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Abstract 

Mating competition is an important process in sexual selection and can be expressed as complex courtship 

rituals and agonistic behaviours. The strength of mating competition is likely affected by mate availability. 

The operational sex ratio, the sex ratio of ready-to-mate individuals, reflects mate availability, and is 

therefore expected to affect competitive behaviour. This thesis explores the effect of operational sex ratio on 

competitive mating behaviour in the two-spotted goby (Gobiusculus flavescens). In a field population of 

two-spotted gobies at the west coast of Sweden, sex roles switch from conventional (males competing for 

females) to reversed (females competing for males), within a reproductive season. This coincides with a 

change in the OSR from male-biased to female-biased.  

In a laboratory study, we found an unexpected effect of OSR on courtship frequency (Paper I). Males 

courted more in a female biased OSR. Other competitive behaviours were not affected by OSR or overall 

density. In paper II, we argue that courtship frequency is affected by the frequency of encounters with 

potential mates as well as the motivation to court. Thus, frequency may not be the correct measurement of 

mating competition. We provide a simple model that explains the relation between OSR, encounter rates, 

courtship propensity and courtship frequency. The model shows that studies measuring courtship frequency 

could find opposite results to studies measuring courtship propensity. A meta-analysis shows that this is 

indeed the pattern that exists in the literature (Paper II). A second laboratory study measured male courtship 

behaviour both as frequency and propensity in two OSR-treatments that did not differ in density or adult sex 

ratio (Paper III). This study found that male courtship propensity was higher in a male biased OSR than in a 

female-biased OSR, as expected. Courtship frequency, on the other hand, did not differ between treatments. 

Moreover, courtship propensity was associated with the OSR at the time of observation, while courtship 

frequency was associated with encounter rates with potential mates.  

Paper IV explores how reproductive behaviour changes over the breeding season in a natural population. 

Early in the season, more of the nests were occupied and males attending a nest early were larger (in 2008) 

or in better condition (in 2007) than males attending a nest late in the season. Brood size was associated with 

male size and nest size early in the season, but only with nest size late in the season. Late in the season, 

males received more visits from ready-to-mate females in one of the years (2008), but this did not result in 

more eggs in their nest (both years). Brood size was smaller and brood survival lower late than early in the 

season; brood survival was also associated with brood size (only data for 2008). These results indicate that 

males competed for breeding opportunities early in the season, when male density is high, while lower 

quality males postpone breeding to later in the season. This leads to the surprising suggestion that females 

are competing for low quality breeding opportunities late in the season. Thus, female breeding decisions 

warrant further investigation.  

My main conclusions from this thesis are that male propensity to court is affected by OSR in the 

expected direction, but encounter rate is related to encounter rates rather than OSR. Thus, changes in 

frequencies of behaviour may be hard to interpret. Furthermore, knowledge of the biology of natural 

populations is crucial to the design and interpretation of laboratory experiments. 
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Introduction 

Sexual Selection 

Sexual selection is the second of Darwin’s great theories (Darwin 1871), which he suggested to 

explain the existence of ornaments, such as songs, conspicuous colours and elaborate physical traits 

in -most often- males. These ornaments seem to elude natural selection, because they do not have 

any obvious survival value and even appear to hinder survival by being conspicuous, unpractical or 

both (Darwin 1859; Endler 1980, 1983). The question is then, why such an ornament would evolve 

despite the fact that, in most cases, they only increase mating success in one sex, while natural 

selection acts against them. Darwin (1871) suggested that these ornaments could have evolved 

because they would give individuals an advantage in the competition for mates, i. e. sexual 

selection. 

 

Competition for mates is a driving force in sexual selection, although there can also be selection 

on other processes, such as resource competition and sperm competition. The definition of 

competition I use here includes direct intra-sexual for mates through agonistic behaviour, but also 

competition that results from mate choice, such as elaborate traits or courtship displays that are used 

to attract potential mates (sensu Andersson 1994). In many species, an individual needs resources to 

obtain matings, such as nests or territories in birds and fish. Thus, when studying mating 

competition, it is important to realise that not all individuals may be qualified to mate (Kvarnemo 

and Ahnesjö 1996, 2002). If females mate multiply, there could also be post-mating competition 

among the sperm of several males for eggs to fertilize (sperm competition; Parker 1970, Birkhead 

& Møller 1993). Behavioural competition for mates could be expressed as agonistic behaviour, 

courtship behaviour or alternative mating tactics (Andersson 1994). These behaviours will directly 

affect an individuals` mating success through the monopolization of mates (agonistic behaviour), by 

influencing mate choice by the other sex (courtship) or by increasing mating success directly (by 

tactics such as sneaking or coercion). 

 

In many species males are the more competitive sex, while females are more choosy 

(conventional sex roles; Darwin 1871, Andersson 1994). Traditionally this has been explained by 

the differences in parental investment that result from anisogamy. Since males invest less in sperm 

than females in eggs, males are unlimited in how many females they can fertilise and should 

therefore compete for the available females (Trivers 1972). However, since then, females have been 

found to compete for males in some species (reversed sex roles), whilst in some other species, sex 
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roles have been shown to be dynamic (Gwynne and Simmons 1990, Simmons & Bailey 1990, 

Vincent et al. 1992, Andersson 2005). Even in species with conventional sex roles, females have 

been found to compete for males as well and males could be choosy (Gwynne 1991, Owens & 

Thompson 1994, Amundsen 2000, Clark & Grant 2010, but see Kokko & Johnstone 2002). In 

addition, sex roles could vary over time and between populations (Gwynne 1990, 1991, Almada et 

al. 1995, Forsgren et al. 2004) Thus, the strength of mating competition is not fixed, but is likely to 

be affected by other factors than anisogamy as well.  

 

Both the spatial and temporal distribution of potential mates can affect the strength of mating 

competition. In general, if potential mates are clumped together, but become ready-to-mate one by 

one, there is the largest scope for competition, because one individual could then potentially mate 

with all potential mates (Emlen & Oring 1977). Thus, how strong mating competition becomes 

depends on how many same-sex individuals are both ready-to-mate and at a particular location. The 

spatial component of this argument is expressed in population density. The closer individuals are 

together, the greater the scope for direct competition for mates and for mate choice, because 

individuals are easier to compare and the cost of mate choice is low (Kokko & Rankin 2006). Thus, 

we expect increased competition with higher density, unless competition becomes too costly and 

therefore breaks down (Emlen & Oring 1977, Grant et al. 2000).  

 

The temporal distribution of mates is expressed in the operational sex ratio (OSR; the sex ratio 

of ready-to-mate individuals at a given time; Emlen 1976). The OSR is expected to affect mating 

competition because it reflects how many potential mates are available for each same-sex 

competitor. Population operational sex ratio is affected by the sex ratio of adult individuals in a 

population, but also by sex differences in the potential reproductive rate (Clutton-Brock & Vincent 

1991, Clutton-Brock & Parker 1992, Kvarnemo & Ahnesjö 1996, 2002; Figure 1). While changes 

in adult sex ratio will affect the operational sex ratio directly, changes in potential reproductive 

rates will have a delayed effect on the operational sex ratio (Kvarnemo & Merilaita 2006). The 

potential reproductive rate is the population mean of how many offspring each of the sexes would 

be able to produce if they would have unlimited access to mates (Clutton-Brock & Vincent 1991, 

Clutton-Brock & Parker 1992). In most cases, males are expected to have a higher potential 

reproductive rate than females, because sperm is cheaper to produce than eggs. Thus, a male could 

potentially fertilize many females in a short period and gain offspring from each of them, while a 

female would not gain from mating more often before she develops new eggs (Bateman 1948), 

although females may benefit from multiple matings (Jennions & Petrie 2000, Hosken & Stockley 
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2003). However, in some species, females have the higher reproductive rate (Vincent et al. 1992), 

and sex differences in potential reproductive rate could be affected by temperature or food 

availability (Kvarnemo 1994, 1996, Figure 1) 

 

Not only the current availability of mates could affect mating competition, also future prospects 

and a trade-off between investment in current offspring or the chance to compete for new matings 

may affect how willing an individual is to compete for matings (Queller 1997, Kokko & Jennions 

2008). Mortality costs of breeding have been suggested to affect mating competition both directly 

and via a change in operational sex ratio (Kokko & Monaghan 2001, Kokko & Jennions 2008; 

Figure 1). These additional factors would mean that a switch in sex roles does not necessarily 

happen at an equal OSR. Nevertheless, the OSR is expected to affect the strength of mating 

competition within a sex (Kokko & Monaghan 2001). 

 

Correlations between variations in OSR and variation in mating competition have been found in 

several species (Kvarnemo & Ahnesjö 1996, Forsgren et al. 2004). However, there are as yet no 

clear patterns emerging from controlled experiments, even though many studies have collected 

valuable data on how OSR relates to mating behaviours. Few of the previous studies have 

investigated mating competition both in the field and in the laboratory. Limited knowledge of 

mechanisms in the field may decrease the relevance of laboratory set-ups and complicate the 

interpretation of results from laboratory experiments. 

 

This thesis aimed to test for an effect of OSR on mating competition in males and females of 

the two-spotted goby, a species in which the strength of mating competition in both sexes has been 

found to co-vary with OSR in a field population (Forsgren et al. 2004).  
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Figure 1. Schematic overview of factors that could affect mating competition and, ultimately, sexual 

selection. This thesis focuses on the relation between OSR and mating competition, these are therefore in 

larger boxes. Note that the relative thickness of the lines does not reflect importance of the effects. 
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Aim 

The aim of this thesis was to explore the relationship between operational sex ratio and competitive 

behaviour. Paper I aimed to test whether there was a causal effect of OSR or density on mating 

behaviour in both sexes. Paper I awoke the suspicion that laboratory experiments often did not use 

the most appropriate measure of mating competition, in contrast to field studies. Paper II therefore 

aimed to document the use of measures of mating competition and analyse whether the use of 

different measures led to different results. Paper III tested the effect of OSR on both male courtship 

frequency and male courtship propensity in relation to the encounter rate with ready-to-mate 

females. The aim of paper IV was to explore the reproductive background of the two-spotted goby 

and to describe how reproductive behaviour changes over the season in a fish with dynamic sex 

roles. 



Synopsis 12 

Model system: the two-spotted goby (Gobiusculus flavenscens) 

Why study a small brown boring fish? 

Most divers and snorkelers off the coast of Europe will not first of all remember having seen shoals 

of two-spotted gobies. However, although this is probably true for most organisms, the closer you 

look the more interesting these little not-so-very-brown-after-all fish become. In contrast to most 

other species, and even most closely related gobies, both male and female two-spotted gobies are 

ornamented (Amundsen & Forsgren 2001, Svensson et al. 2009; Figure 2).  

 

Male ornaments and courtship were described by Guitel (1895), who was impressed by the 

stamina of the in his eyes “petit joli homme”. Males have iridescent spots along the mid-line of 

their body, and brightly coloured fins (Figure 2A; Guitel 1895, Amundsen & Forsgren 2001). It is 

interesting to note that Guitel (1895) did not note that females develop round orange bellies with 

egg development (Figure 2B; Smitt 1892, Svensson et al. 2006), nor did he describe female 

courtship behaviour. The fact that ornaments differ between males and females and that they are 

emphasized in courtship, suggests that sexual selection may be acting on both sexes (Amundsen & 

Forsgren 2001, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The two-spotted goby (Gobuiusculus flavescens). A male in fin display (A) and a female (B). 

Below, the male is shown in a natural (C: mussel shell) and an artificial (D: PVC-tube) nest. Images: Lise 

Cats Myhre (A-B), Anders Salesjö (C) & Karen de Jong (D). 

A B

C
D
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Reproductive biology 

The two-spotted goby is a small (3 - 6 cm) marine fish that lives along the coast of Europe, from 

northwest Spain to northern Norway (Miller 1986). In our study area at the west-coast of Sweden, 

the breeding season lasts from April to July, although the actual onset of breeding can vary from 

early to late April and the end of the breeding season can vary from early to late July and even early 

August (personal observations). During the breeding season, sexually mature individuals inhabit 

shallow waters along rocky shores (Miller 1986). Non-breeding individuals often form semi-pelagic 

foraging shoals (Miller 1986; Svensson et al. 2000). Breeding males defend a nest in empty mussel 

shells (e. g. Mytilus edulis), in brown algae (typically Saccharina latissima and Laminaria digitata), 

or in crevices. Females visit males to spawn and generally lay all eggs from one clutch in the same 

nest (Skolbekken & Utne-Palm 2001), but can develop up to five clutches over the season 

(Rodriguez-Graña & K. de Jong, unpublished data). Males provide all parental care, defending the 

nest and cleaning and aerating the eggs until they hatch (Skolbekken & Utne-Palm 2001). In the 

field, males have been found to care for clutches of up to six different females simultaneously 

(Mobley et al. 2009). 

 

Courtship and agonistic behaviour 

A male typically starts courtship by swimming towards the female and raising his fins (fin display; 

Figure 2A), this can be followed by vibrating his body perpendicular to the female (quiver). He then 

may swim to the nest waving his tail in a very typical manner (lead swim), while the female may or 

may not follow. He often enters the nest before he swims back to the female if she did not follow 

him into the nest (Amundsen & Forsgren 2001, Pélabon et al. 2003). This sequence may be 

(partially) repeated several times. Females may follow a male closely and bend their body in a S-

shape, presenting her round, orange belly to the male (sigmoid display; Amundsen & Forsgren 

2001, Borg et al. 2006). Females can show sigmoid displays to a male for several seconds, 

alternating the direction of the bend (personal observations). 

 

 Agonistic behaviour in males can consist of fin displays to males and females. These fin 

displays are slightly different from courtship displays (personal observations). Males are generally 

side-by-side when they raise their fins and have their head turned slightly downwards, while the 

head is more levelled during courtship fin displays (personal observations). Males may also chase 

and attack other males. Female agonistic behaviour consists of sigmoid displays to other females, 

chases (Forsgren et al. 2004), and pushing each other aside with the head (personal observations). 
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Methods 

In this chapter I will elaborate more on the methods than there is generally space for in articles for 

publication. In particular, I will focus on how the methods I used in the laboratory relate to the 

biology of the two-spotted goby in its natural habitat. For details on the methods for each study 

however, I refer to the respective papers in this thesis.  

 

Study area 

Both the laboratory and the field work for this thesis were carried out between 2006 and 2009 at the 

Sven Lovén Centre for Marine Sciences in Kristineberg. The station is situated on the west coast of 

Sweden (Figure 3A) at the mouth of the Gullmar fjord (58.15°N, 11.27°E).  

 

 

 

 

 

 

 

 

 

 

Figure 3. Study area on the west coast of Sweden. SLK is the Sven Lovén Centre for Marine Sciences at 

Kristineberg, where the laboratory experiments were carried out (Paper I & III). Two-spotted gobies were 

caught all around the islands and along the coast up to three kilometres from the station. Circles indicate 

where artificial nests where placed for paper IV. Maps were redrawn from Google Earth. 
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Fish collection, husbandry and marking 

All experimental fish were caught by snorkelers with hand held nests (for details see Svensson 

2006) in shallow waters (> 5 m) at the mouth of the Gullmar fjord (Figure 3). They were 

transported to the laboratory in large, covered, plastic containers and stored upon arrival in large 

single sex aquaria (up to 60 fish per 60 l aquarium). All fish were measured on a measuring board 

(Figure 4A) and weighed in a cup of pre-weighted seawater (Figure 3B). Both males (Paper I, III, 

IV) and females (Paper I) were marked for individual identification by injecting visible implant 

elastomer (VIE; Northwest Marine Technology TM, www.nmt.us) of different colours 

subcutaneously (Figure 4C & D), after anesthetization with 2-phenoxyethanol. All fish regained 

normal swimming behaviour within 10 min after this procedure. This method of tagging has been 

shown to not influence mortality or behaviour in other gobies (Malone et al. 1999; Griffiths 2002; 

Whiteman & Côté 2004). No change in behaviour could be detected after marking. Additionally, 

two males and four females that were kept in the laboratory for three months in 2007, courted, 

spawned and the male took care of the eggs. In Paper IV, we did not find any evidence for an effect 

of our manipulations (catching, handling and marking) on male nest attendance or fate of the 

attended brood. 

Figure 4. Handling of the two-spotted gobies used in the experiments of this thesis. Measuring was done on 

a millimetre grid (A), weighing in a cup with pre-weighed water (B) and marking by subcutaneous injection 

of elastomer  (D). C depicts a marked male. Images: Isabel Mück (A, B & C), Karen de Jong (D). 

A B 

C 

D 
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Experimental aquaria (Paper I & III) 

All aquaria were provided with a continuous flow of surface water from the Gullmar fjord. Aquaria 

had a layer of gravel on the bottom and contained several plastic plants to provide shelter. Light 

came from windows and additional artificial light sources set to reflect a typical Swedish summer 

with 6 hours dark and 18 hours light.  

 

In paper I, we used a standard laboratory set-up where all individuals were in constant visual 

contact (Figure 5A). However, we divided the aquarium in single-sex compartments to prevent the 

OSR changing over time, due to females spawning and males receiving eggs. Thus, there was no 

free interaction between the sexes. In paper III, we used a novel design, where male nest sites were 

partly shielded from the rest of the aquarium (Figure 5B). Thus, females could visits males to 

spawn and males could swim out of their compartment into the central compartment. Free 

interaction between the sexes was possible, but there was no constant visual contact. 

Figure 5. The laboratory designs of paper I (A) and paper III (B); two experiments to test for an effect of 

OSR on courtship behaviour in the two-spotted goby.  

 

 

Analyses of behaviour 

In the analyses for papers I and III we used a set of courtship and agonistic behaviours (see model 

species for a description) previously described in both field (Forsgren et al. 2004) and laboratory 

studies (Amundsen & Forsgren 2001, Pélabon et al. 2003). Both male courtship and agonistic 

displays exist of several different behaviours that can vary in frequency between displays, which 

complicates the quantification of behaviour. In addition, it is not obvious that any behaviour 

interpreted by us as, for example, courtship behaviour, is intended as such by the animal performing 

the behaviour. A principal component analysis (PCA) is a good way to address this problem, PCA 

is not a novel method, but because I think PCA is a rather underused method in the study of mating 

competition, I will spend some time here explaining the advantages. A PCA gathers all behaviours 

that are expressed in a similar situation, and thus correlated, on one component. A score on this 

A B 
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component then reflects the actual strength of courtship. All components in a PCA will be 

perpendicular to each other and therefore independent. This has the advantage that tests of treatment 

effects on the component scores will be independent as opposed to testing treatment effects on all 

the different behaviours separately. In addition, using PCA circumvents the problem how to weigh 

different behaviours if these are added to arrive at a total courtship frequency. 

 

Here, I compare the Principal Component Analyses from paper I with a principal component 

analyses done on the ten minutes direct observation per male that were done for paper III, although 

they were not included in the paper for reasons of clarity and conciseness. Note that all courtship 

behaviours are similarly correlated to the first component in both experimental designs (Table 1). 

Thus, they are likely to indeed reflect courtship. Agonistic behaviour to females falls out on the 

second component in paper III and was not observed in paper I (Table 1). Coercion and harassment 

of females have been shown to be alternative mating tactics in, for example, guppies (Farr 1980). 

However, because this kind of behaviour was not seen in the design for paper I, and, in contrast to 

courtship behaviours, was directed to both ready-to-mate and to other females, I deem it more likely 

that this kind of agonistic behaviour to females reflects nest defence. Females have been seen to eat 

eggs during field observations (personal observations). 

 

In paper III, I defined three different kinds of fin displays, courtship fins, agonistic fins and 

undefined fins. Fin displays have proven to be difficult to assess in the past and often gave different 

results than stronger courtship behaviours (Amundsen & Forsgren 2001, Pélabon et al. 2003). They 

can be shown in both agonistic behaviour and courtship, and previously, they were largely 

classified on the basis of the sex of the receiving individual. The Principal Component analyses for 

the data from paper III shows that careful assessment by a trained observer can discriminate 

between the two (Table 1). 

 

Comparing the PCA loadings from the two experiments further suggests that agonistic 

behaviour differed markedly between the experiments, while courtship behaviour was similar 

(Table 1). In the design for paper I, males could interact freely with each other, but not with females 

(Figure 5A), while in the design for paper III, females could interact freely, and males did not have 

visual contact if they were in their own compartments (Figure 5B). This may suggests that agonistic 

behaviour is more dependent on physical interaction than courtship behaviour. 
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Table 1. Two Principal Component Analyses on the behaviours scored during observations for Paper I and 

III. Loadings for male behaviours and time spent in different areas on three and four components in two 

different studies (Paper I & III). Loadings range from 0 to 1. Loadings lower than 0.2 are omitted for the 

sake of clarity. Some behaviours load on more than one component, therefore the highest loading for each 

behaviour is given in bold. The highest loadings for courtship behaviours are also highlighted in green. 

 

 Paper I (Day 4) Paper III 

Components PC1 PC2 PC3 PC1 PC2 PC3 PC4 

Mate inspection        

Follow female    . . .755 . 

Undefined fin display    .357 . .630 .223 

Courtship        

Courtship fin display .911 . . .962 . . . 

Quiver .928 .242 . .960 . . . 

Lead swim .856 .304 . .924 . . . 

Enter nest .711 .346 .308 .248 .539 . . 

Fast approach .528 . . .595 .269 -.386  

Agonistic to female        

agonistic fin to female    . .676 .392 . 

chase to female    . .796 . . 

attack on female    . .662 . . 

Agonistic to male        

Agonistic fin display . .604 . . . . .744 

Chase .371 .704 .     

Attack . .806 .     

Place in aquarium        

Scans in association area .383 . -.774     

Scans at nest .256 . .838     

Visits to neutral    . . .591 .580 

Visits to other nest holder    . . . .792 

Variance explained 36% 18% 15% 25 % 15 % 13 % 13 % 

 



Synopsis 19 

Operational sex ratio and density in the laboratory 

Most laboratory studies manipulate operational sex ratio through the adult sex ratio, while 

ascertaining that all individuals are ready-to-mate. This has the advantage that it is easy to assess 

mate availability (Paper I). However, it does not always reflect changes in operational sex ratio in 

the field, because these may be caused by a change in the potential reproductive rate (Okuda et al. 

1999) or the number of qualified individuals (e. g. Gwynne 1984, Kvarnemo & Ahnesjö 2002) 

rather than a change in the adult sex ratio. Alternatively, only the density of one sex may change 

(Forsgren et al. 2004). In addition it has been suggested that sex ratio may affect mating 

competition differently than OSR (Kokko & Jennions 2008). In paper III we therefore changed 

operational sex ratio solely by changing the number of round ready-to-spawn females, keeping the 

total number of females constant. This partly reflects the situation in the field, where late in the 

season, most of the females are ready-to-mate (Forsgren 2004). However, in the field, male density 

also decreased over the season. It proved hard to create operational sex ratios that are as female 

biased as they are in the field, without creating an unrealistically high overall density in the 

aquarium. Incorporating space for eggs in the nest in the calculation of OSR (see Forsgren et al. 

2004), the sex ratio in paper III was between 0.26 and 0.33 in the experiment, while it decreased to 

below 0.2 in the field (Forsgren et al. 2004).  

 

Another issue with operational sex ratios in the laboratory is that they inevitably change over 

time, if individuals are allowed to mate. Only in long-term experiments where individuals are 

allowed to recover after each mating event (e.g. Kvarnemo et al. 1996), is this not a problem. In 

paper I we prevented the operational sex ratio from changing by blocking physical interaction 

between males and females. This allows for longer acclimatisation to the setup and may have 

increased the general frequency of all behaviours compared to paper III. However, inserting a 

divider also prevents certain interactions between males and females and may thus affect courtship 

behaviour. In the principal component analyses (Table I), we show that courtship behaviour did not 

differ between the treatments in the association of the separate behaviours. Thus at least the relation 

of the different behaviours is similar without physical contact. However, an individual male’s 

perception of the operational sex ratio may depend on how easy it was to get females to spawn. 

Therefore I decided not to prevent physical interactions between the sexes in the experiment in 

paper III. 
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Nest availability in the field and the laboratory 

Both in the field and in the laboratory experiments we used PVC-tubes as nest sites. Two-spotted 

gobies spawn readily in these nests in the laboratory and in the field (Svensson 2006, Forsgren et al. 

2004). The standard size used in laboratory experiments (Paper I, III, Pélabon et al. 2003 etc) is 8 

cm by 13 mm, which results in 32 cm inner area where females can lay their eggs. In paper IV, we 

also used a larger size (9 cm by 19 mm) to assess if larger males would prefer larger nests. Two-

spotted gobies can use everything that has a smooth surface to lay eggs. In one case I recorded 

spawning on a small plastic square we used to mark artificial nests (personal observations). 

Naturally, two-spotted gobies use crevices in rocks, the stem and base of the leaves of sugar kelp 

and mussels as nest sites. There is some evidence that two-spotted gobies prefer blue mussels over 

algae (Brevik 2007). This implies that our artificial nests may be preferred over algal nests as well, 

especially late in the season when filamentous algae are abundant. On the other hand, a study on 

female mate sampling that shared one of the sites in 2008 (L. C. Myhre, K. de Jong, E. Forsgren & 

T. Amundsen, unpublished data) found that only 7 of 23 females followed late in the season once 

passed a male in an artificial nest, suggesting that the majority of the males had natural nests even 

in late season in 2008. 

 

It is not clear whether there is competition for nests in this species, but since they can use algae, 

crevices and shells, it is hard to imagine that nests could be limiting in this system. On the other 

hand, females do inspect nests before they spawn, and have been seen to refuse males after nest 

inspection (L. C. Myhre, K. de Jong, E. Forsgren & T. Amundsen, unpublished data). Hence, there 

could be competition for high quality nest sites. However, because we aimed to test the effect of 

OSR on mating competition in the laboratory experiments, we minimized nest competition by 

providing enough nests for each male.  
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Abstracts of the four papers included in this thesis:  

Below, I include the abstracts of the four papers to give an overview of the research that was done 

before I discuss the main results. 

 

Abstract paper I 

Males generally compete for females through 

courtship and aggression (conventional sex roles). 

However, sex roles are reversed in some species 

and can even vary between populations or over 

time within a single species. The operational sex 

ratio (OSR), the sex ratio of ready-to-mate 

individuals, is a central factor proposed to explain 

the strength and direction of mating competition. 

Density can both act as a cue for OSR and have its 

own effects on competition. In the two-spotted 

goby, Gobiusculus flavescens, a seasonal switch 

in sex roles coincides with a change in OSR from 

male to female biased and a decrease in male 

density. This dynamic system provides an ideal 

opportunity to test the effects of OSR and density 

on competitive behaviour experimentally. In an 

aquarium experiment, we created two different 

sex ratios at two different densities and observed 

courtship and agonistic behaviour in both sexes. 

We changed sex ratio to equality after 4 days of 

treatment, to test for a lag in the behavioural 

response. Contrary to our predictions, males 

courted more after prolonged exposure to a 

female-biased sex ratio, although we also found a 

tendency for a positive effect of male density on 

male courtship frequency. We did not find any 

other effects of treatment on either male or female 

behaviour. Furthermore, we did not find evidence 

for a lag in the response to a change in density or 

sex ratio. We conclude that OSR and density did 

not affect individual frequencies of behaviour in 

the expected direction. 

Abstract paper II 

Central to sexual selection theory is the question 

why one sex usually competes more for mates 

than the other sex. Theory predicts that the 

abundant sex in the sex ratio of ready-to-mate 

individuals (OSR) will compete most. In 

accordance, the OSR matches the strength and 

direction of mating competition in field 

populations of several species. However, 

experimental tests have provided inconclusive 

results, possibly because experiments generally 

measure the frequency of courtship and agonistic 

behaviour. Frequency is affected by the number of 

potential mates or opponents encountered, as well 

as by the level of mating competition. The 

propensity to behave at each encounter, generally 

used in field studies, should reflect a behavioural 

response, but is used in very few experiments. In 

two simple models, we show that courtship 

frequency can respond differently from courtship 

propensity to a change in OSR. Agonistic 

frequency and propensity respond similarly, but 

not identically, and an increase in frequency could 

merely reflect an increase in encounters with 

competitors. In a meta-analysis we show that 

studies measuring courtship frequency indeed 

produce different results from studies measuring 

courtship propensities. We do not claim 

originality for the idea that encounter rate affects 

frequencies of behaviour, but stress its importance 

in the design of future experiments. We provide 

suggestions how to conclusively test OSR theory. 
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Abstract paper III 

The operational sex ratio (OSR; the sex ratio of 

ready-to-mate individuals) was proposed to affect 

the strength of mating competition in 1976. The 

suggestion has received correlational support from 

field studies, but results from controlled 

experiments have not matched patterns found in 

the field. To date, most experiments measure 

frequencies of competitive behaviour. However, 

frequencies could be affected by the number of 

encounters with mates and competitors, as well as 

by the level of competition. The propensity to 

compete at each encounter should better reflect 

the behavioural response. Here, we adopt an 

experimental design that allows for recording 

encounter rates and propensities to compete. In a 

laboratory experiment we changed the OSR via 

the number of ready-to-mate females, without 

changing the adult sex ratio. We provided 

structured aquaria with male compartments at 

each end that were partly closed off from the 

central compartment, where we entered the 

females. This allowed us to record all visits of 

males and females to focal males. As predicted, 

we found that males in a male-biased OSR were 

more likely to court visiting ready-to-mate 

females, while total courtship frequency was not 

affected by OSR. These results corroborate a 

recent model that predicts that if OSR affects 

courtship propensity, this does not necessarily 

result in a similar effect on courtship frequency. 

Moreover, males spent less time in their nests and 

interacted more in a male-biased OSR. Our results 

provide the first conclusive experimental evidence 

that a difference in OSR alone affects competitive 

mating behaviour. 

Abstract paper IV 

To interpret results of experimental studies, we 

need to understand the ecology of our model 

organism. The two-spotted goby has proven 

useful as a model system in a variety of topics, but 

knowledge about the reproductive biology in 

natural populations is still relatively scant. In this 

study we describe the reproductive behaviour of 

male two-spotted gobies breeding in artificial 

nests in the Gullmar fjord on the west coast of 

Sweden. We placed 10 artificial nests at one 

location in 2007 and 45 artificial nests at each of 

two locations in 2008. We inspected nests 

regularly over the season and marked, measured 

and weighed males that attended the nests. Our 

results indicate that males cared for relatively 

synchronous broods and did not generally attend 

the same nest longer than the developmental 

period of one brood. Our results also indicate that 

males competed for breeding opportunities early 

in the season, when male density is high. Early in 

the season, more of the nests were occupied and 

males attending a nest early were larger (in 2008) 

or in better condition (in 2007) than males 

attending a nest late in the season. In addition, 

males attending a nest were in better condition 

than males in feeding shoals (only data for 2007). 

Late in the season, males received more visits 

from ready-to-mate females in one of the years 

(2008), but they did not have fuller nests (both 

years). Brood size was smaller late than early in 

the season and was associated with nest size. 

