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Disentangling the relative roles of males, females and their interactive effects

on competitive fertilization success remains a challenge in sperm compe-

tition. In this study, we apply a novel experimental framework to an

ideally suited externally fertilizing model system in order to delineate

these roles. We focus on the chinook salmon, Oncorhynchus tshawytscha, a

species in which ovarian fluid (OF) has been implicated as a potential arbiter

of cryptic female choice for genetically compatible mates. We evaluated this

predicted sexually selected function of OF using a series of factorial com-

petitive fertilization trials. Our design involved a series of 10 factorial

crosses, each involving two ‘focal’ rival males whose sperm competed

against those from a single ‘standardized’ (non-focal) rival for a genetically

uniform set of eggs in the presence of OF from two focal females. This

design enabled us to attribute variation in competitive fertilization success

among focal males, females (OF) and their interacting effects, while control-

ling for variation attributable to differences in the sperm competitive ability

of rival males, and male-by-female genotypic interactions. Using this exper-

imental framework, we found that variation in sperm competitiveness could

be attributed exclusively to differences in the sperm competitive ability

of focal males, a conclusion supported by subsequent analyses revealing

that variation in sperm swimming velocity predicts paternity success.

Together, these findings provide evidence that variation in paternity success

can be attributed to intrinsic differences in the sperm competitive ability

of rival males, and reveal that sperm swimming velocity is a key target of

sexual selection.
1. Introduction
Sperm often have to compete for fertilization with ejaculates from rival males [1].

Consequently, sperm competition has been credited with the rapid evolution

and spectacular diversity of ejaculate traits observed across numerous taxa

[2,3], thus dispelling the notion that sperm cells are shaped solely by natural

selection to function as ‘DNA-delivery machines’ [4]. Accompanying the evi-

dence for sexual selection on ejaculates is corresponding evidence that

selection can favour female reproductive traits that serve to bias fertilizations

towards either ‘preferred’ [5] or genetically compatible mates [6–8]. Sperm com-

petition can therefore be underpinned by effects attributable to both sexes,

including relative differences in the sperm competitive ability of rival males

[9–11], consistent biases in fertilization rates that are mediated by female effects

[12], and complex interactions involving the genotypes of competing males and

females [13–15]. Consequently, disentangling these processes, and in particular

the relative importance of males, females and their interacting effects in sperm

competition, poses a significant empirical challenge [16,17].

Externally fertilizing taxa offer highly versatile and experimentally power-

ful models for partitioning sources of additive and non-additive variation in

fitness traits. In these systems, the use of factorial sperm competitive assays
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Figure 1. A single block of the cross-classified design to test effects of ovar-
ian fluid (OF) on competitive fertilization success. The genetic identity of
females within each block is standardized by using eggs from a single
female (eggsstand) across all four crosses (note that eggsstand are bathed in
OF from two different females). A different standard female was used in
each block of the design. The competitive fertilization ability of sperm
from two focal males (sperm1 and sperm2) was tested against sperm from
a single standardized rival male (spermstand), so that sperm competitiveness
across different female OF backgrounds was not influenced by stochastic
effects attributable to differences among non-focal rival males. Again, differ-
ent focal and standard males were used in each block. Each competitive
fertilization trial was performed in replicate, thus generating eight in vitro
fertilization trials for each block. Paternity success from each cross was
estimated using microsatellite DNA markers (see main text).
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makes it possible to attribute variation in competitive fertili-

