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Frequency-dependent selection may drive adaptive diversification within
species. It is yet unclear why the occurrence of alternative reproductive tactics
(ARTs) is highly divergent between major animal taxa. Here we aim to clarify
the environmental and social conditions favouring the evolution of intra-
population variance of male reproductive phenotypes. Our results suggest
that genetically determined ARTs that are fixed for life evolve when there
is strong selection on body size due to size-dependent competitiveness, in
combination with environmental factors reducing size benefits. The latter
may result from growth costs or, more generally, from age-dependent but
size-independent mortality causes. This generates disruptive selection on
growth trajectories underlying tactic choice. In many parameter settings, the
model also predicts ARTs to evolve that are flexible and responsive to current
conditions. Interestingly, the conditions favouring the evolution of flexible
tactics diverge considerably from those favouring genetic variability. Never-
theless, in a restricted but relevant parameter space, our model predicts the
simultaneous emergence and maintenance of a mixture of multiple tactics,
both genetically and conditionally determined. Important conditions for the
emergence of ARTs include size variation of competitors, which is inheren-
tly greater in species with indeterminate growth than in taxa reproducing
only after reaching their terminal body size. This is probably the reason why
ARTs are more common in fishes than in other major taxa.

1. Introduction

During the past 150 years, substantial conceptual and empirical progress in evol-
utionary biology has enhanced our understanding of how and why the mean
expression of phenotypic traits is changing within populations in response to
natural and sexual selection [1]. More recently, important insights have also
been made to explain within-population trait variation as a result of natural selec-
tion [2]. Such adaptive variation may emerge from selection for specialization in
terms of, for instance, resource utilization [3], competitiveness [4] or “personality”
[5]. Prominent examples of such apparent intra-population trait variation come
from the study of alternative reproductive tactics (ARTs) [6-10]. Nevertheless,
the interplay between ecology and the emergence of intra-population trait
variation still remains enigmatic [5,11].

In many animal species, individuals within one sex adopt different tactics in
order to reproduce [7,8]. This may for instance be reflected in discrete distri-
butions of behavioural, physiological and/or morphological characteristics [12].
ARTs may occur in both sexes. Yet, although female ARTSs have evolved occasio-
nally (see e.g. [13]), far more examples of ARTs have been described for
males [12,14]. Typically, male ARTs conform to a ‘producer-scrounger’ type
[11], with one ‘bourgeois’ tactic defending territories or nests in which females
will reproduce, whereas ‘parasitic” tactics are characterized by their intra-sexual
exploitation of this reproductive resource [12]. This can be achieved, for instance,
by sneaking into bourgeois males’ territories to mate there with females.
Obviously, these contrasting tactics will select for divergent phenotypes [15,16].
Dominant males will have a benefit from strong competitiveness or fighting pro-
wess (generally referred to as resource holding potential), whereas sneaking
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males will often benefit from a cryptic appearance combined
with swiftness and speed. ARTs thus represent a fascinating
case of intra-population specialization manifested in many be-
havioural and life-history traits. Yet we have an imperfect
understanding of the environmental conditions favouring the
evolutionary emergence of such specialization.

To understand the evolution of ARTs, it is important to
acknowledge that different kinds of ARTs can be distinguished,
dependent on when and how tactic-specific phenotypic deter-
mination occurs. One important distinction is between ‘fixed’
and ‘flexible” alternatives [16]. The key difference is that when
males apply fixed tactics, the ‘decision” of which tactic to use
is made irreversibly at one stage (usually early) in their lifetime.
This is exemplified by ARTs in many insects [10,17-19], where
males either develop large weapons important in territorial
fights or spare this investment [20]. Yet once they are sexually
mature they cannot switch tactics. This is distinctly different
from flexible systems in which, for instance, males use one
tactic when being young or small, and eventually switch
tactic use when they get older and larger (e.g. [6,21,22]). Regard-
less of whether tactics are fixed for life or flexible, there is
usually genetic variance regarding the environmental
thresholds at which individuals should express one or the
other phenotype [11,23]. Rarely, ARTs are determined by
simple genetic mechanisms (e.g. [24—26]), but the vast majority
of ARTs are apparently conditionally determined and subject to
significant external influences [7,8,10]. Possibly, the factors
favouring a conditional expression of tactics, such as a high
reliability of environmental or status cues [27,28] and low cost
of plasticity [29], often occur in mating systems with ARTs [10].