Early in the season brood size was also associated 

with male size. Brood survival was associated 

with brood size and lower late than early in the 

season. 
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Main results and discussion 

How to measure mating competition: frequency versus propensity (Paper II) 

A discussion about how to measure behaviour may seem better placed in the method section of this 

thesis. However, how to measure mating competition is not a trivial issue. In Paper II we suggest 

that, while the frequency of competitive behaviours is widely used as a measure of mating 

competition (Figure 6), it may not actually measure the behavioural response to competition. We 

argue that frequency is a compound measure of the motivation to behave and the number of 

opportunities an individual gets to express a certain behaviour.  

 

The problem with measuring changes in the frequency of a behaviour is that a frequency 

captures not only how likely an animal is to behave in a certain way, but also how many 

opportunities an animal gets to behave. For example, if a male is very interested in mating, and 

would court each female he sees, but does not encounter a single female, he will not court and thus 

have a courtship frequency of 0. Similarly, if a male would defend each female with vigour against 

any competitors, but he hardly ever encounters a male, the frequency of agonistic behaviours would 

be low. We were not the first to realize that encounter rates may affect the frequency of certain 

behaviours (e.g. Ward & Fitzgerald 1988) and several studies have attempted to correct for the 

number of individuals in the experiment is various ways (Jirotkul 1999, Jivoff & Hines 1998, 

Debuse et al. 1999, Grant et al. 2000, Silva et al. 2010). However, because OSR and encounter rates 

may not be linearly related (see OSR and encounter rates) this is not a solution and could even lead 

to seemingly positive results in the absence of any response.  

 

Figure 6. The number of field studies (A) and laboratory studies (B) reviewed in Paper II that report 

different measures of courtship behaviour in relation to an effect of OSR on mating competition. 
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In a simple graphical model, we show that, if courtship behaviour is affected by encounter rates 

with potential mates, this could lead to a decrease in courtship frequency when the OSR becomes 

more biased towards the own sex, even if the propensity to court each encountered potential mate 

increases (Figure 7A). To test if this pattern is observable in the literature, we did a meta-analysis 

on all studies that tested the effect of either propensity, frequency, or both. We found that male 

courtship frequency overall significantly decreases when OSR becomes male biased, while male 

courtship propensity was not significantly affected by OSR (Figure 8). We did not find enough 

studies on female behaviour to warrant further analyses. Therefore, I only discuss male courtship 

and agonistic behaviour here. However, since the mechanisms are likely to be similar, everything I 

state below is likely to be valid for female behaviour as well.  

 

The overall effect of OSR on courtship propensity was not significantly different from zero in 

the meta-analyses. However, sample size was low (N = 4; Berglund 1994, Borg et al. 2002, 

Forsgren et al. 2004, Faleiro et al. 2008) and three of four studies find an increase in male courtship 

propensity when OSR becomes more male biased (Figure 8). The one study that did not find an 

effect of OSR simply states that males of the long-snouted seahorse always initiate courtship 

behaviour, regardless of sex ratio treatment (Faleiro et al. 2008). We can therefore not conclude that 

OSR does not affect the propensity to court from the meta-analyses. Male courtship frequency, on 

the other hand, decreased significantly when OSR became more male biased, as predicted by our 

model (Figure 7A & 8). Moreover, the few field studies we found that reported decreased courtship 

in an OSR bias towards the own sex, all measured courtship frequencies (Ward & Fitzgerald 1988, 

Okuda 1999, Takahashi 2000). 

 

 

Figure 7. A simple model showing that the relation of the frequency of behaviours, encounter rates and the 

propensity to behave to OSR (as CRR: competitors/(competitors + potential mates)). The model is taken 

from Paper II, but adjusted to show what would happen in case of a dome-shaped relation between OSR and 

agonistic behaviour. The model shows that an effect of encounter rates on the frequency to behave could lead 

to: A: a decrease in courtship frequency even if courtship propensity increases; B: a dome shaped relation 

between OSR and agonistic behaviour for both measures, but a decrease in propensity could be masked by 

an increase in the encounter rate (in this example between a CRR of 0.5 and 0.75). 

A B 
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The propensity of agonistic behaviour is expected to increase with an increasing OSR bias 

towards the own sex, at least until agonistic behaviour becomes too costly and breaks down (Emlen 

& Oring 1977). Thus, we expect a dome-shaped relation of agonistic propensity with OSR (Grant et 

al. 2000). The frequency of agonistic behaviours is likely to increase when the OSR becomes biased 

towards the own sex, because of the increased numbers of encounters with competitors (Figure 7B). 

This increase could continue, even if the propensity to behave is already decreasing, although the 

frequency will in the end break down when agonistic propensity becomes very low (Figure 7B). 

This does not mean that it is not problematic to use agonistic frequency as a measure of mating 

competition. The frequency of agonistic behaviours may not reflect a response of the animal (Paper 

II), although they likely affect energy budgets. This may seriously compromise the conclusions we 

can draw from studies on agonistic behaviour. It would mean that we do not have conclusive 

evidence that animals adjust their behaviour to the social circumstances from studies that find an 

increase in the frequency of agonistic behaviours in an OSR bias towards the own sex, because the 

increase in frequency could just be caused by an increase in the encounter rate. A decrease in the 

agonistic frequency on the other hand, often found at high densities (Michener & McLean 1996, 

Grant & Foam 2002, Clark & Grant 2010), should reflect a decrease in the propensity, because the 

encounter rates are likely to be high. However, to reliably measure when this break down happens, 

we would have to measure propensities, because high encounter rates may mask a decrease in the 

propensity to behave. Thus, it should always be beneficial to develop designs that allow for 

distinction between the effects of OSR on encounter rates and the behavioural response. 

 

 

 

 

 

Figure 8. The number of studies on male courtship (A) or female courtship (B) behaviour, that report 

frequency (black) or propensity (grey) measures grouped by the effect of OSR (as CRR: 

competitors/(competitors + potential mates)) they found.  Note that there are very few studies on female 

behaviour. 
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Male courtship behaviour and operational sex ratio (Paper I & III) 

In both paper I and paper III we tested the effect of OSR on male courtship behaviour. In paper I, 

our setup was such that individuals were in constant visual contact, but the sexes were prevented 

from physical interaction. We manipulated OSR via the adult sex ratio, and ensured that all 

individuals were ready-to-mate). We measured the courtship frequency in four different treatments 

2:4, 4:8, 4:2 and 8:4 (males:females). In the design of paper III on the other hand, male nest sites 

were partly shielded from the rest of the aquarium, but the sexes were allowed to interact freely so 

that females could visits males to spawn. In this experiment we created a male biased and a female 

biased OSR-treatment by varying the number of ready-to-mate females, while the adult sex ratio 

was kept at 2:10 (males:females) in both treatments. Both males were provided with a nest site. In 

the female biased treatment, we added 10 ready-to-mate females and in the male biased treatment, 

we added 2 ready-to-mate females and eight other females. We measured both male courtship 

frequency and his propensity to court each ready-to-mate female that visited his compartment.  

 

 In paper I, male courtship frequency was higher in the male biased OSR, while in paper III 

courtship frequency did not differ between the treatments (Figure 9A & 10B). A decrease in male 

courtship frequency because of a switch to other competitive behaviours, as has been suggested for 

other species (e.g. Grant & Foam 2002, Jirotkul 1999, Shine et al. 2003) is not very likely. In paper 

I, we did not find evidence for a negative correlation between courtship and agonistic behaviour in 

the principal component analyses. In addition, agonistic behaviour did not increase in the male-

biased treatments (Figure 9B). A switch to sneaking behaviour is not likely either, since no such 

behaviour has been observed in the field or the laboratory (personal observation, E. Forsgren, T. 

Amundsen, L. C. Myhre, S. Wacker, personal communication) and a study on the genetic mating 

system found a very low incidence of sneaking in field nests (Mobley et al. 2009). In addition, in a 

path analyses in paper III, we show that courtship frequency was not associated with current OSR, 

but was significantly associated with the number of encounters with potential mates. These results 

corroborate the general pattern found in the meta-analysis and follow the predictions from our 

simple model (Paper II, Figure 7 & 8). Within aquaria, we found that males that received more 

visits courted more, as expected. On the other hand, between aquaria, we found a negative relation 

between the number of visits by ready-to-mate females and male courtship frequency. Thus, the 

interactions between courtship frequency, courtship propensity and encounter rates may be rather 

complex (Paper III). At any rate, these results show that the courtship frequency is not the best 

measure of a behavioural response to OSR. 
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Figure 9. Courtship frequency (A) and agonistic frequency (B) of male two-spotted gobies in four sex ratio 

treatments (males:females) in a traditional laboratory design with constant visual contact, but no free 

interaction between the sexes (Paper I). Graphs are box plots showing the median and 25
th

-75
th

 percentiles in 

the box and lines represent minima and maxima. Circles denote outliers. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Courtship propensity (A) and courtship frequency (B) of male two-spotted gobies in two OSR-

treatments in a novel experimental design that allowed free interaction between the sexes, but no constant 

visual contact (Paper III). Graphs are box plots showing the median and 25
th

-75
th

 percentiles in the box and 

lines represent minima and maxima. Stars and circles denote outliers. 

A B 

A B 
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In paper III, the propensity to court was higher in the male biased treatment. In addition, the 

path analysis showed that current OSR, not nest fullness or mate encounter rate (the number of 

female visits to a male) was significantly associated with courtship propensity. To our knowledge, 

only three studies to date have used a measure of courtship propensity to test a causal link of OSR 

on courtship behaviour. Berglund (1994) found that male latency to court was shorter in a male 

biased OSR in the pipefish Syngnathus typhle. Faleiro and collaborators (2008) found that males 

initiated courtship regardless of sex ratio in the long-snouted seahorse (Hippocampus guttulatus). In 

the field, Borg et al. (2002) showed that an experimental manipulation of nest density affected both 

OSR and the proportion of courtship events initiated by each of the sexes in the common goby 

(Pomatoschistus microps). Thus, three of four studies have now found a decrease in male courtship 

propensity in a female biased OSR. These findings are in line with theoretical predictions (Emlen & 

Oring 1977, Kvarnemo & Ahnesjö 1996, Kokko & Monaghan 2001, Kokko & Jennions 2008) and 

findings from field studies (Almada et al. 1995, Borg et al. 2002, Forsgren et al. 2004, Cratsley & 

Lewis 2005). However, further studies are urgently needed to test if this is a general pattern, 

especially on those species where a relation between OSR and mating competition has been found 

in the field. 

 

Male agonistic behaviour and operational sex ratio 

While courtship behaviour has mainly been studied in fish (paper II), the relation between OSR and 

agonistic behaviour has been studied in a broader range of taxa (e.g. Amhibians: Emlen 1976, 

Verrell 1983, Tejedo 1988, Birds: Colwell & Ohring 1988, Insects: Gwynne & Simmons 1990, 

Krupah & Sih 1993, Thomas & Manica 2005, Mammals: Michener & McLean 1996). In controlled 

experiments, the frequency of male-male agonistic behaviour has often been found to increase with 

male density and a more male-biased OSR (e.g. Gwynne & Simmons 1990, Enders 1993, Grant et 

al. 1995, Kvarnemo et al. 1995, Quinn et al. 1996, Jirotkul 1999, Head & Brooks 2006, Smith 

2007). However, if this is simply caused by an increase in the number of male-male encounters (e.g. 

suggested in Smith 2007), these results are not evidence of a behavioural response (Paper II).  

 

In a set-up where all individuals were in constant visual contact (paper I), we found no effect of 

OSR or density on the frequency of male agonistic behaviour (Figure 9A). This means that there 

was no increase in the propensity to behave in the male biased treatment, because any effect of an 

increase in the number of encounters should only enhance a potential increase in propensity (Figure 

7B). On the other hand, agonistic behaviour has been shown to break down at high male densities 

and strongly male biased OSR`s and thus may show a dome-shaped relationship to the level of 
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competition (Emlen & Oring 1977, Grant et al. 2000, Klug et al. 2008). Thus, there may have been 

a decrease in the propensity to behave agonistically, which was masked by the higher male-male 

encounter rate (Figure 7B). Overall, male-male agonistic behaviour was not very frequent in this 

experiment (Figure 9B). This could suggest that a breakdown had already happened, due to a high 

male density. Although males have been seen to nest at similar distances in the field (personal 

observations), the density in the two-male treatment was markedly higher than typical natural 

densities (16.7 compared to 0.56 - 0.07 males/m
2
; Forsgren et al. 2004).  

 

In paper III, in a design where male compartments were partly shielded from the central 

compartment and each other, we found even fewer agonistic male-male interactions and none of the 

escalated behaviours such as chases and attacks. In this case, agonistic male-male interactions were 

only observed in the male-biased treatment. The design of paper III may have been experienced by 

the males as a very low male density. Especially in the female biased treatment, males spent most of 

their time in their nests, where they had no visual contact with the other male. Regrettably, the setup 

did not allow for testing the propensity to behave agonistically directly, because male visits to 

another male’s compartment were very rare (Paper III). However, these results suggest that the 

number of agonistic male-male encounters can be affected by the density of ready-to-mate females, 

as well as by male density. 

 

Female competitive behaviour, operational sex ratio and sex roles 

To date, there are few studies on the relation between operational sex ratio and mating competition 

in females (Paper II; Figure 8). Regrettably, this thesis has not succeeded in studying male and 

female competitive behaviour at the same time. We did not focus on female behaviours in paper III, 

but instead focused on males. Paper I provides some information on the frequency of female 

behaviours, which did not differ between treatments. However, the interactions were few, especially 

for female agonistic behaviour, limiting the power of the tests (Paper I). Moreover, we may not 

have created a skewed enough female bias in the experiments to establish strong female-female 

competition. Nevertheless, we did create female biased situations, both in sex ratio (two females to 

each male, paper I) and in OSR (five females to each male, with space in the nests for, on average, 

eight females to spawn, paper III). In the experiment for paper III, I recorded female behaviour in 

the male compartment on video, although I did not mark the females for individual recognition. 

However, the overall low number of courtship and agonistic behaviours did not warrant further 

investigation. Females may not have competed more strongly, because the operational sex ratio was 

not female-biased enough, because they respond to different cues, or because OSR does not affect 
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female mating behaviour. One explanation could be that although mating competition affects the 

level of competition within a sex, the actual switch in sex roles seen in the field may not occur at 

equal OSR, because other factors influence when this switch happens (Kokko & Monaghan 2001, 

Clark & Grant 2010).  

 

Reproductive success in the wild (Paper IV) 

In Paper IV, we investigate how male reproductive success varies over the season in the two-

spotted goby. We placed ten artificial nests out in the field at one location in 2007, and forty-five 

artificial nests of different sizes at each of two locations in 2008. We marked attending males at 

several occasions and inspected all nests for eggs and an attending male at regular intervals. We 

found that early in the season attending males were larger than late in the season in 2008, and in 

better condition in 2007. Early in the season, nest holders were also in better condition than 

shoaling males in 2007 (no data for 2008). We only found evidence for nest take-overs early in the 

season in 2008 (no data for 2007). These data show that competition for nests may be an important 

factor in mating success early in the season, when male density is high (Forsgren et al. 2004).  

 

In 2008, we also estimated brood size, brood survival (if a brood potentially hatched) and male 

reproductive success (the total area of potentially hatched eggs). Both brood survival and male 

reproductive success was lower late than early in the season, and we saw more dead eggs in the nest 

(Figure 11). It may thus be advantageous to breed early in the season for two-spotted gobies, as is 

the case for many temperate species (Fairbairn 1977, Hendersson et al. 1988). In contrast, we 

expected brood size to be larger late in the season, when females are competing for males (Forsgren 

et al. 2004). Although we did find that males received more female visits late than early in the 

season, brood size was smaller late than early in the season of 2008, and nest fullness did not differ 

between the different parts of the season in both years. This may partly reflect a higher brood 

reduction late in the season, because we did not inspect nests daily. However, in 1999, nest fullness 

was higher late in the season (Forsgren et al. 2004). Thus, there may be variation in years in 

differences in mating success between early and late in the season.  

 

Brood size was correlated to nest size over the whole season. Because nests are on average only 

half-full, I think that this is more likely to be due to female choice for large nests than due to limited 

nest space. Early in the season, males in large nests were significantly larger than males in smaller 

nests in 2008. Such a correlation could be caused by competition for the larger nests (Lindström 

1992, Andersson 1994, Wong et al. 2008), or by small males actively preferring smaller nests 
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(Kvarnemo 1995, Takegaki et al. 2008). The difference in size of attendant males between smaller 

and larger nests disappeared at mid season, suggesting that males were competing for large nests. 

However, not only the larger nests were occupied late in the season, when many nests were empty, 

suggesting that not all males prefer large nests. 

 

Within the smaller nests, male size was correlated to brood size, but only early in the season. 

This suggests that the female preference for larger males, found in a laboratory experiment (Borg et 

al. 2006), is realized mating success in the field. Late in the season, females did not prefer large 

males (Borg et al. 2006), which also corresponds to the findings of Paper IV, although our sample 

size was low late in the season, so we may not have had enough power to detect an effect. Male 

reproductive success, as the area of potentially hatched eggs, was higher early than late in the 

season, but was not significantly associated with nest size or male size. 

 

Overall, these data suggest that males compete for breeding opportunities early in the season, 

and that they compete for nests and mates at the same time (Forsgren et al. 2004). Nest size is likely 

to be the most important factor in mating competition in both parts of the season. Possibly as a 

result of this competition, high quality males breed early and lower quality males breeding late, 

when competition is relaxed. This should be considered when asking questions about effects on 

male and female behaviour in this species, because it would mean that there is a substantial 

decrease in reproductive success over the season for both sexes.  

 

 

Figure 11. Picture of a brood just after hatching that was attended by a two-spotted goby male in the late 

part of the breeding season in 2007. (gridlines are 1 cm apart) Note that many of the eggs are dead (opaque) 

and there are patches of on-growth in between the eggs. Image: Karen de Jong. 
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Operational sex ratio and encounter rates (Paper I, III, IV) 

The relation between OSR and encounter rates is likely not so straight forward as we simplistically 

assumed in Paper II, because mate search behaviour of both sexes may depend on density (Kokko 

& Wong 2007). This increases the urgency of disentangling the effects of OSR on encounter rates 

and the propensity to behave. It may also explain the different effects of OSR on courtship 

frequency between our constant visual contact design (Paper I) and our free interaction design 

(Paper III), because the different designs may have led to different encounter patterns. In paper I, all 

individuals were in constant visual contact, preventing the measurement of encounter rates. In paper 

III, unexpectedly, the number of visits by ready-to-mate females to males did not differ between the 

treatments. This suggests that the ten ready-to-mate females in the female biased treatment visited 

males less often than the two ready-to-mate females in the male biased treatment. Females may 

become less choosy in female biased OSR (Balshine-Earn 1996, Jirotkul 1999), as was indeed 

suggested by the finding that females only prefer larger males early in the season, when OSR is 

male-biased (Borg et al. 2006) and in the field, females visit fewer males per time late than early in 

the season and terminated fewer courtship events (L. C. Myhre, K. de Jong, E. Forsgren & T. 

Amundsen, unpublished data). However, males received more female visits late than early in the 

season in the field (Paper IV), although the difference (0.3 vs. 0.5 per minute) was less than what 

would be expected from the marked change in OSR (Forsgren et al. 2004).  

 

For male-male encounters, we found that the number of visits from other males decreased over 

the season in the field (Paper IV), as expected from the decrease in density found previously 

(Forsgren et al. 2004). However, in paper III, males spend less time in their nest in a male biased 

OSR and correspondingly engaged in more male-male interactions (Paper III). Thus, also male-

male encounter rates may not only depend on male density, but also on mate availability. 

Importantly, local density and OSR, likely reflected in encounter rates, may have different effects 

than or interact with population density and OSR (Reichard et al 2008, Casalini et al. 2010). 

 

Sexual selection and the value of OSR 

There has recently been some discussion in the literature on the value of OSR to predict the level of 

mate monopolization and sexual selection (e.g. Shuster 2009, Klug et al. 2010). Therefore I would 

like to briefly explain my opinion on this issue. First of all, sexual selection is not only affected by 

mating competition, but also by resource competition, sperm competition and mate choice (Figure 

1). These processes may be additive in their effect on behaviour and sexual selection (Alonso-
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Pimentel & Papaj 1999), but they could also interact. Nest competition can decrease mating 

competition in the sex that is competing for resources and decrease competition in the opposite sex 

(Almada et al. 1995, Forgren et al. 1996, Borg et al. 2002, Heinsohn 2008). Sperm competition can 

increase the variation in reproductive success that is caused by variation in mating success, or 

decrease it (Jones et al. 2001). Choosiness could also occur in the competing sex and increase 

competition for the best mates (Owen & Thompson 1994). Thus, we cannot simply look at the 

effect of OSR or other population measures on variation in reproductive success, without observing 

what happens in the population, which traits are important and which processes of sexual selection 

are in action. This thesis showed that OSR affects male competitive behaviour (Paper III). It also 

suggests however, that in two-spotted gobies, competition for nests may be important as well, and 

that mating success of nest holding males is not necessarily higher even if both mating and nest 

competition should be relaxed (Paper IV).  

 

There is no a priori to expect the degree of mate monopolization to increase with the rate of 

competitors to potential mates (Klug et al. 2010). If this ratio becomes too high, it may become too 

costly to defend mates and no individual will be able to defend more than one mate (Kokko et al. 

1998, Shuster and Wade 2003, Fitze & leGaillard 2008). The potential for mate monopolization will 

to a large extend affect behavioural mating competition. Whether an individual is likely to invest in 

competitive behaviours, depends on the cost-benefit ratio of a certain behaviour. Thus when the 

potential for mate monopolization is high, individuals are likely to invest in courtship and agonistic 

behaviour, while when direct competition becomes too costly, individuals may switch to alternative 

mating tactics (Shine et al. 2003, Jirotkul 1999, Magellan & Maguran 2007). Lower quality 

individuals may postpone mating until they are either big enough to compete (Warner 1984, 

Berglund 1991) or competition is less intense (Paper IV). 

 

Operational sex ratio is thus neither a predictor of the strength of sexual selection or a measure 

of mating competition. However, it gives us a simple competitor-to-resource ratio for mating 

competition at any given time and place (Kvarnemo & Ahnesjö 1996, 2002, Grant et al. 2000). The 

total OSR over the whole breeding season is thus not a very useful measure (Shuster 2009). In 

stead, it should interest us how variations in OSR over time and between populations within species 

affects competition for mates. This would allow us to test whether and how these differences result 

in variation in sexual selection on certain traits.  
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Future directions 

OSR and mating competition  

This thesis showed OSR affected the propensity to court. To my knowledge, there are only four 

experimental studies to date that report a measure of courtship propensity (all on fish: Berglund 

1994, Borg et al. 2002, Faleiro et al. 2008, Paper III), and only one that quantified encounter rates 

in the same experiment (Paper III). Hence, there is an urgent need for more studies on the effect of 

operational sex ratio on the propensity of agonistic and courtship behaviour in a variety of taxa. 

Depending on patterns of movement and mate search of both sexes, it will be different for each 

model species what setup would provide the opportunity to test propensities of behaviour. Thus, 

knowledge of the natural behaviour of a species is needed for the design of such experiments. It 

may therefore be more complicated to test propensities in the laboratory than the beguilingly simple 

setup with different numbers of individuals in a simple aquarium. However, as discussed above, 

interference from such simple designs may be accordingly difficult.  

 

There are very few studies on female mating competition in relation to OSR. Females may 

compete for males, even in species with conventional sex roles (Clutton-Brock 2007). Regrettably, 

this thesis has not changed this pattern, because overall, we saw very little competitive behaviour in 

females compared to males. This may suggest that females respond to different cues than males. 

Another reason to focus on males in paper III was that females were swimming around together and 

spent most of their time in the central part of the aquarium. As a result, it was much harder to 

quantify separate encounters for females in this design. Thus, studies on female behaviour may 

have to use different designs than studies on male behaviour.  

 

Female mating competition and reproductive success 

In paper IV, we show that reproductive success is lower late than early in the season. Therefore it is 

not surprising that males are competing for early breeding opportunities. However, females are 

competing for males late in the season. This is interesting, because there should be strong selection 

on females to breed early as well, especially because our data suggest that brood survival and male 

quality is higher early in the season. One explanation could be that males and females could use 

different cues to time the onset of reproduction (Ball & Ketterson 2008), and therefore, variations 

between years may cause a mismatch between peak mating for males and females. However, 

female density does not increase over the season (Forsgren et al. 2004). Thus, it is not likely that 
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females start breeding later than females. A more likely explanation for why the OSR is male biased 

early in the season could be found in the differential effect of ecological factors on potential 

reproductive rates of both sexes (Kvarnemo 1994, 1997). Females could be limited in their 

reproductive rate early in the season by the low temperature and by the availability of food, since in 

the Gullmar fjord, likely food sources are limited and temperatures are low (< 10 C) in April and 

early May (Lindahl & Hernroth 1988). In the closely related sand goby, temperature was found to 

affect the OSR via sex difference in potential reproductive rate (Kvarnemo 1994, 1996). However, 

OSR was male biased in warmer waters, opposite of what would be expected in the two-spotted 

goby. It would be interesting to test how potential reproductive rates in males and females of the 

two-spotted goby change over the season, which ecological factors are involved and how these 

affect mating competition. 

 

 

 

 

 

 

 

 

 

 

Conclusions 

The most important conclusions to be drawn from this thesis are:  

1. Operational sex ratio affects male mating competition in the two-spotted goby. 

2. Frequencies of competitive behaviours reflect both the motivation of an individual and the 

number of encounters with potential mates and competitors, and are as such not ideal measurements 

of mating competition. 

3. Spatial behaviour of individuals are affected by the density of both competitors and potential 

mates, which renders it impossible to predict how frequencies reflect the propensity to behave 

without knowledge of the encounter rates. 

4. Knowledge on the behaviour of study species in the wild is of the utmost importance for the 

design and interpretation of laboratory experiments. 



Synopsis 36 

References 

Ahnesjö, I., Forsgren, E. & Kvarnemo C. 2008. 

Variation in sexual selection in fishes. In: Fish 

behaviour (ed. Magnhagen, C., Braithwaite, V. 

A., Forsgren, E & Kapoor, B. G.). Science 

Publishers, Enfield, NH, pp. 303-335. 

Almada, V. C., Gonçalves, E. J., Oliveira, R. F. & 

Santos, A. J. 1995. Courting females - 

ecological constraints affect sex-roles in a 

natural-population of the blenniid fish Salaria 

pavo. Animal Behaviour 49, pp. 1125-1127. 

Alonso-Pimentel, H. & Papaj, D. R. 1999. 

Resource presence and operational sex ratio as 

determinants of copulation duration in the fly 

Rhagoletis juglandis. Animal Behaviour 57, 

pp. 1063-1069. 

Amundsen, T. 2000. Why are female birds 

ornamented? Trends in Ecology & Evolution 

15, pp. 149-155. 

Amundsen, T. & Forsgren, E. 2001. Male mate 

choice selects for female coloration in a fish. 

Proceedings of The National Academy of 

Sciences of the United States of America 98, 

pp. 13155-13160. 

Amundsen, T. & Forsgren, E. 2003. Male 

preference for colourful females affected by 

male size in a marine fish. Behavioral Ecology 

and Sociobiology, 54, pp. 55-64. 

Andersson, M. 1994. Sexual Selection. Princeton 

University Press, Princeton, NJ. 

Andersson, M. 2005. Evolution of classical 

polyandry: three steps to female emancipation. 

Ethology 111, pp. 1-23. 

Ball G. F. & Ketterson, E. D. 2008. Sex 

differences in the response to environmental 

cues regulating seasonal reproduction in birds. 

Philosophical Transactions Of The Royal 

Society B. 363, pp. 231-246. 

Balshine-Earn, S. 1996. Reproductive rates, 

operational sex ratios and mate choice in St. 

Peter’s fish. Behavioral Ecology and 

Sociobiology 39, pp. 107-116. 

Bateman, A. J. 1948. Intra-sexual selection in 

Drosophila. Heredity 2, 349-368. 

Berglund, A. 1991. Egg competition in a sex-role 

reversed pipefish: subdominant females trade 

reproduction for growth. Evolution 45, pp. 

770-774. 

Berglund, A. 1994. The operational sex-ratio 

influences choosiness in a pipefish. Behavioral 

Ecology 5, pp. 254-258. 

Birkhead, T. & Møller, A. P. 1993. Female 

control of paternity. Trends in Ecology & 

Evolution 8, 100-104. 

Brevik, C. 2007. Reirplassvalg hos tangkutling 

Gobiusculus flavescens. Thesis (MSc), NTNU, 

Trondheim, Norway. 

Borg, Å. A., Forsgren, E. & Magnhagen, C. 2002. 

Plastic sex-roles in the common goby - the 

effect of nest availability. Oikos 98, pp. 105-

115. 

Borg, Å. A., Forsgren, E. & Amundsen, T. 2006. 

Seasonal change in female choice for male size 

in the two-spotted goby. Animal Behaviour 72, 

pp. 763-771. 

Casalini, M., Reichard, M. & Smidt, C. 2010. The 

effect of crowding and density on male mating 

behaviour in the rose bitterling (Rhodeus 

ocellatus). Behaviour 147, pp. 1035-1050. 

Clark, L. & Grant, J. W. A. 2010. Intrasexual 

competition and courtship in female and male 

Japanese medaka, Oryzias latipes: effects of 

operational sex ratio and density. Animal 

Behaviour 80, pp. 707-712. 

Clutton-Brock, T. H. & Parker, G. A. 1992. 

Potential reproductive rates and the operation 

of sexual selection. Quarterly Review Of 

Biology 67, pp. 437-456. 

Clutton-Brock, T. H. 2007. Sexual selection in 

males and females. Science 318, pp. 1882-

1885. 

Clutton-Brock, T. H. & Vincent, A. C. J. 1991. 

Sexual selection and the potential reproductive 

rates of males and females. Nature 351, pp. 58-

60. 

Colwell, M. A. & Oring, L. W. 1988. Sex-ratios 

and intrasexual competition for mates in a sex-

role reversed shorebird, Wilson phalarope 

(Phalaropus tricolor). Behavioral Ecology and 

Sociobiology 22, pp. 165-173. 

Cratsley, C. K., and S. M. Lewis. 2005. Seasonal 

variation in mate choice of Photinus ignitus 

fireflies. Ethology 111, pp. 89-100. 

Darwin, C. 1859. On the Origin of Species. 

Cramercy Books, Random House, New York. 

Darwin, C. 1871. The descent of Man, and 

Selection in Relation to Sex. Appleton, New 

York. 

Debuse, V. J., Addison, J. T. & Reynolds, J. D. 

1999. The effects of sex ratio on sexual 

competition in the European lobster. Animal 

Behaviour 58, pp. 973-981. 

de Jong, K., Wacker, S., Amundsen, T. & 

Forsgren, E. 2009. Do operational sex ratio 

and density affect mating behaviour? An 



Synopsis 37 

experiment on the two-spotted goby. Animal 

Behaviour 78, pp. 1229-1238. 

