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Department of Biological Sciences, Simon Fraser University, Burnaby, BC, Canada

Introduction

Mixed-mating systems in which individuals repro-

duce through a combination of self-fertilisation and

outcrossing are extraordinarily rare, especially among

animals (Weeks et al. 2006). One such mixed-mating

strategy involves the co-existence of hermaphrodites

and pure males (‘androdioecy’), with hermaphrodites

that either self-fertilise or outcross with males while

males must outcross with hermaphrodites. Fewer

than 100 species are known to exhibit this mating sys-

tem (Pannell 2002). Our understanding of the selec-

tive forces leading to, maintaining and associated

with this reproductive strategy is limited.

The hermaphrodite–male mating system poten-

tially presents an unusual arena for sexual selection.

Reproducing by self-fertilisation conveys a twofold

genetic-transmission benefit over outcrossing (Fisher

1941); in comparison, individuals likely benefit from

outcrossing through genetic recombination and

diversification in their progeny, thereby reducing

the likelihood of inbreeding depression (Maynard

Smith 1978; Charlesworth & Charlesworth 1998).

Additionally, hermaphrodites do not need to invest

energy in attracting mates, e.g. via pheromone pro-

duction (Chasnov 2010), and can allocate more

resources to growth and fecundity. For hermaphro-

dites in a hermaphrodite–male mating system, select-

ing an appropriate mate is therefore a critical step in

realising the full potential benefits from outcrossing.

If a genetically adequate mate is not found, her-

maphrodites can reject all males and self-fertilise all
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Abstract

Mating systems that comprise a mixture of pure males and self-fertilising

hermaphrodites remain an evolutionary enigma. In particular, our

understanding of the sexual selection pressures associated with such

mating systems is nascent. Males can only reproduce by fertilising her-

maphrodites’ eggs, but hermaphrodites can also fertilise their own eggs

and gain a genetic advantage by doing so. Consequently, there should

be intense competition among males to access hermaphrodites. Here, we

test the importance of male size, colour and heterozygosity in predicting

the outcome of male–male competition using the mangrove rivulus,

which has a male-hermaphrodite mixed-mating system. We pitted males

against one another in dyadic laboratory trials to develop a dominance

score for each male. We then correlated these scores with male length,

several components of male colour, and heterozygosity. Male size was

the only significant correlate of dominance: larger males dominated

smaller males, implying selection for large male size. However, male

mangrove rivulus are similar in size to hermaphrodites, indicating that

directional selection for large body size in males is no greater than it is

in hermaphrodites. Across all trials, colour was unrelated to dominance,

but contests between similarly sized males were usually won by more

colourful individuals. As mangrove rivulus are dichromatic, we suspect

that male colour may prove to be more important in mate choice than

we found it to be in intrasexual competition. Heterozygosity did not

explain dominance directly, but correlated strongly with male size,

implying an indirect role in intrasexual competition.
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of their own eggs. Although hermaphrodites usually

outnumber males (Taylor et al. 2001; Pannell 2002),

their self-compatibility coupled with the lack of

incentive to outcross, owing to the twofold cost

of sex, means that the number of mates available to

males is effectively much lower than the number of

hermaphrodites. This scenario creates a potential

arena for intense competition among males to locate,

defend and mate with rare, receptive hermaphro-

dites (Andersson 1994; Knoll & Zucker 1995). Such

intrasexual competition is apparent in the mixed-

mating clam shrimp, Eulimnadia texana, where males

guard receptive hermaphrodites (Weeks & Benven-

uto 2008). However, little is known about which

male traits determine the outcome of male–male

competition and any resulting male hierarchies in

hermaphrodite-male mixed-mating species.

Nevertheless, we can formulate predictions based

on observations from pure outcrossing species. In

many outcrossing species, male size and colour are

strong predictors of social dominance, particularly in

fishes (Heuts & Nijman 1998; Jaroensutasinee & Jaro-

ensutasinee 2001; Ward et al. 2006; Dijkstra et al.

2010; Kekäläinen et al. 2010). Most commonly, large

males outcompete smaller ones in contests for access

to females (reviewed in Andersson 1994; e.g. Clark &

Moore 1995; Hudman & Gotelli 2007; Jacob et al.