Considerable research effort has been devoted to under-
stand the stable coexistence of alternative reproductive
behaviours in a population. The prime explanation for a poly-
morphism of ARTs is negative frequency-dependent selection
[8,12,30]. This mechanism seems very plausible regarding the
maintenance of producer-scrounger types of ARTs: if a bour-
geois tactic becomes very common, it will increase the fitness
of males using the parasitic tactic because there will be many
males whose investment can be exploited, and competition
from other parasitic males will be low. If reproductive parasites
are very common, however, each parasitic male will have
relatively low reproductive success due to intense competition
from other parasitic males, and males pursuing the bourgeois
tactic will be relatively better off. Nevertheless, few studies
have actually demonstrated negative frequency-dependent
selection acting on ARTs in natural populations [13,24,31].

Status-dependent selection may also generate scope for
ARTs. For instance, males using a less beneficial tactic may
apply a ‘best-of-a-bad-job’ strategy [17]. Here, phenotypic
variation in ARTs can be explained if variation is maintained
in some underlying state-character, such as condition, size or
age. In that case, applying one tactic will be beneficial in cer-
tain conditions, whereas applying the other will be beneficial
in other conditions [8,23]. The idea of a status-dependent
switch-point at which males should use different tactics has
generally found good empirical support in cases where
tactics obviously result in unequal fitness benefits (e.g. [18]).

Interestingly, in some species males apply more than two
different ARTs. These can either be determined by the same
mechanism, for instance coexistence of distinct genotypes (e.g.
[24,25]) or status-dependence including multiple states [19], or
by a mixture of mechanisms. Multiple ARTs seem to occur
especially in fish mating systems [16]. For instance, in the cichlid

Lamprologus callipterus, three tactics co-occur: a parasitic tactic
adopted by genetically distinct dwarf males [26], an oppor-
tunistic sneaker tactic applied mainly by small males before
they eventually become territorial, and a bourgeois tactic of
males building nests to attract mates [32]. Likewise, the ocel-
lated wrasse Symphodus ocellatus may adopt three different
tactics involving nest-building territory owners, collaborative
satellite and purely parasitic sneaker males [21]. A similar
phenomenon has been observed in the bluegill sunfish Lepormis
macrochirus, in which males are either nest holders, sneakers or
satellites, which mimic female behaviour [33]. The evolution
and maintenance of such multiple ARTs is currently not well
understood [34], possibly except in circumstances where these
follow so-called rock—paper—scissors dynamics [24].

The current frameworks modelling the occurrence of ARTs
have been extremely useful to predict, for instance, the
expected frequencies of different morphs, and the evolutiona-
rily stable thresholds at which males should switch between
tactics. Nevertheless, our understanding of the environmental
conditions favouring the evolution of ARTs in the first place is
much more limited. Indeed, theoretical attempts to model the
coexistence [8,30,34] and genetic architecture [27,29] of ARTs
typically assume that two distinct phenotypes already exist
ina population. By contrast, the evolutionary emergence of dis-
tinct types from initially continuously distributed characters,
which is a conceptually disparate question [2,35], has not
been addressed by theoretical studies of ARTs, as these typi-
cally focus on the maintenance of already present variation.
To illustrate this conceptual difference, the explanatory frame-
work to understand the ecological conditions favouring the
evolution of anisogamy [36] is distinctly different from sex
allocation theory [37], which aims to understand sex-ratio
variation and investment in male and female function.