Emlen, S. T. 1976. Lek organization and mating 

strategies in the bullfrog. Behavioral Ecology 

and Sociobiology 1, pp. 283-313. 

Emlen, S. T. & Oring, L. W. 1977. Ecology, 

sexual selection, and evolution of mating 

systems. Science 197, pp. 215-223. 

Enders, M. M. 1993. The effect of male size and 

operational sex-ratio on male mating success 

in the common spider-mite, Tetranychus 

urticae Koch (Acari, Tetranychidae). Animal 

Behaviour 46, pp. 835-846 

Endler, J. A. 1980. Natural-selection on color 

patterns in Poecilia reticulata. Evolution 34, 

pp. 76-91. 

Endler, J. A. 1983. Natural and sexual selection 

on color patterns in  Poeciliid fishes. 

Environmental Biology of Fishes 9, pp. 173-

190. 

Fairbairn, D. J. 1977. Why breed early? A study 

of reproductive tactics in Peromyscus. 

Canadian Journal of Zoology 55, pp. 862-871.  

Faleiro, F., Narciso, L. & Vicente, L. 2008. 

Seahorse behaviour and aquaculture: How to 

improve Hippocampus guttulatus husbandry 

and reproduction? Aquaculture 282, pp. 33-40. 

Farr, J. A. 1980. Social behavior patterns as 

determinants of reproductive success in the 

guppy, Poecilia reticulata Peters (Pisces: 

Poeciliidae): an experimental study of the 

effects of intermale competition, female 

choice, and sexual selection. Behaviour 74, pp. 

38-91 

Fitze, P. S. & Le Galliard, J. 2008. Operational 

sex ratio, sexual conflict and the intensity of 

sexual selection. Ecology Letters 11, pp. 432-

439. 

Forsgren, E., Amundsen, T., Borg, Å. A. & 

Bjelvenmark, J. 2004. Unusually dynamic sex 

roles in a fish. Nature 429, pp. 551-554. 

Forsgren, E., Kvarnemo, C. & Lindström, K. 

1996. Mode of sexual selection determined by 

resource abundance in two sand goby 

populations. Evolution 50, pp. 646-654. 

Grant, J. W. A. & Foam, P. E. 2002. Effect of 

operational sex ratio on female-female versus 

male-male competitive aggression. Canadian 

Journal Of Zoology 80, pp. 2242-2246. 

Grant, J W. A., Bryant, M. J. & Soos, C. E. 1995. 

Operational sex-ratio, mediated by synchrony 

of female arrival, alters the variance of male 

mating success in Japanese medaka. Animal 

Behaviour 49, pp. 367-375. 

Grant, J. W. A., Gaboury, C. L. & Levitt, H. L. 

2000. Competitor-to-resource ratio, a general 

formulation of operational sex ratio, as a 

predictor of competitive aggression in 

Japanese medaka (Pisces: Oryziidae). 

Behavioral Ecology 11, pp. 670-675. 

Griffiths, S. P. 2002. Retention of visible implant 

tags in small rockpool fishes. Marine Ecology 

Progress Series 236, pp. 307-309. 

Gwynne, D. T. 1984. Sexual selection and sexual 

differences in Mormon crickets (Orthoptera: 

Tettigoniidae, Anabrus simplex). Evolution 38,  

pp. 1011-1022. 

Gwynne, D. T. 1985. Role-reversal in katydids: 

habitat influences reproductive behavior 

(Orthoptera: Tettigoniidae, Metaballus sp.). 

Behavioral Ecology and Sociobiology. 16, pp. 

355-361. 

Gwynne, D. T. 1990. Testing parental investment 

and the control of sexual selection in katydids: 

the operational sex ratio. The American 

Naturalist 136, pp. 474-484. 

Gwynne, D. T. 1991. Sexual competition among 

females: What causes courtship-role reversal?. 

Trends In Ecology & Evolution 6, pp. 118-

121. 

Gwynne, D. T. & Simmons, L. W. 1990. 

Experimental reversal of courtship roles in an 

insect. Nature 346, pp. 172 - 174. 

Guitel, F. 1895. Observations sur les mïurs du 

Gobius ruthensparri. Archives de Zoologie 

Experimentale et Génerale 3, pp. 63-288. 

Head, M. L & Brooks, R. 2006. Sexual coercion 

and the opportunity for sexual selection in 

guppies. Animal Behaviour 71, pp. 515-522. 

Heinsohn, R. 2008. The ecological basis of 

unusual sex roles in reverse-dichromatic 

eclectus parrots. Animal Behaviour 76, pp. 97-

103. 

Henderson, P. A., Holmes, R. H. A.  & Bamber, 

R. N. 1988. Size-selective overwintering 

mortality in the sand smelt, Atherina boyeri 

Risso, and its role in population regulation. 

Journal of Fish Biology 33, pp. 221-233. 

Jennions, M. D. & Petrie, M. 2000. Why do 

females mate multiply? A review of the 

genetic benefits. Biological Reviews 75, pp. 

21-64. 

Jirotkul, M. 1999. Operational sex ratio influences 

female preference and male-male competition 

in guppies. Animal Behaviour 58, pp. 287-294. 

Jivoff, P. & Hines, A. H. 1998. Female behaviour, 

sexual competition and mate guarding in the 

blue crab, Callinectes sapidus. Animal 

Behaviour 55, pp. 589-603. 

Jones, A. G., Walker, D., Kvarnemo, C., 

Lindström, K. & Avise, J. 2001. How 

cuckoldry can decrease the opportunity for 



Synopsis 38 

sexual selection: Data and theory from a 

genetic parentage analysis of the sand goby, 

Pomatoschistus minutus. Proceedings Of The 

National Academy Of Sciences Of The United 

States Of America 98, pp. 9151-9156. 

Klug, H., Heuschele, J., Jennions, M. D. & 

Kokko, H. 2010. The mismeasurement of 

sexual selection. Journal of evolutionary 

biology 23, pp. 447-462. 

Klug, H., Kontax, C. I., Annis, S. & Vasudevan, 

N. 2008. Operational sex ratio affects nest 

tending and aggression in male flagfish 

Jordanella floridae Goode & Bean. Journal of 

Fish Biology 72, pp. 1295-1305. 

Kokko, H. & Jennions, M. D. 2008 Parental 

investment, sexual selection and sex ratios. 

Journal of evolutionary biology 21, pp. 919-

948. 

Kokko, H. & Johnstone, R. 2002. Why is mutual 

mate choice not the norm? Operational sex 

ratios, sex roles and the evolution of sexually 

dimorphic and monomorphic signalling. 

Philosophical Transactions of the Royal 

Society B. 357, pp. 319-330. 

Kokko, H. & Monaghan, P. 2001. Predicting the 

direction of sexual selection. Ecology Letters 

4, pp. 159-165. 

Kokko, H. & Rankin, D. J. 2006. Lonely hearts or 

sex in the city? Density-dependent effects in 

mating systems. Philosophical Transactions Of 

The Royal Society B. 361, pp. 319-334. 

Kokko, H. & Wong, B. B. M. 2007. What 

determines sex roles in mate searching?. 

Evolution 61, pp. 1162-1175. 

Kokko, H., Lindström, J., Alatalo, R. V. & 

Rintamäki, P. T. 1998. Queuing for territory 

positions in the lekking black grouse (Tetrao 

tetrix). Behavioral Ecology 9, pp. 376-383. 

Krupa, J. J. & Sih, A. 1993. Experimental studies 

on water strider mating dynamics: spatial 

variation in density and sex ratio. Behavioral 

Ecology and Sociobiology 33, pp. 107-120. 

Kvarnemo, C. 1994. Temperature differentially 

affects male and female reproductive rates in 

the sand goby: consequences for operational 

sex ratio. Proceedings of the Royal Society B. 

256, pp. 151-156. 

Kvarnemo, C. 1995. Size-assortative nest choice 

in the absence of competition in males of the 

sand goby, Pomatoschistus minutus. 

Environmental Biology of Fishes 43, 233–239. 

Kvarnemo, C. 1996. Temperature affects 

operational sex ratio and intensity of male-

male competition: Experimental study of sand 

gobies, Pomatoschistus minutus. Behavioral 

Ecology 7, pp. 208-212. 

Kvarnemo, C. 1997. Food affects the potential 

reproductive rates of sand goby females but 

not of males. Behavioral Ecology 8, pp. 605. 

Kvarnemo, C. & Ahnesjö, I. 1996. The dynamics 

of operational sex ratios and competition for 

mates. Trends In Ecology & Evolution 11, pp. 

404-408. 

Kvarnemo, C. & Ahnesjö, I. 2002. Operational 

sex ratios and mating competition. In: Sex 

ratios: concepts and research methods (ed. 

Hardy, I. C. W.), Cambridge University Press, 

Cambridge, pp 366-382. 

Kvarnemo, C. & Merilaita, S. 2006. Mating 

distribution and its temporal dynamics affect 

operational sex ratio: a simulation study. 

Biological Journal Of The Linnean Society 89, 

pp. 551-559. 

Kvarnemo, C., Forsgren, E., & Magnhagen, C. 

1995. Effects of sex ratio on intra-and inter-

sexual behaviour in sand gobies. Animal 

Behaviour 50, pp. 1455-1461.  

Lindahl, O. & Hernroth, L. 1988. Large-scale and 

long-term variations in the zooplankton 

community of the Gullmar fjord, Sweden, in 

relation to advective processes. Marine 

ecology progress series. Oldendorf 43, pp. 

161-171. 

Lindström, K. 1992. Female spawning patterns 

and male mating success in the sand goby, 

Pomatoschistus minutus. Marine Biology 113, 

475–480.  

Magellan, K. & Magurran, A. E. 2007. 

Behavioural profiles: individual consistency in 

male mating behaviour under varying sex 

ratios. Animal Behaviour 74, pp. 1545-1550. 

Malone, J. C., Forrester, G. E. & Steele, M. A. 

1999. Effects of subcutaneous microtags on 

the growth, survival, and vulnerability to 

predation of small reef fishes. Journal of 

Experimental Marine Biology and Ecology 

237, pp. 243-253. 

Mobley, K. B., Amundsen, T., Forsgren, E., 

Svensson, P. A. & Jones, A. G. 2009. Multiple 

mating and a low incidence of cuckoldry for 

nest-holding males in the two-spotted goby, 

Gobiusculus flavescens. BMC Evolutionary 

Biology 9:6. 

Michener, G. R. & McLean, I. G. 1996. 

Reproductive behaviour and operational sex 

ratio in Richardson's ground squirrels. Animal 

Behaviour 52, pp. 743-758. 

Miller, P. J. 1986. Gobiidae. In: Fishes of the 

North-eastern Atlantic and the Mediterranean 

Volume 3 (ed. Whitehead, P. J. P., Bauchot, 

M.-L., Hureau, J.-C., Nielsen, J. & Tortonese, 

E.). UNESCO, Paris, pp. 1019-1085. 



Synopsis 39 

Okuda, N. 1999. Sex roles are not always reversed 

when the potential reproductive rate is higher 

in females. American Naturalist 153, pp. 540-

548. 

Owens, I. P. F. & Thompson, D. B. A. 1994. Sex 

differences, sex ratios and sex roles. 

Proceedings of the Royal Society B. 258, pp. 

93-99. 

Parker, G. A. 1970. Sperm competition and its 

evolutionary consequences in insects. 

Biological reviews of the Cambridge 

Philosophical Society 45, pp. 525-568. 

Parker, G. A. 1974. Assessment strategy and 

evolution of fighting behavior. Journal of 

Theoretical Biology 47, pp. 223-243. 

Pélabon, C., Borg, Å. A., Bjelvenmark, J., 

Forsgren, E., Barber, I. & Amundsen, T. 2003. 

Do male two-spotted gobies prefer large 

fecund females? Behavioral Ecology 14, pp. 

787-792. 

Queller, D. C. 1997. Why do females care more 

than males? Proceedings of the Royal Society 

B. 264, pp. 1555-1557. 

Quinn, T. P., Adkison, M. D. & Ward, M. B. 

1996. Behavioral tactics of male sockeye 

salmon (Oncorhynchus nerka) under varying 

operational sex ratios. Ethology 102, pp. 304–

322. 

Reichard, M., Smidt, C. & Bryja, J. 2008. 

Seasonal change in the opportunity for sexual 

selection. Molecular Ecology 17, pp. 642-651. 

Shibata, J. & Kohda, M. 2006. Seasonal sex role 

changes in the Blenniid Petroscirtes breviceps, 

a nest brooder with paternal care. Journal of 

Fish Biology 69, pp. 203-214. 

Shine, R., Langkilde, T. & Mason, R. T. 2003. 

The opportunistic serpent: Male garter snakes 

adjust courtship tactics to mating 

opportunities. Behaviour 140, pp. 1509-1526. 

Silva, K., Vieira, M. N., Almada, V. C. &. 

Monteiro, N. M. 2010. Reversing sex role 

reversal: compete only when you must. 

Animal Behaviour 79, pp. 885-893. 

Shuster, S. M. 2009. Sexual selection and mating 

systems. Proceedings of the National Academy 

of Sciences 106, pp. 10009-10016. 

Shuster, S., & Wade, M. 2003. Mating Systems 

and Strategies. Princeton Univercity Press, 

Princeton, NJ.  

Simmons, L. & Bailey, J. W. 1990. Resource 

influenced sex roles of zaprochiline 

tettigoniids (Orthoptera: Tettigoniidae). 

Evolution 44, pp. 1853-1868. 

Skolbekken, R. & Utne-Palm, A. C. 2001. 

Parental investment of male two-spotted goby, 

Gobiusculus flavescens (Fabricius). Journal of 

Experimental Marine Biology and Ecology 

261, pp. 137-157. 

Smith, C. C. 2007. Independent effects of male 

and female density on sexual harassment, 

female fitness, and male competition for mates 

in the western mosquitofish Gambusia affinis. 

Behavioral Ecology and Sociobiology 61, pp. 

1349-1358. 

Svensson, P. A. 2006. Female coloration, egg 

carotenoids and reproductive success: gobies 

as a model system. Thesis (PhD), NTNU, 

Trondheim, Norway. 

Svensson P. A., Barber, I. & Forsgren, E. 2000. 

Shoaling behaviour of the two-spotted goby. 

Journal of Fish Biology 56, pp. 1477-1487. 

Svensson, P. A., Pélabon, C., Blount, J. D., Surai, 

P. F. & Amundsen, T. 2006. Does female 

nuptial coloration reflect egg carotenoids and 

clutch quality in the two-spotted goby 

(Gobiusculus flavescens, Gobiidae)? 

Functional Ecology 20, pp. 689-698. 

Svensson, P. A., Blount, J. D., Forsgren, E., & 

Amundsen, T. 2009. Female ornamentation 

and egg carotenoids of six sympatric gobies. 

Journal of Fish Biology 75, pp. 2777-2787. 

Tagegaki, T., Matsumoto, Y., Tawa, A., Miyano, 

T. & Natsukari, Y. 2008. Size-assortative nest 

preference in a paternal brooding blenny 

Rhabdoblennius ellipes (Jordan & Starks). 

Journal of Fish Biology 72, pp. 93-102. 

Takahashi, D. 2000. Conventional sex roles in an 

amphidromous Rhinogobius goby in which 

females exhibit nuptial coloration. Ichthyology 

Research 47, pp. 303-306. 

Tejedo, M. 1988. Fighting for females in the toad 

bufo-calamita is affected by the operational 

sex-ratio. Animal Behaviour 36, pp. 1765-

1769. 

Thomas, L. K. & Manica, A. 2005. Intrasexual 

competition and mate choice in assassin bugs 

with uniparental male and female care. Animal 

Behaviour 69, pp. 275-281. 

Trivers, R. L. 1972. Parental investment and 

sexual selection. In: Sexual Selection and the 

Descent of Man 1871-1971 (ed. B. Campbell). 

Heinemann, London, pp. 136-179. 

Verrell, P. A. 1983. The influence of the ambient 

sex-ratio and intermale competition on the 

sexual-behavior of the red-spotted newt, 

Notophthalmus viridescens (Amphibia, 

urodela, salamandridae). Behavioral Ecology 

and Sociobiology 13, pp. 307-313. 

Vincent, A. C. J., Ahnesjö, I., Berglund, A. & 

Rosenqvist, G. 1992. Pipefishes and seahorses 

- are they all sex-role reversed. Trends in 

Ecology and Evolution 7, pp. 237-241. 



Synopsis 40 

Ward, G. & Fitzgerald, G. J. 1988. Effects of sex-

ratio on male-behaviour and reproductive 

success in a field population of threespine 

sticklebacks (Gasterosteus aculeatus) (Pisces, 

gasterosteidae). Journal of Zoology (London) 

215, pp. 597-610. 

Warner, R. R. 1984. Deferred reproduction as a 

response to sexual selection in a coral reef fish: 

a test of the life historical consequences. 

Evolution 38, pp. 148-162. 

Whiteman, E. A. & Côté, I. M. 2004. Dominance 

hierarchies in group-living cleaning gobies: 

causes and foraging consequences. Animal 

Behaviour 67, pp. 239-247. 

Wong B. B. M., Lehtonen, T. & Lindström, K. 

2008. Male nest choice in sand gobies, 

Pomatoschistus minutus. Ethology 114, pp. 

575-581. 

 



�������





Do operational sex ratio and density affect mating behaviour? An experiment on
the two-spotted goby

Karen de Jong a,*, Sebastian Wacker a,b,1, Trond Amundsen a, Elisabet Forsgren a,c,2

aDepartment of Biology, Faculty of Natural Sciences and Technology, Norwegian University of Science and Technology, Trondheim
bDepartment of Behavioural Biology, University of Münster, Germany
cNorwegian Institute for Nature Research, Trondheim

a r t i c l e i n f o

Article history:
Received 11 December 2008
Initial acceptance 26 January 2009
Final acceptance 10 August 2009
Available online 20 September 2009
MS. number: 08-00788R

Keywords:
agonistic behaviour
courtship
density
Gobiusculus flavescens
mating competition
operational sex ratio
sex role
two-spotted goby

Males generally compete for females through courtship and aggression (conventional sex roles).
However, sex roles are reversed in some species and can even vary between populations or over time
within a single species. The operational sex ratio (OSR), the sex ratio of ready-to-mate individuals, is
a central factor proposed to explain the strength and direction of mating competition. Density can both
act as a cue for OSR and have its own effects on competition. In the two-spotted goby, Gobiusculus fla-
vescens, a seasonal switch in sex roles coincides with a change in OSR from male to female biased and
a decrease in male density. This dynamic system provides an ideal opportunity to test the effects of OSR
and density on competitive behaviour experimentally. In an aquarium experiment, we created two
different sex ratios at two different densities and observed courtship and agonistic behaviour in both
sexes. We changed sex ratio to equality after 4 days of treatment, to test for a lag in the behavioural
response. Contrary to our predictions, males courted more after prolonged exposure to a female-biased
sex ratio, although we also found a tendency for a positive effect of male density on male courtship
frequency. We did not find any other effects of treatment on either male or female behaviour. Further-
more, we did not find evidence for a lag in the response to a change in density or sex ratio. We conclude
that OSR and density did not affect individual frequencies of behaviour in the expected direction.
� 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Sexual selection drives the evolution of many striking traits and
can conflict with natural selection (Darwin 1871). One of the
driving forces behind sexual selection is the competition for mating
opportunities (Darwin 1871; Andersson 1994). Mating competition
is generally stronger in one sex than in the other, leading to fixed
sex roles. These can be either conventional, where males compete
for females, or reversed, where females compete for males (Trivers
1972; Andersson 1994). In some species, mating competition varies
over time or between populations and dynamic sex roles have been
found (insects: Gwynne 1984, 1985; fishes: Forsgren et al. 2004;
Shibata & Kohda 2006). Such systems provide unique opportunities
to study the factors affecting the strength of mating competition in
both sexes.

It is generally agreed that selection pressures promoting
competition are similar for both sexes. Mating competition arises if
the availability of the opposite sex limits the production of offspring
(Emlen & Oring 1977; Clutton-Brock & Vincent 1991). The level of
competition in each sex should therefore depend on the ratio of
ready-to-mate males to ready-to-mate females, known as the
operational sex ratio (OSR; Emlen 1976; Emlen & Oring 1977). The
OSR is modified by two principal factors: first, the adult sex ratio
(ASR) or, more precisely, the sex ratio of qualified-to-mate indi-
viduals in a population (Ahnesjö et al. 2001) and second, the sex
difference in potential reproductive rate (PRR; Clutton-Brock &
Vincent 1991), defined as the maximum number of offspring that
an average parent can produce per unit time if access to mates was
not limited (Clutton-Brock & Vincent 1991; Clutton-Brock & Parker
1992). The higher the PRR, the sooner an individual is ready tomate
again. The ASR and PRR in their turn could be influenced by
differences in parental investment (Trivers 1972) and costs of
reproduction (Kokko & Monaghan 2001), although a difference in
relative costs of reproduction between the sexes could also affect
competition directly (Trivers 1972; Emlen & Oring 1977; Kokko &
Monaghan 2001).

Same-sex and opposite-sex densities are inherently correlated
with OSR and may thus be used as a cue to changes in OSR, and
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hence which behaviour to adopt. On the other hand, same-sex
density could also affect behaviour directly, for example by
increasing the level of competition simply by increasing the
encounter rate of competitors, while opposite-sex density could,
for example, lead to the aggregation of potential mates, affecting
the opportunity for monopolization (Kokko & Rankin 2006). It is
therefore interesting to distinguish between the effects of OSR and
density of each of the sexes on mating behaviour. Teasing apart
these effects can be difficult, but can be achieved statistically as an
interaction effect of OSR and total density.

The OSR correctly predicts existing sex roles in several species
(e.g. Vincent et al. 1994; Thomas & Manica 2005; Sogabe & Yana-
gisawa 2007). Furthermore, field studies have revealed that OSR
correlates well with changes in the strength and direction of
mating competition and associated behaviours within species in
a wide range of taxa, such as birds (Colwell & Oring 1988), fish
(Vincent et al. 1994; Borg et al. 2002; Forsgren et al. 2004) and
rodents (Schwagmeyer & Brown 1983; but see Davis & Murie 1985;
Michener & McLean 1996). While these field studies clearly show
a link between OSR and competitive behaviour, causality is often
easier to demonstrate in laboratorymanipulations, especially when
there are confounding factors that may affect behaviour and covary
with OSR, such as food availability (Kim & Choe 2003; Kolluru et al.
2007), time of season (Goldman et al. 2004), temperature (Denoël
et al. 2005; Silva et al. 2007) and density of same-sex or opposite-
sex individuals (Spence & Smith 2005; Smith 2007).

Until now, surprisingly few laboratory studies have investigated
the effect of OSR on competitive behaviour while controlling for
confounding factors, and the results are inconsistent (e.g. Kvar-
nemo et al. 1995; Grant et al. 2000; Spence & Smith 2005; Head
et al. 2008). A potential explanation for the variation in these
results may be that different species react differently to a change in
the OSR. For example, males can resort to more sneaking and less
courtship in highly competitive situations, as shown in, for
example, the garter snake, Thamnophis sirtalis parietalis (Shine et al.
2003) and the Amur bitterling, Rhodeus sericeus (Mills & Reynolds
2003). A combination of field and laboratory studies in a range of
species would thus be needed to assess whether these are differ-
ences between species or between situations.

Most empirical work on mating competition has focused on the
more competitive sex (but see Kvarnemo et al. 1995), justifiably,
because the behavioural changes in the dominant sex can be
expected to be more obvious and easier to test. However, OSR
theory explains the behaviour of both sexes by the same processes
and changes in sex rolesmay depend on an interaction between the
behavioural changes in both sexes. Additionally, the behaviour of
one sex could be strongly related to the behaviour of the other sex.
Hence, there is a need for studies that analyse behavioural
responses simultaneously in the two sexes.

What cues animals use to assess OSR is not known, nor whether
there is a time lag in the behavioural response to a change in the
OSR. In the field, local OSR may fluctuate on an hourly basis, while
the overall population OSR may be fixed or change more slowly,
rendering it advantageous to delay the response to a sudden
change in OSR or to adopt Bayesian updating (McNamara & Hous-
ton 1980; Stephens & Krebs 1986). Such a lag could make it harder
to find effects of experimental treatments, especially when the
treatment time is short or when OSR changes during treatment.
Such a change in OSR could, for instance, occur if free interaction
between the sexes results in mating, removing one or both mated
individuals from the pool of ready-to-mate individuals.

Two-spotted gobies, Gobiusculus flavescens, are an excellent
model system for the study of factors controlling the strength of
mating competition. Unlike in most species, sex roles are not fixed.
Instead, they switch from conventional to reversed during

a breeding season, coinciding with, although slightly lagging
behind, a change in OSR from male to female biased, caused by
a dramatic decrease in male density (Forsgren et al. 2004). This
suggests an unusual flexibility in the behavioural patterns of both
sexes, possibly caused by changes in OSR or male density.
Furthermore, both males and females have ornaments, indicating
that sexual selection is acting on both sexes (e.g. Amundsen &
Forsgren 2001; Svensson et al. 2009). In this study we experi-
mentally tested the effects of OSR and density on competitive
behaviour (courtship and aggression) in both sexes and over
several days. A previous field study found that males showed more
courtship and agonistic behaviour in a high male density, male-
biased situation, while females showed more courtship and
agonistic behaviour in a low male density, female-biased situation
(Forsgren et al. 2004). Therefore, depending on which of the cues
they react to, we expected males to compete more in either high
male density or male-biased treatments or both, and females to
compete more in low male density or female-biased treatments or
both. Additionally, we tested for a lag in the behavioural response to
a subsequent change in sex ratio. To our knowledge, this is the first
study to explore the effects of OSR on competitive behaviour in
a laboratory setting in a species where a change in behaviour with
OSR has been found in the field.

METHODS

Model Species

The two-spotted goby is a small marine fish, common along the
coast of Europe from northwest Spain to northern Norway. It
typically lives only a year. During its breeding season (May–July in
our study area) it inhabits shallow waters along rocky shores,
where nonbreeding individuals often form semipelagic foraging
shoals (Miller 1986; Svensson et al. 2000). Breeding males defend
a nest in empty blue mussel, Mytilus edulis, shells, in crevices, or in
brown algae (Saccharina latissima and Laminaria digitata). Females
visit males to spawn, and the male provides all parental care,
defending the nest and cleaning and aerating the eggs until they
hatch (Skolbekken & Utne-Palm 2001). Males care for clutches of up
to six different females simultaneously (Mobley et al. 2009).
Females generally lay all eggs of one clutch in the same nest
(Skolbekken & Utne-Palm 2001). Both males and females have
ornaments, which they emphasize in courtship. Males have col-
oured fins and an iridescent blue pattern on their body, whereas
females develop bright orange bellies during egg development
(Amundsen & Forsgren 2001; Svensson et al. 2006).

Experimental Design

Our experiment ran from May until July 2006 at the The Sven
Lovén Centre for Marine Sciences at Kristineberg, situated on the
west coast of Sweden (58.15�N,11.27�E). Treatments were designed
to investigate OSR and density effects on mating behaviour. We
created two different sex ratios at two different densities, resulting
in four treatments: 8:4, 4:2, 4:8 and 2:4 males:females adult sex
ratio (Table 1). Treatments lasted for 4 days. After 4 days, we
exposed two males and two females from each treatment to an
equal sex ratio treatment (2:2) for another day, to test for a poten-
tial lag in the response to the social environment, that is, whether
the response to the previous treatment was preserved.

Fish Collection and Husbandry

All fish were caught by snorkellers with hand-held dip nets
around islands up to 3 km from the research station. We stored the
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sexes separately in aquaria of approximately 60 litres. Individual
aquaria held between 10 and 40 fish. Males went through
a screening procedure (see Selection of experimental fish) after
a maximum of 12 h in the storage aquaria, while females stayed in
the storage aquaria until the start of the experiment (maximum 3
days). We measured total length of all fish on a millimetre grid to
the nearest 0.5 mm and weighed them on digital Mettler scales to
the nearest 1 mg. To remove excess water before weighing, we held
each fish on a moist paper before releasing it gently into a pre-
weighed cup containing seawater. All aquaria had a layer of 1–2 cm
of gravel on the bottom and artificial plants to provide cover. We
provided an uninterrupted flow of surface water (7 m depth).
Temperature therefore reflected ambient sea water temperature
(range 10 �C in May to 23 �C in July). Wemeasured the temperature
in the experimental aquaria once a day. Light conditions followed
a typical Swedish summer with 16 h light and 8 h dark. In the
experimental room there was natural light fromwindows, assisted
by some spotlights in darker areas of the room. After completion of
the experiment, we used the focal fish for a separate study and
released all others back into the fjord.

Selection of Experimental Fish

To make sure we used only ready-to-mate individuals, we
selected ready-to-spawn females by the roundness of their belly, an
indicator of gonad maturity, and screened males for willingness to
court. Screening aquaria (25 � 30 cm and 30 cm deep) were
equipped with a PVC tube (length 80 mm, diameter 14 mm)
attached to a plastic plant, as nest substrate. Males were allowed to
acclimatize for 12–24 h, after which we introduced a free-swim-
ming, round female into the screening aquarium.We used all males
that showed any courtship in the first 5 min after they spotted the
female. If a male did not court in the first trial, he was retested
a maximum of three times.

To ensure a selection of sizes that mimics a natural distribution,
we selected sets of fish to fit four size classes, matching quartiles of
the frequency distribution in the field. Within each size class we
then divided the fish randomly over the different treatments. For
the treatments with eight same-sex individuals we used two fish
per size class. For the treatments with four individuals we used one
fish per size class and for the treatments with only two individuals,
we selected fish from size classes 2 and 3. Because it proved difficult
to find individuals of the exact right size for every replicate, the size
classes slightly overlapped (females 1: 36.5–40.0 mm; 2: 40.0–
43.0 mm; 3: 42.0–45.5 mm; 4: 45.0–50.0 mm; males 1: 35.0–
40.5 mm; 2: 39.5–42.5 mm; 3: 42.0–45.5 mm; 4: 45.0–52.0 mm).
However, the size difference between fish of adjoining classes was
never less than 0.5 mm within a replicate. For the equal sex ratio
period, we used the two focal fish of the medium size classes (2 and
3) from each treatment for each sex. The two focal males stayed in
their compartment, while we removed all other males and their
nests, but not the plants and stones. We replaced the females in the

adjoining compartment by two new females. The two focal females
were moved to aquaria with two new males.

To recognize fish individually, we marked each fish with visible
implant elastomer (Northwest Marine Technology TM, www.nmt.
us). We used four colours, red, green, yellow and pink, and injec-
ted it subcutaneously at one of two positions, to obtain eight unique
combinations. We anaesthetized the fish with 60 ml of 2-phenoxy-
ethanol diluted in 500 ml of surface sea water and, after the elas-
tomer injection, each fish was transferred to fresh seawater. All fish
regained normal swimming behaviour within 10 min after this
procedure. This method of tagging has been shown not to influence
mortality or behaviour in other gobies (Malone et al. 1999; Griffiths
2002; Whiteman & Côté 2004).

