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Reproductive strategies o f marine fishes are diverse, surfperches (Embiotocidae) 

represent a unique family o f viviparous fishes that exhibit internal fertilization, gestation 

to the sub-adult stage, and live-birth. Maternal investment is extremely high in 

surfperches, which invokes the expectation that broodsize is limited, and females should 

be selective and choose few mates, yet polyandry occurs in all six species examined to 

date. Surfperches are found in the northern Pacific in temperate waters with the majority 

o f species residing along the coast o f the eastern Pacific. Our study characterized the 

reproductive life history o f calico surfperch (Amphisticus koelzi) which is the only 

species o f surfperch missing from previous literature, as well as assigned paternity with 

the utilization o f RADseq. All calico surfperch broods examined were sired by multiple 

fathers, and the number of fathers ranged from four to eight.

Additionally, we compared the reproductive strategy o f Western Pacific 

surfperches (including calico surfperches) to an Eastern Pacific species o f surfperch 

Ditrema temminchii by assigning paternity. We discovered that the prevalence o f multiple 

paternity in Eastern Pacific surfperches ranges from 92-100%, however, the prevalence 

o f multiple paternity is noticeably reduced in D. temminckii with only 60% of broods 

being sired by multiple fathers. In addition, the total number o f sires per brood is lower 

compared to the Eastern Pacific surfperches, suggesting a different mating strategy. The



average number o f sires was 1.86 per brood, and paternity was skewed, indicating the 

majority o f paternity was allocated to a single male. The number o f fathers is an accurate 

approximation for the number o f mates in D. temminckii, which was examined by 

genotyping spermatozoa within the uterine sacs o f females (sperm donors) and sires 

within broods (paternal contributors). The contrast in the frequency of multiple paternity 

in D. temminckii with eastern Pacific surfperches suggests variation in the mating 

strategy that may be associated with a stronger female choice on males.

I certify that the Abstract is a correct representation o f the content o f this thesis.

Chair, Thesis Committee Date
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Introduction

Sexual selection is one o f the primary forces driving evolution and has been a 

subject o f intense interest in evolutionary biology. Sexually selected traits arise as a result 

o f variation in reproductive success among individuals. Regardless o f whether this 

variation occurs through intrasexual competition or mate preferences, some individuals 

exhibit higher reproductive success (fitness) than others. This competition for 

reproductive fitness has interested biologist for centuries and is associated with the 

evolution o f sexual dimorphism and morphological diversity.

A direct measurement o f fitness is defined by the number o f offspring that survive 

to reproduce. While the primary result o f sexual selection is increased access to mates for 

some individuals (Darwin 1871; Andersson 1994), access to mates can be associated with 

increased fitness, as is the case for male Drosophila (Bateman 1948). The first 

quantitative analysis o f sexual selection was evaluated by Bateman (1948) in a landmark 

paper that compared differences between the sexes with respect to the relationship 

between the number o f mates (mating success) and the number o f offspring (reproductive 

success). Bateman (1948) assigned parentage in Drosophila using visible genetic markers 

to infer the number o f offspring and quantified the correlation between mating success 

and reproductive success. He observed that males exhibit increased variation in 

reproductive success, and a positive correlation between mating success and reproductive 

success compared to females, indicating that the ability to obtain mates is a limiting 

factor for males, while the limiting factor in females is maximum egg production.
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Bateman concluded that the differences between the sexes were the cause o f sexual 

selection, leading to the notion that females should be choosy due to limited broodsize 

and the lack o f benefit associated with an increased number o f mates, resulting in sexual 

selection on males. The positive relationship between reproductive success and mating 

success is referred to a sexual selection gradient or Bateman gradient, and a positive 

Bateman gradient reflects the sum contribution o f all sexually selected traits to increased 

fitness (Bateman 1948; Arnold and Duvall 1994; Andersson and Iwasa 1996).

Many studies have demonstrated support for positive Bateman gradients in males 

(and females in sex-role reversed systems like seahorses and pipefishes) (Bateman 1948; 

Jones et al. 2000; Jones et al. 2002; Munroe and Koprowski 2011; Levine et al. 2015). 

However, relatively few studies have addressed the fitness benefit associated with 

polyandry and positive Bateman gradients in females, even though polyandry is common 

in nature (Jennions and Petrie 2000; Zeh and Zeh 2001). Positive female Bateman 

gradients have been detected in several animal taxa (see Gerlach et al. 2012) and in four 

freshwater fishes (Evans and Magurran 2000; Garant et al. 2001; Becher and Magurran 

2004; Dierkes et al. 2008; Neff et al. 2008; Serbezov et al. 2010; Gerlach et al. 2012). 

However, to our knowledge, there are no examples o f positive female Bateman gradients 

in marine fishes.

Reproductive strategies o f marine fishes are diverse, from flexible gender 

systems, variation in lifetime breeding opportunities, and internal vs. external fertilization 

(Johannes 1978; Murua and Saborido-Rey 2003). While most fishes are broadcast
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spawners, some give birth to live young (viviparity). Viviparity occurs in less than 3% of 

ray-finned fishes and has arisen independently in multiple lineages (Wourms 1981). 

Maternal investment is extremely high in viviparous species, which invokes the 

expectation that broodsize is limited, yet polyandry occurs in many species (Evans and 

Magurran 2000; Soucy and Travis 2003; Feldheim et al. 2004; Takagi et al. 2008a; 

Reisser et al. 2009; Ala-Honkola et al. 2011; Liu and Avise 2011; Liu et al. 2013; 

LaBrecque et al. 2014). There are many challenges associated with parentage analysis in 

marine fishes from natural populations, such as intractability o f sampling all offspring in 

a brood or observing all mating encounters. Most marine fishes release hundreds o f 

thousands o f gametes into the water column making sampling all offspring impossible.

Here we propose to investigate a unique group o f viviparous fishes that exhibit 

internal fertilization, gestation to the sub-adult stage and live-birth the surfperches 

(Embiotocidae). Surfperches represent a tractable system because females can be 

collected with their entire brood, allowing for parentage assignment with known 

maternity among whole or half-siblings. Multiple paternity has been observed in all six 

species o f surfperches examined to date (Takagi et al. 2008a; Reisser et al. 2009; Liu and 

Avise 2011; Liu et al. 2013; LaBrecque et al. 2014). Therefore, surfperches represent an 

ideal system for evaluating female Bateman gradients because this mode o f reproduction 

allows for the number o f fathers within a brood to serve as an approximation for the 

number o f mates the female has interacted.