Here, we take an original approach towards understanding
the impact of environmental conditions on the emergence
and maintenance of ARTs. Our aim is to model well-known
and widespread general situations. We therefore develop a
model reflecting a frequently observed mating pattern with
competition for ‘territories’ limited in supply (see, e.g. [7,15]).
We assume indeterminate body growth (as in most invertebrate
and vertebrate lineages; see [38]), and that the ability to acquire
and monopolize a territory will depend on male size (see
[20,39]). Furthermore, investment in growth is an evolving
strategy. Our assumptions are thus well anchored in natural sys-
tems and combine reality with generality. We use this model to
unravel underlying evolutionary mechanisms, and specifically
analyse under which ecological and competitive circumstances
two (or eventually more) tactics spontaneously evolve from an
initially monomorphic population. Furthermore, the model
does not make inherent assumptions whether tactic choice is a
fixed, irreversible lifetime decision or whether individuals are
able to use tactics flexibly. Instead, in our model these attributes
can evolve, also enabling conclusions about which underlying
mechanism of tactic choice is likely to emerge.

2. Basic model assumptions

We used an individual-based simulation approach with repro-
duction occurring in discrete bouts at every time step. At each
time step individuals compete for territories, which will be
acquired by the most competitive individuals (see [4] for a simi-
lar modelling approach, [39] for empirical data). Males unable

SP6TSL0T (€8T § 0§ Y 0id  biobuiysigndfianosieforqds H


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on February 24, 2016

Table 1. Definition of variables and parameters used in the model.

parameter description evolving/fixed
growth

L asymptoﬁc body size evolving

K initial growth rate evolving

a  basal Gomp‘ebrtz hionélity rte fied

B » »effect of growth on age-spe;iﬁc mortality e » »ﬁxed»
size-dependent mortality

i mortality rate of very large individuals fixed

M&: Mo | - » bsizé—dep‘ehdent» r‘nbortalli>ty chéngé S  fived
premating intra-sexual selection

o e of teriores popullation‘ B S

€ effect of body size on territory acquisition fixed

0"T S © minimum body size réqu‘ired for te‘rrit(‘)ry holdes —fixed
postmating intra-sexual selection

Sar Sbr Sc size-dependent sperm investment strategy evolving

r loading factor (relative advantage of parasitic males) fixed

y Uk o sizé—dependent s‘neakinbg‘abilit‘yb il doatosh o

to compete for territories successfully may still attempt to
reproduce, but all males with reproductive potential will
bear the cost of sperm production, which is traded off against
growth and somatic maintenance (see e.g. [40]). At each repro-
ductive bout, a certain number of offspring are produced and
the new population will be formed by these and the survivors
from the previous reproductive bout. Survival probability is
determined by individual mortality rate, which depends both
on size and on the growth and sperm investment strategy of
each individual (see below for specific assumptions and their
justification). There are thus two strategies evolving in the
population, a growth- and a sperm-investment strategy, both
affecting reproductive success and mortality (see table 1 for
an overview of fixed and evolving model parameters).

3. Growth and mortality
(a) Growth

Generally, body growth rate is fastest during early life stages
and declines with increasing size and age [41]. This is cap-
tured by modelling growth according to the van Bertalanffy
growth equation:

oty =L (1 - exp(—K - 1)). (3.1)

In this expression, L denotes asymptotic body size and K is a
measure of relative growth rate. There are thus two evolving
growth parameters comprising a growth strategy. This equation
is apt to model indeterminate growth and has typically been
applied to model fish growth, where it seems particularly suit-
able (cf. [41]). However, we note that the assumption remains
adequate even for species with determinate growth, as long as
not all characteristics of individual size or condition are fixed
at the onset of sexual maturity (as typically in birds, mammals
and insect income breeders). Assumptions and results from an
extension of this indeterminate growth model implying a fixed
body size at sexual maturation (as, for instance, in insect capital
breeders) is presented in the electronic supplementary material.

(b) Growth costs—Iongevity and ageing

There are several lines of evidence demonstrating costs of an
increased early-life growth rate [42,43]. In our model, the cost
of growth is therefore manifested in reduced longevity. Specifi-
cally, we assume individuals with an initial faster growth rate
will pay these costs later in life in terms of an increase in their
age related mortality rate, thus in an increased rate of senescence.
In our model, mortality rate conforms to the Gompertz model,
) = aexp(PBt), where fis age, and « and B are parameters
that represent the baseline (age-independent) mortality and
senescent component (age-dependent), respectively (see e.g.
[44]). In the van Bertalanffy growth model, individuals have
an initial (and maximal) growth rate of ¢ = LK. We assume
that the magnitude of this growth rate affects the rate at which
they will later age, thus B =LK and w(t) = aexp(BLKt).
Together with the size-dependent mortality rate (see below),
the assumptions conform largely to Siler’s [45] competing
hazard model.