Experimental Aquaria

Experimental aquaria had a water volume of 60 � 38 � 30 cm.
To keep the OSR constant during the treatments we prevented the
fish from spawning by dividing the aquaria into male (40 � 38 cm
and 30 cm deep) and female (20 � 38 cm and 30 cm deep)
compartments with a transparent divider, perforated to allow
water flow (and thus chemical communication). Male compart-
ments had as many nests as males to minimize nest competition.
The nests were attached either just above the gravel to stones or to
artificial plants at approximately 10 cm height (four plants and four
stones per compartment). Thus, we created eight potential nest
sites at two different heights. We distributed the available nests
evenly over these sites, to maximize the distance to the next nest
and the aquarium wall, thus minimizing competition over space.
This resulted in a minimum distance of about 15 cm between nests
in our highest density treatment, which is not unusual in the field
(personal observations), although the overall density in the treat-
ment was relatively high. Female compartments contained two
artificial plants to provide shelter. We allowed the fish to acclima-
tize to both the treatment situation and the equal sex ratio situation
for 12 h while a blind covered the transparent divider (allowing
neither water flow nor visual contact between the sexes), plus
a further 6 h with only the transparent divider (as per experimental
conditions) before observation.

Behavioural Observations

Two observers observed courtship and agonistic behaviour in
both sexes simultaneously, on the first day of treatment, the fourth
day of treatment and on the fifth day in the equal sex ratio. We
observed four focal fish of each sex sequentially for 10 min each,
adding up to 40 min total observation time per sex in each
aquarium. In treatments with eight fish of one sex, we randomly
chose one fish in each of the four size classes to observe. In treat-
ments with only two fish of one sex, we observed these two indi-
viduals twice to standardize the total observation time per
aquarium.

We recorded five types of courtship behaviour and three types
of agonistic behaviour for males. A male typically starts courtship
by erecting his dorsal fins (fin display). This can be followed by
vibrating his body perpendicular to the female (quiver), and
swimming to the nest waving his tail in a very characteristic
manner (lead swim) often entering it (nest entry) before he returns
to the female (Amundsen & Forsgren 2001; Pélabon et al. 2003).
This sequence of behaviours can be (partially) repeated several
times. In some cases it is preceded by a fast swim towards the
female (approach). Male agonistic behaviour most often starts with
a fin display while the bodies of the twomales involved are aligned;
after this, one of the males may either chase or attack the other
male.

Table 1
Experimental treatments and the resulting densities and sex ratios

Treatment 8:4 4:2 4:8 2:4

Number of males 8 4 4 2
Number of females 4 2 8 4
Total density High Low High Low
Male density High Medium Medium Low
Female density Medium Low High Medium
Sex ratio M-biased M-biased F-biased F-biased
M/(MþF) 0.66 0.66 0.33 0.33

M: male; F: female.
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We recorded two types of courtship and response behaviours
and three types of agonistic behaviours for females. Female
courtship typically consists of following the male (along the divider
in our set-up) followed by bending her body in an S-shape, pre-
senting her orange belly to the male (sigmoid; Amundsen & Fors-
gren 2001; Borg et al. 2006). Female agonistic behaviour is much
more subtle than male agonistic behaviour (Forsgren et al. 2004). A
sigmoid display to another female is relatively clear, but a chase is
often very slow and an attack resembles a push. For females, we
also noted the number of male courtship bouts (sequences of male
courtship behaviours) she received.

We scan-sampled the location of the focal fish every 10 s as in
one of three zones. Males could be in (1) the female association area
less then 5 cm from the female compartment, (2) less than a fish
length from his nest, or (3) somewhere else. Females could be (1)
moving up and down along the divider to the male compartment,
which they often did continuously before, during and after court-
ship, (2) in the male association area less then 5 cm from the male
compartment without moving up and down or (3) somewhere else.
Any male that entered a nest during an observation or was scan-
sampled at the same nest more than nine times, which was the
observed median number of scans at any nest per male, was
assigned nest-holder status for that day.

Actual OSR in Treatments

Since our experimentwas designed to ensure that all individuals
would be both qualified and ready to mate, males were provided
with a nest site each. Moreover, we prevented the fish frommating
and fed them in excess to avoid time out. However, it could be
argued that males that did not take up nests were not qualified to
mate and should not be considered when calculating OSR. We did
not take this rigid course, because the number of nest holders could
be higher than detected in our 10 min observations
ðX � SD ¼ 53:5� 3:1%Þ, and because in the fieldmales often do not
establish a nest before a spawning event (personal observations).
Rather, we tested whether the percentage of nest-holding males
differed significantly between treatments (Kruskal–Wallis test: day
1: P ¼ 0.41; day 4: P ¼ 0.34; day 5: P ¼ 0.55). Thus, a higher density
did not lead to a decrease in the proportion of nest holders, indi-
cating that competition for space was not a major reason for males
to forgo establishing nests. We are therefore convinced that the

differences in our experimental sex ratios reflected differences in
OSR in the same direction and order of magnitude.

Data Analyses

We recorded data for seven replicates of each treatment. An
eighth set of replicates was started but not finished and we
included only data from the first day of observation in this last set.
We replaced diseased or deceased females immediately with
females from the same size class. We did not observe replacement
fish. Over the 4-day treatment, only four of 144 females needed
replacement; one died and three developed fin rot, a decay of the
fins caused by a fungus, which commonly occurs in the wild. We
discarded two female observations on day 1 and nine on day 4
because the focal fish showed impaired movement from fin rot or
because they buried themselves in the gravel. None of these
females were transferred to the equal sex ratio treatment after-
wards. In the equal sex ratio period, we discarded six of 56 female
observations for the same reasons.We did not replace anymales, so
as not to disturb any territorial relations, but we avoided using
them for focal observations if they developed fin rot. This happened
very rarely; out of 144 males, one developed fin rot on day 1, one on
day 4 and one on day 5. None of the males died during the
experiment.

Because the occurrence of most behaviours was significantly
correlated, we used principal components analyses (PCA) to
produce a reduced number of uncorrelated variables (principal
components) using SPSS 16.0 (SPSS Inc., Chicago, IL, U.S.A.). We
entered log-transformed frequencies of all behaviours, to reduce
the effect of outliers, and arcsine-square-root transformed
proportions of the time spent in different areas in the PCA. We
applied a varimax rotation and thereafter used all components with
an eigenvalue larger than one. We tested for the effects of treat-
ment on behaviour on each day separately, because the loadings for
the different variables and the relative order of the components
differed between days. For our tests on the differences in courtship
and agonistic behaviour between days we added those behaviours
that had the highest loadings on the components concerned, and
were thus most representative of either courtship or agonistic
behaviour, to calculate total courtship and total agonistic frequency.

We used linear mixed models (Bates et al. 2008) in R version
2.7.2 (R Development Core Team 2008) to test for the effects of sex

Table 2
Loadings of male two-spotted goby behaviours on three PCA components

Components Day 1 Day 4 Day 5 (2:2)

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

Courtship behaviour
Courtship fin display 0.902 �0.201 0.911 0.897 0.242
Quiver 0.948 0.928 0.242 0.942
Lead swim 0.922 0.856 0.304 0.897
Enter nest 0.753 0.438 0.232 0.711 0.346 0.308 0.311 0.854
Approach 0.438 0.303 0.528 0.234 0.760

Agonistic behaviour
Agonistic fin display 0.778 �0.215 0.604 0.400 0.533
Chase 0.219 0.690 0.371 0.704 0.446 0.512
Attack 0.224 0.776 0.806 0.849

Time spent in area
Time in association area 0.314 L0.770 0.383 L0.774 0.610 0.346 �0.331
Time at nest 0.873 0.256 0.838 0.804

% Total variance explained 36 21 16 36 18 15 32 20 17

Loadings for eight male behaviours and time in two scan-sampling areas on three components for each of the 3 observation days. Loadings range from 0 to 1. Loadings lower
than 0.2 are omitted for the sake of clarity. Some behaviours load on more than one component; the highest loading for each behaviour is given in bold.

K. de Jong et al. / Animal Behaviour 78 (2009) 1229–12381232



ratio and density on mean courtship and agonistic behaviour. We
used the scores on each PCA component per individual as the
dependent variables. We could not test for the effect of male and
female density separately, because they are inherently correlated
with sex ratio. Therefore we made a full factorial model with total
density and sex ratio as fixed factors, controlling for the effect of
relative length (individual total length minus mean total length of
same-sex individuals in the aquarium), adding individual,
aquarium and observer as random factors. In such a model,
a significant interaction between sex ratio and total density would
indicate an effect of either male or female density. To test for
changes in individual behaviour between days 4 and 5, we only
used individuals that we observed on both days and calculated the
difference in total courtship frequency and total agonistic
frequency between those days for each individual. We then tested
whether the mean overall difference in total frequency between
days 4 and 5 differed significantly from zero with a t test and we
used a mixed model with group as a random factor to test for an
effect of treatment sex ratio, density or the interaction on the
differences in total frequency. In the mixed models we tested for
significance of the effects with a Markov Chain Monte Carlo
resampling method and we report the confidence interval (CI), but
only if t values were higher than 1.5, belowwhich significance is not
to be expected. For all other tests we used SPSS 16.0. All tests were
two tailed with a 95% confidence interval.

Ethical Note

All procedures were carried out with permission from the
ethical committee in Gothenburg. We did not detect any physical
injuries resulting from agonistic behaviour during our experiment.
Only one of 152 fish died during our experiment, which is an
extremely low mortality rate given the high natural mortality
during the mating season in this short-lived species.

RESULTS

Males and females showed all aspects of courtship and aggres-
sive behaviours that have been observed in the field (Forsgren et al.
2004; K. de Jong, unpublished data). Both sexes courted actively
with a mean � SE of 12.7 � 1.4 behaviours in 10 min for males and
6.1 � 0.7 behaviours in 10 min for females. Agonistic behaviours
also occurred frequently with an average rate of 4.0 � 0.3 behav-
iours in 10 min for males and 0.8 � 0.2 behaviours in 10 min for
females. There were no significant differences between treatments
in body length, wet weight at the start of the experiment, or water
temperature on any of the days (Kruskal–Wallis test: P > 0.86 in all
cases).

Male Competitive Behaviour

For males, behavioural patterns for the 3 sampling days were
similar. The PCA resulted in three components (Table 2) for all 3
days after varimax rotation. The first component (PC1) contained
the highest loadings for courtship behaviours and we call this the
courtship component. The second component (PC2) contained the
highest loadings for agonistic behaviours and we call this the
agonistic component. The third component (PC3) wasmainly based
on the time spent at the nest and we therefore call this the nest
component. Although component loadings for days 1 and 4
(treatment sex ratio) were near identical, the pattern in the PCA for
day 5 (equal sex ratio) differed somewhat from the other days. Time
in association on day 5 was more closely correlated with the
courtship component (PC1) than on other days, suggesting that
most of the time in the association areawas actually spent courting.

Furthermore, agonistic fin display was more related to the nest
component on day 5 than on the previous days, suggesting that
more of the aggression took place around the nest. This would also
result in more activity around the nest, which could explain the
higher loading for nest entries.

Male courtship score (PC1; Fig. 1a, b, c) was not affected by sex
ratio (t ¼ �1.10, N ¼ 126), total density (t ¼ �1.17, N ¼ 126) or their
interaction (t ¼ 0.55, N ¼ 126) on day 1. On the fourth day of
treatment, sex ratio did have a significant effect on average male
courtship score (PC1; t ¼ �3.47, N ¼ 111, CI ¼ �1.70 to �0.62), but
total density did not (t ¼ �1.03, N ¼ 111), while the interaction was
borderline significant (t ¼ 1.62, N ¼ 111; CI ¼ 0.003 to 1.52). The
effect of sex ratio was opposite of expected: males courted more in
a female-biased sex ratio than in a male-biased sex ratio. The
interaction appeared to be mainly caused by an effect of male
density, because only in the highest male density treatment (8:4)
did the response differ substantially fromwhat is expected from the
model estimates for sex ratio and density alone (expected means
for the male courtship score in the four treatments calculated from
the model estimates for the intercept and the effects of sex ratio
and density: 8:4 ¼ �0.89; 4:2 ¼ �0.56; 4:8 ¼ 0.24; 2:4 ¼ 0.58).
Thus, high male density tended to have a positive effect on male
courtship score. In the equal sex ratio (day 5), no lasting effects of
former treatments were found. The effect of sex ratio on male
courtship (PC1) disappeared (t ¼ �0.48,N ¼ 55) and the interaction
was not close to significance any more (t ¼ 0.83, N ¼ 55). There was
no effect of previous total density (t ¼ �0.81, N ¼ 55). Fin displays,
quivers and lead swims had the highest loadings on the courtship
component on all days and were therefore added to calculate total
courtship frequency on days 4 and 5. Although the individuals from
the male-biased treatments did seem to increase total courtship
frequency when they entered the equal sex ratio, while those from
the female-biased treatments did not (Fig. 2a), we found no effect of
sex ratio (t ¼ 0.86, N ¼ 53), density (t ¼ �0.65, N ¼ 53) or the
interaction (t ¼ 0.32, N ¼ 53) on the differences. This could suggest
that the disappearance of the effect of sex ratio on day 5 was caused
by a change in group composition, rather than a change in indi-
vidual behaviour. However, the effect of sex ratio on day 4 remained
significant when we tested only those individuals that later went
on to the equal sex ratio on day 5 (t ¼ �2.71, N ¼ 53, CI ¼ �1.98 to
�0.37). The overall within-individual difference between days 4
and 5 regardless of treatment was not significantly different from
zero (t52 ¼ 0.88, P ¼ 0.38).

Mean male agonistic score (PC2; Fig. 1d, e, f) was not affected by
sex ratio (t ¼ 0.81, N ¼ 126), total density (t ¼ 0.19, N ¼ 126) or the
interaction (t ¼ 0.22, N ¼ 126) on day 1. On day 4, male agonistic
behaviour (PC2) was not affected by sex ratio (t ¼ 0.71, N ¼ 111),
total density (t ¼ �0.26, N ¼ 111) or the interaction (t ¼ 0.02,
N ¼ 111) either. We also found no effect of previous treatments on
agonistic behaviour on day 5 (PC2; sex ratio: t ¼ 1.13; total density:
t ¼ 0.27; interaction: t ¼ �0.25, N ¼ 55). We could not test for
differences between days 4 and 5 in individual male agonistic
behaviour, because the behaviours with the highest loadings on the
agonistic component on all days, attacks and chases, seldom
occurred.

The courtship and agonistic frequency of nest holders was not
correlated with the distance from their nest to the divider on any of
the observation days (day 1: P > 0.32 in all treatments; day 4:
P > 0.10 for all; day 5: P > 0.15 for all).

Female Competitive Behaviour

For females, the principal component analysis resulted in two
components (Table 3). PC1 had the highest loadings for courtship
and response behaviours and time spent in the association area,
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Figure 1. (a, b, c) Male courtship and (d, e, f) male agonistic behaviour in the two-spotted goby under different sex ratios on 3 observation days, day 1 (N ¼ 8) and day 4 (N ¼ 7) in
the different sex ratio treatments and day 5 (N ¼ 7) in an equal sex ratio. Courtship is expressed as the average score on PC1 per aquarium. Graphs are box plots representing the
median and 25% quartiles, lines represent minima and maxima and circles denote outliers. The dashed line is at zero. The PCA is calculated separately for each day and therefore
cannot be compared between days.
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Figure 2. Within-individual difference from day 4 (treatment sex ratio) to day 5 (equal sex ratio) in (a) male total courtship frequency (fin displays þ quivers þ lead swims) and (b)
female total courtship frequency (follows þ sigmoids) in the two-spotted goby. Graphs are box plots representing the median and 25% quartiles, lines represent minima and
maxima and circles denote outliers. The dashed line is at zero.
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both while moving up and down the divider and otherwise (we call
this the courtship component). PC2 had the highest loadings for the
more escalated agonistic behaviours and we this the agonistic
component. Agonistic sigmoids had the highest loading on PC2
(agonistic behaviour) on day 1, while the highest loadings were on
PC1 (courtship) on days 4 and 5.

We found no significant effects of treatment on female courtship
score (PC1; Fig. 3a, b, c), on day 1 (sex ratio: t ¼ �0.69; total density:
t ¼ �0.94; interaction: t ¼ 0.52, N ¼ 126) or day 4 (sex ratio:
t ¼ �0.61, total density: t ¼ �0.61; interaction: t ¼ 0.69; N ¼ 103).
We also did not find any effect of previous treatments on female
courtship score (PC1) on day 5 in the equal sex ratio (sex ratio:
t ¼ 0.97; total density: t ¼ 1.09; interaction: t ¼ �0.51, N ¼ 50).
Follows and sigmoids had the highest loadings on the courtship
component on all days and were therefore added to calculate total
courtship frequency on days 4 and 5. Therewas no effect of sex ratio
(t ¼ 0.64, N ¼ 46), density (t ¼ 1.15, N ¼ 46) or the interaction
(t ¼ �1.13, N ¼ 46) on the differences in total courtship frequency
between days 4 and 5within individuals (Fig. 2b). Themeanwithin-
individual difference between days 4 and 5 regardless of treatment
was not significantly different from zero (t45 ¼ �0.35, P ¼ 0.72).

Mean female agonistic score (PC2; Fig. 3d, e, f) was not signifi-
cantly affected by treatment on day 1 (sex ratio: t ¼ �0.68; total
density: t ¼ 1.09; interaction: t ¼ �0.64, N ¼ 126), day 4 (sex ratio:
t ¼ �1.39; total density: t ¼ �1.66, CI ¼ �1.02 to 0.08; interaction:
t ¼ 1.15, N ¼ 103) or day 5 (sex ratio: t ¼ �0.58; total density:
t ¼ �0.59; interaction: t ¼ 0.32, N ¼ 50). Chases had the highest
loadings on the agonistic component on all days, but these occurred
so rarely that we were not able to test for differences in frequency
within individuals between days.

Correlation of Courtship Behaviour between the Sexes

Average male and female courtship scores (PC1) within an
aquarium were significantly correlated on day 1 (Spearman rank
correlation: rS ¼ 0.57, N ¼ 32, P ¼ 0.001), but not significantly so on
day 4 (Spearman rank correlation: rS ¼ 0.33, N ¼ 27, P ¼ 0.09). On
day 5 (equal sex ratio), male courtship score (PC1) was correlated
with the number of received female courtship bouts (Spearman
rank correlation: rS ¼ 0.43, N ¼ 28, P ¼ 0.02). Female courtship
score (PC1) was also strongly correlated with the number of
received male courtship bouts on all days (Spearman rank

correlation: day 1: rS ¼ 0.77, N ¼ 32, P < 0.001; day 4: rS ¼ 0.77,
N ¼ 27, P < 0.001; day 5: rS ¼ 0.83, N ¼ 27, P < 0.001).

DISCUSSION

We predicted that a change in either OSR or same-sex density
would lead to an increase in competitive behaviour in the more
abundant sex. However, contrary to our predictions, males courted
more after prolonged exposure to a female-biased sex ratio,
although we also found a tendency for a positive effect of male
density onmale courtship frequency. Apart from thiswedid notfind
any effects of treatment on either male or female behaviour. The
effects of sex ratio and male density on male courtship behaviour
were not maintained after a 6 h exposure to an equal sex ratio.

Male Competitive Behaviour

Seemingly contrary to predictions from theory (Emlen & Oring
1977; Kvarnemo & Ahnesjö 1996), we found that males courted
more in female-biased treatments. A potential explanation for the
high male courtship frequency in female-biased treatments is that
males may have been more stimulated by the sight of many
females. However, we did not see an effect of absolute female
density on male courtship behaviour, only of the actual adult sex
ratio. In a female-biased sex ratio, both the encounter rate and the
potential for matings are very high. Males should therefore have
much to gain, and may be highly motivated to compete for females,
which could potentially explain the higher courtship frequency per
individual, although in the field both courtship frequency and
propensity to court decrease when females are abundant (Forsgren
et al. 2004). High courtship motivation in our experiment may be
partly explained by the fact that the sexes were not allowed to
mate. However, this restriction would only explain a higher overall
frequency, not a difference in frequency between treatments. Other
laboratory studies that did allow free interaction between the sexes
have also found higher frequencies of certain male courtship
behaviours in female-biased sex ratios (Farr 1976; Grant et al. 1995,
2000; Jirotkul 1999; Mills & Reynolds 2003; Shine et al. 2003;
Spence & Smith 2005). The authors proposed different valid
explanations for their findings, but the overall pattern seems to
indicate that, in a laboratory setting, males can increase the
frequency of certain courtship behaviours when they encounter
more mates. However, courtship frequency may not be directly
linked to the level of competition. Theory predicts an increase in
competition for mating opportunities with OSR and density,
although there are some recent examples to the contrary (Fitze & Le
Galliard 2008; Head et al. 2008). Even if competition increases,
however, it is questionable whether we should expect an increase
in the frequency of all behaviours. In retrospect, we realize that
a male’s courtship frequency could increase with an increasing
number of encountered females, even if his propensity to court
each female decreases, simply because there are somany females to
court. While the propensity to court each encountered female may
reflect his innate tendency to court and thus the strength of
competition, frequencies could thus reflect the strength of the
stimulus as well as the level of competition. The total courtship
frequency would then be modified by both propensity and the
number of encounters, rendering it plausible that an increase in
competition could result in both an increase in courtship frequency,
as in the field (Forsgren et al. 2004), or a decrease in courtship
frequency, as in this study. However, we found an increase in
courtship frequency not only with sex ratio, but also with male
density (as revealed by the borderline significant interaction
between sex ratio and total density). This density effect is most
easily interpreted as a result of increased competition.

Table 3
Loadings of female two-spotted goby behaviours on three PCA components

Components Day 1 Day 4 Day 5 (2:2)

PC1 PC2 PC1 PC2 PC1 PC2

Courtship behaviour
Follow 0.728 0.706 0.759
Courtship sigmoid 0.886 0.855 0.884

Agonistic behaviour
Agonistic sigmoid 0.375 0.536 0.332 0.652
Chase 0.834 0.819 0.988
Attack �0.207 0.562 0.787 d* d*

Time spent in area
Time in association area 0.773 0.852 0.794
Time up and down 0.873 0.860 0.905

% Total variance
explained

41 19 40 19 53 16

Loadings for five female behaviours and time in two scan-sampling areas on 3
components for each of the 3 observation days. Loadings range from 0 to 1. Loadings
lower than 0.2 are omitted for the sake of clarity. Some behaviours load on more
than one component; the highest loading for each behaviour is given in bold.

* Attack could not be entered in the PCA of day 5, because it did not occur in any
replicates.
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We found no effect of OSR or density on male agonistic behav-
iour. For agonistic behaviours, one would expect total frequencies
of agonistic acts per male to show the same pattern as the
propensity of each male to behave agonistically at a given male–
male encounter. This is because, unlike the case for courtship, an
increase in the relative number of male competitors should theo-
retically lead to an increased propensity to behave agonistically at
each encounter, as well as an increase in the frequency of male–
male encounters. Male agonistic behaviour can be caused by
mating competition, but also by competition for other resources
such as nest sites. However, because there were as many nests as
males in our experiment and no difference between treatments in
the percentage of nest holders, there does not appear to have been
any large difference in the level of resource competition between
treatments. Moreover, we found no evidence for competition for
particular nest positions, as courtship and agonistic behaviours by
males were not correlated with the distance of a male’s nest from
the female compartment.

Female Competitive Behaviour

Female courtship did not differ between treatments in our
study. Since the courtship score of each individual female was

directly correlated with the number of received male courtship
bouts on all days, it is possible that females reacted more to male
courtship than to the treatment. However, female courtship has
been observed to change with OSR independently of male court-
ship in a field study on the same species (Forsgren et al. 2004).

There was no effect of treatment on agonistic behaviours among
females. However, female aggression in two-spotted gobies may
not always be so easy to detect and quantify, since it is far more
subtle than male aggression. Agonistic sigmoid displays had the
highest loading on the agonistic component on day 1, while the
highest loadings were on the courtship component on days 4 and 5.
This may indicate a switch from aggression towards unknown
females to direct competition for courtship opportunities. Females
were often seen to push each other away during courtship (K. de
Jong & S. Wacker, personal observations).

Lag in the Behavioural Response

The absence of treatment effects on anything but male courtship
behaviour precluded most planned tests of a lag in behavioural
response to changes in OSR and density. However, the effect of sex
ratio on male courtship frequency we found on day 4 did not
appear on day 1. This may suggest that extended exposure to the
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Figure 3. (a, b, c) Female courtship and (d, e, f) female agonistic behaviour in the two-spotted goby under different sex ratios on 3 observation days, day 1 (N ¼ 8) and day 4 (N ¼ 7)
in the different sex ratio treatments and day 5 (N ¼ 7) in an equal sex ratio. Courtship is expressed as the average score on PC1 per aquarium. Graphs are box plots representing the
median and 25% quartiles, lines represent minima and maxima and circles denote outliers. The dashed line is at zero. The PCA is calculated separately for each day and therefore
cannot be compared between days.
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treatments was required to elicit the behavioural response. On the
other hand, it may also be caused by insufficient acclimatization to
experimental conditions on day 1 rather than a lag in the response
to a change in sex ratio. The transfer from the field via storage and
marking is likely to have a larger effect on the time needed for
acclimatization (day 1) than the switch from one sex ratio to
another (day 5), especially because males remained in the same
aquarium during this last switch. The effect of sex ratio on male
courtship on day 4 was not retained on day 5 (equal sex ratio),
suggesting that there was no major lag in adjusting to the equal sex
ratio. On the other hand, the disappearance of this effect could be
caused by a change in group composition, rather than a change in
individual behaviour. We did not find a significant change in total
courtship frequency within individuals between days 4 and 5,
although individuals from the male-biased treatments did seem to
increase courtship when they entered the equal sex ratio and those
from the female-biased treatments did not (Fig. 2a). However,
because the effect of sex ratio on day 4was significant alsowhenwe
used only those individuals that would later be used in the equal
sex ratio on day 5, we conclude that the disappearance of this effect
on day 5 has to be attributed to a change in individual behaviour.

Conclusions

This study adds to a growing body of evidence that the
frequencies of different competitive behaviours do not react
uniformly to a change in OSR or density. Field studies have gener-
ally found a decrease in courtship propensity when the opposite
sex is abundant (e.g. Almada et al. 1995; Borg et al. 2002; Forsgren
et al. 2004), as predicted by theory. In contrast, laboratory studies,
whichmost often quantify behaviour as frequencies, have produced
surprisingly inconsistent results with respect to the effects of OSR
and density on competitive behaviour. Results vary from an
increase (Farr 1976; Grant et al. 1995, 2000; Jirotkul 1999; Mills &
Reynolds 2003; Shine et al. 2003; Spence & Smith 2005) to
a decrease (Gwynne 1993) in courtship frequency with relative
abundance of the opposite sex and some studies found no effect
(Kvarnemo 1995; Magellan & Magurran 2007; Head et al. 2008).
This poses the question whether frequencies per individual are the
best measure to use when estimating the effects of OSR and density
on mating competition. In this study we found a tendency towards
increasedmale courtship frequencywithmale density, which could
indicate increased competition. However, we also found that
courtship frequency increased in female-biased treatments, where
onewould expect the level of competition to be lower (but see Fitze
& Le Galliard 2008). Because we do not know whether the increase
in courtship frequency is caused by an increase in the propensity of
a male to court each female, or by an increase in the number of
female encounters per male, we cannot conclude whether OSR
affected competition in this set-up. For female courtship, we did
not find an effect of treatment. Although the propensity to court
may well have increased in the female-biased treatments, any
positive effect of the increased propensity on total courtship
frequency may have been masked by a negative effect of a decrease
in the number of encountered males. Behaviour is generally
quantified as frequencies per individual in laboratory studies for
reasons of practicality. In most cases the sexes are in constant visual
contact and it is therefore impossible to separate individual
encounters. However, since there is now some evidence that an
excess of potential mates can increase mating competition (Fitze &
Le Galliard 2008), it becomes increasingly important to relate the
effects of OSR and density on behaviour to their effects on
competition. We suggest that propensities may reflect the innate
motivation to act of an individual, while frequencies may reflect
both the motivation and the strength of the stimulus. Thus,

propensities may be more informative of the strength of competi-
tion. Clearly, there is a need for more studies on the effect of OSR
and density on mating competition, estimating frequencies and
propensities of behaviours in both field and laboratory set-ups for
the same species.
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ABSTRACT: Central to sexual selection theory is the question why one sex usually competes more for 

mates than the other sex. Theory predicts that the abundant sex in the sex ratio of ready-to-mate individuals 

(OSR) will compete most. In accordance, the OSR matches the strength and direction of mating competition 

in field populations of several species. However, experimental tests have provided inconclusive results, 

possibly because experiments generally measure the frequency of courtship and agonistic behaviour. 

Frequency is affected by the number of potential mates or opponents encountered, as well as by the level of 

mating competition. The propensity to behave at each encounter, generally used in field studies, should 

reflect a behavioural response, but is used in very few experiments. In two simple models, we show that 

courtship frequency can respond differently from courtship propensity to a change in OSR. Agonistic 

frequency and propensity respond similarly, but not identically, and an increase in frequency could merely 

reflect an increase in encounters with competitors. In a meta-analysis we show that studies measuring 

courtship frequency indeed produce different results from studies measuring courtship propensities. We do 

not claim originality for the idea that encounter rate affects frequencies of behaviour, but stress its 

importance in the design of future experiments. We provide suggestions how to conclusively test OSR 

theory. 
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Introduction 

Competition for mates is a major driving force behind sexual selection. The number of mates 

obtained is generally correlated to reproductive success, particularly in males (Bateman 1948; 

Arnold 1994), but sometimes also in females (e.g. Jennions & Petrie 2000). Thus, mating success 

has a direct effect on fitness. Although several models have been proposed to predict the strength of 

mating competition (reviewed in Ahnesjö et al. 2008, Jennions and Kokko 2010), empirical data are 

relatively scarce. Behavioral sex roles can provide insight in which sex invests most during the 

process of competition and suggest which traits are favored. In most species, males compete more 

for matings than females. This is described as conventional sex roles, compared to reversed sex 

roles when females compete most (Vincent et al. 1992; Andersson 1994). However, the strength of 

mating competition can also vary within a sex, both temporally and spatially (e.g. birds: Colwell 

and Oring 1988; mammals: Michener and McLean 1996; insects: Gwynne 1985; fishes: reviewed in 

Ahnesjö et al. 2008). This variation can even lead to a switch in sex roles (e.g. Gwynne 1985; 

Almada et al. 1995; Forsgren et al. 2004; Shibata and Kohda 2006).  

 

A main theory to explain variation in mating competition is that the operational sex ratio (OSR; 

sex ratio of ready-to-mate individuals; box 1) drives mating competition (Emlen and Oring 1977; 

Kvarnemo and Ahnesjö 1996). OSR theory predicts the strength of intra-sexual competition for 

matings to increase when potential mates become scarce relative to the number of competitors. 