zation success among males, females and their interacting

effects, while controlling for stochasticity in sperm competi-

tiveness owing to the random sampling of (non-focal) rival

competitors [17,18]. In this paper, we apply these methods

for the first time in the context of sperm competition using

the chinook salmon, Oncorhynchus tshawytscha, a fish exhibit-

ing external fertilization in which males and females mate

multiply [19]. Previous work on O. tshawytscha and other

salmonid fishes has revealed that ovarian fluid (OF), which

forms an extracellular matrix surrounding externally spawned

eggs, upregulates sperm motility [20] and differentially medi-

ates the swimming velocities of sperm from conspecific

males. Specifically, sperm tested in the presence of OF from cer-

tain females perform better (swim faster) than when tested

with others, and such patterns can be non-transitive across

different male–female pairings [21–24]. As relative differences

in sperm swimming velocity have been shown to be associated

with sperm competitiveness in salmonid fishes [25], OF has

been implicated as a potential arbiter of cryptic female choice

in these taxa [23]. Thus, any attempt to attribute variation in

sperm competitiveness to either intrinsic male effects and/or

male-by-female (and male-by-male) genotypic interactions

must also consider the potential role that OF plays in mediating

sperm competition [8].

Our study exploits and modifies the experimental

framework proposed for cross-classified designs by Garcia-

Gonzalez & Evans [17]. This framework is especially amenable

to externally fertilizing taxa where it is possible to partition

sources of variation in sperm competition among male and

female effects, while accounting for stochasticity attributable

to variation in the sperm competitive ability of non-focal rivals

[18]. In applying this design, we incorporate the important

modification of manipulating the identity of OF donors while

maintaining a standard (genetic) maternal background (eggs)

against which rival sperm compete for fertilizations (figure 1).

In this way, the success of individual focal sperm competitors

can be attributed to male effects (e.g. attributable to intrinsic
differences in the sperm competitive ability of focal males),

female effects (attributable to differences in OF) and male-by-

female interaction (compatibility mediated exclusively by the

differential effects of OF on sperm competitive ability).
2. Material and methods
(a) Study species and maintenance
Chinook salmon were caught in a trap located on the Kaiapoi

River, which forms part of the Waimakariri River system,

Canterbury, New Zealand. The Waimakariri River is one of the

main rivers inhabited by chinook salmon in New Zealand [26].

We used sexually mature (2- to 3-year-old) salmon captured

during their natural spawning season (April–May). Once

caught, all individually marked fish were measured for body

size (fork length ¼ length from the tip of snout to the end of the

middle caudal fin rays) and maintained in a hatchery raceway

using standard husbandry procedures at Salmon Smolt NZ,

Canterbury, New Zealand. Briefly, fish were maintained in the

hatchery raceway’s natural river (12.5–138C) water, which was

circulated throughout the hatchery. Fish were caught over a two-

week period prior to the commencement of the study, which

then took 20 days to complete. During the artificial spawning

trials (see below), a small fin clip was taken from each fish and

stored in 95% ethanol for DNA extraction. All animals were col-

lected and maintained according to the standards of the Animal

Ethics Committee for the University of Otago, New Zealand

(permit no. AEC/13/10).

(b) Experimental overview
We used a factorial design to test whether OF mediates sexual

selection for compatible mates, and to separate these effects from

variation in the intrinsic fertilizing capabilities of focal males

(figure 1). Beforehand, however, we confirmed that male-by-

female OF–sperm velocity interactions, reported previously in

O. tshawytscha [23], were detectable in the experimental stock

used for this study, and under the fertilization conditions imposed

in our subsequent competitive fertilization assays. For these pre-

liminary trials, we tested sperm velocity from six males crossed

with OF from six females in all (n ¼ 36) combinations.

In our subsequent experiment, we conducted a series

(n ¼ 10) of 2�2 factorial crosses, each comprising an ejaculate

from one of two focal males (sperm1 or sperm2), an ejaculate from

a single and unique standard rival male against which sperm

from each of the focal males competed (spermstand), OF from

one of two focal females (OFA or OFB) and eggs from a single

standard female (eggsstand). Thus, in each of these experimental

‘blocks’, ejaculates from each of two focal males competed

against the sperm from a single standard male for fertilization

of a standard egg batch in the presence of OF from each of two

distinct focal females (figure 1). We performed two replicate

trials within each block (i.e. each in vitro fertilization trial was

performed twice), and used unique combinations of males and

females among the 10 blocks. This design enabled us to attribute

variance in paternity success to intrinsic differences between

focal males, variation in OF and their potentially interacting

effects (see §2g). We also conducted in vitro computer-assisted

sperm analyses (CASA) for all males used in these trials, and esti-

mated pairwise genetic relatedness for focal sperm competitors

and standard females, in order to generate potential predictors

of male reproductive success.