(c) Size-dependent mortality

Smaller individuals often have a higher mortality rate (u) due
to, for instance, predation (i.e. (du/do) <O0; e.g. [46-48]).
This size-dependent mortality is modelled here as (from [49])

o) = i + poe” 7, (3-2)

where ; is the mortality rate for very large individuals and . a
parameter specifying how strongly mortality rate changes
with size, while the parameter oy characterizes at which
size the size-dependent component of mortality drops to
e ' = 0.368, relative to its value at size o= 0.

4. Competition for territories

We assume that reproduction takes place within a restric-
ted number of locations (11). Usually, larger and heavier males
will be superior competitors [39] and thus better able to acquire
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these territories. Nevertheless, larger males will not always out-
compete smaller males, yet the probability that they will do so is
likely to increase with increasing differences in body size (see
e.g. [50]). An intuitive way to model this is to assume that
body size (o) reflects true competitiveness, whereas realized
competitiveness (c) may deviate somewhat from this in any
given situation. Specifically,

o)y=0+¢ (4.1)

where {is a random number drawn from a normal distribution
with mean 0 and standard deviation &. The parameter &
thus determines how strongly territory acquisition is dependent
on body size. Small values of & signify that males will always
win against infinitesimally smaller individuals, whereas large
values indicate that territory acquisition will be a random
event and thus independent of body size (see [4] for a similar
approach).

In many cases, males must have a certain minimum size
to effectively defend territories. This is the case, for instance,
when territories are partly built or constructed by males. In
the cichlid fish, Lamprologus callipterus, for instance, males
collect snail shells as female egg-laying substrate, and only
males larger than 9 cm standard length are able to lift and
swim with these shells [51]. Such an effect can additionally
be incorporated in the model by assuming that competition
for territories only occurs between males with a body size
(0) larger than a certain threshold size or.

5. Competition for fertilizations

(a) Access to territories

Individuals not acquiring a territory may use an alterna-
tive tactic and attempt to sneak fertilizations in territories
of dominant males. Their success in doing so is often depen-
dent on body size [52-56]. Our approach is related to most
empirical (i.e. statistical) approaches for analysing changes
in the probability of an outcome (logistic regression). In prin-
ciple, we assume that the log-odds that a sneaking male
will successfully enter a dominant male’s territory and steal
fertilizations there changes linearly with size:

tog (2475 ) = oy~ o). (5.1)

Thus, the parameter o, specifies at which size the log-odds of
success is zero, hence parasitic males have a 50% chance to
succeed. The parameter v, on the other hand, determines how
strongly parasitic ability decreases with increasing size (or
increases if y < 0). These assumptions translate into a logistic
equation describing the probability of sneaking success as a
function of body size

B 1
l4exp(y(oc—ay))’

plo) (5.2)
For most simulations, we will assume that sneaking
success increases with decreasing size (i.e. y > 0). There are
several lines of evidence indicating that this is most often the
case, for instance due to inconspicuousness and increased
manoeuvrability [52-54].

(b) Cost of sperm investment
Fertilization success in sperm competition is often determined
by males’ sperm investment (see e.g. [57]), and larger males

usually have larger testes [58]. In our model, sperm investment [ 4 |

is an evolving size-dependent strategy. Specifically, we model
sperm investment in terms of the associated costs males pay for
sperm production. We further assume that there is a trade-off
between sperm production and investment in maintenance
(see e.g. [40]) so that an increase of sperm production is
expressed as an increase in mortality rate. Thus, investment
cost is modelled as mortality rate due to cost of sperm
production conditioned on male size:

{ w{0) =8, +sp0+5.0> if s, +sp0+5.0° > O} (5.3)

nlo)y =0 if s, +s,04+5:.0%<0

The evolving parameters s,, s, and s, define the form of the size-
dependent sperm investment reaction norm. The quadratic
term allows that distinct tactics potentially can evolve. Without
it, the assumptions would force sperm investment to change
linearly with size, yet we are interested also in nonlinear scen-
arios where, for instance, only small and large males invest in
sperm. Explicitly assuming that the cost of sperm production is
related to body size, the investment cost associated with actual
sperm production is as follows:

9 _ i, (5.4)

(c) Sperm raffle and roles

Fertilization success may not only be influenced by male
sperm reserves, but also by male roles [59]. Owing to
their distinct roles, parasitic males may have a fertilization
advantage or disadvantage relative to territorial males
(e.g. [26,60]). This may depend, for instance, on a difference
in ejaculate timing, or tactic-specific differences in spatial
proximity to the females/eggs (see e.g. [54]). In concordance
with the well-established loaded raffle principle [59], we let
the loading factor r determine parasitic male advantage
(disadvantage if r <1) in relation to the territorial male
according to

volSp, Stl, ..)) = "p

= ’ 55
se+15p + (D07 75p,i) (5:5)

where v, denotes the fertilization of a parasitic male having
sperm reserves equalling s, in competition with a territorial
male investing s, (and possibly 1 other parasitic males invest-
ing sp,;). Assumptions on asymmetric sperm competition
success can easily be relaxed by assuming r =1, signifying
a fair raffle.

6. Individual-based simulations

(a) General simulation structure

In the individual-based simulations, we assume haploid genetics
with 7 offspring sired in each territory at each time step.
Mutations take place during the formation of new individuals
at a rate of 0.001 and a mutation step that is normally distribu-
ted around 0.05. Following mutation and recombination, it is
determined (depending on size- and age-dependent mortality
m = ) + ufo)) which individuals are likely to survive until
the next reproductive bout. At each time step, reproduction
takes place as described above (territory acquisition, potential
sneaking and sperm competition, fertilization). Simulations
were generally performed for 10000 reproductive bouts, as
this was generally sufficient for populations to stabilize at an
evolutionary equilibrium.
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Figure 1. Evolutionary emergence of a genetic polymorphism (G, dark grey areas), conditionally flexible tactics (C, light grey areas) and a mixture of three ARTs (black
areas) in our simulations depending on varying parameter values of growth costs (y-axis), selection intensity on body size due to territorial competition (x-axis;
decreasing values reflect strong effect of body size on territory acquisition) and sperm raffle mechanism: (a) fair raffle (r = 1), (b) parasitic advantage (r = 10),
(c) bourgeois advantage (r = 0.1). Panels (d—f) correspond to panels (a—c), respectively, except for the additional assumption that males need a certain minimum
size (o7 = 25) in order to establish and defend a territory. The centre of each dashed-line quadrat signifies a parameter value combination that was repeated four times.
Other parameter values were o7 =0, n = 500, @ = 107 i = 0% Ho=10,0,=—1, u,= —2, y= 15

(b) Identification of the evolution of alternative
reproductive tactics

Potential genetically distinct tactics were identified in a two-
step process. A genetic polymorphism would be manifested
in a bimodal distribution of the evolving growth and sperm
investment parameters. We therefore routinely performed a
statistical analysis on the distribution of these parameters in
the final populations, using the test.equality function in the R
package mixtools [61]. This tests the hypothesis that a distri-
bution is homogeneous against the alternative that it consists
of a mixture of distributions, yet the procedure is sensitive to
cryptically overlapping distributions. This does not necessarily
reflect a polymorphism but may, for instance, reflect the spread
of an advantageous genotype in a population, which is not
entirely at its evolutionary equilibrium. The positives of this
first scan were therefore subsequently manually inspected,
and we regarded a genetic polymorphism to have established
only if the distributions were truly non-overlapping. Further-
more, we performed four simulations with different starting
conditions for each unique parameter combination, and more
than half of the simulations (i.e. at least three out of four) had
to be positives to be regarded as a genetic polymorphism. The
repeatability of simulation outcomes was very high, so usually
either none or all four simulations resulted in a polymorphism.