4

A true female Bateman gradient would be compelling in species where broodsize 

is flexible, allowing for the possibility for fitness gain associated with increased number 

o f mates. LaBrecque et al. (2014) have suggested that two species o f surfperches exhibit 

positive female Bateman gradients. However, in one o f the species, Hyperprosopon 

anale, lacked sufficient sample size to detect a statistically significant Bateman gradient, 

and the micro satellite loci used were not developed for that species which could have 

contributed to a lower estimate o f the number o f sires (see LaBrecque et al. 2014).

Studies o f parentage analysis have traditionally been conducted using 

microsatellite DNA markers that are highly variable within populations. However, one 

drawback o f microsatellites is that when analyzing a new species, specific markers may 

need to be developed, which is time-consuming and costly. Restriction site associated 

DNA sequencing (RADSeq) has the ability to detect genome-wide variation as single 

nucleotide polymorphisms (SNPs), also known as RADTags. RADSeq will generate 

thousands o f SNPs per individual and has the potential to increase the accuracy of 

parentage assignment compared to microsatellite studies (Hauser et al. 2011).

The mating system of surfperches also has the potential to address a criticism of 

Bateman gradient studies, that the number o f sires within a brood may not be 

representative o f the number o f mates due to the inability to detect mates that did not 

result in fertilization. The assumption that the number o f fathers is equal to the number o f 

mates neglects the possibility o f postcopulatory selection in females and will shift the 

Bateman gradient towards a lower number o f mates with no estimate o f variation in



5

extra-paternal mating (Birkhead 2010; Gerlach et al. 2012; Parker and Birkhead 2013). 

Surfperches have multiple mates, sperm storage, pregnancy, live birth, and give birth to 

only one brood per year. The annual mating season can be characterized by a 

gonadosomatic index (proportion o f gonad mass to body mass (GSI) (Nielsen and 

Johnson 1983). Mating in surfperches takes place shortly after the male GSI increases 

(Goldberg and Ticknor 1977; Nakazono et al. 1981; Baltz and Knight 1983). By 

collecting uterine sacs o f female surfperches at the end of the mating season, we can 

compare the number of alleles in uterine sacs and number of alleles in the broods to 

determine if the number of sires is a good approximation for the number of mates.

Surfperches exhibit a highly derived reproductive strategy, and species with novel 

reproductive strategies provide an opportunity to examine how life history and 

reproductive strategies contribute to species diversity. Therefore, the objectives o f this 

study include the following: 1) Describe the reproductive life history of Amphisticus 

koelzi the only Embiotocid species previously undescribed in the scientific literature 2) 

Utilize RADseq to infer paternity and evaluate the possibility o f a female Bateman 

gradient. 3) Determine if the number o f sires is a good approximation for the number of 

mates in Ditrema temminckii to evaluate an ongoing criticism of Bateman gradient 

studies.

Objective 1) Describe the reproductive life history of calico surfperch 

(Amphisticus koelzi)
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Rationale

The calico surfperch is one of three species in the genus Amphistichus, and shares similar 

size, morphology and feeding habitat with its sympatric congeners, barred surfperch 

(Amphistichus argenteus) and redtail surfperch (Amphistichus rhodoterus). Unlike the 

other two species, which are important commercial and recreational resources, the calico 

surfperch has received little attention in the scientific literature (see Baltz, 1984). 

Furthermore, the lack o f any known ecological separation from its congeners begs the 

question o f how these three species originally diverged from their common ancestor. Life 

history and reproductive traits can provide clues to the ecological differentiation of 

closely related species.

The surfperches (Embiotocidae) is comprised o f two major subfamilies which 

diverged approximately 15 mya (Longo and Bemardi 2015). Most o f the recent research 

on the family has focused on the subfamily Embiotocinae, a speciose group of nearshore 

rocky reef and kelp dwelling species whose ecology is readily observable due to the ease 

o f accessing their environment via diving (Cummings 2004; Bemardi 2005; Cummings 

2007) and because many are large, colorful, and conspicuous. Fewer studies have focused 

on the evolution of the less speciose subfamily, the sandy-beach dwelling Amphistichinae 

(Westphal et al. 2011), whose association with surf zones makes them more challenging 

to study.
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Within the Amphistichinae, six species representing three genera that radiated 

relatively recently, (i.e. within the last 5 million years) in nearshore sand/surf 

environments o f the Eastern Pacific (DeMartini 1969; Longo and Bernardi 2015; Longo 

et al. 2018), Within the genus Amphistichus, phylogenetic relationships and 

contemporary distributions suggest that redtail surfperch in the north diverged in 

allopatry from the common ancestor o f calico/barred surfperch in the south (Longo and 

Bernardi 2015). Factors associated with reproductive isolation between the southern 

forms into calico surfperch and barred surfperch are less clear.

It has been over three decades since Baltz (1984) described the life-history 

variation o f female surfperches in which calico surfperch was omitted due to the lack o f 

data. Our study describes the reproductive life history o f calico surfperch, including 

fecundity and mating season, which has been missing from the literature. We also 

compared the mating season o f calico and barred surfperches to determine if  there is 

reproductive isolation between the two species through reproductive timing. This study is 

the first to describe calico surfperch reproductive life history and to examine the variation 

between calico and barred surfperch reproductive strategy.

Methods

Specimens o f all size classes o f calico surfperch (Amphisticus koelzi) and barred 

surfperch (Amphisticus argenteus) were collected from 2010-2017 by hook and line
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along the California coast. In total, 333 calico surfperch individuals (187 female and 146 

male) and 183 male barred surfperches were collected throughout their range and frozen 

within hours for later dissection. Ultimately, 52 individuals collected from the northern 

counties o f Humboldt and Mendocino were removed from analysis to minimize 

population variation that could be associated with latitude. In subsequent analyses, 281 

specimens from Central California were evaluated (157 female and 124 male) for 

standard length (SL, mm), body mass, gonad mass, brood size, and standard length of 

offspring (mm) when present. Tissue samples for genetic analysis were collected from 

every individual as well as offspring and stored in 95% ethanol.

Results

Mating Season

The reproductive cycle in surfperches differs from most fishes. With internal 

fertilization during the mating season followed by pregnancy and a protracted gestation 

period, the gonadosomatic indices (GSI) o f males and females are out o f phase. This 

mode o f reproduction contrasts with broadcast spawners where mating season and 

maximum GSI for both males and females are in register. In surfperches, the mating 

season is defined by the seasonal peak in male GSI, when enlarged testes and sperm are 

present in mature individuals in the population. Calico males between 100-131 mm 

standard length (SL) were sexually immature and did not exhibit enlarged gonads
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(Figures 1 and 2). The smallest male collected with enlarged gonads was 133 mm SL 

with a GSI o f 0.58% indicating that sexual maturity occurs at approximately 133mm SL. 

