing to this close link between
precopulatory mate guarding and sexual selection, size assortment
in this mating system has often been considered to result from
a directional male mating preference for larger, more fecund
females combined with a size bias in male competitive ability (e.g.
Elwood et al. 1987; Elwood & Dick 1990; Bollache & Cézilly 2004a;
Sutherland et al. 2007). Larger males are commonly expected to
have a competitive advantage over smaller ones in gaining access to
a preferred female. They can usurp larger females from other males
after take-overs (Ward 1983) or invest more energy in mate
guarding than smaller males (Elwood & Dick 1990).

Surprisingly, other areas of the biology of mate-guarding crus-
taceans have been overlooked in explanations of size assortment. In
amphipod crustaceans for instance, Males have been described as
unable to guard a female during their own moult (Ward 1984).

Because mating is only ensured if a male holds a female at the time
of her moult (i.e. female sexual receptivity), males should decide to
pair with females that moult before they do (Thomas et al. 1998;
Bollache & Cézilly 2004b). Although mating preference based on
time left to moult as been studied in amphipods (e.g. Birkhead &
Clarkson 1980; Ward 1984; Elwood et al. 1987; Galipaud et al.
2011), its potential role in leading to size assortment has almost
never been investigated.

In this study, we tested the overlooked hypothesis that a state-
dependent decision rule based on time left to moult is sufficient to
lead to size-assorted pairs. Using an individual-based model, we
studied pair formation when males decided to pair with females
that moulted before themselves and we observed the resulting
mating pattern. Unlike other hypotheses, we did not consider any
interference between males or any effect of female behaviour.
However, we explicitly took scramble competition into account and
we never assumed any preference function or decision rule based
on body size.

THE MODEL

We parameterized the model in reference to the biology of
Gammarus pulex, a well-studied species of amphipod crustacean,
but we kept it as general as possible in order to fit the biology of
most species of crustaceans with continuous growth. All individ-
uals were sexually mature. Each individual was defined by its sex,
mating status (unpaired or paired) and its size, S (usually measured
in millimetres in G. pulex). Male and female sizes were drawn from
normal distributions with means py and pg respectively, and
standard deviation o. By default, we used py,=2.75mm and
ur= 2 mm, as these are the mean sizes of the fourth coxal plate
(used as a proxy of body size) measured in natural populations of
G. pulex (Bollache & Cézilly 2004a). Sexual size dimorphism (SSD)
was represented as the ratio pp/pr. As default value, we chose
SSD = 1.375, which roughly corresponds to the SSD found in
natural populations of G. pulex. The length of an individual’s
moulting cycle Mpmax (in days) was assumed to increase linearly
with its body size (Mmax = 14.83 x S + 6.75; Fig. 1; e.g. in G. pulex,
Galipaud et al. 2011; L. Bollache, unpublished data). The time left to
the next moult, M (in days; Fig. 1), equalled M2 immediately after
a moult, but declined by one unit each day in between moults. After
each moult, individuals grew in size by a factor g, the relative
growth rate (by default g = 1.1). When a paired female moulted, she
became receptive for copulation, after which the couple separated.
When a paired male moulted, he could not hold his female
anymore, so the couple separated (Ward 1984). Every day, each
individual had a probability d of dying (d =0.012 by default).
Individuals thus had a life expectancy of 83.3 days and 99% of them
died before reaching 380 days. This is consistent with the life span
observed in natural populations of G. pulex (Sutcliffe 1993). Every
dead individual was replaced by a mature individual of the same
sex and of a size chosen from the normal distributions described
above. This ensured that population size and sex ratio were
constant. If an individual died while paired, its partner immediately
became available for re-pairing.

The population was composed of N individuals of both sexes.
The numbers of males and females depended on the sex ratio SR,
defined as the proportion of males. To simulate reproductive
asynchrony, individuals entered the population with a value of M
chosen randomly from the distribution of all possible values
between 0 and Mpax (Fig. 1). Pairings occurred through male mate
choice only. Males only paired with females that would moult
sooner than themselves, thereby preventing premature pair sepa-
ration caused by their own moult (this assumption is relaxed in
latter analysis, leaving the possibility for males to make errors).
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Figure 1. Time left to the next moult as a function of body size. The dashed line
represents the correlation between body size and maximum time left to moult. As
moulting was not synchronous, at the beginning of the simulation individuals
(N =1000) entered the population with a time left to moult randomly chosen among
values between 0 and Mp,.x. This resulted in a distribution of M almost uniform in
a population, although individual body size S followed a normal distribution.
Corresponding distribution frequencies are represented as side histograms.