2009). Indeed, this is also the case in mixed-mating

clam shrimp: large males guard mates more success-

fully than smaller males (Knoll & Zucker 1995). Spe-

cies with size-based male dominance hierarchies

often demonstrate sexual dimorphism, where males

are usually larger than females because the selective

pressure for large size in males is greater than that in

females (Andersson 1994). However, male dominance

hierarchies can still be dictated by size even when

males and females are similarly sized; this scenario

merely indicates that there is an equally powerful

selective force for large size in females (e.g. via a size-

fecundity relationship).

With regard to male colour, the pigments that pro-

duce colourful displays (e.g. carotenoids in yellow to

red displays) are often difficult to obtain in the envi-

ronment and ⁄ or have additional health benefits

(Olson & Owens 1998; Hartley & Kennedy 2004).

Therefore, males use colour to display quality or

competitiveness to both rivals and mates. Indeed,

brighter males often obtain higher social status

(Senar 1999; Setchell 2005) and higher reproductive

success (Setchell 2005) than paler competitors.

Among species where selection for bright colour is

strong in males but not in females, sexual dichroma-

tism is common (Darwin 1871; Andersson 1994).

More recently, the effects of heterozygosity on

male competitiveness have also been explored (Mea-

gher et al. 2000). For example, Antarctic fur seals

(Arctocephalus gazella) outcompete inbred competitors

for breeding territories (Hoffman et al. 2004); out-

bred male subdesert mesites (Monias benschi, Class

Aves) have larger territories and longer, lower-

pitched songs (an indication of high male quality)

than more inbred males (Seddon et al. 2004).

Reduced male competitiveness as a result of inbreed-

ing can translate into declines in reproductive suc-

cess (Meagher et al. 2000).

We examined the importance of male size, colour

and heterozygosity in determining male dominance

rank in the only known mixed-mating vertebrate,

the mangrove rivulus [Kryptolebias (formerly Rivulus)

marmoratus]. This small (max. size: approx. 60 mm

standard length) killifish inhabits tidal swamps,

mangroves, ponds and drainage sluices throughout

the tropical Atlantic. Most populations of this fish

consist solely of hermaphrodites (Taylor et al. 2001;

Mackiewicz et al. 2006b); however, males constitute

up to 25% of populations on some Belizean man-

grove cays (Turner et al. 1992; Taylor et al. 2001).

The proportion of males in different populations has

a significant effect on heterozygosity. Populations

without males do not outcross at all, and hence,

heterozygosity is low. Outcrossing rates increase

with male frequency, to 55% in Twin Cayes (our

study site), where males are relatively abundant

(Mackiewicz et al. 2006b), and average heterozygos-

ity is higher in these populations. Both genders

prey on small aquatic invertebrates and are highly

territorial (Huehner et al. 1985; Taylor 2000), and

aggressive (Hsu & Wolf 1999). Hermaphrodites

reach larger sizes than males (Turner et al. 1992),

indicating that there is little directional selection for

large size in males relative to hermaphrodites; nev-

ertheless, size-based male hierarchies may still

occur. The distributions of males and hermaphro-

dites overlap (Molloy, unpublished data), indicating

the potential for hermaphrodite monopolisation by

males. Furthermore, multiple males can be caught

in the same trap, in nearby traps and in the same

place hours apart (Molloy, unpublished data), sug-

gesting that males live in close proximity to one

another. Overlapping male home ranges would cre-

ate the potential for male–male conflict for access to

hermaphrodites and other resources such as shelter

and food. For further information on the basic

behaviour, biology and ecology of mangrove rivulus,

see Huehner et al. (1985), Taylor (2000), and Taylor

et al. (2004).
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Specifically, we tested three predictions about the

drivers of male dominance in mangrove rivulus.