We defined the mating season by the occurrence o f reproductively active males 

exhibiting GSI values ranging from 0.41-4.43%. We inferred that males with GSI values 

of 0.41% or less were not reproductively active based on variation in GSI o f males that 

are large enough to be sexually mature that were sampled outside the mating season 

(Figures 1 and 2). Peak GSI in calico males occurred during October with a sharp 

increase around October 1 and a short attenuation period during November. Importantly, 

we sampled several sexually mature but spent calico males (SL> 133mm, GSK0.41) 

after December 4, suggesting that the mating season ends in late November-early 

December in this population. Male GSI remains under 0.41% from January through the 

end of September (Figures 1 and 2) in calico surfperch.
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Figure 1. Central California Amphistichus koelzi reproductive cycle characterized by gonadosomatic index 
(GSI) of males and females. Males are represented by blue and females by red. Immature males and 
females are represented by a lighter shade. Black outline indicates pregnant females. The dotted line 
represents the threshold GSI that defines ripe males and pregnant females. Shaded boxes illustrate mating 
season, gestation period and inferred windows for fertilization and parturition.
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Reproductive season of male Amphistichus koelzi (n=124)

•  Ako Males (Mature, SL>133mm, n»87) 
Ako Males (immature, 5l<!33m m n*37) 
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Figure 2. Reproductive season of male A. koelzi inferred by annual variation in GSI. Males were considered 
sexually mature above 133mm SL. The blue dotted line indicates the threshold GSI that defines 
reproductive males. Presence of sexually mature but non-reproductive males from January to September 
indicates mating occurs from October to December.

Gestation, Broodsize, and Parturition

In surfperches, pregnancy and gestation are defined by the elevated GSI in 

females, indicating developing embryos are present in the uterine sac o f mature females. 

In calico surfperches, females between 89-148mm SL were sexually immature and did 

not exhibit enlarged gonads or fertilized embryos (Figures 1 and 3). The smallest 

pregnant female collected was 149mm SL with a brood size o f 10. We defined the 

gestation period by the presence o f embryos in the ovaries o f pregnant females with GSI
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values ranging from 0.43%-8.65%. We inferred that females with GSI value o f < 0.43% 

were not gravid based on the GSI values o f females large enough to be sexually mature 

outside o f the gestation period (Figure 1 and 3). Pregnant females were observed from 

December to May with peak GSI values in this population occurring in March. 

Surprisingly, we did not observe a correlation between increasing GSI and the 

progression of time throughout the gestation period. Rather, we found that maximum GSI 

in female calicos was normally distributed, and interestingly, the variation in GSI in any 

particular month remained high, ranging from 0.5 to the maximum observed. This 

suggests that fertilization occurs over a protracted time period, and gestation is likely less 

than five months for any individual female (Figures 3 and 4).

We inferred that parturition occurs before early June based on the observation that 

all sexually mature females sampled before the end o f May were pregnant, and those 

sampled after the beginning o f June were not pregnant (Figure 3). Female GSI remained 

below 0.43% from June to December (Figure 3).

Broodsize in calico ranges from 7-54 and is correlated with female SL (Figure 5, 

r2= 0.744, p<.001). However, we note that small females exhibit a smaller range o f GSI 

compared to medium/large females. The maximum GSI for small females was never 

greater than 4% with small broodsize ranging from 7-26, while the maximum GSI 

observed for medium/large females was 8.65%, with broodsize ranging from 16-54 

offspring (Figures 3 and 6). We also found a positive correlation between female GSI and 

SL of embryos (r2=0.86, p<0.001, Figure 5), suggesting that female GSI is a good
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indicator o f embryonic development. The SL of embryos from females sampled 

throughout the gestation period ranged from 5-42mm.

Comparison of Amphistichus koelzi GSI by size (n-157)
10
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Figure 3. Comparison of A. koelzi GSI by female SL (age class). Outlined data points indicate pregnant 
females. The red dotted line indicates the threshold GSI that defines pregnant females. Pregnant females 
were observed from December to May, and reproductive females below the threshold were observed from 
June to November. Note that pregnant females with varying GSI values were observed throughout the 
gestation period indicating that timing of fertilization varies among individual females.
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Embryonic Development During the Gestation Period (n=37)

Ako Females (Small, 5ll49-185mm, n=ll)

•  Ako Females {Medium, SL186-207mm n*16)

•  Ako Femals (larege, $L210-251mm, n«10)

I %
• •

December January February March April May

Figure 4. The Average SL (mm) of larvae within a brood is plotted throughout the gestation period in A. 
koelzi. Yellow indicates small females between 149-185mm SL. Orange indicates medium females 
between 186-251 mm SL. Red indicates large females between 210-251 mm SL. We did not observe any 
small females carrying embryos over 27mm SL suggesting that small females give birth to smaller 
offspring.
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Correlation Between Maternal Size (SL, mm) and Broodsize (n=55)

60

0
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Figure 6. Correlation between female body size and brood size (1̂ = 0.744, p<001).

Fertilization

Interestingly, the SL o f embryos within broods was remarkably consistent, with 

maximum variation less than 6mm (Figure 7), and within 4mm for most broods. Taken 

together with the observation that surfperches exhibit multiple paternity (Takagi et al. 

2008a; Reisser et al. 2009; Liu and Avise 2011; Liu et al. 2013; LaBrecque et al. 2014) 

and sperm storage (Warner and Harlan 1982; Avise and Liu 2011), we infer that 

fertilization occurs as a single event in calico females after the mating season and that 

fertilization within the population occurs approximately from mid-November through
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February. This is also supported by the observation that no pregnant females were 

sampled in October-November, during the mating season.

Distribution of embryo SL within broods

f

• • • •

I .  • • • •

Mother S I (mm)

Figure 7. Distribution of embryo SL within broods. Each color represents a different brood. There is little 
variation among individuals within broods suggesting a single fertilization event for each brood.

Comparison o f  Amphisticus koelzi and A. argenteus mating season

Amphisticus argenteus (barred surfperch) is the sister taxon of calico surfperch 

and is found in sympatry throughout Central California (Kells et al. 2016). barred males 

less than 128 mm SL are immature and do not exhibit enlarged gonads (Carlisle et al. 

1960). Mating season was defined by elevated male GSI values ranging from 0.5-4.55. 