Each time step t of the simulation represented 1 day for individuals.
At each t, we ordered the unpaired males randomly and then gave
each one in turn the opportunity to pair. For a given male, a mate
was randomly chosen from the remaining unpaired females that
met his guarding criterion (Mr < My,), if any. After being assigned to
a particular male, a female was not available for pairing with other
males before she was released by her current partner. Pairs
remained together until the female moulted or one of the two
partners died. After separation, males and females were immedi-
ately available for pairing with a new mate. The model was written
in R language (R Development Core Team 2012).

Simulations

We allowed cycles of guarding and mating to continue until the
pattern of size-assortative mating had reached an equilibrium,
which always happened within 1000 time steps (tmax). We assessed
the degree of size assortment between mating partners with the
Pearson coefficient of the correlation between male and female size
in pairs (Arnqvist et al. 1996). Pairing sequence may be subject to
variations between replicates of a given simulation. To make sure
that we could draw conclusions from the observed pattern, we ran r
replicates of the same simulation (i.e. with exactly the same set of
parameter values) and considered the mean response for inter-
pretation. Because the availability of partners influences mating
patterns, we first assessed the effect of the sex ratio SR on size-
assortative mating. Second, we considered the effects of g, d and
SSD on homogamy for size.

At tmax, We also looked at the size of unpaired and paired indi-
viduals within each sex. To guarantee independence between

observations, we randomly sampled one individual at tyax for each
repetition of the simulation among unpaired (for 500 repetitions of
the simulation) and paired individuals (for a separate set of 500
repetitions). We then assessed the strength of the disparity in size
between unpaired and paired individuals, calculating the Cliff's 3 as
a measure of effect size (Nakagawa & Cuthill 2007). Following the
same procedure, we measured the time that paired males spent in
precopula with a particular female by looking at the Mg of their
current partner at tyax. We tested for an effect of male body size on
precopula duration with a linear regression model.

Individual’s Error in Choice

In nature, males are unlikely to be able to assess perfectly
a female’s time left to moult relative to their own before engaging
in precopula. We therefore added errors in male’s decision making
in our simulations (McNamara et al. 1997). When encountering
a female, a male had a probability P of accepting her, given by:

1

F= (1)

1+e?

where A controls the accuracy of male choice. The greater the value
of ', the better the male can assess the female’s time left to moult.
When My, >> My, P = 1 whereas when M, << Mg, P = 0.

RESULTS

All simulations led to positive size-assortative mating. The
strength of homogamy varied according to the sex ratio (Fig. 2). One
important mechanism in creating the mating pattern was a disad-
vantage of small males with relatively short M, in getting access to
large females with long M. However, this mechanism only led to
size assortment under particular conditions of male—male
scramble competition for pairing.

There were two ways for pairs to split up. Separations were
either caused by the death of one of the two partners or, in the vast
majority of cases, by the female’s moult. Under low SR, females
were abundant in the population, male—male scramble competi-
tion was low and size-assortative mating was weak (Fig. 2). Newly

Coefficient of homogamy

| | | |
0.2 0.4 0.6 0.8

Sex ratio

Figure 2. Coefficient of homogamy (measured as the mean Pearson coefficient of the
correlation between male and female body size in pairs over 500 simulations) as
a function of sex ratio. The vertical dashed line indicates an even sex ratio (0.5).
Parameters: N = 1000, d = 0.012, g = 1.1, SSD = 1.375.
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released females did not always immediately find a new male with
which to form precopula. To do so, they had to wait for a few days,
bringing them closer to the moult. Because both large and small
females sometimes did not pair until close to their moult, this
resulted in a weak correlation between female size and M;.
Unpaired males were thus likely to pair with females of any size
whatever their own My, That is why we observed only weak size-
assortative mating for low values of SR (Fig. 2). When SR reached
higher values, male—male scramble competition increased and
size-assortative mating was stronger (Fig. 2). Each male that
secured a female strongly affected the pairing success of other
males. After their moult, females rapidly entered into precopula
with a new male. Newly released males were close to their moult
and were therefore unable to find a female meeting their guarding
criterion. In order to pair with a new female, they had to wait until
their own moult and the beginning of a new moulting cycle. Size
and My, were therefore correlated in males that were able to pair. In
a nutshell, with increasing male—male competition, there was
a strong correlation between size and time left to moult in the
population of unpaired individuals that were able to pair. Under
these circumstances, small males had a disadvantage in access to
large females with Mf> My, which resulted in more frequent
assorted pairs (Fig. 2). This also explains why large females were
less likely than smaller females to be found in precopula and why
unpaired males were smaller than paired males (Table 1). In addi-
tion, large males tended to be passively trapped for a long time with
females, therefore spending more time in precopula than smaller
males (SR = 0.4: tj9g = 1.29, P = 0.2, slope = 1.75, CI from —0.91 to
4.41; SR=0.5: tj98 = 1.02, P=0.3, slope = 1.24, CI from —1.14 to
3.63; SR = 0.6: t193 = 6.13, P < 0.0001, slope = 7.93, CI from 5.40 to
10.47). Thus, at any time, large males were more likely to be paired
than small males. This also accounts for the size difference between
paired and unpaired males we observed (Table 1) and is consistent
with previous experimental studies (Rowe & Arnqvist 1996). By
segregating individuals according to their size, this passive accu-
mulation of large males with large females resulted in even
stronger size-assortative mating. However, passive accumulation
alone is not sufficient to explain size assortment. Without a state-
dependent decision rule, size-assortative mating was no longer
found. To sum up, when male—male scramble competition
increased, this strengthened the correlation between size and time
left to moult among males and females that formed precopula.
Small males were unable to pair with large females far from moult,
therefore creating size-assortative mating at a population level. The
necessary component for homogamy to arise was the positive
correlation between S and M. Without this correlation, no size-
assortative mating was observed.