First, as body size is a general correlate of fighting

success and dominance in fishes (Ward et al. 2006),

we expect that this will also be the case in the

aggressive, territorial mangrove killifish. Second, we

expected colouration to be a strong predictor of male

dominance, as mangrove rivulus exhibits sexual

dichromatism: hermaphrodites are mottled grey,

while males sport orange-red lateral spots, a red wash

(most pronounced over their fins), and a dark border

along their tail and anal fins (Fig. S1). Finally, het-

erozygosity among individuals varies greatly in

mixed-mating populations (Molloy, own data; Tata-

renkov et al. 2007), but variation among males and

its role in male competitiveness and reproductive

success have not been explored. However, there is

strong evidence that inbreeding depression is com-

mon in mixed-mating species (Husband & Schemske

1996; Pannell 2002). Based on observations from

outcrossing species where dominance correlates posi-

tively with heterozygosity, we predicted that more

outbred males should be dominant over less geneti-

cally diverse males. We also test for indirect effects of

inbreeding via its influence on male size and colour.

Materials and Methods

Animals

Mangrove rivulus were collected from Twin Cays

(16�50¢N, 88�06¢W) offshore of Dangriga, Belize,

where males constitute approximately 15–25% of

the population (Taylor et al. 2001). Fish were

captured in November 2006 by dip-netting or cup-

trapping from shallow ponds and flooded, disused

land-crab burrows. Of the 114 fish collected, 99

were hermaphrodites, 13 were males and 2 were

juveniles (males: mean � 1SD = 27 � 2.3 mm,

max = 30 mm, n = 13; hermaphrodites: mean �
1SD = 21 � 7 mm, max = 39 mm, n = 99; 2 were

juveniles; sizes are standard length); 12 of the 13

males were used in the present study (one died

before trials began). The natural rarity of males com-

bined with constrained time for field collection

explains our limited sample size of males. Fish were

transported to aquatic facilities at Simon Fraser Uni-

versity, Canada, where they were housed individu-

ally in 500-ml containers (approx. 5 cm water

depth) under standard husbandry protocol (Appen-

dix S1). To avoid microclimate effects, each individ-

ual container was randomly repositioned on the

shelves with every water change, i.e. every 14 d.

Paired Competition Trials

To establish a dominance hierarchy, we performed

a series of paired male–male contests and assessed

the winner and loser in each. Having pitted all

males against one another, we used the Batchelder–

Bershad–Simpson scaling method (Batchelder et al.

1992) to assign a dominance score to each male.

Male–male contests were held in experimental aqua-

ria (40 cm · 20 cm · 24 cm) split into two equal

compartments by a removable PVC barrier. Experi-

mental aquaria were filled with approximately

10 cm of water of standard conditions (Appen-

dix S1). The aquaria were themselves partially sub-

merged in a large temperature-controlled tank to

ensure a water temperature of approximately 24�C
during the contest. A single male was placed in each

compartment and allowed to acclimatise for 24 h

prior to each contest. To prevent males reacting ago-

nistically to their own reflection, the walls of the

experimental aquaria were covered with a tight fit-

ting PVC sheath. Male identity was determined prior

to interaction by differences in length or by unique

markings. A digital video camera (Sony handycam

DCR-DVD403) was mounted approximately 75 cm

above the experimental tank so that the whole

aquarium was captured within the field-of-view.

For each contest, we began video-recording and

removed the divider separating the two males. The

males were allowed to interact uninterrupted for

30 min, at which time a shelter (2 cm diameter PVC

pipe) was placed into the experimental tank and the

fish were allowed to interact for another 30 min.

Males were returned to their original holding con-

tainers. To minimise the effect of recent encounters

on current ones (Hsu & Wolf 1999), males were

given at least 60 h between contests.

Assigning Dominance and Subordinance to

Individual Males

To determine dominance, footage was reviewed and

male behaviours were classified into assessing,

aggressive or submissive (Table 1). Dominance was

tentatively assigned based on behaviours within the

first 30 min, and confirmed by the subsequent addi-

tion of the shelter. Typically, the males began inter-

acting by assessing one another for up to 15 min

before exhibiting aggressive behaviour. Aggressive

encounters continued for up to a further 15 min.