(c) Test for ovarian fluid – sperm interactions
We initially conducted sperm velocity assays to test for the inter-

acting effects of OF and male identity in generating variation in
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sperm velocity. This was necessary because in this study, OF

from each focal female had to be partitioned across four fertili-

zation trials within each block of the design (see below),

requiring us to use OF at a lower concentration (OF : river

H2O ¼ 1 : 10 ¼ 10% OF) in the competitive fertilization assays

(see below) to that used previously (50% OF) to demonstrate

OF–sperm interaction in O. tshawytscha [23]. In other respects,

our methods for this preliminary experiment closely follow

those described previously for O. tshawytscha [23]. Briefly, we

conducted a factorial experiment involving sperm from six

males and OF solutions from six females (OF diluted to 10%

with raceway water). Sperm velocity estimates for all n ¼ 36

unique combinations of sperm and OF were performed in repli-

cate. The sperm velocity assays followed the methods described

below for the competitive fertilization trials (§2f ). As these trials

revealed significant OF–sperm interactions (see Results and dis-

cussion), we proceeded to test for interacting and main effects

of males and OF using a 10% OF solution in our subsequent

competitive fertilization trials.
32047
(d) Competitive fertilization trials
In each block, ejaculates from the two focal males and standard

rival male were stripped manually, diluted in phosphate-

buffered saline and counted to determine sperm density using an

improved Neubauer haemocytometer. Sperm samples from the

three males could then be standardized, so that we could extract

equal numbers of sperm from each male prior to fertilizations

(each sample contained 1�108 sperm). Although we ensured

that sperm numbers were equalized between rival males, we

acknowledge that sperm volumes would have systematically

varied between individuals, thus potentially influencing competi-

tive fertilization success (e.g. through the effects of seminal fluid).

We were careful to ensure that milt samples used in subsequent

trials were not contaminated by urine or water (which can activate

sperm) during stripping; sperm samples were therefore stored

‘dry’ (i.e. non-activated) until required for fertilizations (samples

stored at 48C and used within 5 h of collection) and sperm velocity

assays (see §2f ).
To obtain OF from the two focal females in each block,

females were killed, so that eggs and OF could be expelled

from the body cavity and sieved to separate OF from the eggs.

The same process was used to extract eggs from the standard

female in each block, but, in this case, eggs were retained and

OF was eventually discarded (see below). Extreme care was

taken to ensure that no eggs were damaged during this process.

Within each block, the eggs from the standard female (sus-

pended in their natural OF) and the OF samples from the two

focal females were stored at 48C until required (within 5 h of

collection). Just prior to the in vitro fertilization experiments,

the standard eggs were drained of their natural OF

and subsequently washed through a sieve with artificial OF

solution (NaCl2 155 mM, KCl 3.1 mM, MgSO4
. 7H2O 1.3 mM,

CaCl2 . 2H2O 3.4 mM, Tris base 20 mM, Tris–HCl 20 mM, pH

8.5) to remove traces of the original OF. Eggs from the standard

female were then drained of artificial OF and split into four

equal portions (approx. 100 eggs each), each placed into plastic

beakers with 25 ml of OF (100% concentration) from one of the

two focal females (i.e. either OFA or OFB; figure 1). Meanwhile,

sperm from each focal male was mixed with the sperm from

the standard male (in a plastic tube using a micropipette to

gently mix the samples) to generate eight mixed sperm pools

for the subsequent in vitro fertilization assays (i.e. 4 �
[sperm1 þ spermstand]; 4 � [sperm2 þ spermstand]). Following a