However, this straightforward and intuitive theory has proven hard to test and empirical results are 

surprisingly inconsistent (de Jong et al. 2009; table 1). De Jong et al. (2009) pointed out that there is 

striking difference in findings between field and laboratory studies. In field studies, variations in 

OSR have largely been found to match variations in the strength of mating competition (Colwell 

and Oring 1988; Cratsley and Lewis 2005; Lengkeek and Didderen 2006), and to match which sex 

is the most competitive (Gwynne 1985; Almada et al. 1995; Forsgren et al. 2004; Shibata and 

Kohda 2006) although a switch in sex roles does not have to occur at an OSR of 0.5 (Okuda 1999; 

Kokko and Monaghan 2001). The majority of laboratory studies on the other hand, have failed to 

find a similar match between OSR and mating competition (table 1). If we accept these tests as 

robust tests of the theory, the data should lead us to question OSR theory, in particular in light of 

some recent evidence that OSR does not necessarily affect the opportunity for sexual selection 

(Fitze and le Gaillard 2008; Head et al. 2008). However, the apparent inconsistency between results 

from the field and from the laboratory could result from a mismatch between theory and empirical 

tests (de Jong et al. 2009). In this study we will explore this mismatch in two models and test 
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whether it has affected empirical results with a meta-analysis. 

 

Mismatch between Theory and Practice 

Theory predicts increased mating competition when OSR becomes increasingly biased towards the 

own sex, and mates are therefore scarce (Emlen and Oring 1977; Kvarnemo and Ahnesjö 1996). 

Such an underlying resource conflict (competition) can be resolved in various ways, and theory 

does naturally not specify exactly how an increase in competition is reflected in specific behaviors. 

The most common and also most well studied way to resolve competition for matings is through 

courtship and agonistic behavior (Andersson 1994). Thus, most authors of mating competition 

experiments to date have taken an increase in competition to mean “more acts of aggression” or 

“more courtship displays” when potential mates are scarce. Contrary to such a -seemingly- 

predicted increase, the majority of these experiments find a decrease in courtship frequency, 

agonistic frequency, or both, when potential mates become scarce. There are several biological 

reasons why the frequency of agonistic and courtship behavior could decrease, rather than increase, 

in highly competitive situations. For example, increased risk of injury may lead to a breakdown of 

agonistic behavior or there may be a trade-off between agonistic and courtship behavior (e.g. Grant 

et al. 2000, Grant and Foam 2002) or individuals may switch from courtship to alternative tactics, 

such as sneaking, to obtain mates (e.g. Evans and Magurran 1999; Jirotkul 1999; Shine et al. 2003). 

 

However, the most obvious reason why courtship frequency per individual may decrease when 

potential mates are scarce does not require a behavioral response and is often overlooked. The 

frequency of any behavior is affected by the number of opportunities to display the behavior (box 

1). This is problematic because a change in OSR will lead to a numerical change in stimuli. For 

example, a change towards a more male-biased OSR leads to more male-male encounters and fewer 

male-female encounters. This low male-female encounter rate could result in a lower male 

courtship frequency, even if a male would be more likely to court each encountered female. In 

contrast, a change in courtship propensity, the likelihood to court at each encounter, would reflect a 

change in the behavioral response to a given stimulus (de Jong et al. 2009; box 1). 

 

If a behavioral response is indeed what theory predicts, we expect each individual to be more 

likely to court at each opportunity if competition is high. Thus, courtship propensity will increase 

when potential mates become scarce, unless individuals switch to alternative mating behaviors. 

Courtship frequency on the other hand, could easily decrease when potential mates become scarce, 

simply because of a decrease in the number of potential mates encountered. Thus, while frequency 
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and propensity have been used as equally valid measures of mating competition, they can produce 

opposite results. Using frequency as a measure of the strength of competition is in fact no less 

problematic for agonistic behavior. Although both the propensity and frequency of agonistic acts 

should increase in a male-biased OSR, one could find false positives when recording frequencies. 

Because the encounter rate with competitors will increase as well as the level of competition, the 

frequency of agonistic behaviors can increase purely due to competitor abundance. Therefore it is 

impossible to judge if an increase in agonistic frequency is caused by a change in the behavioral 

response or simply by an increase in the number of encounters with competitors. The logic of the 

argument why propensity and frequency measures could produce opposite patterns is in its essence 

rather trivial. Moreover, we do not claim originality for the idea that encounter rates affect 

frequencies of behavior. However, the fact that the literature in the field has been muddled with 

confusion on whether empirical data actually support or go against OSR theory shows that the issue 

is not trivial in practice. At a more general level, our work illustrates the importance of translating 

model predictions accurately to relevant parameters for empirical tests. 

 

To clarify the difference between frequency and propensity measures, we explored the effect of 

OSR on both frequency and propensity of courtship and agonistic behavior in two simple graphical 

models. Furthermore, to test if quantifying behavior as frequency versus propensity affects 

empirical results, we compared studies that report frequencies and studies that report propensities in 

a meta-analysis. In the meta-analysis we focused on courtship behavior, because the different 

measures produce opposite predictions in this case: a scarcity of potential mates, i.e. an OSR that is 

biased towards the own sex, should lead to an increase in courtship propensity, but a decrease in 

courtship frequency. 
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Box 1. Definitions of the terms used 

Mate competition: The competition for mates, expected to occur if mates are a limiting resource. 

Changes in the strength of competition are expected to be expressed in changes in competitive 

behavior, such as courtship and agonistic behavior. 

Operational sex ratio (OSR): The sex ratio of ready-to-mate individuals in a population 

(males/(males+females)). OSR is expected to affect mate competition, because a change in OSR 

leads to a change in the availability of potential mates, and competition is expected to increase 

when potential mates are scarce (Emlen and Oring 1977; Kvarnemo and Ahnesjö 1996) 

Competitor-to-resource ratio (CRR): A sex-neutral expression of OSR that allows us to compare 

studies on male and female behavior (competitors/(potential mates + competitors; sensu Grant et al. 

2000). For example, an CRR of 0.9 for females would correspond to an OSR of 0.1 (female bias), 

whereas an CRR of 0.9 for males would correspond to an OSR of 0.9 (male bias). 

Mate encounter rate: The number of potential mates encountered per period of time. 

Courtship propensity: The probability that an individual will court any potential mate, which 

should reflect the motivation to compete for a mate. This can be measured as, for example, the 

percentage of encountered potential mates courted, or the proportion of courtship events initiated by 

the individual. 

Courtship frequency: The number of courtship displays per individual, generally measured as 

displays per time or total time spent displaying. This is a compound measure of courtship 

propensity and mate encounter rate, therefore it will not accurately reflect levels of competition. 

 

Methods 

Because a change in OSR affects the ratio of potential mates to competitors in opposite directions 

for the two sexes, using this variable would complicate a comparison between studies on male and 

female behavior. We therefore used competitor-to-resource ratio (CRR; competitors/(potential 

mates + competitors); box 1; sensu Grant et al. 2000), in both our model and our meta-analysis.  

 

Model 

We developed two simple graphical models. In the first model we explored the relation between 

CRR and the frequency and propensity of courtship behavior. We assumed encounter rate to 

decrease with CCR, because, at a given population density, the density of potential mates will 
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decrease with CRR. For simplicity, we set the decrease to be fixed and linear. The propensity to 

court we assumed to increase with CRR, because there will be more competition for mates, 

increasing the need to invest in courtship. However, we also explored the situation when the 

propensity to court did not change. For simplicity, we assumed this relation to be linear as well, but 

allowed slopes and intercepts to vary. We then calculated the frequency of courtship behavior as: 

frequency = encounter rate * propensity. In the second model we explored the relation between 

CRR and the frequency and propensity of agonistic behavior. We assumed the encounter rate with 

competitors to increase with CRR, because, at a given population density, the density of 

competitors will increase with CRR. We assumed the propensity to behave agonistically towards 

each encountered competitor to increase with CRR. However, we also explored the situation when 

this propensity did not change. Similar to the first model, we set the encounter rate to a fixed linear 

relation with CRR. We assumed the relation between CRR and propensity to behave agonistically 

to be linear as well, although we varied the slope and the intercept. We calculated the frequency of 

agonistic behavior as frequency = encounter rate * propensity. 

 

Meta-analysis 

In a meta-analysis, we tested if the used method (propensity versus frequency) significantly affected 

empirical results with a meta-analysis. We performed a topical literature search for (“sex ratio” 

AND (“sexual compet*” OR court*)) and an extensive, though not exhaustive, search for references 

in these articles. We found that the majority of studies either record individual frequencies of 

courtship (most common, particularly in laboratory experiments) or propensities of courtship (more 

common in field studies; table 1). We included all studies that tested for an effect of OSR on 

courtship behavior as a frequency or propensity if they reported a measure of OSR that could be 

transformed to CRR.  

 

Because some of the studies did not report effect sizes, and the sample size was already low, 

we used the reported P-values to compare the results. We treated each test within each study as 

separate data points, but weighed them by the inverse of the number of tests that reported a measure 

from the same class (frequency or propensity) per study. For each P-value, we calculated a variable 

zp based on the quantile function of the normal distribution (qnorm; R Development Core team 

2008). Given random P-values, the qnorm function returns normally distributed z-values, with a 

mean of zero and a variance of one. To take the direction of the effects into account, we 

transformed two-sided P-values into one-sided P-values, such that no effect (P = 1) became P = 

0.5, P > 0.5 meant that a particular measure of courtship behavior increased with CRR (P > 0.975 
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for significant effect), and P < 0.5 meant that particular measure decreased significantly with CRR 

(P < 0.025 for a significant effect). This resulted in a positive sign to zp for results that were in 

accordance with theoretical expectations, and a negative sign to zp in the opposite case. If exact P-

values were not given, we calculated them from the reported test statistic and degrees of freedom. 

 

We then used a linear model (lm; R Development Core team 2008) to test for the effects of the 

measure used (propensity versus frequency) on zp. We controlled for the type of study (field versus 

laboratory) and sex (female versus male), by including them in the model as explanatory variables. 

Additionally, to test for an overall effect of CRR on propensity and frequency measures, we tested 

whether the average zp for propensity measures differed from zero with a one sample t-test, and 

similarly for frequency measures. 

 

 

Results 

Model 

In figure 1, we show the relation between courtship frequency, courtship propensity and CRR that 

follows from our model. We set encounter rate with potential mates to decrease from 100 to zero 

encounters per unit time when CRR increases from zero to one. In figure 1A we set courtship 

propensity (the percentage of encountered potential mates courted) to increase from 50 % to 100 % 

when CRR increases from zero to one. As a result, there is a negative correlation between courtship 

frequency and CRR, seemingly opposite of what is predicted by theory. In figure 1B we can see that 

an overall decrease in courtship propensity can lead to the courtship frequency is being at a CRR of 

0.5 (equal OSR). In figures 1B to 1D we explore the effect of a change in the slope of the increase 

in the propensity to court with CRR. The courtship frequency decreases in all cases after CRR 

becomes higher than 0.5, but before that point the frequency response is dependent on the slope of 

the response of the propensity to court. Note that the frequency to court will decrease even if the 

propensity to court does not change at all (fig. 1D), simply because the encounter rate changes with 

CRR. 
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Figure 1. Courtship behavior: A graphical representation of the relation between encounter rate, the 

propensity to court and the resulting frequency of courtship behaviors (propensity * encounter rate) as a 

function of CRR: competitors/(potential mates + competitors). We assume a linear decrease in the encounter 

rate with potential mates with CRR. The difference between A and B illustrates the effect of an overall 

decrease in the propensity to court, whereas comparing A, C and D illustrates the effect of a change in the 

slope of the propensity to court. Note that D illustrates that there will be a decrease in the courtship 

frequency with CRR, even if the propensity to court does not change. 

 

 

    

Figure 2. Agonistic behavior: A graphical representation of the relation between encounter rate, propensity 

to behave agonistically and the resulting frequency of agonistic behavior (propensity * encounter rate) as a 

function of CRR: competitors/(potential mates + competitors). We assume a linear increase in the encounter 

rate with competitors with CRR. The difference between A and B illustrates the effect of an overall decrease 

in propensity to behave agonistically, whereas comparing A, C and D illustrates the effect of a change in the 

slope of the propensity. Note that D illustrates that there will be an increase in the frequency of agonistic 

behaviors with CRR, even if the propensity to behave agonistically does not change. 

 

 

In figure 2, we show the relation between agonistic frequency, agonistic propensity and CRR 

that follows from our second model. We set encounter rate with potential mates to increase from 

zero to 100 encounters per unit time when CRR increases from zero to one. In figure 2A agonistic 

propensity (percentage of encountered competitors attacked or displayed to) increases from 50 % to 

100 % when CRR increases from zero to one. As a result, the agonistic frequency is highest at high 

CRR, when there are many competitors relative to the number of potential mates. Comparing 

figures 2A and 2B we can see that an overall decrease in agonistic propensity could lead to a very 

small effect of CRR on courtship frequency in the lower ranges of CRR. In figures 2B to 2D we 

explore the effect of a change in the slope of the increase in the propensity to behave agonistically 

with CRR. The frequency of agonistic behaviours increases in all cases, but the curvature of the 

increase depends on the slope of the increase in propensity. Notably, a change in encounter rate 

A B C D 

A B C D 
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produces an increase in agonistic frequency, even in the absence of a change in the propensity to 

behave agonistically (fig. 2D). 

 

Meta-analysis 

In our literature search, we found far more studies on male than on female behavior (table 1). We 

also found far more studies using frequency measures than studies using propensity measures (table 

1). For males, propensity measures generally showed a positive effect of CRR on courtship, as 

predicted from theory, while frequency measures in general showed a negative effect (fig. 3A). That 

the distribution of the P-values of the studies in testing frequencies closely resembles a normal 

distribution (fig 3A), suggests that there is no strong publication bias. Thus, males generally court a 

higher proportion of encountered potential mates, when potential mates are scarce, but this does not 

result in a higher courtship frequency. On the contrary, males generally court less frequently when 

potential mates are scarce. Unfortunately, very few studies tested the effect of OSR on female 

behavior. Nevertheless, these few studies show the same pattern as the studies on male behavior. 

Three out of four studies that measured propensity to court found a positive effect of CRR on 

female courtship, while two out of three studies that measured courtship frequency found no effect 

(fig. 3B). The direction of the effect of the used measure on the findings was thus similar for the 

two sexes. In the full model however, we found a significant interaction between sex and measure. 

Therefore we did not pool tests of male and female behavior in our analyses. Because there were 

too few studies on female behavior to warrant meaningful analyses, we only present analyses on 

male behavior. We found a significant positive effect of propensity measures vs. frequency 

measures on the zp (estimate ± SE = 4.81 ± 1.19, t23 = 4.04, P = 0.0005), controlling for type of 

study (field vs. lab: estimate ± SE = 2.54 ± 1.02, t23 = 2.50, P = 0.02) in a linear model (R
2
 = 0.6, 

F2,23 = 15.39, P = 0.00006, intercept ± SE = -2.75 ± 0.46). These results are robust to the removal of 

outliers (N = 3). Thus, the used measure significantly affects the results, even if we control for the 

difference between field and laboratory studies. Furthermore, the average zp for frequency measures 

was negative (� ± SE: -2.17 ± 0.48) and significantly different from zero (t-test: t21 = -4.48, P = 

0.0002). The average zp for propensity measures on the other hand was positive (� ± SE: 3.13 ± 

1.13) and three out of four zp were positive and one zero. However, this did not result in a 

significant difference from zero (t3 = 2.76, P = 0.07). Thus, in males, courtship frequency decreases 

with CRR, while courtship propensity tends to increase with CRR. 
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Discussion 

In a meta-analysis of 20 experimental studies on the effect of OSR on male mating behavior, we 

found that the method used to quantify courtship behavior has significantly affected results. Male 

courtship frequency decreases when potential mates become scarce (increasing CRR: a male-biased 

OSR; box 1), whereas male courtship propensity tends to increase when potential mates become 

scarce. This illustrates the importance of using the right method to measure mating competition. 

The two main methodologies that to date have been adopted as equally valid tests of theory have led 

to opposite findings, and they are indeed expected to, as shown in our model.  

 

The model 

In the model, we used a sex-neutral conversion of OSR, CRR (competitor to resource ratio; box 1). 

Our simple graphical model for the relation between CRR, encounter rate, courtship frequency and 

courtship propensity clarifies why measuring courtship frequency leads to inconsistent results (fig. 

1). It shows that, depending on the overall level of courtship (fig. 1A vs. 1B) and the slope of the 

increase in courtship propensity with CRR (fig. 1A-D), courtship frequency can show a variety of 

relationships with CRR, and with courtship propensity. With such non-linear relationships, 

predictions for empirical outcomes would depend entirely on which levels of OSR are established 

in an experiment. Furthermore, it shows that a decrease in the courtship frequency in competitive 

situations could be caused by an effect of the encounter rate with potential mates in the absence of a 

behavioral response (Fig. 1D).  

 

For agonistic behavior (fig. 2), recording agonistic frequency should qualitatively give the 

same results as recording agonistic propensity. However, the effect of CRR on agonistic behavior 

can be strongly over or underestimated when frequencies are measured, depending on the curve of 

the relation and on which levels of CRR are established (fig. 2A-D). Moreover, an increase in 

encounter rate can produce an effect of CRR on frequency, even in the absence of a change in the 

behavioral response (the propensity; fig. 2D). It is important to realize that this could produce false 

positives in studies testing for an effect of OSR on the frequency of agonistic behaviors. Such 

studies may find a significant increase in frequency with increasing competition, as expected from 

theory, while the only thing that is actually increasing is the number of encounters between 

competitors.  

 

It is important to note that population density will also affect encounter rates. In our model an 
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increase in overall density could lead to an increase of the slope of the relation between encounter 

rate and CRR. Thus, when comparing populations, both an increase in CRR and an increase in 

density would lead to an increase in encounter rate. In addition, encounter rates do not necessarily 

change linearly with OSR, because mate search behavior may change with mate availability (e. g. 

Kokko and Wong 2007). Future studies should assess how OSR and density affect both encounter 

rates and the propensity to show competitive behavior. 

 

The meta-analyses 

Although much is written about the theoretical effects of OSR on mating competition, empirical 

tests are still surprisingly scarce (table 1). In table 1 we list only those studies that report 

observations of courtship behavior, because for courtship behavior, the predictions from our model 

for propensity vs. frequency measures are qualitatively different, in contrast to the predictions for 

agonistic behavior. Within this subset, 25 of the 30 studies we found are on teleost fishes (table 1). 

Thus, there is an obvious and urgent need for a broadening of the taxonomic range of model 

organisms used to test predictions for how OSR affects mating competition. However, the five 

studies done on other taxa than fish show a similar pattern as the fish studies (Souroukis and Cade 

1993; Jivoff and Hines 1998; Debuse et al. 1999; Shine et al. 2003; Cratsley and Lewis 2005; 

table1). Four of these five studies test for an effect of OSR on courtship frequency, and one 

recorded female propensity to court (table 1). Two of the studies that report frequencies corrected 

for the proportion of individuals of the opposite sex (table 1). Only the study that reports courtship 

propensity, and one of the studies that report corrected frequencies, find the expected decrease of 

courtship behavior with increasing mate availability (table 1). Apart from this taxonomic bias, there 

is also a bias towards species with male parental care (15 studies, of which 12 on nest brooding 

males; table 1). Since the cost of care can affect mating competition independent of OSR (Kokko 

and Monaghan 2001), it would be preferable to study the effects of OSR in a more balanced sample 

of care systems. In general, field studies report frequencies and laboratory experiments report 

propensities (but see Ward and Fitzgerald 1988; Berglund 1994; Takahashi 2000; Forsgren et al. 

2004; Faleiro et al. 2008; table 1). Two studies use an even different measure and report the 

occurrence of behaviors as a proportion of all behaviors (Vincent et al. 1994; Kvarnemo 1996; table 

1), these were not used in our meta-analyses. Only in one species (the two-spotted goby) has the 

effect of OSR on behavior of a sex been tested both in the laboratory and in the field (table 1). In 

the laboratory only frequencies of behavior were tested, which did not change with OSR, except for 

male courtship frequency, that was higher in a female-biased OSR (de Jong et al. 2009). In a field 

study on the other hand, both frequency and propensity of courtship and agonistic behavior 



Paper II: Measuring mating competition 13 

increased with CRR (OSR-bias towards the own sex; box 1) in both sexes (Forsgren et al. 2004; 

table 1). If a combination of field and laboratory studies on the same species would have been more 

common, the striking difference in results between field and laboratory studies might have been 

noted earlier. Apart from the previously mentioned field study, only one more study has tested both 

frequency and propensity measures simultaneously, in the pipefish Syngnathus typhle the latency to 

court (a propensity measure) increased with CRR, while CRR did not significantly affect the two 

frequency measures reported (Berglund 1994; table 1). Please note that there is only one 

experimental field study among the studies included in table 1 (Borg et al. 2002). Experiments in 

the field may be a fruitful future direction, because it combines the possibility to draw strong 

inferences about causality with a natural environment and manner of encountering potential mates. 

 

For courtship behavior, our meta-analysis shows that the two methods used to quantify 

behavior, propensities versus frequencies, produce different results. While the propensity to court 

tends to increase with CRR, the courtship frequency decreases on average (fig. 3). Additionally, 

there is a large variation in the results when frequency measures are used to test the effects of OSR 

on both courtship and agonistic behavior, even between closely related species and within species 

(table 1). This could very well be caused by variation in encounter rates and chosen OSR-levels in 

different set-ups, as predicted by our models (figs. 1C and 2C).  

 

Another reason why courtship frequency could vary, which we did not include in our model, is 

variation in courtship intensity. Courtship frequency is affected by the number of encounters and at 

how many of these encounters an individual decides to court (the propensity), as we have shown. 

However, although courtship intensity may often be expressed as a change in the nature or the 

duration of the behavior, courtship intensity could also affect the number of displays per encounter, 

and thus courtship frequency if scored as the total number of a certain behavior per individual per 

time. One would expect courtship intensity to increase when competition is high, thus increasing 

courtship frequency when mates are scarce and decreasing frequency when mates are readily 

available. This would effectively have the same effect as an increased slope of the propensity in our 

model. 

 

Both for agonistic and for courtship behavior there are several biological reasons why these 

could decrease, rather than increase, in highly competitive situations. Agonistic behavior has been 

found to break down at high levels of competition or when resources are hard to monopolize (e.g. 

Grant et al. 1995). Courtship could also decrease at high levels of competition. Instead of displaying 
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courtship, individuals may switch to alternative tactics to obtain matings, such as sneaking (e.g. 

Evans and Magurran 1999; Jirotkul 1999; Shine et al. 2003), or competitors could prevent each 

other from courting (Grant et al. 1995; Jirotkul 1999). In addition, there could be a trade-off 

between courtship and agonistic behavior (e. g. Grant et al. 2000), reducing either the one or the 

other. However, our model shows that the effect of encounter rates could produce such a pattern, in 

the absence of a real trade-off.  

 

In some cases, agonistic behavior may not reflect mating competition, but competition for 

resources. Even though competition for resources such as nest sites may often happen before 

individuals become ready-to-mate (Ahnesjö et al. 2008), in several species these processes overlap 

in time and individuals also have to defend these resources from competitors during mating 

competition (Almada et al. 1995; Borg et al. 2002; Saraiva et al. 2009). Finally, other factors, such 

as the cost of reproduction or how much you benefit from an extra mating, could be more important 

to explain changes in mating behavior than OSR (Kokko and Monaghan 2001; Jennions and Kokko 

2010; Klug et al. 2010). These issues only increase the urgency of conclusively testing OSR theory, 

using relevant measures. 

 

Suggestions for Experiments 

Our findings do not imply that courtship frequency is not a worthwhile measure to record. On the 

contrary, it should reflect both the strength of the stimulus and the actual energy spent on courtship. 

Also, the variation in courtship frequency between individuals could give us an idea of whether 

certain individuals are excluded from courtship, through competition or mate choice by the other 

sex. However, if the aim of the study is to estimate the strength of mating competition, we think the 

propensity to court is the better measure. 

 

To accurately measure courtship propensity, it is essential to distinguish separate encounters. 

Exactly how an overall population OSR translates to how animals experience a competitive 

situation is unclear, but it is likely that important clues are given by the encounter rates of same-sex 

and opposite-sex individuals. There are several problems to be solved if one wants to record 

encounter rates and the propensity to perform certain behaviors in the laboratory. In most of the 

species studied in the field, encounters appear to be clear cut, which may be why most of those field 

studies report courtship per encounter (table 1). In the laboratory however, encounter rates are not 

always easily recorded, because individuals often are in constant visual contact. In the typical 

design used to date, a certain number of animals of both sexes are put together in an open enclosure, 
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be it an aquarium or a cage, normally so small that any individual can travel the whole distance in 

minutes or less. This makes it impossible to separate individual encounters and to record 

propensities, which may explain why frequencies are so often used to reflect courtship motivation 

in the laboratory (table 1). Another issue to consider is that visual encounters could be less 

important for certain behaviors. For example, courtship calls could broadcast the availability to 

mate of an individual to a larger audience than just its immediate surroundings, therefore it should 

be carefully assessed what kind of encounter is relevant for the behavior under study. 

 

One approach to solve the problem of encounter rates has been to correct individual 

frequencies for the number of available opposite sex individuals in a standard laboratory setting 

(Farr 1976; Kodric-Brown 1988; Grant et al. 1995, 2000; Jivoff and Hines 1998; Debuse et al. 

1999; Silva et al. 2010). The core problem with such an approach is that it is probably impossible to 

tell how numbers of individuals relate to stimulus strength or encounter rate when individuals are in 

constant visual contact. Thus, it is rather arbitrary how to correct the frequencies exactly and 

overcompensation could lead to false positives. The inherent difference between the treatments in 

relative number of potential mates would, if corrected for, create a difference between the 

treatments, even if, for example, in each of the treatments one female was courting one male with 

similar intensity. 

 

A first step towards testing the effect of competition on behavior, is to test the effect of an 

audience of one or more added competitors on the dyadic interaction between two individuals of the 

opposite sex. Such tests can provide information on the behavioral repertoire of a certain species, 

i.e. whether individuals are likely to increase courtship or rather switch to other mating tactics in the 

presence of competitors. How individuals respond to increased competition can differ substantially 

between species. For example, in the presence of competitors, male guppies (Poecilia reticulata) 

court more frequently (Farr 1976), male haddock (Melanogrammus aeglefinus) increases sound 

production (Bremner et al. 2002) and male sailfin mollies (Poecilia latipinna) show a higher 

number of sexual behaviors, although courtship duration does not change (Makowicz et al. 2010). 

On the other hand, male alpine newts (Ichthyosaura alpestris) do not change their courtship 

behavior in the presence of another male (Denoël et al. 2005). When competition is very high male 

red-spotted newts (Notophthalmus viridescens) abandon courtship in favor of amplexus (Verrell 

1983) and male mole salamanders (Ambystoma talpoideum) even abandon any attempt to court and 

mate (Verrell & Krenz 1998). Although these studies do not actually test the effect of a gradual 

change in OSR, they are important sources for predictions on possible behavioral responses to OSR. 
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However, behavior may change differently in more complex social settings. For example, several 

studies have shown that guppies can switch to sneaking in a male-biased OSR (Evans & Magurran 

1999; Jirotkul 1999; Magellan & Magurran 2007; but see: Head and Brooks 2006). 

 

Thus, we suggest that a way to test behavioral responses in the laboratory is to develop set-ups 

that allow quantification of encounter rates, for example by presenting potential mates 

asynchronously (Grant et al.1995), or by creating structure in the experimental arena, so that 

individuals have to actively visit each other. Alternatively, experiments changing OSR in the field 

(Borg et al. 2002) would provide a natural environment and encounter rates. With such designs it 

would be possible to record encounter rates, the propensity to behave (e.g. the propensity to court at 

an encounter) and the frequencies of behaviors, and test how these relate to mate availability, all in 

one set-up. 

 

Conclusion 

Our data show that the empirical basis for generalizations on how OSR affects mating competition 

is surprisingly limited. This highlights the need for more studies, including controlled experiments 

both in the laboratory and in the field, measuring the effect of OSR on propensities to behave 

competitively to obtain mates. The majority of extant tests use teleost fishes, future tests need to 

include model organisms from a broader range of taxa. Additionally, although controlled laboratory 

experiments studies are a stronger approach to detect causality than observational field studies, the 

current study illustrates that field studies are still an important tool to investigate what is really 

going on. Ideally, any laboratory experiment should be firmly based on knowledge from the field as 

to what are relevant situations and parameters.  

 

Furthermore, this study reveals a fundamental problem in how the effect of ORS on mating 

competition has been measured. The core of the problem is that OSR-based theory for mating 

competition predicts a behavioral response to an altered social environment, while the majority of 

studies have quantified purely numerical responses to a change in the number of opportunities to 

display the behavior (frequencies of behavior). Our model shows that these two measures can 

produce opposite results when studying the effects of OSR on courtship behavior, and our meta-

analysis shows that this is indeed what has happened. This highlights the importance of translating 

model predictions accurately to relevant parameters for empirical tests. 
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ABSTRACT: The operational sex ratio (OSR; the sex ratio of ready-to-mate individuals) was proposed to 

affect the strength of mating competition in 1976. The suggestion has received correlational support from 

field studies, but results from controlled experiments have not matched patterns found in the field. To date, 

most experiments measure frequencies of competitive behaviour. However, frequencies could be affected by 

the number of encounters with mates and competitors, as well as by the level of competition. The propensity 

to compete at each encounter should better reflect the behavioural response. Here, we adopt an experimental 

design that allows for recording encounter rates and propensities to compete. In a laboratory experiment we 

changed the OSR via the number of ready-to-mate females, without changing the adult sex ratio. We 

provided structured aquaria with male compartments at each end that were partly closed off from the central 

compartment, where we entered the females. This allowed us to record all visits of males and females to 

focal males. As predicted, we found that males in a male-biased OSR were more likely to court visiting 

ready-to-mate females, while total courtship frequency was not affected by OSR. These results corroborate a 

recent model that predicts that if OSR affects courtship propensity, this does not necessarily result in a 

similar effect on courtship frequency. Moreover, males spent less time in their nests and interacted more in a 

male-biased OSR. Our results provide the first conclusive experimental evidence that a difference in OSR 

alone affects competitive mating behaviour. 
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Introduction 

Mating success can directly affect the reproductive success and thus fitness of an individual 

(Darwin 1871, Bateman 1948). Competition for mates is therefore an important episode in sexual 

selection. The operational sex ratio (OSR; the sex ratio of ready-to-mate individuals) has been 

proposed to affect the strength of mating competition and related behaviours more than three 

decades ago (Emlen 1976, Emlen & Oring 1977). Mating competition can be expressed as agonistic 

behaviour and courtship behaviour (Andersson 1994). Both agonistic and courtship behaviour is 

thus expected to be affected by OSR (Emlen & Oring 1977, Kvarnemo & Ahnesjö 1996). 