During aggressive encounters, one male eventually

retreated and fled from his opponent; we labelled

this male the subordinate and the other male, the

Male–Male Competition in a Mixed-Mating Fish P. P. Molloy, E. A. Nyboer & I. M. Côté

588 Ethology 117 (2011) 586–596 ª 2011 Blackwell Verlag GmbH



dominant. In some contests, dominance was estab-

lished without escalation to aggressive behaviours:

the dominant individual chased its opponent, which

did not fight back and no further aggression was

observed. When the shelter was added, the male we

had tentatively identified as dominant always

entered and defended the shelter. In 7 of the 66

contests (10.6%), no aggression was observed in the

first 30 min and dominance was unclear before the

shelter was added; however, in these cases, the addi-

tion of the shelter triggered aggressive behaviours

and dominance could be assigned.

Developing a Dominance Hierarchy

We calculated a continuous scale to compare the rel-

ative dominance of all males. We composed a matrix

of wins and losses by all individuals and used the

Batchelder–Bershad–Simpson scaling method (BBS;

sensu Jameson et al. 1999). The BBS process

involves two steps. First, individuals are assigned an

initial ‘scale score’, based on the proportion of com-

petitions in which it was the winner. Scale scores

are incorporated into another calculation that con-

siders the competitiveness of the individuals faced by

each fish. Thus, of two fish that won the same num-

ber of encounters, the one that overcame higher

ranked competitors would have a higher scale score.

The second step generates changes in the rank of

individuals and, thus, is used iteratively, based on

the adjusted scores produced by the previous itera-

tion, until the rank order of fish stays the same with

each new calculation. Final scale scores are used to

rank individuals, with higher values indicating domi-

nance. Scale scores were subsequently used in analy-

ses comparing male dominance rank to possible

drivers of dominance.

Evaluating Potential Drivers of Male Dominance

Body size

The total length of all fish was measured to the

nearest 0.1 mm by two observers using callipers.

Measurements were retaken by both observers

until the two estimates differed by <0.3 mm

(mean difference � 1SD = 0.17 � 0.11 mm) and the

average recorded.

Colour

Colour was quantified by photographing each male

under standardised conditions and analysing the

images in Adobe Photoshop� CS3 using techniques

described by Frischknecht (1993) and Candolin &

Reynolds (2001). Five areas were chosen as metrics

of male body colour: redness of tail-rays, total tail

redness, total dorsal-fin redness, side-spot redness

and crescent contrast (Table 2; Fig. 1). These areas

have high concentration of red pigment and ⁄ or are

highly visible during displays and aggressive behav-

iours. To determine the red index of each compo-

nent, the brightness value for red, obtained using

the Photoshop� histogram tool, was divided by the

sum of values for blue, green and red; values ranged

from 0 (no red) to 1 (bright red). For ‘crescent con-

trast’, photographs were analysed in greyscale to find

the difference between the brightness (luminosity)

of the black crescent and the rest of the tail. Pixel

luminosity ranged from 0 (very dull) to 255 (very

bright). Luminosity of the crescent was subtracted

from that of the rest of the tail; thus, greater differ-

ences indicate greater contrast. Further details on

photographic conditions and setup, and colour anal-

yses are available in Appendix S1.

Because overall body colour may be a more

important cue for male quality than individual indi-

ces, we developed a composite index using principal

component analysis (PCA). Initially, we obtained

two PCA axes that, in total, captured 81% of the

variance among the five metrics. However, only cres-

cent contrast loaded highly onto the second PCA axis.

As this axis added little to our analysis, we opted to

use the raw crescent contrast scores only. Therefore,

we repeated the PCA without crescent contrast and

obtained a single axis that explained 75% of the

variance in the four metrics considered. As all four

metrics loaded negatively onto the axis, we negated

the eigenvalues to obtain more intuitive estimates of

Table 1: Description of male behaviours

Class Behaviour Description

Assessing Circle Males face and circle one another

Display One male displays his body

perpendicular to the other male

Aggressive Rush One male dashes towards the other,

but makes no physical contact

Bite One male bites the other’s side

Attack Males lock jaws and writhe for an

extended time period with one

controlling the other

Chase One male chases the other for an

extended period of time

Submissive Retreat One male flees the rush ⁄ chase ⁄
attack

Escape One male attempts to hide, jump, or

lay flat against the bottom
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fish colouration such that high values indicate

brighter fish.