5 min egg–OF incubation stage, the mixed sperm solutions

(along with 225 ml natural freshwater obtained from the

salmons’ raceway) were added to each egg pool according to

the design depicted in figure 1. Thus, at fertilization OF
concentrations were maintained at 10%. All fertilizations were

performed twice, generating eight competitive IVF trials in

each block. This procedure was repeated across all n ¼ 10

blocks. Fertilized eggs were then placed on trays in heath racks

and left undisturbed for 28 days in circulating hatchery water.

In separate in vitro fertilization trials, we conducted non-com-

petitive fertilization assays using the two focal males and

standard male in each block, and the eggs from the standard

female. For each trial, we counted the number of developing

embryos and eggs that were not fertilized. These trials confirmed

that all individuals were reproductively fertile under non-com-

petitive conditions (mean percentage fertilized+s.e. ¼ 55+9%;

range 10–98%, n ¼ 18 replicated fertilization trials, on average

78–128 eggs counted per fertilization trial). Therefore, any

observed biases in fertilization success in the competitive

in vitro fertilization trials could not be attributed to infertility.

(e) Molecular analysis
To determine offspring paternity, we undertook microsatellite

genotyping of unhatched embryos (approx. 48 embryos per

family, taken at the ‘eyed’ stage, 28 days post-fertilization; total gen-

otyped n ¼ 1937). DNA was extracted from preserved tissue

samples using a standard Chelex procedure [27]. For each com-

petitive fertilization trial, the two putative sires, standard sire,

standard dam and a haphazard sample of 48 progeny were gene-

tically typed using a multiplex of nine highly polymorphic

microsatellite markers (Ocl-1 [28], Omy-325, Ots-101, Ots-104, Ots-
107, Ots-2 [29], Ots-3 [30], Ssa-197, Ssa-85 [31]). Paternity assignment

was made via a maximum-likelihood approach using CERVUS (v. 3.0)

[32]. To estimate genetic relatedness between both the focal and

standard sperm competitors and the standard female used in

each block, we calculated the level of pairwise relatedness (R)

using the Queller & Goodnight [33] index of relatedness. We used

the COANCESTRY program [34] to calculate this relatedness index

based on the similarity of alleles at the above nine microsatellite loci.

( f ) Sperm assays
We used the same focal and standard males included in the

factorial design described above to assess sperm swimming vel-

ocity using CASA software (v. 12, CEROS, Hamilton–Thorne

Biosciences, Beverly, MA). Sperm assays were performed in

freshwater to provide baseline velocity estimates for each male

(assays are therefore comparable with other studies relating vari-

ation in sperm velocity to paternity success in salmonids [25]).

Sperm were activated on 20 m Leja slides (Leja Products B.V.,

Nieuw-Vennep, the Netherlands) on a temperature-controlled

stage cooler (TS-4 Thermal Microscope Stage, Physitemp, USA)

set to 12.58C to match the temperature of the holding raceway

at the hatchery. Activated sperm were video-recorded using a

video camera (XC-ST50, Sony, Tokyo, Japan) mounted on an

external phase contrast microscope (CX41, Olympus, Melville,

NY) with a 10� negative phase objective. Sperm were recor-

ded at 10 s post-activation. Sperm velocity parameters were

measured twice for each milt sample; these measures included:

(i) average path velocity (VAP, mm s21), which estimates the aver-

age velocity of sperm cells over a smoothed cell path; (ii) straight

line velocity (VSL, mm s21), the average velocity on a straight line

between the start and the endpoint of the track; and (iii) curvi-

linear velocity (VCL, mm s21), the actual velocity along the

sperm’s trajectory. The threshold values for defining static cells

were predetermined at 15 mm s21 for VAP and VSL. Sperm velo-

city measures were based on an average of 159.3+ 11.0 s.e.