Controlled experiments have generally found that agonistic behaviour increases when OSR 

becomes biased towards the own sex (e. g. Kodric-Brown 1988, Gwynne & Simmons 1990, 

Souroukis and Murray 1995, Debuse et al. 1999, Jirotkul 1999), but often only up to a point where 

competition becomes too costly (e. g. Sih and Krupa 1995, Jirotkul 1999, Grant et al. 2000, Clark & 

Grant 2010). Male courtship behaviour, on the other hand, generally decreases in a male biased 

OSR in laboratory experiments (reviewed in Paper II). This is surprising, because courtship 

behaviour is expected to increase with an OSR bias towards the own sex, and has been found to do 

so in correlational field studies (e. g. Gwynne 1984, Vincent et al 1994, Almada et al. 1995, 

Forsgren et al. 2004, Cratsley & Lewis 2005, Lengkeek and Didderen 2006, but see Okuda 1999). 

Several explanations have been proposed for the decrease of courtship behaviour with OSR in 

laboratory experiments. First, OSR has been suggested not to affect mating competition as expected 

(Head et al. 2008, Fitze & le Gaillard et al. 2008). Second, there could be a trade-off between 

courtship and agonistic behaviour and some individuals could switch to alternative mating tactics 

when competition is high (e.g. Jirotkul 1999, Grant et al. 2000, Shine et al. 2003, Magellan & 

Magurran 2007). Third, we proposed recently that the lack of consistency between field data and 

laboratory data could be the result of not using appropriate methods when estimating mating 

competition (Paper II). Most experiments to date have measured frequencies of competitive 

behaviour. However, frequencies are affected by the number of encounters with mates and 

competitors, as well as by the level of competition (Paper II).  

 

Thus, courtship frequency could decrease simply because any individual will encounter fewer 

potential mates when the OSR is biased towards the own sex. This could also call into question the 

increase in agonistic frequency found in most laboratory experiments when the OSR is biased 

towards the own sex. This increase could have been caused merely by an increase in encounters 

between same-sex individuals, and is hence not an evidence for a behavioural response to the level 
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of mating competition (Paper II). By contrast, the propensity of an individual to behave at each 

encounter with a potential mate or competitor, should express behavioural motivation, and is thus 

expected to increase with the strength of mating competition (Paper II). 

 

In the two-spotted goby (Gobiusculus flavescens), a small marine fish, a change in OSR over 

the course of a breeding season has been shown to coincide with a switch in sex roles from 

conventional (male competing for females) to reversed (females competing for males; Forsgren et 

al. 2004). In a laboratory experiment on the same species however, frequencies of courtship and 

agonistic behaviours were not affected in the expected direction in either sex (de Jong et al. 2009). 

In this experiment, we tested the effect of OSR on the propensity to behave in the two-spotted goby. 

Propensities to behave can be approximated by the latency to behave (Berglund 1994) or by the 

proportion of times courtship is initiated by a certain sex (Borg et al. 2002, Faleiro et al. 2008). 

Ideally however, competitive behaviours should be recorded on a per encounter basis. This has been 

done in a number of correlative field studies (Forsgren et al. 2004, Cratsley & Lewis 2005, 

Lengkeek & Didderen 2006, Shibata & Kohda 2006), but to our knowledge never in any 

experimental test of OSR theory. A main reason why laboratory studies have generally not recorded 

behaviours per encounter could be that individuals are typically in constant visual contact in 

traditional laboratory designs. This makes it impossible to distinguish separate encounters.  

 

In this experiment we therefore applied a novel design. We partly shielded male nest sites from 

the rest of the aquarium, so that females had to actively visit males to spawn. This allowed us to 

record encounter rates between males and females and the propensity of each male to behave 

competitively at any encounter, in addition to overall frequencies of behaviours. We expected male 

propensity to court to be higher in a male-biased OSR, while courtship frequency should be more 

affected by how many female visits a male received. In addition, we tested whether male movement 

patterns differed between treatments, which could affect encounter rates. 

 

Methods 

The experiment was conducted during 17 June - 12 July 2008 and 15 May - 9 June 2009 at the Sven 

Lovén Centre for Marine Sciences at Kristineberg, Sweden (58.15° N, 11.27° E).  
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Model Species  

The two-spotted goby (Gobiusculus flavescens) is a small marine fish, which typically lives only 

one year (Collins 1981). The species is common along the coast of Europe from northwest Spain to 

northern Norway. During its breeding season (May-July in our study area), the two-spotted goby 

inhabits shallow waters along rocky shores, where females and non-breeding males often form 

semi-pelagic foraging shoals (Miller 1986; Svensson et al. 2000). Breeding males defend a nest in 

empty mussel shells (e.g. Mytilus edulis) in crevices, or in brown algae (typically Saccharina 

latissima and Laminaria digitata) (Amundsen & Forsgren 2001, Mobley et al. 2009). Females visit 

these nests to spawn, whereafter the male provides all parental care, which consists of nest defence 

and cleaning and aerating (fanning) the eggs until they hatch (Skolbekken & Utne-Palm 2001). 

Males can care for eggs of up to six different females simultaneously (Mobley et al. 2009). Both 

males and females have colourful ornaments, which they emphasize in courtship (Amundsen & 

Forsgren 2001). Males have iridescent blue spots along their body and blue stripes on their fins, 

whereas females develop bright orange bellies during egg development (Amundsen & Forsgren 

2001; Svensson 2006). 

 

Fish Collection and Husbandry 

All fish were caught by snorkelers using hand-held dip nets around islands up to three kilometres 

from the research station. Upon arrival at the research station, we stored the sexes separately in 

aquaria of approximately 60 litres. Individual aquaria held between 10 and 40 fish. All aquaria had 

a layer of 1 - 2 cm of gravel on the bottom and artificial plants to provide cover. We provided an 

uninterrupted flow of surface water (7 m depth). Temperature therefore reflected ambient seawater 

temperature. Artificial light followed a typical Swedish summer with 16 hours light and 8 hours 

dark, and there was additional light from windows in the experimental room. We measured total 

length of each fish on a grid (to the nearest 0.5 mm) and weighed them on digital Mettler scales (to 

the nearest mg), just before transfer to the experimental aquaria. To remove excess water before 

weighing, we held each fish on a moist paper before releasing it gently into a cup of pre-weighed 

seawater. Females were classified according to roundness class from 1 (slim) to 3 (very round). In 

order to recognize the two males individually, we marked them by subcutaneously injecting Visible 

Implant Elastomer (VIE; Northwest Marine Technology TM, www.nmt.us). We injected each male 

dorsally on both sides of his body with one of four colours: green, yellow, orange or pink. 
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Experimental Design 

We created two treatments, a male biased and a female biased OSR, by varying the number of 

ready-to-mate females, in a constant adult sex ratio of 2 males to 10 females (Figure 1). This way 

we could test the effect of OSR without confounding OSR with adult sex ratio. Male compartments, 

one on each side, were partly closed off from the rest of the aquarium, to allow us to record separate 

visits from females and males (Figure 1). Females were introduced in the middle, and actively had 

to visit males to interact and spawn. Males were also able to swim freely through the aquarium, but 

most males spent most of their time in their own compartment. The treatments lasted for two days.  

 

Experimental aquaria had a water volume of about 60 l (60 x 38 x 30 cm). Two males of similar 

size (< 1 mm difference in total length) were allowed to take up nests in PVC-tubes (length 80 mm, 

inner diameter 14 mm) attached to stones at approximately 3 cm height, at opposite sides of the 

tank. The distance between male nests was thus approximately 50 cm. When males had taken up 

nests, we partly shielded the area around each male’s nest with an opaque divider (30 x 20 cm). A 

divider was placed on the gravel 15 cm from the side of the aquarium, at an angle of approximately 

30 degrees towards the nest, so that fish could pass above and on the sides (Figure 1). Two to 

twelve days after, we introduced females in the middle of the tank. This time did not differ between 

the treatments (MWU: 104, Z =-0.12, P = 0.91, N = 92). 

 

Figure 1. A novel experimental set up to test effects of OSR on mating competition in the two-spotted goby. 

Males are shown in their nest. Both males and females could move freely between compartments (on the side 

of or above the divider) and could interact. In this example, the male on the left has received some eggs in 

his nest, whereas the male to the right has not. OSR was manipulated solely through a difference in the 

number of round ready-to-spawn females (depicted as females with eggs in their belly), while the adult sex 

ratio was kept constant at two males to ten females. 
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We judged if a female was ready to mate by the roundness of her belly. Round females have 

mature eggs in their belly and are thus ready to spawn (Svensson 2006, Svensson et al. 2009). In the 

male-biased OSR treatment we introduced two ready-to-mate (round) females and eight other (slim) 

females. In the female-biased treatment we introduced ten ready-to-mate females. OSR in the 

treatments (males/(males + ready-to-mate females)) was thus 0.50 and 0.17 respectively. This is 

within the natural range (0.18 - 0.79 over the breeding season; Forsgren et al. 2004).  

 

OSR during observations 

We calculated OSR at the moment of observation (current OSR) in two different ways (Table 1). 

The first (OSR1) is the sex ratio of ready-to-mate individuals, while the second (OSR2) takes into 

account that each male can accommodate eggs from several females. Because of this, a larger 

number of mating-ready females than males need not imply that competition is stronger in females 

(Forsgren et al. 2004). We calculated OSR2 as: available nest space/(available nest space + number 

of round females), with available nest space = empty nest space/average female clutch size in this 

experiment. The median egg area per female that spawned in the experiment was 7.26 cm
2
 in 2008 

and 7.32 cm
2
 in 2009. We therefore used 7.3 cm

2
 in the calculation of OSR2 in both years. This was 

within the range of what was found in a previous lab study on the same population (Bjelvenmark & 

Forsgren 2003), but larger than in an experiment on a different population of two-spotted gobies 

(Skolbekken & Utne-Palm 2001). At the day of observation both OSR1 and OSR2 were female 

biased (< 0.5) in the treatment where we added 10 ready-to-mate females at the start (Table 1), 

hereafter called female biased treatment. In the other treatment where we added two ready-to-mate 

and eight other females, both measurements of OSR were male biased (> 0.5) on average at the 

time of observation (Table 2). The latter treatment will from here on be called male biased 

treatment. 

 

 

 

Table 1. Two calculations of the OSR (mean and 95% confidence interval) at the time of observation in two 

treatments in an experiment on the two-spotted goby. OSR1 = males/(males + round females), OSR2 = 

available nest space/(available nest space + (round females * mean egg area per female)). 

 

Treatment OSR1 

mean 

 

95% CI 

OSR2 

mean 

 

95% CI 

Female bias 0.31 0.26 - 0.35 0.30 0.26 - 0.33 

Male bias 0.56 0.52 - 0.60 0.71 0.68 - 0.74 
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Observations and video recordings 

One observer (K.d.J.) observed the two males in one aquarium sequentially for ten minutes each, 

while both males were simultaneously video recorded for the whole twenty minutes. The order of 

observation, both between males within an aquarium, and between aquaria within a set of replicates, 

was decided by flipping a coin. From the video recordings, the same observer (K.d.J.) recorded the 

number and duration of visits by ready-to-mate females and the other male. At each encounter we 

recorded if the focal male approached the visitor, and if and when courtship or agonistic behaviour 

was initiated by the focal male. For visits by other (not ready-to-mate) females, we recorded the 

number of visits, and if the male approached or courted the female and if he showed agonistic 

behaviour during each visit. Courtship behaviour consisted of fin displays, quiver displays and lead 

swims (Amundsen & Frosgren 2001, Pélabon 2003, Forsgren et al. 2004). Agonistic behaviour 

included only male-male fin displays (Pélabon 2003, Forsgren et al. 2004) in this set-up. Because 

the video cameras recorded only what happened in and around each male’s compartment, the 

recording did not give information on the position of the male and male behaviour in the rest of the 

aquarium. Therefore the same observer recorded by direct observation how much time a male spent 

in his nest and in his own compartment, and any male-male interactions anywhere in the aquarium.  

 

We aimed to observe at a stage when some but not all females had spawned in both of the 

aquaria in a replicate. We did not observe before any spawning had taken place, because this might 

imply a lack of acclimatization to the experimental (captive) situation and the treatment. As a result, 

all observations took place the day after introduction of the females. In four cases, we found post 

observation that all females had spawned; these cases were excluded from analyses. In total we 

conducted 23 successful replicates of the female biased treatment (13 in 2008, 10 in 2009) and 24 

replicates of the male biased treatment (13 in 2008, 11 in 2009). We excluded seven males from 

analyses (one died, one disappeared, and five showed aberrant behaviour indicative of lack of 

acclimatisation to the experimental setting; three males sat motionless and two males did not visit 

their own compartment during the observation; all 2008). In these replicates we did use the other 

male. There was no significant difference in male standard length (t = 0.38, df = 85, P = 0.71) or 

weight (t = 0.14, df = 85, P = 0.89) between the treatments (including only males used in analyses).  

 

Post-treatment test 

With free interaction between males and females, our set-up could not entirely exclude the 

possibility that male responses may have been affected by potential differences in female behaviour 

between treatments. We therefore wanted to test if males of the two treatments would respond 
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differently to a standardized visit by a ready-to-mate female. Directly after we had observed both 

males (see above), we closed one male compartment off from the rest of the aquarium with an 

opaque divider to prevent further visits. We then introduced a naive, ready-to-mate, female in a 

transparent cylinder into the compartment. We recorded on video for ten minutes. We then did the 

same for the other male. From video, we noted if and when the male approached and if and when he 

started courting. The time of approach was closely correlated to the time when the test female first 

moved after introduction. We therefore calculated approach and courtship latencies from this 

moment. Only one male approached the female before she moved, in this case latency was set to 

zero. After the test, we removed both nests and recorded the area covered with eggs in each nest (to 

the nearest 0.25 cm
2
).  

 

Measures of behaviour 

We used the 20 min video recordings to calculate encounter rate with potential mates (the number 

of visits by ready-to-mate females), courtship frequency (the number of these visits with male 

courtship) and courtship propensity (the proportion of these visits with male courtship). We only 

used males that received visits from ready-to-mate females during the video recording for these 

calculations (52 males in 36 replicates). We did not include fin displays as courtship events, 

because they may be used in both courtship and agonistic behaviour and the difference between 

those was difficult to assess on some of the videos. Latency for both courtship and agonistic 

behaviour was calculated as the time in seconds from the start of the visit to the start of the 

behaviour, as seen in the video recordings. Six males seemed to court slim females once during the 

20 minutes video observation, five in the male biased treatment, one in the female biased treatment. 

This courtship was never more than one fin display. Therefore, we did not consider courtship to 

slim females. Only eleven males in ten replicates received a visit from the other male, of which only 

two occurred in the female biased treatment. Therefore, we did not analyse the propensity to behave 

agonistically to a visiting male. We calculated the frequency of male-male fin displays per 

aquarium as a measure of frequency of agonistic behaviour. Furthermore, we calculated the 

proportion of time during the ten minutes direct observation a male spent in his nest and in his own 

compartment. 

 

Statistical analyses 

We tested for treatment effects on all our measures of behaviour in a linear mixed model (lmer; R) 

with male and replicate as a random factor. We used models assuming a binomial error distribution 
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for propensities, and a Poisson error distribution for frequencies. We first tested if there was an 

overall effect of treatment on each of these measures of behaviour. Secondly, because we expected 

the OSR at the moment of observation (OSR1; Table 1), the number of visits received and nest 

fullness to differ between the treatments, we tested if these factors were associated with the various 

behaviours using a path analyses (Figure 2). In the path analyses, we first tested if treatment indeed 

differed in these three factors (vector 1-3 in Figure 2) with a Mann-Whitney U test on the means per 

aquarium. For the second part of the path analyses we used the same models as for testing the 

overall treatment effects on behaviour, but entered the area of eggs, number of visits and current 

OSR (OSR1; Table 1) as additional fixed factors (vector a-c in Figure 2). We did not include OSR2 

(OSR corrected for available nest space; Table 1) in the model, because this variable is inherently 

correlated with both OSR1 and nest fullness. Using treatment as a factor in the full model was done 

to test wether treatment affected behaviour in some other way than through OSR, nest fullness or 

the encounter rate (vector d in Figure 2). To allow for comparisons between effect sizes in the 

model, all fixed factors were standardized. In addition, we included the mean per aquarium in the 

model for all fixed factors, to test if within aquaria effects were similar to between aquaria effects 

(van de Pol & Wright 2009). A between aquaria effect is an effect of differences between aquaria in 

the variable, while a within aquarium effect is an effect of the difference in the variable between the 

males in an aquarium. For all models, we present both the full model, including all effects, and the 

reduced model, where we removed fixed effects one by one on the basis of z-values and P-values, 

to obtain the model with the lowest AIC (Aikaike information criterium). Linear mixed models 

were done in R (version 2.7.2 R development core team). All other statistics were done in SPSS 

16.0. 

 

 

 
Figure 2. Path analysis to test how the OSR treatment could affect behaviour of two-spotted gobies. We first 

tested if treatment affected OSR, encounter rate (number of visits) and nest fullness (1, 2 and 3). In the 

second model, we tested if these factors were associated with behaviour, and if there were any additional 

effects of treatment on behaviour when we controlled for these factors (a, b, c and d).  
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Ethical Note 

All procedures in this experiment followed Swedish law and were carried out with permission from 

the ethical committee in Göteborg (Göteborgs djurförsöksetiska nämnd). We did not detect any 

physical injuries resulting from agonistic behaviour during our experiment. Before marking, we 

anaesthetized the fish with 60μl 2-phenoxyethanol diluted in 500ml of surface seawater. Following 

elastomer injection, the fish was immediately released in a container with fresh seawater. All fish 

regained normal swimming behaviour within 10 minutes after this procedure. VIE tagging has been 

shown not to influence mortality or behaviour in other gobies (Malone et al. 1999; Griffiths 2002; 

Whiteman & Côté 2004). Only one of 152 fish died during our experiment, which is an extremely 

low mortality rate given the high natural mortality during the breeding season in this short-lived 

species. After completion of the experiment, all fish were released back into the fjord. 

 

Results 

OSR, encounter rates and nest fullness 

The treatments significantly differed in OSR at the moment of observation (current OSR) and nest 

fullness (vector 1 & 2 in Figure 2), as expected. Current OSR was higher in the male biased 

treatment (OSR1: U = 28, P < 0.0001, N = 47; Table 1). Nest fullness was higher in the female 

biased treatment (U = 55.5, P <0.0001, N = 47; Figure 3A). Surprisingly, the number of visits by 

ready-to-mate females (vector 2 in figure 2) did not significantly differ between the treatments (U = 

216, P = 0.20, N = 47; Figure 3B). 

 

Courtship propensity 

Overall, males in the male biased treatment were significantly more likely to court visiting ready-to-

mate females than males in the female biased treatment (estimate ± SE: 2.16 ± 1.06, z = 2.03, P = 

0.043, Nobs = 320, Nind = 52, Nrepl = 36; Figure 4A). Males also tended to approach a higher 

proportion of the round females that visited (estimate ± SE: 1.49 ± 0.80, z = 1.84, P = 0.07, Nind = 

54, Nrepl = 37) and courted a higher proportion of the females they approached (estimate ± SE: 1.61 

± 0.79, z = 2.04, P = 0.04, Nobs = 318, Nind = 36, Nrepl = 28) in the male biased treatment. Only a 

minority of the males (nine in each treatment) showed one or more of the more advanced courtship 

behaviours (quiver and lead swim). Median courtship latency per male tended to be shorter in the 

male biased treatment (estimate (log-transformed) ± SE: -0.96 ± 0.59, t = -1.63, CI = -2.2 - 0.2).  
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Figure 3. Differences between the male biased treatment and the female biased OSR-treatment in an 

experiment on male two-spotted gobies. A. Nest fullness as the proportion of the area in the nest covered 

with eggs. B. Encounter rate as the number of visits from ready-to-mate females each male received. Graphs 

are box plots representing the median and 25
th

-75
th

 percentiles and lines represent minima and maxima. Data 

used are means per aquarium. N = 24 for male bias and N = 23 for female bias. 

 

 

    

Figure 4. Differences in male behaviour between the male biased treatment and the female biased OSR-

treatment in an experiment on two-spotted gobies. A. Courtship propensity as the proportion of visits by 

ready-to-mate females with male courtship. B. Courtship frequency as the number of these visits with male 

courtship. Graphs are box plots representing the median and 25
th

-75
th

 percentiles and lines represent minima 

and maxima. The circles and stars denote outliers. Data shown are means per aquarium, while the tests are 

done on binomial data per visit for the propensity and counts per male for the frequency. 

 

A B 

A B 
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Courtship frequency 

The total number of visits with male courtship (only including quiver and/or lead swim) did not 

differ significantly between treatments (estimate ± SE: 0.67 ± 0.58, z = 1.15, P = 0.25, Nind = 52, 

Nrepl = 36; Figure 4B), although among the males that courted, males in the male biased treatment 

tended to court more frequently (estimate ± SE: 0.66 ± 0.40, z = 1.66, P = 0.096, Nind = 18, Nrepl = 

17). The number of round female visitors approached did not differ between treatments (estimate ± 

SE: 0.35 ± 0.31, z = 1.13, P = 0.26, Nind = 52, Nrepl = 36). 

  

Male spatial and agonistic behaviour 

Males in the male biased treatment spent on average a lower proportion of the time in their nest 

(estimate ± SE: -1.34 ± 0.46, z = -2.95, P = 0.0032, Nind = 87, Naq = 47; Figure 5A) and tended to 

spend less time in their own compartment (estimate ± SE: -1.21 ± 0.63, z = -1.94, P = 0.053, Nind = 

87, Naq = 47; Figure 5B) than males in the female biased treatment. There were too few encounters 

between males in their own compartment to calculate the propensity to display. In the female biased 

treatment, two males in two replicates received visits of the other male (three visits in total); no 

agonistic behaviour was noted during these visits. In the male biased treatment, nine males in eight 

replicates received visits of the other male; at four of these thirteen visits, males displayed to each 

other. We did not observe any escalated agonistic behaviour between males during the observations. 

Males did meet in the neutral compartment and displayed to each other there. We observed 11 male 

agonistic interactions (in seven replicates), all in the male biased treatment. 

 

Post treatment test 

Males from the male biased treatment did not approach the contained stimulus female more often 

(X
2
 = 0.55, df = 1, P = 0.50, N = 87) nor did they court her more often (X

2
 = 0.73, df = 1, P = 0.39, 

N = 87), than males from the female biased treatment. However, out of 20 males from the male 

biased treatment that approached the female, 19 initiated courtship, compared to 14 out of 22 males 

from the female biased treatment (X
2
 = 6.12, df = 1, P = 0.013, N = 42). Hence, among males 

showing interest in the stimulus female, the propensity to court was higher in the male biased 

treatment. Courtship latency (s) also tended to be shorter in the male biased treatment (estimate ± 

SE = -0.71 ± 0.41, z = -1.75, P = 0.08, Nind = 33, Naq = 28), while the latency to approach the test 

female did not differ between treatments (male bias: estimate ± SE = -0.51 ± 0.45, z = -1.16, P = 

0.25, Nind = 42, Naq = 32). Time to first movement of the female did not differ between treatments 

(male bias: estimate ± SE = -0.23 ± 0.74, z = -0.30, P = 0.76, Nind = 77, Naq = 43). 
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Figure 5. Differences in male movement patterns between the male biased and the female biased OSR-

treatment in an experiment on two-spotted gobies. A. The total time (s) a male spent in his nest. B. The total 

time (s) a male spent in his own compartment. Graphs are box plots representing the median and 25
th

-75
th

 

percentiles and lines represent minima and maxima. The circles and stars denote outliers. Data shown are 

means per aquarium during ten minutes direct observation, while the tests are done on proportions of the 

total time per male. N = 24 for male bias and N = 23 for female bias. 
 

 

OSR, nest fullness, encounter rate and male behaviour 

In the path analyses we tested if OSR, encounter rate or nest fullness were associated with each of 

the recorded behaviours (Figure 2). The propensity to court was most strongly associated with 

current OSR and the number of visits in the full model, but was only significantly associated with 

current OSR in the reduced model (Table 2A). Males in a more male-biased OSR were significantly 

more likely to court ready-to-mate females (Table 2A). The frequency of male courtship on the 

other hand, which did not differ between treatments, was significantly associated with the number 

of visits by ready-to-mate females, but not with nest fullness or OSR. Within aquaria, the male that 

received most visits courted most often, as expected (Table 2A). However, between aquaria, the 

association was the opposite of expected, courtship frequency was higher in aquaria where males 

received less visits (Table 2A). A non-significant association with the average area of eggs in an 

aquarium also remained in the reduced model (Table 2A).  

 

The path analyses for approaches to ready-to-mate females showed a similar pattern as the one 

for courtship behaviour, but there were some differences. The propensity to approach was mainly 

associated with current OSR, as for the propensity to court (Table 2B), although the association was 

A B 
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only borderline significant. However, in the reduced model, there was also a non-significant 

negative association with the mean number of female visits per aquarium (Table 2B). Approach 

frequency was significantly associated with within aquaria differences in the number of female 

visits, as for courtship frequency. In contrast to courtship frequency, the frequency of approaches 

was not significantly associated with the between aquarium differences in the number of visits, and 

a non-significant additional effect of treatment remained in the reduced model (Table 2B). 

 

The proportion of time a male spent in his nest was positively associated with nest fullness 

(Table 2C), while the proportion of time a male spent in his own compartment was not significantly 

associated with any of the variables in the model (Table 2C). 

 

 

Table 2. Results from a path analyses exploring how current OSR, number of visits and nest fullness are 

associated with behaviour in male two-spotted gobies. A. Courtship behaviour, B. Approaches to ready-to-

mate females, C. Male spatial behaviour. We tested for any additional effects of OSR-treatment by including 

treatment in the model. For each measure of behaviour both the full model and the maximum reduced model 

(based on AIC selection) are given. Effects are split into within and between-aquaria effects. We present 

estimates (logit) ± SD and the values in brackets are z-values and P values, respectively. Significant effects 

(P < 0.05) are given in bold. Below the line are AIC values and sample size for each model. 

 

Table 2A Courtship propensity Courtship frequency 

 Full Reduced Full Reduced 

Intercept -3.65 ± 1.15 -3.70 ± 0.60 -1.52 ± 0.75 -1.26 ± 0.35 

Current OSR 0.79 ± 1.02 

(0.78, 0.44)    

1.06 ± 0.49  

(2.17, 0.03) 

-0.11 ± 0.68 

(-0.16, 0.88) 

 

Eggs-within -0.04 ± 1.02 

(-0.04, 0.97)    

 0.03 ± 0.44 

(0.06, 0.96) 

 

Eggs-between -0.42 ± 1.38 

(-0.31, 0.76) 

 -0.41 ± 0.67 

(-0.61, 0.54) 

-0.58 ± 0.35 

(-1.64, 0.10) 

Visits-within 2.02 ± 1.86 

(1.09, 0.28) 

 1.91 ± 0.62 

(3.11, 0.002) 

1.92 ± 0.60 

(3.20, 0.0014) 

Visits-between -2.06 ± 1.83 

(-1.13, 0.26) 

 -1.48 ± 0.65 

(-2.27, 0.02) 

-1.48 ± 0.62 

(-2.38, 0.018) 

Treatment 0.27 ± 2.58 

(0.11, 0.92) 

 0.64 ± 1.57 

(0.41, 0.68) 

 

AIC 190.9 183.0 89.6 85.4 

N obs/aq (male) 320/36 (52) 320/36 (52) 52/36 52/36 
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Table 2B Approach propensity Approach frequency 

 Full Reduced Full Reduced 

Intercept -1.24 ± 0.80 -1.53 ± 0.42 0.04 ± 0.38 0.24 ± 0.16 

Current OSR 0.89 ± 0.67 

(1.33, 0.18) 

0.69 ± 0.36  

(1.95, 0.05) 

0.06 ± 0.33 

(0.19, 0.85) 

 

Eggs-within 0.17 ± 0.58 

(0.29, 0.77) 

 -0.01 ± 0.26 

(0.04, 0.97) 

 

Eggs-between -0.38 ± 0.80 

(-0.48, 0.63) 

 0.01 ± 0.35 

(0.03, =0.98) 

 

Visits-within 0.07 ± 0.84 

(0.09, 0.93) 

 0.84 ± 0.29 

(2.85, 0.004) 

0.84 ± 0.28 

(3.00, 0.003) 

Visits-between -0.93 ± 0.94 

(-0.99, 0.32) 

-0.93 ± 0.49  

(-1.92, 0.06) 

-0.50 ± 0.32 

(-1.56, 0.12) 

-0.52 ± 0.30 

(-1.73, 0.08) 

Treatment -0.74 ± 1.78 

(-0.42, 0.68) 

 0.45 ± 0.80 

(0.57, 0.57) 

0.55 ± 0.31 

(1.75, 0.08) 

AIC 321.1 313.4 97.6 91.7 

N obs/aq (male) 318/36 (52) 318/36 (52) 52/36 52/36 

Table 2C Proportion of time in nest Proportion of time in own compartment 

 Full Reduced Full Reduced 

Intercept -0.96 ± 0.57 -0.89 ± 0.17 -0.41 ± 0.40 -0.21±0.12 

current OSR -0.13 ± 0.36 

(-0.36, 0.72) 

 -0.08 ± 0.26 

(-0.32, 0.75) 

 

Eggs-within 0.01 ± 0.28 

(0.04, 0.97) 

 0.06 ± 0.22 

(0.25, 0.80) 

 

Eggs-between 0.41 ± 0.40 

(1.01, 0.31) 

0.41 ± 0.15 

(2.65, 0.0081) 

0.22 ± 0.30 

(0.73, 0.47) 

0.16 ± 0.12 

(1.38, 0.17) 

Visits-within -0.19 ± 0.32 

(-0.58, 0.56) 

 -0.00 ± 0.24 

(-0.00, 1.00) 

 

Visits-between 0.06 ± 0.33 

(0.18, 0.86) 

 0.01 ± 0.25 

(0.04, 0.97) 

 

Treatment 0.12 ± 1.02 

(0.11, 0.91) 

 0.37 ± 0.73 

(0.51, 0.61) 

 

AIC 43.2 34.0 26.6 16.9 

N obs/aq 87/47 87/47 87/47 87/47 
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Discussion 

We found that OSR as such, regardless of adult sex ratio, affects competitive mating behaviour in 

male two-spotted gobies. Moreover, we found a difference in results between courtship propensity 

and courtship frequency. Males were more likely to court encountered ready-to-mate females in the 

male biased treatment, but courtship frequency did not differ between treatments. In the post-

treatment test, more of the males from the male biased treatment that approached the female 

initiated courtship. Male-male interactions only occurred in the male biased treatment, and were 

overall uncommon.  

 

OSR and courtship propensity 

Both our calculations of OSR were higher in the male biased treatment (Table 1). Hence, we 

succeeded in changing the operational sex ratio in this experiment, without changing the sex ratio or 

density. To our knowledge, there are very few other studies that changed the OSR without changing 

adult sex ratio. These few studies have typically changed OSR by changing potential reproductive 

rates through food availability (Gwynne & Simmons 1990), food quality (Gwynne 1993), 

temperature (Kvarnemo 1996) or nest availability (Borg et al. 2002, Saraiva et al. 2009). In this 

experiment, we did not change anything but the number of ready-to-mate females. 