The mating season for barred surfperch is protracted and appears to be at least twice as
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long as the calico surfperch. Male GSI for barred surfperch increases sharply at the 

beginning o f October (similar to calico) followed by a longer attenuation period through 

February (Figure 8).

Central California Amphistichus argenteus reproductive cycle (n=300)
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Figure 8. Amphistichus argenteus mating season characterized by gonadosomatic index (GSI). Males are 
represented by blue and females by red, immature males and females are represented by a lighter shade. 
The dotted line represents the threshold GSI that defines reproductive males. Black outline represents 
pregnant females, although few females were sampled in this study.

Discussion

Reproductive strategies in Amphisticus koelzi

While the mating season is bounded and occurs within a two-month period in

calico surfperch, we found that fertilization and parturition are protracted and occur over
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a period o f several months based on the following observations. First, there were no 

pregnant females sampled during the mating season which is consistent with sperm 

storage and delayed fertilization (Figures 1 and 3). Second, variation in female GSI is 

maintained throughout the gestation period (Figure 3, indicating that females with 

recently fertilized broods as well as more developed broods co-occur). Third, all size 

classes o f pregnant females were sampled with broods at various stages o f development 

based on larval SL (Figure 7). Taken together with the observation that female GSI is a 

good indicator o f larval developmental stage (Figure 5), these data suggest that the onset 

o f development varies among females. In other words, while individual females fertilize 

their entire brood in a single event at some time after cessation of mating, fertilization 

among females in the population is not synchronized suggesting the possibility o f cryptic 

female choice in paternity, broodsize, and fitness optimization. Following that argument, 

parturition is likely also variable. However, we did not sample spent females throughout 

the gestation period which could be associated with our sampling efforts. We focused on 

surf zones using baited hook and line, suggesting that pregnant females feed during 

gestation, and that spent females either do not feed/take bait after parturition, or that they 

move away from turbid surf zones to deeper or protected waters to give birth. Indeed, 

juveniles o f most surfperches are found in microhabitats where cover is present (Baltz 

1984). In the redtail surfperch pregnant females move to estuaries where no males or 

immature females are present (Pruden 2000), suggesting selection for optimal habitats by 

pregnant females.
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It is unclear how long gestation and development lasts in individual females, but 

there appears to be variation in fitness between size classes o f females. Small females are 

limited in their reproductive capacity, which is supported by the strong correlation 

between female SL and broodsize (Figure 6, ^=0.75). Small females also give birth to 

smaller offspring, based on the observation that we never encountered small females with 

embryos larger than 27mm. Females larger than 186mm SL had larger broods with larger 

embryos up to 42mm SL (Figures 5 and 6). Abe (1969) observed this trend in Ditrema 

temminckii a species o f Japanese surfperch. If  we assume the maximum size of 

developing pre-birth juveniles is a minimum estimate for the size at parturition, then 

gestation and developmental time may vary between small and medium/large females. 

Similarly, in both redtail surfperch (A. rhodoterus) and barred surfperch, larger females 

give birth to larger offspring (Carlisle et al. 1960; Bennett and Wydoski 1977). This is 

also supported by the observations that small females exhibit a smaller range o f GSI and 

female GSI is correlated with embryonic development and size. In summary, small 

females in the genus Amphisticus have multiple fitness limitations because they have 

smaller broods and give birth to smaller offspring with increased risk o f predation. Given 

the strong correlation between female SL and broodsize, it is likely that males prefer 

large females with increased fitness potential. This provides a compelling rationale for 

delayed onset o f sexual maturity in calico surfperches and suggests a selective advantage 

for increased growth rates.

Shorter mating season in Amphisticus koelzi compared to A. argenteus
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The evolutionary split between calico and barred surfperches remains a 

compelling question due to their similar ecologies (Westphal et al. 2011) they occur in 

sympatry from Bodega, CA to San Diego, CA (Kells et al. 2016) comprising most o f the 

range of barred surfperch. Calico and barred surfperches diverged about two million 

years ago (Longo and Bemardi 2015). While red pigmentation in fins is likely the 

ancestral character state in the Amphistichinae (Westphal et al. 2011), the shift towards 

larger body size (Carlisle et al. 1960; Baltz 1984) and the loss o f red pigmentation in fins 

o f barred surfperch suggests that sexually selected traits may be significant contributors 

to reproductive isolation and the possibility o f divergence in sympatry between calico and 

barred surfperches. We found that the mating season of barred surfperch is much broader 

than calico, although with complete overlap. While barred surfperch mate from 

September through February, the calico mating season is more sharply defined and 

limited to October and November. It remains unclear if  this divergence in the mating 

season was a contributing factor during the build-up of incipient reproductive isolation. 

Maximum body size and broodsize are much larger in barred surfperch compared to 

calico (Table 1). The size at first reproduction is also larger for barred surfperch (172 mm 

SL) than calico surfperch (150 mm SL) barred surfperches are at least two years old at 

first reproduction (Table 1). While we did not examine the age o f calico surfperches at 

first reproduction, the assumption that the onset o f sexual maturity occurs earlier in calico 

surfperch aligns with the shorter mating season for calico surfperches. Whereas barred 

surfperches devote resources to growth and the smaller individual may require more time
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to sexually mature and produce gametes. The differences in reproductive strategy may 

have led to a protracted mating season.

Max size At first reproduction_________ Number of sires_________ Freq of mult
Subfamily Species TL mm Age SL, mm Fecundity Mean Range paternity
AmpMjtlchlrwe Hypocritichtys analis 0 199 1 103 7.8 3.17 2-7 100%

Amphistichus rhodoterus 406 3 218 9.7
Amphistichus argenteus 432 2 172 8
Amphistichus koelzi 300 Unknown 150 12.75 6.71 5-8 100%

Embiotocirwe Cymatogaster aggregata a 178 1 82 4.8 4.6 1-8 96%
Hysterocarpus traskii1’ c 171 1 82 17.7 2.5 1-4 92%
Ditrema temminckii “ 288 1 123 8.5 1.86 1-5 60%
Embiotoca jacks o n !1 390 2 149 5.7 3.58 2-6 100%
Embiotoca lateralis 1 381 3 216 9.6 3.5 2-9 100%

Table 1. Age, length fecundity at first reproduction and mean and range of number of fathers within a 
brood. Age, length and fecundity information was sourced from Baltz (1984), and Miller & Lea (1972). 
Paternity information was collected from the following sourcesa LaBrecque et al. 2014,b This study,c Liu 
& Avise, 201 ld Liu et al., 2013e Reisser et al., 2009. * Suisun marsh population of Hysterocarpus traskii.