sperm tracks per sample. Across all samples tested in this

study, VAP was strongly positively correlated with other velocity

estimates (e.g. VAP–VCL, Pearson correlation r ¼ 0.98, n ¼ 59,

p , 0.0001). We therefore focused on just VAP as an estimate

of sperm swimming velocity (results remain unchanged
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irrespective of the measure). Within-sample repeatability (using

linear mixed-effects methods [35]) for each male’s two successive

VAP measures was high (R ¼ 0.95+ 0.015 s.e., 95% CIs ¼ 0.92–

0.97). We used the mean of the two VAP values for each sperm

sample in the subsequent analysis.
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Figure 2. The interacting effects of ovarian fluids from six different females
on sperm velocity (average path velocity; VAP) of six different male chinook
salmon (O. tshawytscha). Lines represent the mean VAP values for each male.

Table 1. Variation in paternity success in Oncorhynchus tshawytscha
partitioned among the random effects of male, female (ovarian fluid, OF)
and their interaction. The significance of each effect was tested using
likelihood-ratio tests, where the log likelihood-ratio test statistic (LLR) is
22� the difference in log-likelihoods between hierarchically structured
models (see main text). Significant p-values are indicated in italics.

random effects Var LLR p

Male 1.13 47.52 ,0.0001

OF �0 �0 0.99

Male�OF �0 �0 0.99
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(g) Statistical analyses
Statistical analyses were performed using R v. 2.15.3 [36] within

the linear mixed-effects package lme4 [37]. We carried out three

separate analyses, the first of which tested for the interactive

effects of OF and the identity of sperm donors on sperm velocity

when OF were diluted to 10% (see §2c). In this initial model, VAP

was entered as a normally distributed response variable, whereas

the explanatory variables of male ID, OF ID and their interaction

were coded as random effects. Likelihood-ratio tests were used to

assess the significance of explanatory variables [38], where

models with and without each random effect were compared

using the log likelihood-ratio statistic (LLR), which is 22� the

difference in log-likelihoods between the full and reduced

models and approximately distributed as chi-squared with 1 d.f.

Our second mixed-effects model incorporated a binomial error

distribution to assess the importance of focal males, OF and their

interacting effects in predicting paternity success. In this analysis,

a two-vector response variable comprised the number of eggs fer-

tilized by the focal male and the number of eggs fertilized by the

standard male in each competitive fertilization trial. Random vari-

ables for each model included focal male identity, focal female

identity (i.e. the ID of the OF donor) and the interaction between

focal female and focal male. As above, the significance of predictor

variables was assessed using likelihood-ratio tests.

Our third mixed-effects model also incorporated a binomial

error distribution to examine the relationship between the same

response variable (relative paternity) and differences in sperm

swimming speed (VAP) and differences in body size between

the focal and standard males (both fitted as predictor variables).

The difference in male body size was included in this analysis to

account for possible size-related variation in sperm quality

among males [39]. We also included differences between the

relatedness of the focal male with the standard female, and the

standard male with the standard female in each trial (i.e. DR)

as a potential predictor of paternity success (see Results and dis-

cussion). In this analysis, a high DR-value would indicate that the

focal male was more closely related to the standard female than

his rival (standard male), and vice versa. To account for moder-

ate overdispersion in this third model (dispersion parameter

from uncorrected model; Ø ¼ 1.73), we included observation-

level random effects [40], which reduced the dispersion par-

ameter to Ø ¼ 1.01. We included ‘block’ (10 levels) in this

analysis, rather than male ID (and OF ID), as a random effect

to account for non-independence of subjects within each block.