Heterozygosity

Individual heterozygosity was calculated by scoring

21 of the microsatellite markers described in Macki-

ewicz et al. (2006a). Collection of fin clips, DNA

extraction and genotyping methods are described in

Appendix S1. For every fish, the heterozygosity of

each locus is binary: 0 if only one allele is observed

(i.e. the fish is homozygous at that locus), 1 if two

alleles are observed (i.e. heterozygous). Individual

heterozygosity (H) ranges from 0 to 1 and is the pro-

portion of scored loci that are heterozygous for a

given fish. Scoring of alleles at locus R10 gave incon-

sistent results and was therefore not considered in

the calculation of H. We also excluded loci R9 and

R7 as they amplify the same region as R24 and R45

respectively (Tatarenkov et al. 2007). Insufficient

DNA was extracted from ‘male 28’ for successful

amplification. Therefore, we could not estimate H for

this individual. Randomization tests indicated that

sufficient loci had been scored to provide robust esti-

mates of H (Appendix S1).

Statistical Analyses

Male dominance scores were ln-transformed to meet

the assumption of normality. To facilitate transfor-

mation, we scaled dominance scores so that all val-

ues were positive using ln(di + |dmin| + 1). di is the

dominance score for male i and dmin is the minimum

observed dominance score. Total dorsal-fin redness was

not normally distributed and could not be norma-

lised by transformation (total dorsal-fin redness: Shap-

iro’s W = 0.51, p < 0.001; other variables: Shapiro’s

W > 0.88, p > 0.11); therefore, we used non-para-

metric tests to analyse this variable.

We tested the separate effects of male size, each

colour metric and H on male dominance score using

bivariate correlations. We used Spearman’s rank cor-

relation test for all correlations involving total dorsal-

fin redness, and Pearson’s correlation test otherwise.

Low sample sizes (n = 11 or 12) precluded the use

of multiple regression, so we sought to disentangle

the effect of heterozygosity and colour from that of

size in two ways. First, we correlated each colour

trait with the residuals from a linear model of male-

size scores vs. transformed-dominance scores using

Spearman’s and Pearson’s tests as appropriate. Sec-

ond, we reanalysed contests between males that dif-

fered in TL by <1 mm to control for body size.

Specifically, we tested whether the winner of these

interactions was consistently more colourful or out-

bred (greater H) than expected by chance using

Wilcoxon matched-pairs signed-rank tests. We

also examined whether the winners were consis-

tently larger than the losers to test whether we had

successfully removed the effect of size. Finally, we

explored whether heterozygosity could have an indi-

rect effect on dominance via inbreeding depression

in male size or colour by correlating H against TL

and each colour metric using Pearson’s or Spear-

man’s tests as appropriate. As we use several metrics

Fig. 1: Schematic of male mangrove rivulus showing the main areas

that were considered in colour analyses.

Table 2: Description of male colour patterns

Metric Description Technique

Redness of tail rays Proportion of colour in the tail rays made up by red Each ray of the tail fin captured separately on left and right

sides. Red index for all rays averaged for each fish

Total dorsal-fin redness Proportion of colour in the whole dorsal fin made up

by red

Whole dorsal fin captured on left and right sides. Red

index of both sides averaged for each fish

Total tail redness Proportion of colour in the whole tail fin made up

by red

Whole tail fin captured on left and right sides. Red index

of both sides averaged for each fish

Side-spot redness Proportion of colour in the side spots made up

by red

Each spot captured separately on left and right sides.

Red index for all spots averaged for each fish

Crescent contrast Contrast of black crescent on tail to the rest of

the tail

Dark crescent on tail fin captured and luminosity found.

Luminosity of dark crescent subtracted from the

luminosity of the whole tail to provide a contrast value
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to test hypotheses about colour, we applied false

discovery rate (FDR) adjustments (Benjamini &

Hochberg 1995) to p-values pertaining to colour

variables separately within each hypothesis (e.g. col-

our vs. dominance; colour vs. H).