 

As expected, male courtship propensity was significantly higher in a male biased OSR, and was 

significantly associated with current OSR, not with nest fullness or the encounter rate with ready-to-

mate females. Only eighteen males showed advanced courtship behaviours within our observation 

time, it is therefore reassuring that the propensity to approach ready-to-mate females was similarly, 

though not significantly, associated with OSR. In the post-treatment test, males from the male 

biased treatment were more likely to court than males from the female biased treatment, but only 

among males that approached the stimulus female. It is possible that the lack of an overall treatment 

effect on courtship propensity in the post-treatment test was caused by some unavoidable 

disturbance during the removal and introduction of females and the introduction of a divider. 

Therefore, it is likely that the results from the sub-set of males that approached the stimulus female 

are more informative. 

 

To our knowledge, very few other laboratory experiments have looked at an effect of OSR on 

male propensity to court individual females, even though courtship propensity should reflect the 

motivation of an individual to court better than courtship frequencies (Paper II). Berglund (1994) 
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reported that, as expected, male latency to court females was higher in a male biased treatment in 

the pipefish Syngnathus typhle. On the other hand, Faleiro and co-authors (2008) found that males 

of the long-snouted seahorse (Hippocampus guttulatus) initiated all courtship events, regardless of 

the sex ratio treatments. In field studies, using propensities is more common (Almada et al. 1995, 

Borg et al. 2002, Forsgren et al. 2004, Cratsley & Lewis 2005, Lengkeek & Didderen 2006, Shibata 

& Kohda 2006) and most of these studies have found an increase in courtship propensity in 

situations where the OSR was likely biased towards the own sex. In a field study on the two-spotted 

goby, male propensity to court was found to decrease over the season, which coincided with a 

change in OSR from male to female biased (Forsgren et al. 2004). Our data suggest that the change 

in courtship behaviour in the field may be caused by the change in OSR, although other factors such 

as a cost of breeding may also be important (Kokko & Monaghan 2001, Kokko & Johnstone 2002). 

 

Courtship frequency 

Courtship frequency did not differ between treatments, and was associated with the encounter rate 

with potential mates, not with the OSR. The number of visits by ready-to-mate females was 

significantly and positively associated with courtship frequency within aquaria; males that received 

more visits courted more, as expected. Between aquaria, however, there was a negative association 

between the mean number of visits and mean male courtship frequency. Because both the courtship 

frequency and the mean number of visits did not significantly differ between treatments, this is 

likely to be a within treatment effect and not an effect related to OSR. An alternative explanation 

would be that individual variation in male eagerness may have caused a lower average courtship 

frequency in some aquaria, and as a result, females had to visit males more often to spawn.  

 

In the two-spotted goby, courtship frequency was lower in a male biased OSR in a set-up were 

individuals were in constant visual contact (de Jong et al. 2009). In the present study courtship 

frequency did not differ between treatments. This suggests that effects of OSR on courtship 

frequency can vary between study designs or levels of OSR. Courtship frequency has been shown 

to increase in competitive situations (e.g. Farr 1976, Bremner et al. 2002, Makowicz et al. 2010), 

but may decrease when competition becomes too high (e.g. Verrell 1983, Verrell & Krenz 1998). 

Studies that test the effect of OSR on courtship frequency report variable results, but most studies 

have found a decrease in the number of courtship displays in a male-biased OSR (reviewed in Paper 

II). For example, in the Japanese medaka, males are reported to switch from courtship to agonistic 

behaviour to scramble competition in increasingly male biased OSR (Grant et al. 1995, Grant & 

Foam 2002, Grant et al. 2000, Clarck & Grant 2010). In guppies, males switch to coersion tactics in 
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stead of courtship displays, when the OSR becomes male biased (Jirotkull 1999, Magellan & 

Maguran 2007, Evans & Magurran 1999, but see Head et al. 2008), However, in guppies, the 

courtship each female received did not decrease in a male-biased OSR (Jirotkull 1999), suggesting 

the decreased courtship frequency in males may be caused by a decrease in encounter rates with 

females. If courtship frequency is mainly affected by encounter rates, as our data suggest, these 

patterns could be explained without inferring a trade-off. Thus, encounter rates should be carefully 

considered in future experiments. 

 

Encounter rates 

Surprisingly, the encounter rate with potential mates, as the number of visits from ready-to-mate 

females in twenty minutes, was not significantly higher in the female biased treatment (Figure 3B). 

This may suggest that females adjust their visiting behaviour to the operational sex ratio. Females 

may be choosier in a male biased OSR (e.g. Emlen & Oring 1977, Balshine-Earn 1996, Owens & 

Thompson 1994), and therefore visit males more often before they decide to spawn. On the other 

hand, females in the female biased treatment could restrain from visiting to avoid female-female 

competition, which should be higher in female biased OSR (Emlen & Oring 1977, Kvarnemo & 

Ahnesjö 1996, 2002) or females could show restricted mate search in high competition (Dale et al. 

1992). This experiment cannot distinguish between these alternative explanations. Nevertheless, 

these data show that inter-sexual encounter rate is not necessarily linearly related to the density of 

potential mates in the population. Therefore, correcting courtship and agonistic frequencies for the 

number of other individuals in an aquarium, as some studies have done (Jivoff & Hines 1998, 

Debuse et al. 1999, Silva et al. 2010), may not be as straightforward as previously thought.  

 

Agonistic behaviour 

Male-male interactions were only observed in the male biased treatment, even though male density 

did not differ between treatments. Male mate search behaviour could also to change in relation to 

female density (e. g. Kokko & Wong 2007). In the present study, males spent less time in their nest 

and tended to spend less time in their own compartment in the male biased treatment. Time in nest 

was significantly affected by the mean area of eggs in the nest in an aquarium, suggesting that 

males Thus, males were probably more likely to encounter each other in the male biased treatment. 

An increase in the frequency of male agonistic behaviours in a male biased OSR has been found 

repeatedly (e. g. Kodric-Brown 1988, Grant et al. 1995, Kvarnemo et al. 1995, Gwynne & Simmons 

1990, Jirotkul 1999, Forsgren et al. 2004), although a decrease has also been found, especially in 
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high male densities (e. g. Grant et al. 2000, Michener & Mclean 1996, Smith et al. 2007) suggesting 

a dome-shaped response (Grant & Foam 2002, Clark & Grant 2010). In this experiment, males did 

not encounter each other regularly, and were not able to see each other from their nest, thus males 

may have experienced the set-up as a rather low male density, leading to very few agonistic acts 

overall. Thus, our results corroborate the general pattern that male agonistic frequency increases 

with OSR in low male density. However, we cannot conclude whether males were more likely to 

behave agonistically (higher agonistic propensity) or if the agonistic behaviour we observed was 

simply caused by an increase in male-male encounter rates. 

 

Conclusions 

Our data show that, all other factors being equal, OSR can affect the strength of mating 

competition. We show that male propensity to court was affected by OSR, while male courtship 

frequency was affected by the encounter rate with potential mates. This is to our knowledge the first 

laboratory experiment that quantified encounter rates, courtship propensity and courtship frequency 

in relation to OSR. We show that encounter rates are not necessarily linearly related to OSR. 

Moreover, our data suggest that males increase movement outside the nest in a male-biased OSR, 

while females visit males less often in a female biased OSR. In addition, we show that male 

courtship frequency is affected by inter-sexual encounter rate, while agonistic frequency may be 

affected by intra-sexual encounter rate. More studies on the effect of OSR on the propensity to 

behave competitively are urgently needed. In particular, future studies should aim to disentangle the 

effects of propensities to behave and encounter rates on the reported effects of OSR on frequencies 

of courtship and agonistic behaviour. 
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ABSTRACT: To interpret results of experimental studies, we need to understand the ecology of our model 

organism. The two-spotted goby has proven useful as a model system in a variety of topics, but knowledge 

about the reproductive biology in natural populations is still relatively scant. In this study we describe the 

reproductive behaviour of male two-spotted gobies breeding in artificial nests in the Gullmar fjord on the 

west coast of Sweden. We placed 10 artificial nests at one location in 2007 and 45 artificial nests at each of 

two locations in 2008. We inspected nests regularly over the season and marked, measured and weighed 

males that attended the nests. Our results indicate that males cared for relatively synchronous broods and did 

not generally attend the same nest longer than the developmental period of one brood. Our results also 

indicate that males competed for breeding opportunities early in the season, when male density is high. Early 

in the season, more of the nests were occupied and males attending a nest early were larger (in 2008) or in 

better condition (in 2007) than males attending a nest late in the season. In addition, males attending a nest 

were in better condition than males in feeding shoals (only data for 2007). Late in the season, males received 

more visits from ready-to-mate females in one of the years (2008), but they did not have fuller nests (both 

years). Brood size was smaller late than early in the season and was associated with nest size. Early in the 

season brood size was also associated with male size. Brood survival was associated with brood size and 

lower late than early in the season. 
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Introduction 

Theory is typically designed to be general. However, model systems used to test theory have 

different ecological backgrounds. To interpret experimental results and to compare across model 

species it is therefore important to be able to relate experimental results to the biology of the species 

in its natural habitat. In addition, there is a danger that laboratory studies without sufficient 

knowledge on a species’ natural biology become unrealistic, with limited scope for inferences. Fish 

are becoming more and more important as model species for testing theory in a variety of areas (e.g. 

Avise et al. 2002, Hart & Reynolds 2002, Amundsen 2003, Hendry & Stearns 2004, Ahnesjö et al. 

2008). However, there is often a lack of biological background knowledge, such as the reproductive 

biology from field populations (Amundsen 2003, Spence et al. 2008).   

 

Here, we investigate the reproductive biology of a temperate marine fish, the two-spotted goby, 

Gobiusculus flavescens, in the wild. The two-spotted goby has been very useful as a model species 

to test theory in a wide range of topics. These include sex roles and mating competition (Forsgren et 

al. 2004, de Jong et al. 2009, Paper III), male and female mate choice (Amundsen & Forsgren 2001, 

2003, Pélabon et al. 2003, Borg et al. 2006), sexual ornamentation (Sköld et al. 2008, Svensson et 

al. 2005, 2006, 2009a, 2009b), parental care (Skolbekken and Utne-Palm 2001, Bjelvenmark & 

Forsgren 2003), habitat use (Utne et al. 1993, Folkestad 2005), parasitology (Zander et al. 1993, 

Pelabon et al. 2005, Zander 2005a, 2005b, Barber et al. 2009) and predator-prey interactions 

(Steingrund & Ferno 1997, Utne & Bacchi 1997, Utne-Palm 2001). The species inhabits the 

shallow algal zone (ca 0-10 m depth) during the breeding season. It is probably the most abundant 

fish species in kelp forests along rocky shores of Norway and Sweden, and a key species in the 

ecosystem (e.g. Fosså 1991). Interestingly, the two-spotted goby also seems to be among the first 

fish species to colonise new man-made structures like the foundations of wind turbines (Anderson 

et al. 2009, Anderson & Öhman 2010).  

 

The two-spotted goby has remarkably dynamic sex roles (Forsgren et al. 2004). Early in the 

season males compete for females, while late in the season females compete for mates. This switch 

in sex roles coincides with a change in operational sex ratio (OSR; Emlen & Oring 1977) over the 

season, from male to female biased (Forsgren et al. 2004). A change in OSR has subsequently been 

shown to affect competitive mating behaviour in this species (Paper III). This raises several 

questions about the reproductive behaviour of both males and females. A recent field study has 

investigated female mate sampling behaviour (L. C. Myhre, K. de Jong, E. Forsgren & T. 
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Amundsen, unpublished data), but little is known about male breeding behaviour in the wild. A 

study on the genetic mating system in the two-spotted goby has shown that successful sneaking is 

very limited in this species, and that parental males mate with multiple females (Mobley et al. 

2009). The study also shows that nest size affects mating and reproductive success, while mating 

success was not associated with male size late in the season (Mobley et al. 2009), when females are 

abundant (Forsgren et al. 2004). In the present study we placed artificial nests (PVC-tubes) in the 

field to follow males over multiple breeding events and describe male reproductive behaviour over 

the breeding season. In addition, we tested whether brood size and brood survival was associated 

with time of season, male size and condition, and nest size. Below we will elaborate on these 

questions. 

 

In animals with a restricted breeding season, it should be advantageous to breed as early as 

possible, to increase the time the offspring can spend feeding and growing before winter, enhancing 

winter survival (Fairbairn 1977, Hendersson et al. 1988, but see Schultz 1993). However, the 

reproductive success of a male depends both on brood survival and mating success. For male two-

spotted gobies that might have a low chance to gain a nest and mate early in the season, it may be 

advantageous to postpone breeding to later in the season, when mating competition is relaxed, even 

if conditions for egg survival and offspring fitness may be worse. Thus, we expected more of the 

artificial nests to be occupied early in the season and more competition for nests and mates. On the 

other hand, we expected brood size to be larger late in the season, when females compete for males 

(Forsgren et al. 2004). 

 

A laboratory experiment on the two-spotted goby showed that larger males display more 

competitive mating behaviour than smaller males (S. Wacker, K. de Jong, E. Forsgren & T. 

Amundsen, unpublished data). In addition, early in the season, females have been shown to prefer 

large males (Borg et al. 2006). Thus, size is a clear candidate for a trait that may be associated with 

mating success. Moreover, nest size affects mating success in this species (Mobley et al. 2009). 

Thus, there may be competition for larger nests, leading to larger males attending larger nests 

(Lindström 1988, Wong et al. 2008), at least early in the season. We also tested whether high 

quality (in size and / or condition) males bred early in the season, while low quality males bred late.  
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Methods 

This study was conducted in the summers of 2007 and 2008, at three sites in the Gullmar fjord at 

the west coast of Sweden. We divided the breeding season (late April to July) into three parts; early 

(29 April - 2 June), mid (3 - 24 June) and late (25 June -17 July) and focussed on early and late for 

seasonal comparisons. 

 

Model Species 

The two-spotted goby belongs to the group of sand gobies (Huyse et al. 2004). Year-old gobies 

become mature when they are between 30 and 45 mm long in the Danish waters, the Baltic and 

along the coast of South Norway, and they do typically not survive to the next breeding season 

(Johnson 1944, Collins 1981). Further north however, the size-distribution that suggests they live 

longer, due to a delay in reaching maturity (Johnson 1944). Their main food source consists of 

copepods  (Berg 1979). During its breeding season (April–July in our study area) it inhabits shallow 

waters near rocky shores of the coast of Europe from northwest Spain to northern Norway (Miller 

1986). Breeding males defend a nest in empty mussel shells, e.g. Mytilus edulis (Breder & Rosen 

1966, Mobley et al. 2009), in crevices, or in brown algae (typically Saccharina latissima and 

Laminaria digitata; Zostera & Laminaria Sacherina; Petersen 1891). The male provides all parental 

care, defending the nest and cleaning and aerating the eggs until they hatch (Petersen 1891; 

Bjelvenmark and Forsgren 2003; Skolbekken & Utne-Palm 2001). A male can care for clutches 

from several different females simultaneously (Gordon 1983, Mobley et al. 2009). Both males and 

females are ornamented (Guitel 1895, Amundsen & Forsgren 2001). Males have colourful fins and 

iridescent spots along the body (Guitel 1895, Amundsen & Forsgren 2001) Females develop round 

orange bellies with egg development (Amundsen & Forsgren 2001, Svensson et al. 2006), with 

round females being ready-to-spawn. Ready-to-spawn females visit several males before they 

spawn (L. C. Myhre, K. de Jong, E. Forsgren & T. Amundsen, unpublished data). Females 

generally lay all eggs of one brood in the same nest (Skolbekken & Utne-Palm 2001), but can 

spawn several times over the breeding season (Guitel 1895, Rodrigues-Graña & de Jong 

unpublished data). Non-breeding individuals often form semi-pelagic foraging shoals (Collins 1981; 

Svensson et al. 2000). 

 

Study sites 

Three study sites were chosen to be suitable habitat, but different in the level of shelter from 
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prevailing winds. In 2007, in what was originally planned as a pilot study, we placed ten artificial 

nests at one site (Location 1: Råttholmen, 58° 15' 3" N, 11° 26' 55" E). In 2008 we placed 45 

artificial nests at two locations (Location 2: Pittleskär, 58° 14' 45" N, 11° 24' 23" E) and Location 3: 

Pittlehuvud, 58° 14' 31" N, 11° 24' 59" E). At Location 1, nests were divided along the shore of an 

island, seven were placed relatively sheltered in a bay and three were placed on the outside of the 

island. In 2008, location 2 was relatively sheltered from prevailing winds while location 3 was not. 

At location 2, we distributed the nests in the shallow area around a small island that was sheltered 

by land tongs at three sides. At Location 3, nests were positioned along a stretch of coast in a main 

canal of the Gullmar fjord. Artificial nests were made of a PVC-tube, which contained a sheet of 

acetate to facilitate inspection of the eggs. Nests were distributed with 3-5 meter intervals in 

between brown algae with the nest opening circa on level with the top of the algae.  

 

Nests and males 2007 

In 2007, we placed ten nests of similar size at Location 1 (Table 1) the 15th of May. Breeding had 

started before that moment (personal observations). That year we caught, measured and marked 14 

attendant males in the artificial nests (7 early, 2 mid and 5 late in the breeding season), 82 were 

caught attending natural nests (41 early, 29 mid and 12 late in the breeding season) and 31 were 

caught in shoals (30 early, 1 mid season). Males were judged to attend an artificial nest if they were 

seen to enter the nest, or if they were clearly defending the nest. Of the 14 males caught in artificial 

nests, 11 males were observed to attend an artificial nest at at least one more nest inspection. Males 

were judged to attend natural nests if they were stationary and relatively solitary, while they were 

judged to be floaters if they were caught in a mixed-sex feeding shoal. Males that did not clearly 

belong to one of these categories were not used. Four of the 82 attendant males of natural nests and 

two of the 31 shoaling males were later found to attend artificial nests. Condition was calculated as 

the standardized residual of the regression between size and weight on a log-log scale.  

 

Nests and males 2008 

In 2008, at Location 2 and 3, we placed 40 nests of two different sizes, plus five very small nests to 

test if our smaller size was not the lower limit of what was physically possible (Table 1). We placed 

the artificial nests in mid April (15
th

 and 16
th

), well before the start of the breeding season. We then 

inspected the nests for eggs and presence of an attendant male regularly between April 29
th

 and July 

17
th

. Early in the breeding season (until June 2
nd

) we performed seven nest inspections at Location 2 

and eight at Location 3 (at four to seven day intervals) and during late season (from June 25
th

) we 
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performed seven nest inspections at both sites (at three to four day intervals). The intervals were 

shorter late in the season, because egg development is faster in higher temperatures (Skolbekken & 

Utne-Palm 2001). Additionally, we inspected both sites once during mid season (June 12
th

). We 

marked attendant males progressively during the season, at eight (Location 2) and six (Location 3) 

occasions. In total we marked 41 attendant males at Location 2, 39 early and two late. We marked 

35 attendant males at Location 3, 32 early, and three late. We also marked 31 and 12 males mid 

season at Location 2 and 3 respectively, but of those, only two were still attending their nest at the 

following nest inspection. Because the period between nest inspections in mid season in 2008 was 

too long to judge brood survival or male nest attendance period, we excluded all males that were 

only seen at the mid season nest inspection from the analyses. 

 

Marking protocol 

We caught attendant males at their nests and marked them on shore nearby. We measured them on a 

measuring board to the nearest 0.5 mm, and weighed them on portable digital field scales (Accuracy 

0.01 g). Before weighing, we blotted each fish carefully with a moist tissue to remove excess water 

and released him into a pre-weighed cup with seawater. We marked males with visible implant 

elastomer (VIE; Northwest Marine Technology TM, www.nmt.us). We used red, orange, yellow 

and green and injected it subcutaneously at two out of five dorsal positions. We anaesthetized the 

fish with 60 �l of 2-phenoxyethanol diluted in 500 ml of surface seawater and, after the elastomer 

injection, each fish was transferred to fresh seawater. All fish regained normal swimming behaviour 

within two minutes after this procedure. VIE tagging has been shown not to influence mortality or 

behaviour in other gobies (Malone et al. 1999; Griffiths 2002; Whiteman & Côté 2004). Marks did 

not fade under laboratory circumstances for three months (personal observations). After marking, 

we released the male close to his nest and waited till he entered. All males were returned to their 

nest within ten minutes.  

 

We found no evidence of an effect of marking in this study. In total, we marked 90 males 

attending artificial nests in 2008 (excluding the mid season males), of these, 37 (41%) were not 

observed at the following nest inspection. In comparison, of 18 males that were marked before they 

arrived at a nest, 11 (61%) were observed at only one nest inspection, suggesting that we did not 

increase the turn-over rate of attendant males by marking. Including only those males that had eggs 

in the nest, 10 (21%) of 48 males abandoned their brood, compared to five of ten (50%) males that 

had been marked before they received the brood. Overall, 24 % of the broods were abandoned 

before hatching. The likelihood that a brood potentially hatched (see below) was not significantly 
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different between marked males (marked during the current brood or previously) and unmarked 

males (intercept: estimate ± SD = 1.69 ± 0.40, newly marked: estimate ± SD = 0.33 ± 0.41, z = 

0.80, P = 0.43, previously marked: estimate ± SD = 0.65 ± 0.40, z = 1.62, P = 0.10, Nobs = 154, 

Nnests = 76). 

 

Nest inspection protocol 

In 2007, we inspected how long we should observe each nest to get some visits for each nest 

inspection, and thus observed for different periods of time. In 2008, we observed each nest for 2 

minutes, but occasionally waited longer if this was necessary to establish if a present male was 

attending the nest (i. e. entered the nest). During these observations, we noted the number and sex 

of visitors that approached the nest within a 30 cm radius, and for females the roundness on a scale 

from one (slim) to three (very round; Forsgren et al. 2004). After the observation, we assessed 

brood size as the area covered with eggs, by carefully taking the acetate partly out of the nest to 

check the outline of the brood, and if there were any areas without eggs within the brood. The area 

of eggs was correlated with the number of eggs in a sample of freshly caught females that spawned 

in the laboratory within 48 hours (on log-log scale: r = 0.92, P < 0.001, N = 11), although there was 

variation in egg density (mean ± SD = 159 ± 20 eggs/cm
2
, range 134 - 192). The acetate was lined 

with a centimetre grid, which we used to copy the outline of the brood onto a paper sheet with a 

similar grid. If eggs were hatching we recorded this as eggs present, but without drawing the 

outline. If there was a female in the nest with the male we did not interfere, but returned after we 

inspected all other nests. If the female had not left when we returned, we regarded this as a missing 

data point for the area of eggs, but recorded a possible spawning event. We did not nest inspection 

all nests at all nest inspections in 2008, because they were sometimes hard to find. Additionally, 

some nests disappeared during the season. Therefore, nest occupation and nests with eggs are 

always given as the proportion of the nests inspected. There was no significant difference in the 

number of nests inspected between early and late season (table 2). 

 

Paternity assignment 

Attendant males were assigned paternity for a brood if they were seen attending the brood at more 

than one nest inspection, because we found that in some cases of nest take-overs by a new male, the 

old eggs remained till the following nest inspection (see results), but never longer. Males were also 

assigned paternity if they had attended the same nest before and they were seen at least once during 

the current brood. Males were marked as soon as possible after they took up a nest, but males that 
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were marked after the first nest inspection where they were attending a brood, only were assigned 

paternity if the brood survived to the next nest inspection. 

 

Not all VIE tags were equally distinguishable in all circumstances, which together with (likely) 

human error caused some mismatches in tagging identity of males attending a certain nest. 

Therefore, we allowed for one mistake in the reading of the mark to still be counted as the same 

attendant male. However, we carefully ascertained that similar marks had not been used at the time 

of reading, and in case of doubt did not use the observation. There were ten cases were the identity 

of an attending male could not be established with these rules.  

 

Brood size and brood survival 

Males can take care of eggs from several females at the same time, and in most cases, all eggs in the 

nest hatch within 24 hours, although they were spawned by several females (Mobley et al. 2009). 

Thus, males likely receive all clutches they care for within a short period. We termed such a group 

of clutches in the nest a brood, and assumed that all clutches were relatively synchronous, but tested 

this assumption by recording if all eggs within a brood were in the same developmental stage (see 

below). Because brood size often decreased over the developmental period, we estimated maximum 

brood size as the maximum area of eggs recorded at any inspection during the development of a 

brood. The total area of eggs that potentially hatched (see below) from each brood was used to 

calculate the proportional brood success (area of likely hatched eggs / maximum brood size). 

Reproductive success for each male was estimated as the sum of the areas of eggs that potentially 

hatched in all broods he fathered. 

 

Egg development time until hatching depends strongly on temperature (Dannevig 1895, Pauly 

& Pullin 1988). Two-spotted goby eggs hatch at around 24 days at 8.5 ºC, at 10-15 days in the 

interval 10 - 16 ºC (163 daydegrees; Skolbekken and Utne-Palm 2001, Svensson 2006, own 

observations) and at eight days at 18ºC (J. Bjelvenmark, unpublished data). In this study, no 

breeding was observed in water below 10 ºC. Two-spotted goby eggs develop pigmented eyes 

roughly half way through the developmental period (unpublished data K. de Jong, L. Rodrigues-

Graña). Therefore, we could use the presence of pigmented eyes as a cue to the developmental stage 

of the eggs in a nest. This allowed us to assess if a brood potentially hatched from the time between 

the last nest inspection before it appeared and the first nest inspection after it disappeared. The 

temperature during our study period ranged from 12 to 20 degrees in 2007 (at 1m depth) and from 

10 to 20 degrees in 2008 (measured with a continuous logger at 1.5m depth at Location 2; Hobo (R) 
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Datalogger, Onset Computer Corporation). We inspected nests every four to seven days early in the 

breeding season, and every three to four days late in the season. This meant that successful broods 

would be inspected at least twice during the developmental period. Due to missed nest inspections 

for some nests, we inspected five potentially successful broods only once, three early and two late 

in the season, these were excluded from the analyses. We also excluded all broods that did not have 

time to develop pigmented eyes at the last nest inspection before the mid season and the last nest 

inspection before the end of the season. For all other broods that disappeared from a nest we 

estimated if they would have been expected to hatch before. We assumed that all ‘eyed’ eggs 

present at the last inspection before estimated hatching actually hatched. To test if these estimates 

were repeatable, the number of broods, the fate of the broods and paternity were assessed 

independently by two of the authors (KdJ and SW) and compared. There were only five cases 

where the assessments did not agree; in all these cases a new male had taken over the nest before a 

previous clutch could have developed pigmented eyes. In two of these cases it remained unclear 

after discussion if eggs belonged to the evicted male or to the new male, these cases were therefore 

excluded from analyses. 

 

 

Table 1. Artificial nests (PVC-tubes) placed at three localities in two breeding seasons for a study on 

reproductive behaviour of male two-spotted gobies in the wild. 

 

 length  

(cm) 

circumference  

(cm) 

area for eggs 

(cm
2
) 

number of nests  

per site 

2007     

All 7.5 - 8.5 4.0 30-34 10 

2008     

Small 5.0 3.5 18 5 

Medium 8.0 4.0 32 20 

Large 9.0 5.0 45 20 

 

Statistical analyses 

Because years differed significantly in encounter rates and nest occupancy, we analysed all data 

separately for 2007 and 2008. In all of the following models, we included locality and the 

interaction with locality as additional fixed factors, but excluded the interaction if removal 

decreased AIC (Akaike information criterion) of the model. Mid season nest inspections were 

excluded from the analyses. For comparison between early and late in the season of the likelihood 

that a nest was attended or contained eggs, we used each check of each nest as a data point. We 

used mixed models with binomial error distributions (lmer; R development core team) and entered 

nest as a random factor. For analyses of encounter rate we used the mean number of visits to all 
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attended nests, and used a linear model with time of season as fixed effect. For the effects of season 

and brood size on brood reduction and the likelihood that a brood hatched (only data for 2008), we 

used linear mixed models with binomial error distributions, and included time of season and brood 

size as fixed effects, and nest as random effect. We also checked whether male size or condition 

affected potential brood success in a model including male id as a random effect, only including 

marked males. We tested whether length, condition or time of season affected the length of the 

period a male attended any artificial nest, mating and reproductive success, in linear models 

assuming Gaussian error distributions. Because there was only one male observed to breed both 

early and late in the season, we could not check for within-male effects of time of season. In all 

analyses that tested the effect of nest size we excluded the smallest nests, because very few males 

attended these nests and a few extreme values may cause significant correlations to appear in a 

linear model where there is no true effect. In all models, the effect of time of season and the 

interaction with time of season were included. 

 

 

Results 

General description of reproductive behaviour 

Combining both years, only 11 males (8 early, 4 late, of 90 males in total) were observed at an 

empty nest. Of these, four received eggs before the following nest inspection and remained. No 

male attended a nest without eggs at two consecutive nest inspections. Correspondingly, in both 

years, the proportion of nests with eggs closely resembled the proportion of nests attended (Figure 

1). Thus, males did not frequently attend a nest for more than a few days before they received eggs. 

 

The period between the first and the last sighting of a marked male at any artificial nest was 

median 12 days (1-63, N = 77) in 2008 and 9 days (1-38, N = 17) in 2007. These males were seen at 

a median of two nest inspections in both 2008 (1-8, N = 77) and 2007 (1-7, N = 17). Males were 

usually found at their nest at all consecutive nest inspections until permanently leaving the nest, no 

male was not observed at the nest for more than one nest inspection during a period of attendance. 

During the observation periods early and late in the season of 2008, marked males initiated a 

median of two broods (range 0-4, N = 45) in any artificial nest of which a median of one brood 

(range 0-3, N = 45) potentially hatched. The number of initiated broods was significantly lower in 

the observation period of 2007 (median = 1.0, range 0 - 4, N = 16; -0.57 ± 0.23, t = 2.53, P = 

0.014). Maximum brood size was a median of 25.66 cm
2
 (range: 4.5 – 45, N = 233) and 24.3 ± 8.4 
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cm
2
 potentially hatched per successful brood in 2008. 

 

As a general pattern, we saw first an increase in the area of the nest covered with eggs to a 

certain maximum at the second inspection, where after the area often decreased slightly. The 

majority of the eggs in a brood developed pigmented eyes at the same time, and all eggs 

disappeared before the same nest inspection, sometimes being replaced by a fresh clutch without 

pigmented eyes. In cases where hatching was observed, all of the non-hatched eggs either had 

pigmented eyes or had turned opaque (a sign of egg death; personal observations). This suggests 

that the clutches in a brood were spawned within a few days.  

 

Differences in nest attendance over the season 

As expected, the occupation of artificial nests decreased over the season in 2008, and the likelihood 

a nest was attended was significantly lower late in the season (Figure 1B & C; Table 2). In 

accordance, attending males received fewer visits from other males late than early in the season 

(Figure 2 B & C; Table 2). In 2007, however, six to eight of the ten nests were typically occupied 

during the whole observation period and this did not significantly differ between early and late in 

the breeding season (Figure 1A; Table 2). In contrast, attending males received very few visits from 

attending males during the whole observation period (Figure 2C; Table 2). 