We avoided using focal male ID as a random effect, because

this factor simultaneously explains variance in the response vari-

able (paternity) and the predictor (VAP); thus variance in

paternity explained by VAP was eroded in models in which

focal male ID was included as a random effect. VAP was

always associated with relative paternity in any model variant

that did not include focal male ID as a random factor. To confirm

this association between VAP and paternity, we supplemented

our mixed-effects model by using a resampling approach in

which independent assortments of focal males and OF donors

(note that these are the diagonals in figure 1) were taken at

random from each of the 10 blocks (10 000 iterations in total),

thus avoiding the need for random effects in our analysis (see

also [41]). These analyses, conducted using the PopTools EXCEL

add-on [42], generated a distribution of 10 000 correlation coeffi-

cients for the relationship between differences in VAP between

focal and standard sperm competitors and the proportion of
offspring sired by focal males, from which we calculated the

mean and 95% confidence limits (CLs). We carried out similar

randomization trials to estimate mean and 95% CLs for partial

correlation coefficients (controlling for body size). In both ana-

lyses, each of the 10 000 randomly assorted datasets contained

n ¼ 20 independent assortments of focal males and OF donors.
3. Results and discussion
Our initial tests for the interactive and main effects of males

and OF revealed no significant main effects ( p . 0.33) but

highly significant interacting effects of male and OF on

sperm swimming velocity (LLR ¼ 37.1, d.f. ¼ 1, p , 0.0001;

figure 2). This result therefore indicates that under the con-

ditions imposed in our subsequent sperm competition

experiment, OF from individual female donors had the

potential to differentially mediate sperm swimming velocity,

and therefore also fertilization success, when ejaculates from

two males compete to fertilize eggs.

Despite evidence for OF–sperm interactions, we detected

no significant interactive effects of OF and males in the

sperm competition experiment. Instead, we found a significant

effect of focal male ID on relative paternity success, revealing

that certain males produced ejaculates with higher average

fertilization capacities under sperm competition than others

(table 1). Although there is evidence that success in sperm com-

petition can be repeatable across mating contexts [9–11], our
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Figure 3. The relationship between differences in sperm velocity (average
path velocity; VAP) and the proportion of offspring sired by focal males in
each clutch. Note that the relationship depicted in this figure comes from
a randomly assembled dataset of sperm competition trials involving
unique focal males and OF donors (i.e. n ¼ 2 crosses depicted in the
diagonals of each block in figure 1).

Table 2. Results from generalized linear mixed-effects model testing the
relationship between relative paternity success and differences between
male traits (focal minus standard rival males; fork length ¼ body size;
VAP ¼ sperm velocity) and the difference in the Queller & Goodnight [33]
estimate of relatedness between the two rival sperm competitors and the
standard female (DR). Significant p-values are indicated in italics.

fixed effects estimate s.e. z-value p-value

intercept 0.24 0.21 1.12 0.262

fork length 20.03 0.02 21.20 0.231

VAP 0.007 0.003 2.12 0.028

DR (relatedness) 0.14 0.67 0.21 0.837
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study is novel in that it models variation in sperm com-

petitiveness while experimentally accounting for potentially

confounding sources of (stochastic) variation attributable to

rival males [17,18]. This finding, in conjunction with the results

from our subsequent mixed-effects model and resampling

approaches (see below), leads us to conclude that under the

experimental conditions imposed in our experiment, variation

in relative paternity can be attributed exclusively to variation in

the relative sperm competitive ability of focal males (see also

[25]), independently of potentially confounding factors such

as maternal effects, stochasticity attributable to rival male

identity and genotypic male-by-male interactions.