It is worth pointing out that at SR = 0.5, some newly released
unpaired males were close to moulting and were unable to find
a mate meeting their guarding criterion, owing to the long Mr of
unpaired females (i.e. females that just began a new moulting
cycle). Despite there being an equal number of males and females in
the population as a whole, the actual number of unpaired males

Table 1
Size disparity between unpaired and paired individuals within each sex
Sex ratio Male Female
Cliff's & 95% Confidence Cliff's & 95% Confidence
interval interval
04 -0.15 —0.21 to —0.07 0.06 —0.01 to 0.14
0.5 —-0.08 —-0.15 to —0.01 0.19 0.12 to 0.26
0.6 -0.19 —0.26 to —0.12 0.99 0.96 to 1.00

Negative values of Cliff's § indicated that paired individuals were larger than
unpaired individuals while positive values indicated the opposite.

able to pair (i.e. with a large My,) was still lower than the number of
available unpaired females. The operational sex ratio (OSR; here
defined as the relative number of males and females available for
pairing, not for mating; Lemaitre et al. 2009) was thus female-
biased and the strength of male—male competition was still low.
This accounts for the relatively low size-assortative mating we
observed at SR = 0.5, before it rapidly increased as the OSR became
biased towards males (Fig. 2).

Size assortment was also sensitive to individual relative growth
rates and the probability of dying. For these parameters, the default
values we chose led to a weaker pattern of size assortment than
expected under slightly different conditions. Mates were more
strongly assorted by size when they were less susceptible to indi-
vidual mortality (Fig. 3a) or when they grew more at each moult
(Fig. 3b). Size-assortative mating also increased when males and
females tended to be similar in size (Fig. 4). Under low SSD, males
and females tended to be more similar in their Mpax. Several
females had their M« greater than small males’ Mmax. The size
bias in pairing success among males was therefore strengthened
because small males were even less likely to encounter a large
female meeting their guarding criterion. Size-assortative mating
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Figure 3. Effect of (a) probability of dying d and (b) relative growth rate g on size-
assortative mating, for three values of the sex ratio (SR = 0.4, SR = 0.5 and SR = 0.6).
In both graphs, dashed lines indicate the default values of (a) d and (b) g. Parameters:
N =1000, SSD = 1.375.
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Figure 4. Effect of sexual size dimorphism on size-assortative mating for three values
of the sex ratio. At SSD =0 (solid line) the male and female size distributions are
identical (pm = pe=2; o =0.2). The dotted line indicates the default value of SSD.
Parameters: N = 1000, d = 0.012, g = 1.1.

was resistant to errors in male assessment of female time left to
moult (Fig. 5).

DISCUSSION

We showed that it is possible to find size-assortative mating
without assuming either a preference function or a decision rule
based on body size. This contrasts with previous work on amphi-
pods, which considered male mating preference for larger, more
fecund females as the main mechanism leading to homogamy
(Elwood et al. 1987; Bollache & Cézilly 2004a; Sutherland et al.
2007). One could argue that our result is only a by-product of the
weak correlation between size and time left to moult we found in
the simulations. A preference based on time left to moult would
then actually be a preference for body size. If so, males would
presumably prefer, and most likely pair with, larger, more fecund
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females that also happen to be far from moult. This is precisely the
opposite of the pattern reached in the model, with males tending to
pair with smaller females rather close to moult, leaving larger
females unpaired (e.g. Hatcher & Dunn 1997). The mate-guarding
criterion we modelled based on time left to moult did not act as
a directional mating preference for large females.

The state-dependent male decision rule we assumed is
comparable to the male-taller norm in human mating (Gillis & Avis
1980). Human females are described as preferring to consort with
males that are exclusively taller than them. This human mating
strategy has also been shown to lead to size-assortative mating
(Courtiol et al. 2010). Similarly, in our model, we considered that
males would pair exclusively with females closer to moult than
they are (Bollache & Cézilly 2004b). This female-sooner norm
represents a novel hypothesis to explain size-assortative mating in
crustaceans.