Objective 2: Utilize RADseq to infer paternity and evaluate the possibility of a 

female Bateman gradient in Amphisticus koelzi.

Rationale

Multiple paternity has been observed in the six surfperch species examined to 

date. However, in the Amphistichinae clade, multiple paternity has only been examined 

in the ancestral species spotfin surfperch (Hyperprosopon anale) (LaBrecque et al. 2014), 

which was recently renamed to Hypocritichthys analis (Longo et al. 2018). To date, no 

other Amphisticine species has been evaluated and the prevalence o f multiple paternity 

across the Amphistichinae clade is unknown. LaBrecque et al. (2014) utilized
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microsatellite loci that were not developed for that species which could have contributed 

to a lower estimate o f the number o f sires.

The utilization of RADseq for paternity assignment is relatively new (see 

(Andrews et al. 2018; Thrasher et al. 2018). RADseq incorporates genome-wide SNP 

variation, and the use o f RADTags will circumvent the need to develop new 

microsatellite markers for parentage analysis, calico surfperches. We utilized RADseq to 

assign paternity in the calico surfperch if  multiple paternity is conserved in the 

Amphistichinae clade and determined if a Bateman gradient is present in calico 

surfperch.

Methods

RADseq, SNP filtering, and parentage analysis

We sequenced seven A. koelzi females and all offspring within their broods 

resulting in a total o f 165 individuals for RADseq parentage analysis. DNA extraction 

was accomplished using the DNeasy blood and tissue kit (Qiagen). RADseq libraries 

were prepared following the protocol from Ali et al. (2016) with the following slight 

modification; pooled DNA libraries were physically sheared using the Covaris S2 

sonicator to achieve 400bp fragments. Two libraries containing 96 individually barcoded 

samples were created and split into two lanes for sequencing on an Illumina HiSeq 2500 

at the Vincent J. Coates Genomic Sequencing Laboratory at UC Berkeley with 150bp
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single-end reads. SNP locus discovery was accomplished using the software Stacks 

version 1.13 (Catchen et al. 2013). Paternity assignment was performed using COLONY 

V.2.0.6.5 (Jones and Wang 2010).

De novo locus assembly and parameter optimization in STACKS

We utilized the DENOVO_MAP pipeline in Stacks to assemble calico surfperch 

loci de novo. In DENOVO_MAP there are three main parameters: (m) The minimum 

number o f reads required to form a stack within an individual, (M) maximum number of 

mismatches allowed between stacks to merge them into one locus, (n) the maximum 

number of mismatches allowed between stacks from different individuals to merge into 

one locus (Catchen et al. 2013). We utilized the following parameters in DENOVO_MAP 

m-3, M-3, n-1 following parameter optimization studies o f Mastretta-Yanes et al. (2015), 

Andrews et al. (2018), and Thrasher et al. (2018). We further filtered the output from 

DENOVO_MAP in the POPULATIONS program in Stacks by removing all except one 

SNP per RAD locus with the parameter -write_single_snp. In the POPULATIONS 

program we varied the following parameters: (r) minimum percent o f individuals within 

the population to accept the locus from 0.5 to 0.9 and (MAF) retain only loci with minor 

allele frequency greater than 0.05 (removing minor alleles which are only present in 5% 

of the population). The application of a stringent filter corresponded to a reduced number 

of SNPs generated. With the most stringent filter of (r) 0.9 and MAF>0.05, we retained 

2234 SNPs. When MAF was not removed, and the (r) was varied the number o f SNPs
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corresponded to 5790 with an (r) 0.9 and 8114 with an (r) 0.5 with the latter being the 

most lenient filter allowing for an increased number of SNPs.

Results

Multiple paternity and female Bateman gradient in calico surfperch

Paternity was assigned in COLONY V.2.0.6.5 (Jones and Wang 2010) for all 

seven calico surfperch broods utilizing the three sets of SNPs generated (2234SNPS r 0.9 

MAF>0.05, 5790 SNPs r 0.9, and 8114 SNPs r 0.5) with an error rate of 0.01. All broods 

examined in all analysis were sired by multiple males. The number o f sires per brood 

ranges from four to eight (2234 SNPs, 5790 SNPs, 8114 SNPs, Figure 9). We did not 

detect a statistically significant positive correlation between mating success and 

reproductive success (i.e., female Bateman gradient) for any o f the three analysis. (2234 

SNPs r2=0.2982, p=0.2048, 5790 SNPs iM ).2201, p=0.3209, 8114 SNPs r^O.222, 

p=0.2883, Figure 9)
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Correlation between mating success and reproductive success InAmphlsticus koelzi
•  2234 SNPs
•  5790 SNPi
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Figure 9. Correlation between mating success and reproductive success in Amphisticus koelzi from 7 
pregnant females. Each color corresponds to the number on SNPs utilized for the paternity assignments 
2234 SNPs r^O.2982, p=0.2048, 5790 SNPs r^O.2201, p=0.3209, 8114 SNPs r2=0.222, p=0.2883

Discussions

Paternity assignment with RADseq and SNP filtering

Utilizing RADseq for paternity assignment is relatively new (see (Andrews et al. 

2018; Thrasher et al. 2018). The accuracy of paternity assignment utilizing SNPs has 

been well documented especially for the use in livestock and fisheries management 

(Anderson and Garza 2006; Jones et al. 2009; Hauser et al. 2011; Fernandez et al. 2013). 

However, in most cases, a reference genome and specific baits have been developed to
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target specific markers that were previously determined to be variable, making paternity 

assignment reliable. Discovering SNPs de novo turned out to be challenging for several 

reasons.

1) SNPs only have four character states and in most cases are binary, resulting in the 

need for many more SNPs to accurately assign paternity in surfperches. Further, 

surfperch broods are relatively large (10-50 for calico surfperch) with little 

variation among full and half-siblings within broods and the potential for sibling 

relationships among broods with male polygyny leading to the necessity o f more 

SNP markers.

2) Paternity may not be distributed equally in surfperches leading to the possibility 

of males only siring a few or single offspring within a brood. Therefore, in our 

analysis, we did not filter for minor allele frequencies (MAF) due to the 

possibility o f a male siring a single or small proportion o f offspring.

3) The variation between SNP signal and noise can be distorted, especially in 

surfperches due to the potential for varying combination of full and half-siblings, 

and potential for males that may have only sired a small portion of the brood. The
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ability to distinguish signal from a potential unique sire and noise such as null 

alleles or sequencing errors in SNP data may be distorted.