One cannot use the genotypes to identify any conditionally
expressed flexible tactics. Instead, we identified the occurrence
of successful sneaking attempts of sexually mature males (i.e.
5 > 0), which were of the same genotype as territory holders,
yet did not secure a territory, as a diagnostic of an evolving con-
ditional alternative tactic. If this frequency on average exceeded
1% in the last hundred generations of each simulation, we

considered it to be an alternative tactic. This criterion level is
high enough to disregard non-adaptive mutant tactics inevita-
bly present in the population, and sulfficiently low to avoid
inadvertent exclusion of biologically significant alternative
tactics occurring at low frequencies.

Table 1 reveals that the model parameter space is relatively
large, and that we had to trade off range for resolution. For each
set of simulations, we therefore divided the values of two focal
parameters in a 10 x 10 grid to perform a first round of simu-
lations. To increase our resolution specifically in parts with an
ambiguous outcome, we further divided those sections where
the outcome in neighbouring sections were qualitatively differ-
ent in a smaller 3 x 3 grid to perform a second round of
simulations. Here we present results from 9728 simulations in
total, using 2432 different parameter combinations, where we
focused on the effect of territory competition, growth costs,
sperm competition, size-dependent mortality and sneaking
ability on the evolution of ARTs.

7. Results

(a) The evolution of genetically fixed alternative
reproductive tactics

In our model, the parameter & determines how strongly male
resource holding potential is influenced by body size (i.e.
how intensively selection on body size will be influenced
by territorial competition). Generally, this parameter strongly
affects the evolution of ARTs based on a genetic polymorph-
ism (figures 1 and 2). This is especially true in combination
with high growth costs (figure 1), which are reflected by
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Figure 2. Evolutionary emergence of a genetic polymorphism (G, dark grey areas), conditionally flexible tactics (C, light grey areas) and a mixture of three ARTs
(black areas) in our simulations depending on varying parameter values of selection intensity on body size due to territorial competition (decreasing values reflect
strong effect of body size on territory acquisition) and (a) size-dependent sneaking ability and (b) size-dependent mortality. In (a) negative values of log(7y) indicate
lower sneaking ability for large individuals. In (b) negative values of log(w,,) indicate lower mortality for large individuals. The centre of each dashed-line quadrat
signifies a parameter value combination that was repeated four times. Other parameter values were: r = 1, oy = 0, n = 500, = 10°° Wi = 104 Mo =10,

o,=—1,B=1072 u,=—2a), y=15

reduced longevity. In these situations, there are two contrast-
ing factors affecting selection on growth rate in opposite
directions: strong competition for territories, which selects
for increased growth, and growth-inflicted mortality costs,
which reduce growth benefits. Furthermore, the evolution
of a genetic polymorphism is facilitated by a fair raffle
of sperm (figure 1). When parasitic males have a strong
fertilization advantage, ARTs evolve under more restricted
conditions only (figure 1b,¢), and a territorial male advantage
in sperm competition completely eliminated the potential for
genetic ARTs in the investigated parameter space.

In addition, we found that assuming a minimum size for
males in order to use a territory slightly increased the potential
for a genetic polymorphism to evolve, yet the effect was rather
marginal (cf. figure la—c and d—f). Two other environmental
factors affecting selection on male body size strongly affected
whether genetically distinct ARTs evolved or not, namely
size effects on sneaking ability and size-dependent mortality
rate (figure 2). The likelihood of the emergence of a genetic
polymorphism is greater if sneaking ability decreases strongly
with increasing size (figure 2a). The pattern for size-dependent
mortality rate was more complex. Genetic polymorphisms
were absent both when size-dependent mortality rate was
very strong and when very weak, suggesting that it only
evolves at intermediate levels (figure 2b).

(b) The evolution of conditionally flexible alternative
reproductive tactics

The circumstances favouring the evolution of flexible ARTs
were generally different from those favouring genetically
determined ARTs fixed for life (cf. figures 1 and 2). Large
costs of growing, which facilitate the evolution of genetic
ARTs, severely limit the evolution of flexible tactics. Further-
more, competition-related selection on body size, which
favours the evolution of genetically determined ARTs, reduces
the potential for flexible tactics to emerge, albeit less strongly
than large costs of growing (figure 1). The expression of con-
ditionally flexible tactics was also favoured under conditions
where selection on growth and body size were relaxed. In

particular, weak size-dependent sneaking ability (figure 2a)
and mortality (figure 2b) promote the occurrence of a flexible
tactic.