Results

Sixty-six paired contests were conducted and yielded

male-dominance scores that ranged from )2.95

(0 on transformed scale; 10 of 11 contests lost) to

0.65 (1.53 on transformed scale; all 11 contests

won). Male size, colour and heterozygosity (H) also

varied across individuals (ranges: size = 33.25–

40.60 mm; tail-ray redness = 0.425–0.459; total tail

redness = 0.437–0.480; dorsal-fin redness = 0.429–

0.547; side-spot redness = 0.466–0.568; crescent

contrast = 8.38–31.48; (inversed) PCA axis = )2.39

to 4.51; H = 0.047–0.809, DNA could not be

extracted from one male’s fin clip).

Male dominance increased significantly with size

(Table 3; Fig. 2), but was unrelated to any measure

of colour or individual heterozygosity (Table 1). No

aspect of male colour was related to size-standar-

dised dominance (all R )0.29 to 0.17; all p values

>0.36). However, males that won contests against

similar-size rivals were more brightly coloured than

their competitors in three of the six aspects of body

colouration examined in this study, all of which

described fin redness (Table 4). Differences in H did

not affect the outcome of male–male contests

(Table 4).

Outbred males were larger, had more distinctive

tail crescents and had marginally redder tails than

more inbred rivals (Table 5; Fig. 3), although these

colour-related trends were not significant after con-

trolling for FDR. Tail redness (relative redness of tail)

increased with male size (Table 6), which drove a

similar trend with the composite PCA axis. However,

again these trends became non-significant after con-

trolling for FDR and all other colour traits were

unrelated to male size (Table 6).

Discussion

Our initial premise was that as hermaphrodites in

mixed-mating systems can self-fertilise, males in

Table 3: Summary results of bivariate correlations between ln-trans-

formed dominance scores in male mangrove rivulus and body size

(total length, mm), colour and heterozygosity. The type of correlation

test is indicated. The p-values of significant relationships are shown in

bold text

Hypothesis Test R p n

More colourful males are more dominant

Redness of tail rays Pearson’s 0.23 0.47 12

Total dorsal-fin redness Spearman’s 0.33 0.29 12

Relative redness of tail Pearson’s 0.26 0.42 12

Side-spot redness Pearson’s 0.19 0.57 12

Crescent contrast Pearson’s )0.08 0.80 12

Composite PCA axis (negative) Pearson’s 0.32 0.31 12

Larger males are more dominant Pearson’s 0.69 0.01 12

More heterozygous males are

more dominant

Pearson’s 0.14 0.68 11

Fig. 2: The relationship between size (total length, mm) and domi-

nance score in male mangrove rivulus.

Table 4: Effects of colour, heterozygosity and body size on the out-

come of dyadic contests between male mangrove rivulus that were

closely matched for body size (<1 mm difference). The numbers of

contests in which the winner and, separately, the loser had the great-

est score for a particular trait are shown. Wilcoxon’s statistic (V) and

associated p value indicate the likelihood that either the winner or

loser had consistently higher scores. padj is the significance of the test

after controlling for false discovery rate within the repeatedly tested

hypothesis ‘Winners more colourful than losers’

Hypothesis

Winner

greater

Loser

greater V p padj

Winners more colourful than losers

Redness of tail rays 6 2 31 0.08 0.12

Total dorsal-fin redness 7 1 35 0.02 0.04

Relative redness of tail 7 1 34 0.02 0.04

Side-spot redness 6 2 29 0.15 0.18

Crescent contrast 3 5 16 0.84 0.84

Composite PCA axis (negative) 7 1 34 0.02 0.04

Winner more heterozygous than

losers

3 5 13 0.55 NA

Winners larger than losers 6 2 31 0.08 NA
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such mating systems should have limited access to

unfertilised eggs. This should lead to competition

among males, which might be facilitated (or exacer-

bated) in our study population of mangrove rivulus

by the apparent close proximity of male territories

(Molloy, pers. obs.) We expected size and colour to

be determinants of success in male–male contests in

this species. We found evidence for both predictions:

size was the most important driver of dominance,

with evidence for only a weak influence of colour.

Male dominance was also not related to heterozygos-

ity, although outbred males were larger than their

inbred rivals.