Multiple paternity in calico surfperch

In calico surfperches, all broods were sired by multiple fathers. Previously, the 

only species o f surfperch in the Amphisticine clade paternity was examined was the 

ancestral H. analis, and all broods in H. analis were sired by multiple males (LaBrecque 

et al., 2014), with multiple paternity observed in all major genera o f surfperches it is 

likely that multiple paternity is a shared reproductive strategy in surfperches.

Objective 3: Determine if the number of sires is a good approximation for the 

number of mates in Ditrema temminckii

Rationale

A common criticism o f female Bateman gradient studies is that the number o f 

fathers (or sires) may be an underestimate for the number o f mates. Due to the 

intractability o f observing all mating encounters in natural populations, the number o f 

sires is often used as an approximation o f the number o f mates. However, it is possible 

that some mates do not receive paternity and would not be detected in the offspring.
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Therefore, if  mating success is underestimated, the correlation between mating success 

and reproductive success may be incorrectly inferred (Gerlach et al. 2012).

The reproductive strategy o f surfperches represents a system where it is possible 

to compare the number o f mates and sires because females store sperm from mates for up 

to three months before fertilization occurs. Sperm storage has been documented in three 

species Cymatogaster aggregata (Gardiner 1978), Micrometrus minimus (Warner and 

Harlan 1982), and Ditrema temminckii (Nakazono et al. 1981). Broad trends in D. 

temminckii reproduction have been documented (Mizue 1961; Nakazono et al. 1981; 

Tamura et al. 1981; Lee and Lee 1989; Lee et al. 1996; Lee and Lee 1996), however fine- 

scale resolution o f several aspects o f the mating system, such as the correlation between 

female gonadosomatic index (GSI) and larval development or total number o f sires 

contributing to individual broods, remain unexplored.

For example, Takagi et al. (2008a) used hypervariable microsatellite loci to 

determine that approximately half o f D. temminkii broods were sired by more than one 

father in a population off southern Japan, but broods were subsampled (i.e. not all 

offspring were evaluated) and the actual number o f sires was not estimated. Mizue (1961) 

and Nakazono et al. (1981) measured male GSI to characterize the mating season in D. 

temminckii, which occurred from August through November and peaked in October in a 

population off Kyushu Japan. Nakazono et al. (1981) and Lee and Lee (1989) measured 

female GSI to characterize gestation, and found that elevated GSI and the presence of
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developing embryos were observed from early January through June, followed by 

parturition in late June.

In female D. temminckii sperm storage occurs based on the observation o f sperm 

in the uterine sacs during the mating season and before fertilization which occurs near the 

end of December (Nakazono et al. 1981; Tamura et al. 1981; Lee et al. 1996). Nakazono 

et al. (1981) observed various stages o f oocyte maturity within the ovarian folds as well 

as the presence o f spermatozoa in the uterine sacs throughout the mating season, once 

fertilization occurred in December the presence o f oocytes and spermatozoa disappeared 

and embryos were observed in early January.

The lack o f embryos during the mating season indicates that fertilization takes 

place after an established mating season, and not sequentially after each mating event. 

With documentation o f multiple paternity and sperm storage within the uterine sacs of 

females, D. temminckii represents a system where it is possible to (1) estimate the total 

number o f fathers within broods, and (2) evaluate whether the number o f sires is a good 

estimate for the number o f mates by comparing the number o f alleles from hypervariable 

microsatellite markers in uterine sacs o f females before fertilization, and within broods 

after fertilization.

Methods
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A total of 241 D. temminckii adults were collected from Sado Island, Niigata, 

Japan by spear, hook and line, or purchased from local fish markets. O f those samples, 

214 adults were collected from October 2014 to May 2015 to characterize the 

reproductive cycle from mid-mating season through mid-gestation. Mating season was 

characterized by elevated male GSI. The presence o f developing larvae and elevated GSI 

was an indication that fertilization had taken place and females were pregnant. O f the 241 

samples, 27 females were sampled near the end of mating but before fertilization in 

November 2017 to compare the number of sperm donors (mates) based on the number o f 

alleles present in the uterine sac. From the 241 adults collected for this study 15 gravid 

females sampled after fertilization and onset of larval development, from February to 

May 2015, were utilized to determine the number o f alleles present (for direct 

comparison with sperm donors), and later the number o f fathers that sired each brood. 

Standard length (SL, mm), total mass, mass of gonad, brood size, and standard length o f 

offspring (mm, when present) was measured for each individual collected. GSI was 

computed for all individuals as mass o f gonad/total mass.

Tissue samples for genetic analysis were collected from every individual and 

offspring and stored in 95% ethanol. Uterine sacs from November 2017 females were 

removed immediately after euthanasia and stored in -20 °C freezer until DNA extraction. 

The uterine sac tissue was opened and allowed to lyse for several hours, excess uterine 

sac tissue was then removed and DNA was extracted from the lysis buffer using the 

Gentra Puregene Kit (Qiagen). Seven highly variable microsatellite loci, developed for D.
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temminckii by Takagi et al. (2008b), were amplified with dye labeled primers using (6- 

FAM, VIC, NED or PET, Applied Biosystems) using the Type-it Microsatellite PCR kits 

(Qiagen) for parentage analysis following Blacket et al. (2012). Thermocycling 

conditions were as follows: 95°C for 5 min; 35 cycles o f 95 °C for 30 s, 60 °C for 90 s, 

and 72 °C for 30 s; and a final extension at 60 °C for 30 min. Microsatellite amplicons 

were run on a 3130 and 3730 Genetic Analyzer (Applied Biosystems) with a GeneScan 

500 Liz size standard ladder (Applied Biosystems) and scored using the software 

Geneious V :11.0.4 (https://www.geneious.com). Population allele frequency analysis was 

conducted in GenALEx (Peakall and Smouse 2006; Peakall and Smouse 2012) and 

Genepop (Rousset 2008). Error rates associated with microsatellite allele calls and null 

alleles were estimated using the program Pedant (Johnson and Haydon 2007). Paternity 

assignment was performed using COLONY V.2.0.6.5 (Jones and Wang 2010).

Results

Ditrema temminkii microsatellite diversity

The microsatellite diversity was examined from a total o f 185 adults from the 

population at seven loci. The number of alleles ranged from 13 to 18 with an average of 

15.14 alleles. O f the seven microsatellite loci six were in Hardy Weinberg equilibrium 

p<0.001, with the exception o f Dte-11 which was removed from further analyses.

Determining the mating season o f  D. temminckii in Sado island.

https://www.geneious.com
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The mating season for the D. temminckii population off Sado Island appears to 

peak in early October and continues through November (Figure 10), which aligns with 

the mating season in a southern population off Kyushu (Mizue 1961; Nakazono et al.