(c) The evolution of multiple tactics

Certain parameter combinations favoured the evolution of
multiple ARTs, so that three male types coexisted within the
population, two parasitic types developing from separate
life-history trajectories and a bourgeois male type. As the con-
ditions favouring genetically fixed versus conditionally flexible
tactics were generally distinctly different, and coexistence of
similar phenotypes may be further constrained by competitive
exclusion, the areas of overlap were rather restricted (figures 1
and 2). Nevertheless, in those cases where multiple ARTs
evolved, the population always consisted of one bourgeois
and two parasitic tactics, of which one was conditional and
one was genetically determined.

(d) Relative sperm investment

In all simulations, the relative sperm investment evolved to a
higher level for the tactics applying parasitic reproduction.
This was true irrespective of whether there was an asymme-
try in sperm competition risk between the two tactic types
(cf. figure 3).

8. Discussion

This study attempts to unravel the ecological and social circum-
stances in which ARTSs evolve from an initially homogeneous
population. We used very general assumptions; thus our
model inferences are not limited to restricted conditions, speci-
fied, for instance, by the mode of fertilization (internal or
external). Also, our assumption of indeterminate growth is
not necessarily restrictive. As long as some characteristic affect-
ing male tactic-specific reproductive success (e.g. body
condition) can increase after sexual maturation, our results
will still pertain even if adult body size is fixed. By means of
an individual-based simulation model, we capture many of
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the typical features seen in natural systems. In some
situations, populations remained homogeneous with respect
to mating tactics, whereas in others genetically fixed ARTs,
size-dependent conditional ARTSs or a mixture of both evolved.

Our simulations revealed that the selection regimes facil-
itating the evolution of genetically fixed and conditionally
flexible tactics are notably different. Genetically distinct
tactics evolve especially when selection on growth and
body size is acting in opposite directions. For instance, our
simulations showed that a combination of severe growth
costs and strong selection on body size due to competition
for territories increases the likelihood of genetically distinct
ARTs. Here, male-male competition will select for fast
growth and large body size, as only the largest males will
be able to exploit their reproductive potential. Yet, simul-
taneously, growth costs will be large. Growing slightly
slower will relax the costs of growing, but this will be extremely
unfavourable in terms of territory acquisition. Remaining
much smaller, however, will strongly reduce growth costs
and thereby create a different mating niche to males, which
then can parasitize the reproductive effort of other males.
Hence, intermediate phenotypes will be selected against result-
ing in disruptive selection acting on male growth trajectories.
Crucially, as the major element favouring small body size is
to avoid growth costs, the determination of the growth trajec-
tory must be made early in life, thus selecting for genetically
fixed tactics.

The evolution of conditionally flexible tactics, on the other
hand, seems not to be facilitated by disruptive selection. The
probable reason for this is that, ultimately, smaller males
applying a sneaker tactic will later grow to become large.
Thus, applying a different tactic will not release males from
the costs and constraints of growing large. Instead, a con-
ditionally flexible tactic can only be advantageous when the
cost of applying it does not severely compromise reproduc-
tive potential later in life. A conditional parasitic tactic will
impose additional costs due to, for instance, sperm invest-
ment. A male applying a sneaker tactic can thus either
maintain a high growth rate at a cost caused by a reproduc-
tive handicap or maintain energy expenditure by enhancing
early reproduction at the cost of reduced growth. This line
of reasoning also applies to insects, for instance, despite
their fixed body size, if success as a bourgeois male depends

on some other body characteristic (such as body condition)
that changes in the adult stage, and as long as applying a
parasitic tactic withdraws resources from developing this
trait. Our simulations reveal that a conditionally flexible
tactic is likely to evolve only when the additional cost to
growth is small (figure 1), the cost of reduced growth in
terms of size-dependent mortality is small (figure 2b) and/
or when the benefit of a conditional tactic is high, due to
high sneaking success even when males are large (figure 2a).