The effect of variation in mate-guarding duration has previ-
ously been invoked to explain size assortment. Some authors
have argued that in reproductive systems where larger individ-
uals have longer-lasting breeding periods, larger males would
tend to accumulate passively with larger females, hence leading
to size assortment (McCauley & Wade 1978). However, according
to our results, this ‘passive accumulation’ alone is not a sufficient
mechanism to explain the pattern of size assortment. Another
previous hypothesis, called the ‘timing hypothesis’ (Elwood &
Dick 1990) also suggested that, because males incur an energy
cost in precopula, there should be a size bias towards males’
ability to guard females. Large males, with more energy, should
be more successful in guarding females over a long period of
time compared with smaller males. According to this hypothesis,
every male prefers larger females also further from moult than
smaller females. Large males are better able to overcome the
costs of guarding them, hence leading to size assortment. Our
hypothesis differs on two points from the ‘timing hypothesis’.
First, the female-sooner norm we proposed does not consider
costly precopulas for males. Even without consideration of size
or energetic reserves, males close to moult were less likely to
find a female meeting their guarding criterion. Under strong
male—male competition, small males tended to be closer to
moult than large males. This resulted in a size bias in male access
to unpaired females and eventually to size-assortative mating.
Second, the ‘timing hypothesis’ predicts that males should trade
female size against time left to moult to choose partners in order
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Figure 5. Male errors in mate choice. (a) When males are capable of perfect assessment of female M relative to their own My, (A > 10), male mate choice occurs without mistakes
and males pair with females only if the difference My, — Mt is positive. When X decreases, the male probability of making an error and accepting a female further from moult than
himself increases. The effect of A on the coefficient of homogamy is represented in (b) for three values of the sex ratio (SR = 0.4, SR= 0.5 and SR = 0.6). Parameters: N = 1000,

d=0.012, g= 1.1, SSD = 1.375.
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to maximize the number of offspring they sire per guarding
event (Elwood et al. 1987). In our study, males based their choice
solely on female time left to moult, which led to size-assortative
mating even under rather strong errors in assessment. In that
sense, we suggest a parsimonious alternative to explain
homogamy in mate-guarding crustaceans.

In our model, male—male scramble competition for access to
females is the main mechanism to explain size-assortative mating.
Size-assortative mating strongly increased with a more male-
biased sex ratio. This is highly consistent with previous observa-
tions of homogamy in crustaceans (Bollache et al. 2000; Bollache &
Cézilly 2004a). We also found that paired males tended to be larger
than unpaired males. This has also been observed in previous
studies (Birkhead & Clarkson 1980; Ward 1986). Yet, authors often
erroneously interpret this pattern as evidence for large males
having priority of access to larger, preferred females. Here we have
shown that it is possible to obtain these patterns without any size
bias in male capacity to undergo precopula or to dislodge
competitors from preferred females (e.g. take-over). Because
mating patterns potentially arise from several processes, direct
explanations of mating patterns at the population level from
observed preferences or biases in mating success only represent
inferential fallacies (Burley 1983; Mueller 1995; Rowe & Arnqvist
1996).

It is also worth noting that the very same decision rule can lead
to wide variation in the level of homogamy according to environ-
mental conditions. Death rates, relative growth rates and sexual
size dimorphism all affected the strength of size assortment in our
model. Populations under different conditions of predation, food
availability or selection pressure on growth may therefore vary
widely regarding the strength of size assortment between mating
partners, even if the main mechanism it results from remains the
same. This could partly account for the strong intraspecific varia-
tion in size-assortative mating observed between different natural
populations (e.g. Ward 1986; Arnqvist et al. 1996; Bollache et al.
2000; L. Bollache, unpublished data).

Conclusion

The female-sooner norm represents a novel hypothesis to
explain size-assortative mating. It is embedded in the biology of
mate-guarding crustaceans, a particularly well-studied group when
it comes to homogamy. Unlike previous hypotheses, this one
considers size assortment to result from a decision rule not based
on body size. Males tended to pair with females that moulted
sooner than themselves. State-dependent preferences are not as
restrictive as a directional preference, so males still found plenty of
potential mates meeting their criterion. Competition among males
is presumably relaxed under such a preference, making its main-
tenance easier to explain within natural populations (Barry &
Kokko 2010). This highlights the fact that there is not necessarily
a direct relationship between preferences and mating patterns.
There are likely to be many constraints on pairing processes
resulting from a particular mating preference under natural
conditions. Its observation under controlled environments using
specific experimental procedures is not sufficient to infer a mating
pattern at the level of the population. There is a need for a better
understanding of pairing processes leading to mating patterns in
order to link preference functions and decision rules to actual
reproduction, and thus evolution.
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