 

The median male attendance period (per nest) was shorter late than early in the season, in both 

years. During early season, median attendance time was seven days (1-33, N = 75) and two nest 

inspections (1-8, N = 75) in 2008, and ten days (1-10, N = 7) and three nest inspections (1-3, N = 7) 

in 2007. During late season, median attendance time was one day (1-26, N = 10) and one nest 

inspection (1-5, N = 10) in 2008, and one day (1-16, N = 9) and one nest inspection (1-3, N = 9) in 

2007. Only one male attended a nest for a continuous period from early to late in the season (for 38 

days, 7 nest inspections; 2007). 

 

Five males sequentially attended more than one artificial nest, four early in the season of 2008 

and one late in the season of 2007. All of the five males in 2008 left their initial nests before their 

brood hatched and in all cases another male was attending the nest at the nest inspection following 

the last sighting of the male at his initial nest. In one of these cases we saw agonistic behaviour 

between the previous and the new male, suggesting nest take-overs do happen. In 2008, there were 

25 cases where we found a new male attending a nest that was attended by a marked male at the 

previous nest inspection, all early in the season. Seventeen of these replacements took place when 
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there were eggs in the nest. In five of these cases, the brood of the previous male had been replaced 

with a new brood, and in another five all eggs disappeared. In two cases we could not conclude if 

the brood was from the previous or the new male, and in five cases the new male was attending the 

brood of the previous male. 

 

Differences in mating success over the season 

Attending males received more visits from ready-to-mate (round) females late than early in the 

season (Figure 2 B & C; Table 2), as expected. In 2007 on the other hand, attendant males received 

more visits from ready-to-mate females than from males during the whole study period. The mean 

number of all female visits (including slim and round females) did not differ between the early and 

the late part of the season in 2007 (Figure 2C; Table 2). In 2008, males initiated significantly fewer 

broods during the period they attended a nest late than early in the season (Table 2).  

 

However, contrary to our predictions, in both years, the proportion of attendant males with an 

empty nest did not differ between early and late in the season (Table 2). Maximum brood size was 

significantly lower late than early in the season of 2008 (Table 2). Mean fullness of attended nests 

did not differ between early and late in the season in 2007 and tended to be lower late than early in 

the season of 2008 (Table 2).  

 

Differences in reproductive success over the season 

We observed 146 broods early and 69 late in the breeding season of 2008. Early in the season 

broods were more likely to hatch than late in the season (Table 2). The median area of potentially 

hatched eggs in successful broods was also significantly lower late in the season (Table 2). 

However, the proportion of the maximum brood area that potentially hatched was not significantly 

lower late in the season (Table 2). The likelihood that a brood containing live eggs was attended by 

a male was significantly lower late in the season of 2008 (Figure 1A & C; Table 2). In 2007, this 

did not differ between early and late in the season (Figure 1A, Table 2). None of the marked males 

were seen to breed successfully both early and late in the season (only data for 2008). Although five 

of the marked males that had attended eggs early in the season were observed to attend a nest again 

late in the season, none of these males were assigned paternity according to our rules and none of 

the broods they attended (N = 2) potentially hatched. 
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Figure 1. Percentage of artificial nests that was attended by a two-spotted goby male (solid black line), or 

that contained eggs (solid grey line) at each nest inspection during the breeding season of 2007 (A) and 2008 

(B-C). The dashed line indicates the percentage of nests with live eggs that was attended by a male at each 

nest inspection. The double lines indicate the time of introduction of artificial nests to each study site. 
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Figure 2. Mean number of visitors in two minutes observation of artificial nests attended by a two-spotted 

goby male for each nest inspection in the breeding season of 2007 (A) and 2008 (B & C).  
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Differences in male traits over the season 

Early in the season, attendant males were significantly larger than late in the season of 2008, and 

there was a tendency for a similar effect in 2007 (Table 2; Figure 3). In addition, attendant males 

marked early in the season were larger than attendant males marked late in the season in 2008 (int: 

estimate ± SD = 4.87 ± 0.05, mid: estimate ± SD = 0.06 ± 0.08, t = 0.69 P = 0.49, late: estimate ± 

SD = -0.59 ± 0.19, t = -3.14, P = 0.002, N = 118) and there was a tendency for a similar effect in 

2007 (int: estimate ± SD = 4.58 ± 0.05, mid: 

estimate ± SD = 0.02 ± 0.20, t = 0.08, P = 0.94, 

late: estimate ± SD = -0.03 ± 0.02, t = -1.94, P = 

0.055, N = 100). In 2007, when we also marked 

shoaling males, there was no significant difference 

over the season in total length of all males (int: 

estimate ± SD = 4.58 ± 0.07, mid: estimate ± SD = 

0.03 ± 0.23, t = 0.11, P = 0.91, late: estimate ± SD 

= -0.11 ± 0.07, t = -1.60, P = 0.11, N = 131). There 

was a large significant difference in total length of 

males between the years (int: estimate ± SD = 4.53 

± 0.04, 2008: estimate ± SD = 0.34 ± 0.05, t = 

6.60, P < 0.0001, N = 249). 

 

In 2008, attendant males marked in early season were in significantly better condition than 

males that were first seen at the mid season nest inspection and they tended to be in better condition 

than attendant males marked late in the season (int: 0.36 ± 0.11, mid: -0.91 ± 0.17, t = -5.24, P < 

0.0001, late: -0.68 ± 0.41, t = -1.65, P = 0.10, N = 118). This effect was similar in 2007, although 

here, the difference between early and late season was significant, while in mid season, males 

tended to be in slightly better condition (int: estimate ± SD = 0.36 ± 0.15, mid: estimate ± SD = 

0.05 ± 0.58, t = 0.09, P = 0.93, late: estimate ± SD = -0.44 ± 0.20, t = -2.20, P = 0.03, N = 100). 

Overall condition of all males did not differ significantly over the season (int: estimate ± SD = 0.03 

± 0.12, late: estimate ± SD = -0.093 ± 0.18, t = -0.52, P = 0.60, mid: estimate ± SD = 0.38 ± 0.59, t 

= 0.65, P = 0.52, N = 131).  

 

Male traits and nest attendance 

There was no difference in total length between stationary and shoaling males (int: estimate ± SD = 

Figure 3. Mean size (total length) of attendant 

males over the season. Graphs are box plots 

with the median and quartiles in the boxes. 

Lines denote minima and maxima. 
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4.56 ± 0.07, Stationary: estimate ± SD = 0.02 ± 0.10, t = 0.218, P = 0.83, N = 71; only data for 

2007). However, stationary males were in significantly better condition than shoaling males (int: -

0.42 ± 0.18, stationary males: 0.78 ± 0.24, t = 3.25, P = 0.002, N = 71; only data for 2007). The 

time a male attended a nests on the other hand, was not significantly associated to nest size 

(estimate ± SD = 0.02 ± 0.02, t = 0.29) male total length (estimate ± SD = -0.24 ± 0.83, t = -0.29) or 

male condition (estimate ± SD = 0.12 ± 0.43, t = 0.29, int: 2.71 ± 0.37, Nmales = 44, Nnests = 41; 

model assuming quasipoisson error distributions; only data for 2008).  

 

 The smallest nests were only attended when the majority (< 80 %) of other nests were attended. 

Attendant males were on average 4.59 ± 0.36 (range: 4.05-4.90, N = 5) cm long, which was smaller 

than average in 2008 (Table 2). This suggests that males in general avoid these smallest nests, but 

small males accept them at times of high competition. There was no overall significant difference 

between medium and large nests in the likelihood that a nest was attended by a male (int: -0.89 ± 

0.26, large nests: -0.11 ± 0.36, z = -0.32, P = 0.75, Nobs = 903, Nnests = 75). However, there was a 

significant three-way interaction between size, season and location (-2.30 ± 0.81, z = -2.82, P = 

0.005; same model), which was caused by larger nests being more likely to be attended late in the 

season at Location 2 (int: -2.49 ± 0.41, large nests: 1.39 ± 0.50, z = 2.82, P = 0.005, Nobs = 221, 

Nnests = 33). Males that attended large nests tended to be larger than marked males that attended 

medium nests (Location 2: t = -1.77, df = 55, P = 

0.083, Location 3: t = -1.97, df = 42, P = 0.055). If 

we only included males that arrived early in the 

season, this difference was significant for Location 

3 (t = -2.37, df = 27, P = 0.025), and a strong 

tendency for Location 2 (t = -1.97, df = 28, P = 

0.059; Figure 4). There were too few males 

arriving in the late part of the breeding season for a 

similar analysis, but there was no difference in 

total length between males attending large nests 

and males attending small nests at the mid season 

nest inspection (Location 2: t = 0.25, df = 24, P = 

0.98, Location 3: t = 0.17, df = 9, P = 0.87).  

 

Male traits, nest size and brood size 

Overall, maximum brood size was positively associated with nest size (int: estimate ± SD = 3.94 ± 

Figure 4. Mean size (total length) of attendant 

males in the medium (32 cm
2
) and large (45 

cm
2
) nests early in the season of 2008. Graphs 

are box plots with the median and quartiles in 

the boxes. Lines denote minima and maxima. 
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2.66, nest size: estimate ± SD = 0.55 ± 0.07, t = 1.48, CI = 0.42 – 0.69, Nobs = 232, Nnest = 78). 

Within broods attended by marked males only nest size was significantly associated with maximum 

brood size (int: estimate ± SD = -1.61 ± 6.54, nest size: 0.62 ± 0.09, t = 7.08, CI = 0.50 – 0.81, Nobs 

= 102, Nnest = 53, Nmales = 62), not standard length (estimate ± SD = 1.07 ± 1.51, t  = 0.71) or 

condition (estimate ± SD = 0.34 ± 0.71, t = 0.50), and these were removed from the model.  

 

Early in the season however, maximum brood size of marked males was not only significantly 

associated with nest size (int: estimate ± SD = -104.4 ± 45.4, nest size: estimate ± SD = 3.5 ± 1.23, t 

= 2.87, CI  = 1.07 – 6.02, Nobs = 91, Nnests = 50, Nmales = 55), but also with male size (estimate ± SD 

= 21.36 ± 9.23, t = 2.32, CI = 2.85 – 39.58) and the interaction (estimate ± SD = -0.57 ± 0.25, t = -

2.31, CI =  -1.06 - -0.07). The interaction was caused by a difference in the association of male size 

with maximum brood size between large and medium nests. Male size was associated with 

maximum brood size in medium nests (int: estimate ± SD = 9.15 ± 6.32, male size: estimate ± SD =  

3.01 ± 1.33, t = 2.27, CI = 0.23 – 5.70, Nobs = 46, Nnest = 24, Nmales = 28) but not in large nests (int: 

55.28 ± 16.33, male size: -4.45 ± 3.21, t = -1.39, CI = -10.9 – 2.1, Nobs = 45, Nnest = 26, Nmales = 29). 

 

Male traits and reproductive success 

The likelihood that any brood potentially hatched was significantly and positively associated with 

maximum brood size (estimate ± SD = 0.09 ± 0.03, z = 3.17, P = 0.002, Nbroods = 194, Nnests = 78), 

but not with the number of inspections no male was attending (estimate ± SD = 0.13 ± 0.32, z = 

0.42, P = 0.68; with the previously mentioned effect of late season included in the model: estimate 

± SD = -1.48 ± 0.42, z = -3.45, P = 0.0006). If we only consider broods that were sired by a male 

that bred repeatedly, the best model (lowest AIC) to explain the differences within males, included 

the number of previous broods a male had sired (estimate ± SD = -20.7 ± 38.6, z = -0.54, P = 0.59, 

Nbroods = 51, Nmales = 30). In this model, there was no association between brood size and the 

likelihood a brood potentially hatched (estimate ± SD = 0.10 ± 5.87, z = 0.02, P = 0.99). The total 

number of broods that was in the nest before, regardless of paternal male, was not significantly 

associated with the likelihood that a brood potentially hatched (estimate ± SD =12.9 ± 105.9, z = 

0.12, P = 0.90), and was removed from the model. All first broods of males that bred repeatedly 

potentially hatched (N = 30). Brood size decreased with the number of broods a male had sired 

before (estimate ± SD =12.9 ± -3.30 ± 0.88, t = -3.7, CI = -5.06 - -1.52, Nbroods = 64, Nmales = 32). 
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Table 2. Differences in some general variables (A) and variable related to male reproductive success (B) 

early and late in the breeding season of a two-spotted goby population. For each variable, we show median 

(range) or mean ± SD for early and late season of 2007 and 2008. Test results are for the difference between 

early and late season. Location and the interaction between location and time of season are included in all 

models for 2008. For the tests, we give estimates ± SD for the intercept and late vs. early season, all 

estimates are on logit or log scale. We give the total number of observations (obs) and the number of groups 

in the random factors for each model. Significance is given as a t or z-value and a P-value, significant values 

are given in bold. P-values for models with binomial error distributions (z-values) are computed by the lmer 

function in R, for models with a Gaussian error distribution (t-values), we log-transformed the data and used 

MCMC-sampling to compute 95 % confidence intervals. The median and range of proportions of nests 

attended, nests with eggs, males with eggs and live broods attended are calculated per nest inspection, the 

tests are done on the binomial scores for each nest at each nest inspection.  

 
Table 2A Year Early Late Test: estimates N 

obs/nests 

Significance 

2007 1.33 ± 0.24 0.35 ± 0.55 int: -0.53 ± 0.43 

late: -1.28 ± 0.68 

31/10 z = -1.88 

P = 0.061 

Nr. of male visits to 

attended nests 

2008 1.11 ± 0.32 0.31 ± 0.37 int: 0.12 ± 0.05 

late: -1.56 ± 0.26 

455/80 z = -5.93 

P < 0.0001 

2007 4.75 ± 3.18 2.27 ± 1.64 int: -0.33 ± 0.45 

late: -0.21 ± 0.39 

31/10 z = -0.55 

P = 0.58 

Nr. of ready-to-mate 

female visits to attended 

nest 2008 0.62 ± 0.49 1.00 ± 0.64 int: -0.64 ± 0.13 

late: 0.74 ± 0.16 

455/80 z = 4.78 

P < 0.0001+ 

2007 0.40 

(0.0 - 0.6) 

0.65 

(0.3 - 0.8) 

int: -0.71 ± 0.40 

late: 1.12 ± 0.51 

70/10 z = 2.22 

P = 0.027 

Proportion of nests 

attended by a male 

2008 0.72 

(0.22 – 0.95) 

0.15 

(0.0 – 0.27) 

int: 0.72 ± 0.19 

late: -2.53 ± 0.23 

986/83 

 

z = -10.96 

P < 0.0001+ 

2007 0.40 

(0.0 – 0.70) 

0.70 

(0.30 – 0.80) 

int: -0.90 ± 0.44 

late: 1.56 ± 0.53 

70/10 z = 2.96 

P = 0.003 

Proportion of all nests 

that contained eggs  

2008 0.74 

(0.18 – 0.92) 

0.27 

(0.04 – 0.41) 

int: 0.73 ± 0.20 

late = -1.62 ± 0.20 

963/83 z = -7.99 

P < 0.0001 

2007 0.49 ± 0.39 0.44 ± 0.12 int: 1.27 ± 0.91 

late: -1.25 ± 1.01 

29/10 z = -1.24 

P = 0.21 

Mean nest fullness of 

attended nests 

2008 0.58 ± 0.12 0.45 ± 0.13 int: 0.70 ± 0.12 

late: -0.53 ± 0.30 

366/77 z = -1.76 

P = 0.078 

2007 0.63 

(0.25 – 1.0) 

0.83 

(0.67 – 1.0) 

int: 0.85 ± 0.69 

late: 1.55 ± 1.01 

34/10 z = 1.53 

P = 0.13 

Proportion of attending 

males with eggs  

2008 0.88 

(0.29 – 1.0) 

0.83 

(0.33 – 1.0) 

int: 2.05 ± 0.32 

late: 0.51 ± 0.64 

436/80 

 

z = 0.80 

P = 0.42+ 

2007 0.68 

(0.50 – 0.86) 

0.81 

(0.40 – 1.0) 

int: 1.25 ± 0.80 

late: 0.45 ± 0.97 

35/10 z = 1.56 

P = 0.64 

Proportion of  all live 

broods that were 

attended  2008 0.88 

(0.79 – 1.0) 

0.47 

(0.0 – 0.71) 

int: 2.00 ± 0.23 

late: -1.95 ± 0.32 

502/81 z = -6.04 

P < 0.0001+ 

2007 4.61 ± 0.27 4.27 ± 0.10 int: 4.61 ± 0.11 

late: -0.34 ± 0.14 

5 N. ins.
1
 t = -2.43 

(P = 0.072) 

Mean size attending 

males per nest inspection 

2008 4.91 ± 0.09 4.57 ± 0.33 int: 4.92 ± 0.05 

late: -0.34 ± 0.09 

24 N. ins.
1
 

 

t = -3.79 

P = 0.001 

2007 10 10 - 

 

7 N. ins.
1
 t = 0 

(P = 1.0) 

Number of nests 

inspected 

2008 37 ± 3.2 31 ± 3.4 int: 36.37 ± 0.97 

late: -2.66 ± 1.41 

28 N. ins.
1
 

 

t = -1.88 

P = 0.07+ 

 

+Indicates a significant effect of location or a significant interaction with location in the model. 
1
Calculated per nest inspection in the test as well as for the median and range. 
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Table 2B Year Early Late Test: estimates N 

obs/nests 

Significance 

Number of attempted broods 

per male 

2008 1 

(0 - 3) 

1 

(0 - 2) 

int: 1.95 ± 0.13 

late: -0.9 ± 0.19 

obs: 148 

nests: 82 

z = -4.89 

P < 0.0001 

Proportion of successful 

broods 

2008 0.70 0.54 int: 0.48 ± 0.24 

late: -0.98 ± 0.41 

obs: 123 

nests: 80 

z = -2.37 

P = 0.018 

Proportion of unsuccessful 

broods 

2008 0.09 0.41 int: -2.29 ± 0.40 

late: 2.02 ± 0.52 

obs: 123 

nests: 80 

z = 3.90 

P < 0.0001 

Proportion of broods without 

known fate 

2008 0.22 0.06 int: -0.96 ± 0.26 

late: -0.21 ± 0.49 

obs: 123 

nests: 80 

z = -1.00 

P = 0.32 

Brood size (all broods) 2008 28.3 

(4.5 - 45.0) 

21.0 

(4.8 - 35.3) 

int: 3.25 ± 0.03 

late: -0.32 ± 0.05 

obs: 233 

nests: 79 

t = 96.99 

(-0.42 - -0.21) 

Area of potentially hatched 

eggs in successful broods 

2008 26.9 

(4.5 - 41.6) 

20.5 

(2.0 - 32.5) 

int: 3.24 ± 0.04 

late: -0.34 ± 0.08 

obs: 152 

nests: 77 

t = -4.47 

(-0.49 - -0.19) 

Proportion of the brood that 

potentially hatched 

2008 1.0 

(0.3 - 1.0) 

0.93 

(0.2 - 1.0) 

int: 2.44 ± 0.24 

late: -0.86 ± 0.55 

obs: 152 

nests: 77 

z = -1.55 

P = 0.12 

 

 

Reproductive success per male tended to be similarly associated with male standard length and 

nest size as mating success. (int: 1.41 ± 0.73; nest size: estimate ± SD = 0.02 ± 0.01, t = 1.9, 0.065; 

male size: estimate ± SD = 0.28 ± 0.16, t = 1.80, P = 0.08, N = 41), but not with condition (estimate 

± SD = 0.02 ± 0.08, t = 0.27, P = 0.79). Within successful broods, maximum brood size and the 

area of potentially hatched eggs were correlated, both in early season (r = 0.84, t = 15.77, df = 108, 

P < 0.001), and in late season (r = 0.70, t = 5.84, df = 35, P < 0.0001). The proportion of the mating 

success resulting in potentially hatched eggs was not associated with male size (estimate ± SD = 

0.08 ± 1.10, z = 0.07, P = 0.94), nest size (estimate ± SD = -0.03 ± 0.06, z = -0.50, P = 0.61) or 

condition (estimate ± SD = 0.35 ± 0.55, z = 0.53, N = 41). 

 

 

Discussion 

Most marked males in this study attended an artificial nest for the time it took for one brood to 

successfully hatch (7 - 12 days), but some remained longer (one male stayed for 63 days). 

Attendance periods were shorter and males initiated fewer broods late than early in the breeding 

season. 

 

In 2008, the proportion of nests attended and the number of visits from other males decreased 

over the season. Early in the season, we observed ten cases suggestive of nest take-overs. In 

addition, attendant males were larger early than late in the season and nest size was associated with 

male size early in the season, but not late in the season, suggesting competition for nests. Maximum 
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brood size was associated with nest size, and early in the season also with male size. Males received 

more visits from ready-to-mate females late than early in the season, as expected. However, neither 

the proportion of males with empty nests or nest fullness differed between early and late in the 

season. Maximum brood size was even smaller late than early in the season. Broods were less likely 

to hatch and were less often attended by males late than early in the season. The probability of a 

brood to hatch was also associated with brood size. Reproductive success (the total area of eggs that 

potentially hatched in all broods of a male) nor the proportion of eggs that potentially hatched was 

associated with male size or nest size.  

 

In 2007 however, during the whole observation period, males received fewer male visits than 

visits from ready-to-mate females, while the proportion of nests attended was relatively high. In 

2007, attendant males were in better condition than shoaling males early in the season, and 

attendant males were in better condition early than late in the season. There were no significant size 

differences between these groups. Similar to 2008, neither the proportion of males with empty nests 

or nest fullness differed between early and late in the season 

 

Reproductive behaviour 

All eggs in a broods were generally in the same developmental stage and potentially hatched within 

a few days, even if a nest was not fully filled. This indicates that broods are relatively synchronous, 

although there were three to seven days between nest inspections. If males would have taken on 

eggs continuously, we should have seen more cases where only a part of the brood had developed 

pigmented eyes and cases where broods increased in size over the developmental period. The 

synchrony of broods varies widely among substrate brooding fish from complete synchrony (Van 

Iersel 1953, Hunter 1963) to continuous acceptance (Kraak 1996). In the two-spotted goby, males 

have been found to decrease courtship activity with brood age, although courtship did not stop 

completely (Bjelvenmark & Forsgren 2003). It would thus be interesting to test how synchronous 

broods exactly are in the field. 

 

Very few males cared for more than one brood in the same nest. This is unexpected, because in 

the laboratory, males can breed repeatedly in the same nest (Breder & Rosen 1966, personal 

observations). Very little is known about reproductive biology in the field of other goby species, but 

among nest brooders, patterns seem to vary. For example in the Mediterranean blenny, males 

defended the same nest during the whole breeding season (Kraak 1996) and in damselfish, some 

individuals remain in the same territory, while turn over is very high for most individuals (Itzkowitz 
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1985). We do not know how many of the males that left an artificial nest continued breeding in 

natural nests. Two of ninety males cared for broods in two different artificial nests, indicating that 

nest switching is not uncommon. A study on female mate sampling that shared one location 

observed that many males were breeding in natural nests at Location 3 (L. C. Myhre, K. de Jong, E. 

Forsgren & T. Amundsen, unpublished data). Thus, our estimate of the length of a breeding period 

for the males is likely to be an underestimate. The long periods between nest inspections in mid 

season of 2008 may have caused us to miss one clutch for each male that remained until or just 

before the mid season nest inspection. However, only three of the males that were breeding at the 

last nest inspection before the gap remained until mid season, so this underestimation is unlikely to 

be large.  

 

Seasonal differences in reproductive behaviour 

In temperate animals with a restricted breeding season, it may be very important to breed as early as 

possible to enhance offspring fitness (Fairbairn 1977, Hendersson et al. 1988). In addition, 

temperature during the development is negatively correlated with larval size at hatching (Kamler 

1992). We found that brood hatching probability was lower during late season (Table 2). Our 

estimate of hatching probability was not exact, we estimated if a brood disappeared before it could 

have hatched based on water temperature. However, because the intervals between nest inspections 

were based on the estimated development time of a brood, it is not likely that this introduced a bias 

towards one part of the season.  

 

We also found evidence for nest competition. Attendant males were smaller late than early in 

the season of 2008, and in worse condition in 2007, suggesting that high quality males disappeared 

and were replaced by lower quality males, similar to what was suggested in common gobies 

(Pampoulie et al. 2001). Early in the season, there was also a significant different in size between 

males occupying large nests and males attending small nests. Overall, this suggests there may be 

competition for nests in the season.  

 

Both size and condition may be important traits in competition for nests (Parker 1974, 

Andersson 1994). Because two-spotted gobies have been seen to breed on many different substrates 

(Breder & Rosen 1966, personal observations), nest competition may be mainly associated with 

nest quality. Nest size has been shown to limit brood size in species that lay eggs in a single layer 

on the substrate (Hastings 1988, Marconato et al. 1989, Lindström 1992) and nest size was 

positively associated with mating success in this study. Large males are superior in competition for 
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nests (S. Wacker, K. de Jong, E. Forsgren & T. Amundsen, unpublished data). Thus, the correlation 

between nests size and male size could be caused by larger males being able to defend large nests 

better than small males (e. g. Lindström 1988, Wong et al. 2008). On the other hand, costs related to 

defending large nests could make smaller males prefer smaller nests (Kvarnemo 1995, Takegaki et 

al. 2008). Late in the season, few nests were attended and males should have been able to express 

their preference. A higher proportion of large nests was attended in one of the localities, but not in 

the other, indicating that not all males prefer the large nests. The total time a male attended an 

artificial nest was not associated with male size or male condition, suggesting that there may be 

other traits involved as well. 

 

Two-spotted goby males do not only show more agonistic behaviour early than late in the 

season, but also more courtship behaviour (Forsgren et al. 2004). Thus, there is competition for 

mates as well as nests early in the season. Two-spotted goby females have been found to prefer 

large males in the laboratory, but only early in the season (Borg et al. 2006). We show that this 

preference is realized in the field, with large males receiving larger broods early in the season. 

However, nest size was the main correlate of mating success, and male size was not associated with 

brood size within the largest nests. Territory quality could be more important than male traits in 

mating success (Alatalo et al. 1986). On the other hand, male size was associated with nest size. 

Overall, this suggests that size may be an important trait in mating success. However, reproductive 

success was not associated with male size or nest size, although reproductive output per brood was 

correlated to brood size. 

 

We observed very few males without eggs in the nest, suggesting that unsuccessful males may 

postpone breeding (Warner 1984, Berglund 1991). The occupancy of our artificial nests decreased 

dramatically over the season in 2008 (Figure 2B & C), corresponding with a previously found 

significant decrease in male density over the season (Forsgren et al. 2004). In contrast to male 

density, female density has not been found to decrease significantly over the season (Forsgren et al. 

2004), suggesting that males incur higher costs than females early in the breeding season. In the 

laboratory a decrease in condition was found for breeding males of the two-spotted goby 

(Skolbekken & Utne-Palm 2001, but see Eriksen 2007). In addition, egg development is slower in 

colder temperatures and the period of parental care correspondingly longer (Breder & Rosen 1966, 

Pauly & Pullin 1988), although the proportion of time spent on parental duties is higher in warmer 

water (Skolbekken & Utne-Palm 2001). Thus, both costs of competition and costs of parental care 

could be high for males, increasing a potential gain for less successful males to postpone breeding. 
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Unexpectedly, the occupancy of artificial nests remained high in late season 2007, while the 

pattern of visitors to the nest suggested that male density was already low from the start of the 

observation period. Artificial nests have been shown to be preferred over natural nests both in birds 

(reviewed in Møller 1992, Lambrechts et al. 2010) and in fish (Itkowitz & Makie 1986). On the 

other hand, in 2008, many artificial nests were empty during late season, while males were still 

breeding in natural nests (L. C. Myhre, K. de Jong, E. Forsgren & T. Amundsen, unpublished data). 

In 2007, filamentous algae growth seemed to be more abundant than in other years, including 2008 

(personal observations). Artificial nests may then have been easier to clean and less overgrown with 

filamentous algae than the surrounding natural nest sites. Sample size was also very low in 2007 (N 

= 10) compared to 2008 (N = 90), suggesting that the decrease in nest occupancy over the season in 

2008 was the more robust pattern.  

 

If lower quality males breed later in the season, the low reproductive success late in the season 

may also be associated with decreasing quality of paternal care. Marked males were more often 

absent from their brood late than early in the season and overall, a higher proportion of clutches 

were unattended late in the season. On the other hand, brood hatching probability was not 

associated with the number of inspections without attending male, but the power of this test may be 

rather low, because we inspected most clutches only twice. Nest fullness has been shown to 

positively affect parental expenditure (Skolbekken & Utne-Palm 2001). Smaller clutches may also 

be more prone to filial cannibalism (e.g. Sargent 1988, Stott & Poulin 1996, Forsgren et al. 1996, 

Lindstrom & Sargent 1997, Kvarnemo et al. 1998, Svensson et al. 2010). However, within males, 

we did not find a significant association between brood size and the likelihood for a brood to 

potentially hatch, when we controlled for the number of broods a male had before. Brood size was 

negatively correlated with the number of broods a male had before, suggesting that male mating 

success decreased over time. An explanation for this pattern could be that male condition decreases 

over a breeding period (Skolbekken & Utne-Palm 2001), and that females prefer better fathers, 

which would also result in a positive association between maximum brood size and brood survival 

(e. g. Ridley and Rechten 1981, Forsgren 1997, Lindström & st Mary 2006). 

 

Late in the season, females have been shown to compete for males (Forsgren et al 2004). Thus, 

we expected all males that were breeding late in the season to receive full nests, as was reported in 

the same study (Forgren et al. 2004). In the present study, we found no significant difference in nest 

fullness between early and late in the season. Maximum brood size was lower late than early in the 
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season. In particular, we found many very small broods late in the season, while early in the season 

nests were generally at least half full. These small broods may have been breeding attempts of 

males that disappeared, but also attended broods were smaller late than early in the season. The 

differences between these studies may be caused by variation in years or by differences in sample 

sizes. A potential explanation for our results would be that, late in the season, males are relatively 

spread out, and females sample fewer males and are less choosy (Myhre, de Jong, Forsgren & 

Amundsen, unpublished data). Thus, there may be relatively more of the males that get some eggs, 

while in early season only high quality males get nests that will be filled with eggs, due to female 

preference or female copying, while other males do not receive eggs and consequently leave the 

nest again. 

 

Conclusions 

Our data suggest that there is competition for early breeding opportunities among two-spotted goby 

males and low quality males breed later in the season. Reproductive success is lower late than early 

in the season, although we cannot conclusively state that this is due to seasonality or the quality of 

parental males. There is likely competition for nests as well as mates and nest size is the most 

important factor associated with mating success. In addition, the preference for male size in the 

laboratory is likely realized in mating success in the field, although only early in the season. 

Contrary to predictions, mating success was higher early in the season when male mating 

competition was found to be high and males receive few female visits. Thus, males breeding early 

may enjoy both a higher mating success and a higher reproductive success. 
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