Given that separate selection regimes facilitate the evol-
ution of genetically fixed and conditionally flexible ARTs,
the simultaneous evolution of three ARTs in a population
was a relatively infrequent outcome of our simulations.
Nevertheless, certain parameter combinations resulted in a
mixture of three tactics in the final populations—a fixed-
for-life parasitic tactic, a parasitic tactic applied by small
males on a different life-history trajectory allowing males to
adopt the bourgeois tactic later in life, and a bourgeois
tactic. This possibly reflects its incidence in nature, where
such a phenomenon does occur in a number of species (e.g.
[21,26,33]). Indeed, the co-occurrence of fixed and flexible
ARTs may be further constrained by the fact that coexisting
flexible and genetic parasitic tactics will compete against
each other, reducing the benefit of applying a parasitic
tactic. In some parameter combinations, it is conspicuous
that a genetic polymorphism did not evolve even though
the pattern implied by simulations with adjacent parameter
settings strongly suggests so. For instance, the combination
of intense selection on body size due to territory competition
and weak size-dependent mortality did not result in a genetic
polymorphism, but in a conditionally determined sneaking
tactic (bottom right of figure 2b). Whereas it is conceivable
that a sneaker tactic is absent when mortality of small indi-
viduals is high (top right of figure 2b), it is not immediately
apparent why the genetic polymorphism disappears when
this assumption is strongly relaxed. Possibly, the benefit of
remaining small will be strongly reduced because these
conditions also favour the evolution of a flexible tactic, and
this will considerably increase reproductive interference
between the two sneaker tactics. We can examine this suppo-
sition by comparing the results with the complementary
implementation of our model assuming a fixed size at
sexual maturation (see electronic supplementary material,
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figure S1). Here, the expression of any size-dependent flexible
parasitic tactic is prevented, as individuals will never change
size when reproductively active. Indeed, a genetically deter-
mined fixed-for-life tactic evolves under a broader range of
conditions in this situation. This possibly accounts for the
observation that, overall, conditionally flexible ARTs seem
to be considerably more frequent than genetically determined
ARTs, and that multiple types relatively rarely co-occur [8]:
the less constrained conditions leading to the evolution of a
conditionally flexible tactic will frequently lead to the
competitive exclusion of genetically determined ARTs.

In our simulations, the evolution of ARTs was especially
favoured when there was a fair raffle of sperm compared
with situations with a loaded raffle (figure 1). This was initially
surprising, as one would naively expect a sperm competition
advantage of parasitic males to favour the evolution of para-
sitic tactics. However, a strong parasitic sperm advantage
completely degrades the benefit for males to grow large and
defend a reproductive territory, which will act against the evol-
ution of ARTs. Instead, males remain small and mutually steal
fertilizations from each other. Thus, the mating pattern evolves
towards group spawning. Also, the effect of assuming a mini-
mum threshold size for territorial males did not correspond
fully to our initial predictions. Intuitively, this should increase
the potential for disruptive selection on male body size and
thus the evolution of a polymorphism, as intermediately sized
males should be disfavoured. However, in most situations
where a genetic polymorphism did evolve, the strength of
selection on male body size due to territory competition was
intense, and most territorial males nonetheless outgrew this
threshold size by far. Therefore, this additional disadvantage
of intermediate size had only a marginal effect.

In all simulations, we found that males adopting parasitic
tactics should invest relatively more in sperm competition
than males applying a dominant bourgeois tactic. Partly this
was expected, partly it was not. Often, sperm competition
risk will be asymmetrically distributed across tactics: parasitic
males will always face sperm competition, whereas bourgeois
males will only occasionally face sperm competition. Theoreti-
cally, it has been shown that this asymmetry should select for
different sperm allocation strategies, where sneaker males
should invest more [59]. This theoretical prediction has gener-
ally been shown to hold (e.g. [32,58,62]). Nevertheless, here we
found this pattern also when there was no asymmetry in sperm
competition risk, hence when sperm competition levels were so
high that bourgeois males also almost invariably face sperm
competition (figure 3). Our interpretation is that the trade-off
between growth and sperm investment will be stronger for
bourgeois males, which will only be able to capitalize on the
superior success of their tactic if they grow sufficiently large.
Thus, the discrepancy in sperm investment usually observed
across male tactics may be only partly due to the fact that
sperm investment is more beneficial for parasitic males. The
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