Despite no obvious sexual size dimorphism (SSD)

in mangrove rivulus (Turner et al. 1992), male dom-

inance correlated positively with male size. This

result may be explained by a consideration of the

selective pressures that produce SSD. Size dimor-

phism evolves when selection for large body size in

one sex exceeds that in the other sex (Andersson

1994; Blanckenhorn 2000). For example, males are

predicted to be the larger sex if size increases success

in competition for, or attractiveness to mates. How-

ever, male–male competition may exist without

resulting in male-biased SSD if selection for large

size is as strong or stronger in females (for example,

via female–female competition or fecundity–size rela-

tionships; Blanckenhorn 2005; Dunham & Rudolf

2009). Similarly, selection for large size in males

may be countered by advantages of small size, such

as increased manoeuvrability while hunting (Hakka-

rainen & Korpimäki 1991), or better access to mates

(Bisazza & Pilastro 1997; Foellmer & Fairbairn

2005). Clearly, although there is some advantage to

male mangrove rivulus in being large, this benefit is

not greater than it is in hermaphrodites, perhaps

because of differing selective pressures.

Large size among hermaphrodite mangrove rivulus

may be advantageous for two reasons. First, self-fer-

tilisation removes the constraint on reproductive

success normally imposed on pure females by mate

availability. Whereas pure females cannot mate if no

males are around, self-fertilising hermaphrodites

can; thus, hermaphrodite reproductive output is only

limited by the number of eggs they can produce. As

egg production by hermaphrodites is strongly linked

to size in mangrove rivulus (Molloy et al., in prep.),

selection should favour larger individuals. Second,

this directional selection may be intensified by the

fact that hermaphrodites are territorial (Huehner

et al. 1985) and larger individuals usually outcom-

pete smaller rivals (Hsu et al. 2008).

There is little information available at present to

infer the net direction of selection on male body

size. Our results demonstrate that when male–male

conflict occurs, the larger male wins, but they offer

no insight into the frequency of such encounters in

the wild and their role in shaping male size. Field

observations of multiple males in one trap, nearby

traps, or caught in the same place within a

short timeframe suggest that males live in close

proximity in nature, but the lack of SSD implies that

male–male conflicts may be rare. Although we

assumed that such conflicts would mostly occur over

Table 5: Summary of correlation tests between individual heterozy-

gosity H and body size and colour in male mangrove rivulus. The type

of test used, the correlation coefficient (R) and associated significance

(p) are given. p-Values after controlling for false discovery rate (padj)

are shown for the repeatedly tested hypothesis of H vs. colour.

n = 11 for all tests

Individual heterozygosity (H) vs. Test R p padj

Size Pearson’s 0.65 0.03 NA

Colour

Redness of tail rays Pearson’s 0.32 0.33 0.46

Total dorsal-fin redness Spearman’s 0.29 0.38 0.46

Relative redness of tail Pearson’s 0.57 0.07 0.21

Side-spot redness Pearson’s )0.09 0.78 0.78

Crescent contrast Pearson’s 0.60 0.05 0.21

Composite PCA axis (negative) Pearson’s 0.37 0.26 0.46

(a) (b)

Fig. 3: The relationship between male het-

erozygosity and (a) size (total length) and (b)

the distinctiveness of the black crescent on

their tail (crescent contrast). For crescent con-

trast, higher values indicate greater contrast.
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access to hermaphrodites, this may not necessarily

be the case. Male dominance in the African killifish

Nothobranchius korthausae, for example, is not clearly

linked to female mate preference or reproductive

success (Polačik & Reichard 2009). Male aggressive

interactions may similarly have little impact on

reproductive success in Kryptolebias marmoratus.

In other animals, small male size may be selected

for by requirements for high mobility, foraging

trade-offs (Blanckenhorn et al. 1995), or alternative

mating tactics (Okada et al. 2007). All of these pres-

sures are possible in male mangrove rivulus,

although basic details of their biology have yet to be

resolved. Field studies to quantify the frequency of

male encounters and elucidate the mechanisms by

which male size could be limited are needed to

understand why male-biased SSD has not evolved in

mangrove rivulus despite the apparent importance of

size in determining male dominance.