1981), suggesting little temporal or latitudinal variation in this species.

We observed motile sperm (in a saline solution) in the uterine sacs o f females collected in 

November and the presence o f developing embryos in the uterine sacs o f females in early 

January (Figure 10). We also noticed that male mating display behaviors had diminished 

by late November. Taken together, these observations suggest that females sampled from 

mid to late November would be an ideal timeframe to collect females that have mated but 

not yet fertilized their oocytes.

The smallest pregnant female collected was 145mm SL suggesting a minimum SL 

for sexual maturity in this population. All females above 145mm SL sampled from March 

through May were pregnant with developing broods present (n=19), and we evaluated 

multiple paternity and the number o f sires contributing to each brood from 15 of these 

females. Brood sizes ranged froml2-45, and we evaluated paternity for every offspring 

within broods, based on the characterization o f six microsatellite loci from 15 broods, 13 

mothers (tissue from two mothers were missing) and 416 offspring.
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Ditrema temmickii reproductive season
•  Dte Mala (n*42)
•  Dte Males Mlwe (1961)
#Dte Female (n»l 27)
0  Indicate* Pregnant Females (n-19) 

j  g Immature Females <145mm SI (n«»72)

U

Figure 10. Ditrema temminckii reproductive cycle characterized by gonadosomatic index (GSI) of males 
and females off Sado Island, Niigata. Males are represented by blue (n=42) and females by red (n=127). 
Black outline indicates pregnant females (n=19). Immature females <145mm SL are represented by pink 
(n=72). The black line indicates the average male GSI measured from Mizue (1961) from a southern 
population in Kyushu. The mating season for the D. temminckii population off Sado Island appears to 
continue though November which aligns with the mating season in a southern population off Kyushu from 
Mizue (1961)

Estimating the number o f  sires that contribute to broods in D. temminckii

The number o f sires within D. temminckii broods ranged from one to five, with 

60% o f broods (nine o f 15) exhibiting multiple paternity (i.e. more than one sire 

detected). Surprisingly, the majority o f broods had only one or two sires, with an average 

o f 1.86 sires per brood. In addition, allocation o f paternity was skewed, with the 

predominant male siring 59-100% of broods (Figure 11). We found no evidence o f sires
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contributing to broods of more than one female, and we found no evidence for a 

correlation between mating success and reproductive success (i.e. female Bateman 

gradient) in D. temminckii (Figure 12).

Distribution of paternity among offspring within 15 broods

8054

60*

7 8 9
Family ID

10 11 12 13 14 15

Figure 11. Relative paternal contribution to D. temminckii brood. Paternity was assigned to D. temminckii 
broods. Each bar represents all the offspring of a single female and the colors represent the contribution of 
each genetically distinct sires.
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Correlation between mating success and reproductive success in Ditrema teminkii
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Figure 12. Correlation between mating success and reproductive success of D. temminckii inferred from 15 
pregnant females. We found no correlation between mating success and reproductive success.

Comparing allelic variation between mates and sires

To evaluate whether the number of sires is a reasonable estimate for the number 

of mates, we collected 27 D. temminckii females that were sexually mature (i.e. > 145mm 

SL and likely to have mated), toward the end o f the mating season (from mid to late 

November). As a positive control for detection of sperm donors (i.e. mates) in the uterine 

sac, we set the criterion that, the allelic profile o f the mother (all maternal alleles detected 

in mother’s fin clip) must be successfully detected in the uterine sac sample. One concern
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was that DNA concentration could be biased due to an overrepresentation of maternal 

tissue in the uterine sac extractions, resulting in allelic peaks that were either imprecise or 

distorted due to variation in peak height.

Unfortunately, four o f the six loci did not amplify consistently from the uterine 

sac samples and we were only able to reliably score six o f 27 individuals exhibiting 

known maternal alleles at the remaining two loci. By happenstance, each of these 

individuals also exhibited unique paternal alleles (i.e. non-matemal) indicating successful 

detection of mates as well as maternal alleles. All seven loci amplified successfully from 

offspring within broods, but we only used data from the same two loci for the 

comparative analyses. While variation from only two loci results in low power, our goal 

was to make an even comparison between the number o f mates and sires before and after 

fertilization. From these two loci (Dte2 and Dte5), we found no significant difference in 

the combined number o f alleles between mates and sires (t=l .3882, p = 0.1825, Figure 

13), suggesting that the number o f mates is not greater than the number o f sires in this 

species. The number o f alleles from mates ranged from four to seven (ij=5.66, n=6), 

while the number o f alleles from sires o f developing broods ranged from four to 13 (jxj= 

6.6, n=15, Figure 13).

While there is no way to estimate the number o f offspring that might occur before 

fertilization within uterine sacs, brood size is correlated with body size in surfperches. 

Therefore variation in the number o f mates and sires may be associated with female body
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size (15 pregnant females ranged from 145 -  196 mm SL, Figure 14). To compare 

females of similar size, we removed the females larger than 165 mm SL from the “sires” 

estimate for comparison of females from the same age and size class , resulting in six and 

seven females from 145-165 mm SL, corresponding to approximately one year o f age 

(see Nakazono et al. 1981), for estimates of allelic diversity in mates and sires, 

respectively. Again, we found no significant difference in the number o f alleles between 

mates and sires in the one-year-old females of similar sizes (£j= 6.29, n=7, t= 1.3451, p= 

0.2212, Figure 15).

Comparison of Allels from Mates vs Sires for 2 loci {Dte2 & DteS)
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Mates (uterine m c ) 
SL 145-160 mm

n=6

Sires (brood) 
SL 145-196mm 

n-15

Figure 13. Comparison of the number of alleles from mates vs sires for two loci (Dte2 & Dte5) in 
D.temminckii. The diameter of the circle represents the frequency of each observation. Alleles contributed
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by mates (uterine sacs blue, x=5.66, n=6) and sires (brood, red, x -  6.6 n=15). We did not detect a statistical 
difference between the two (t=1.3882 , p = 0.1825).

Correlation between body size and brood size in Ditrema temminckii

Red Indicates DtefromSado (n»16)
Blue Indicates Dte from Lee & Lee 1989 (n*88)
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Figure 14. The correlation between brood size and female body size (standard length, mm) in D.temminckii 
from Sado island (red, n-16) and Lee and Lee (1989).
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Comparison of Allels from Mates vs Sires for 2 loci (Dte2 & DteS)

Mates (Uterine sac) Sires (Brood)
SL 145-160 mm SL145-165mm

n«6 n»7

Figure 15. Comparison of the number of alleles from mates vs sires for two loci (Dte2 & Dte5) in 
D. temminckii of one-year-old females SL 145-165mm. The diameter of the circle represents the frequency 
of each observation. Alleles contributed by mates (uterine sacs, blue, x=5.66, n=6) and sires (brood, red, 
x=6.2S, n=7). We did not detect a statistical difference between the two (t=l .3451, p= 0.2212).

Discussion

Multiple paternity and mating system in D. temminckii compared to other surfperches

Interestingly, the prevalence o f multiple paternity in D. temminckii broods is 

lower than other species o f surfperches examined to date, which was also noted by 

Takagi et al. (2008a). We also found that fewer sires fertilize Dte broods compared to 

other surfperches, with the majority o f broods sired by a single male (40%) or two males 

(47%). In broods that were sired by multiple males, allocation of paternity was skewed
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based on the formula adapted from Pamilo (1993) where the sum of the proportion of 

paternity squared is greater than 0.5 (Pamilo 1993; Boomsma and Sundstrom 1998), with 

the majority o f offspring within broods sired by a single male. This suggests cryptic 

female choice o f sires or sperm competition. However, we do not know the order of 

mating and fertilization, therefore we cannot evaluate differences between mate choice, 

postcopulatory selection and/or sperm competition. One possibility is that females that 

have mated with multiple males may have followed a trade-up hypothesis o f initially 

mating with a male to ensure fertilization and being selective with additional mates 

encountered (Jennions and Petrie 2000). In this scenario, the mate that contributes sperm 

closest to ovulation o f mature oocytes gets the most paternity. This could occur via sperm 

competition, or reduced sperm viability o f previous mates, but either way, this implies 

that females have a mechanism to manipulate paternity allocation.

Is the number o f  sires a good estimate fo r  the number o f  mates in D. temminckii?

There are three possible outcomes in the comparison o f allelic variation between 

mates and sires.

1) I f  the number o f  mates exceeds the number o f  sires, then some mates did not 

receive paternity, and more importantly, the number o f sires is not a good 

estimate for the number o f mates when determining female Bateman gradients.

2) I f  the number o f  mates is less than the number o f  sires, then the only possible 

explanation is that females were not finished mating. We determined that the
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reproductive season o f D. temminckii in our population corresponds to GSI data 

from previous studies (Mizue 1961; Nakazono et al. 1981), and females collected 

for this study were near the end of mating. We also noticed a reduced number o f 

males displaying courtship behaviors suggesting that most males had mated and 

moved away from the shallow mating grounds and the number o f alleles detected 

in uterine sacs represents females that have finished mating.

3) I f  there is no difference in the number o f  mates and sires, then estimating the 

number o f sires when inferring Bateman gradients is a reasonable practice (for 

this species). We found no significant difference between the number o f mates 

and sires in D. temminckii off Sado Island. While we had limited power to detect 

allelic variation due to low sample size and only two loci, we excluded other loci 

from estimates o f sires to make the data comparable. We further examined the 

number o f alleles in females o f similar body size and still found no significant 

difference in the number o f alleles. Our comparison o f one-year-old females 

captured the first time that female has ever mated which removes any possible 

caveat in the mating strategy of D. teminckii such as extended sperm storage from 

previous mating seasons. Importantly, the low number o f alleles in both uterine 

sacs and broods is consistent with expectations given that we found so few sires 

that actually contribute to broods in this species.

Comparing mating strategies among surfperches
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Multiple paternity has been observed in the six surfperch species examined to date 

representing all major clades, indicating that polyandry is a conserved trait in surfperches. 

The prevalence o f multiple paternity varies between the eastern and western Pacific 

surfperches. In the eastern Pacific surfperches, multiple paternity is more prevalent with 

more sires per brood, occurring in 100% of the families evaluated in Embiotoca jacksoni, 

E. lateralis (Reisser et al., 2009), and Hyperprosopon anale (LaBrecque et a l,  2014), 

92% of Hysterocarpus traski (Liu et a l,  2013), and 96% of Cymatogaster aggregata 

examined (Liu & Avise, 2011) (Table 1). Alternatively, multiple paternity was observed 

in only 60% of the D.temminckii broods, which was consistent in two different 

populations (this study and Takagi et al. 2008). Further, this is the first study to estimate 

the total number o f sires within broods. With a range o f 1-5 sires per brood (n=15)), and 

high proportions o f broods with only one or two sires (average number o f sires was 1.86), 

D. temminckii appears to have a different mating strategy compared to Western Pacific 

surfperches.

There are many genetic and non-genetic benefits to polyandry including ensuring 

fertilization (i.e. against sterile males or limited sperm), reducing costs associated with 

male coercion, increased genetic diversity/bet-hedging, and permitting post-copulatory 

mate choice (trade up/cryptic female choice) (see (Jennions and Petrie 2000; Parker and 

Birkhead 2013). These benefits align with behaviors and allocation o f paternity observed 

in surfperches. In the eastern Pacific clade o f surfperches dense mating aggregations form 

in which females get mobbed by males, (personal observation and Warner & Harlan,
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1982), it is likely that females mate multiply to avoid male aggression as well as increase 

genetic diversity and ensure fertilization. In D. teminckii males guard small territories on 

rocky outcrops, that are visited by prospective females, suggesting a strong role for direct 

female mate choice on males.

The skewed paternity in D. temminkii is consistent with post-copulatory selection 

on males (cryptic female choice or sperm competition), and post-copulatory selection that 

results in paternity bias can result in restricted gene-flow similar to assortative mating 

(Jennions and Petrie 2000). Surfperches are sexually dimorphic with a genital papilla and 

a modified anal fin in males which may facilitate internal fertilization. In the genus 

Ditrema, males have a genital papilla and a modified anal fin similar to other surfperches. 

Additionally, they have elongated fin rays posterior to the anal fin modification which 

appears more ornamental than functional that is only present in this genus. The elongated 

anal fin rays may be associated with female selection on males leading to “sexy sons” in 

a Fisherian model (Fisher 1930; Lande 1981). When comparing mating strategies among 

surfperches, there is stronger the female selection and few sires in broods in the Western 

Pacific D. temminkii, which is different from other species o f surfperch found in the 

Eastern Pacific. Little is known about the two congeners o f D. temminkii, but they have 

similar meristics and morphometries (including the elongated anal fin morphology), with 

only slight variation in body color to distinguish species (Katafuchi and Nakabo 2007). 

Examining reproductive strategies in a comparative context is necessary to understand
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how unique mating strategies have evolved and can be crucial in understanding how 

these systems arose.
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