Mangrove rivulus are sexually dichromatic: males

are gaudier than hermaphrodites (Fig. S1). Males

often use colour or markings to advertise quality

and ⁄ or competitiveness to rivals (Hsu et al. 2006),

but we found that colouration was only a weak

determinant of the outcome of male–male competi-

tion. Across all trials, colour was unrelated to domi-

nance, but more colourful individuals usually won

contests between similarly sized males.

There may be several related explanations for the

weak effect of colour on rivulus dominance. First,

although we measured five different aspects of male

colours, and combined four of these in a multivariate

index, we may have overlooked a colour trait that

acts as a key signal to rivals. Second, mangrove rivu-

lus may display and perceive wavelengths that are

beyond the visible range of the human eye, e.g. UV.

Such signals exist in many fish where they play a role

in mate choice (e.g. guppies: Kodric-Brown & John-

son 2002; Smith et al. 2002; stickleback: Boulcott

et al. 2005). Their role in agonistic interactions has

received less attention but is known in a damselfish

(Siebeck 2004), birds (Pryke & Griffith 2006) and liz-

ards (Whiting et al. 2006). Third, our low sample size

(n = 12 males) may have tempered our ability to dis-

cern small but real and biologically important links

between colour and dominance. Finally, the lighting

environment used in our trials and to photograph the

fish differs from that in their natural environment,

which is heavily tannin stained. Tannin-stained water

disproportionately transmits long wavelengths (i.e.

red; Reimchen 1989), which will affect the relative

intensity of the red and dark colourations on male

mangrove rivulus. Among fish, male spectral reflec-

tance, optical sensitivity and visual environment

are tightly linked (Reimchen 1989; Fuller 2002).

More sophisticated analyses of in-situ spectral reflec-

tance of males and their environmental background

(Fuller & Travis 2004; Gray et al. 2008) are needed to

understand male colour patterns, how they are per-

ceived and their role in sexual selection in mangrove

rivulus.

Our final prediction was that outbred males would

dominate inbred rivals. Contrary to this prediction,

dominance score was unrelated to heterozygosity.

This result is surprising, given that outbred males

were larger than inbred individuals, and size deter-

mined dominance score. It is likely that our low

sample size (n = 11 males for this analysis) gave

insufficient power to detect any subtle, indirect

effects of heterozygosity on male dominance. Alter-

natively, heterozygosity may be more important in

mate choice by hermaphrodites than in male–male

competition. For hermaphrodites, the gains from

outcrossing (via the benefits of genetic recombina-

tion and ⁄ or avoidance of fitness depression) need

to be great to offset the inherent advantages of

self-fertilisation. As such, one would predict strong

selection on hermaphrodites to be highly selective of

males based on genetic makeup. Male colour pattern

could play a role here, and it is noteworthy that

inbred males had more distinctive black tail crescents

than outbred males – a signal that appeared to

confer no advantage in male–male competition.

Whether hermaphrodites select males to maximise

or optimise heterozygosity in their offspring, how

mate choice varies with hermaphrodite heterozygos-

ity, and how hermaphrodites assess male genetic

composition are critical questions to address to gain

insight into the evolution of this unusual mating

system.

Table 6: Summary of correlation tests between individual size (total

length, mm) and colour in male mangrove rivulus. The type of test

used, the correlation coefficient (R) and associated significance (p) are

given. All relationships were non-significant after controlling for false

discovery rate (padj). n = 12 for all tests

Individual size vs. colour trait Test R p padj

Redness of tail rays Pearson’s 0.51 0.09 0.18

Total dorsal-fin redness Spearman’s 0.19 0.57 0.77

Relative redness of tail Pearson’s 0.68 0.02 0.12

Side-spot redness Pearson’s 0.15 0.64 0.77

Crescent contrast Pearson’s 0.05 0.88 0.88

Composite PCA axis

(negative)

Pearson’s 0.52 0.08 0.18
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the online version of this article:

Fig. S1: Mangrove rivulus (a) male, which must

outcross to breed, and (b) hermaphrodite, which

may either outcross or self-fertilise.

Appendix S1: Extended methods and materials.

Please note: Wiley-Blackwell are not responsible

for the content or functionality of any supporting

materials supplied by the authors. Any queries

(other than missing material) should be directed to

the corresponding author for the article.
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