In contrast to our findings for male effects, we detected no

overall effect of OF-donor identity on relative paternity success,

and no evidence for male-by-female interactions arising

from the differential effects of OF on sperm competitiveness

(table 1). The latter finding was unanticipated, given prior

evidence from O. tshawytscha and other salmonid fishes that

variation in sperm velocity is contingent on the interactive

effects of sperm- and OF-donor identities [21–24], a finding

that is also supported in this paper. As we note in our methods,

we were constrained to use a concentration of 10% OF compared

with higher concentrations used previously. It is possible, there-

fore, that OF–sperm interactions may become more apparent

under higher OF concentrations. However, our findings in this

study confirmed that sperm–OF interactions were highly

significant at 10% OF, which approximates levels shown

to upregulate sperm swimming velocity in salmonids (e.g.

approx. 70% increase in motility from 0 to 10% OF in lake

trout at 10 s post-activation [43]) and other externally fertilizing

fishes (e.g. sticklebacks [44]). Moreover, recent work on salmo-

nids has revealed that OF mediates the selection of gametes

from conspecific males at just 1% OF—a 10-fold reduction in

OF concentration compared with the present investigation

[45]. Thus, in the present experiment, ‘intrinsic’ male effects

appear to outweigh OF–sperm interactions, but it would never-

theless be interesting to explore the interacting effects of OF

under a range of OF concentrations.

We envisage three scenarios that may account for the

highly significant male effect for relative paternity success

detected in our study. First, males may exhibit extrinsic

differences in sperm competitive ability, such that differences

in relative paternity success among focal males reflect intrin-

sic differences in their ability to fertilize eggs under sperm

competition. According to this scenario, individual males

will differ in the relative quality of their ejaculates, such

that the outcome of sperm competition reflects a ‘loaded

raffle’ favouring high-quality males [46,47]. Second, the

male effects detected in our analysis could conceivably arise

owing to differences in compatibility between the focal

sperm competitors and the females used to generate standard

egg batches for each block. According to this second scenario,

in each block one of the focal sperm competitors may have

been more compatible with the standard female than the

other. Within the confines of the current experimental frame-

work (which standardizes female genotype within each

bock), such male-by-female genotypic interactions would

have contributed towards the significant ‘male’ effect in the

model. Third, patterns of variation in relative paternity may

not reflect patterns of fertilization at conception, to the

extent that post-zygotic (differential) embryo mortality may

have driven the patterns we observed [48–51]. Our sub-

sequent mixed-effects model, in which differences in male
traits (sperm velocity and body size) and pairwise relatedness

measures for focal males and the standard female in each

block were regressed on relative paternity, enables us to

address some of these possibilities. We found no evidence

that patterns of pairwise relatedness, which are known to

mediate sperm velocity in lake trout [21] and guppies [8],

predicted relative paternity in O. tshawytscha (table 2).

Thus, compatibility effects (scenario 2) involving the focal

males and standard females appear unlikely, at least to the

extent that these are attributable to relatedness. Instead, we

found that focal males with relatively faster-swimming

sperm than their standard rivals sired relatively higher

numbers of offspring (table 2; figure 3). This finding was sub-

sequently corroborated by our resampling analysis, in which

the correlation between VAP and paternity success was tested

across 10 000 reassembled datasets (each comprising n ¼ 20

independent assortments of focal males and OF donors).

This analysis revealed a positive and significant correlation

between sperm swimming velocity and paternity success

(mean r ¼ 0.35; 95% CLs ¼ 0.25–0.43), a relationship that

was not attributable to variation in body size (mean partial

r controlling for body size ¼ 0.32; 95% CLs ¼ 0.22–0.42).

The observed positive association between sperm swimming

velocity and relative paternity accords with evidence from the
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Atlantic salmon Salmo salar [25], thus supporting the first

scenario outlined above. However, we cannot discount the

third scenario, effectively captured by the ‘good sperm’ pro-

cess [52], whereby offspring from genetically superior males

(who produce relatively competitive ejaculates) exhibit rela-

tively higher post-zygotic survival, thus generating the

‘paternity’ biases detected in this study (theory and evidence

reviewed in [50,53]).

Recent attempts to provide an empirical framework for

disentangling the complex interactions underlying sperm com-

petition have highlighted the potential advantages [17,18] and

pitfalls [16] of using standardized competitors to evaluate

the relative importance of male (intrinsic effects), female (cryp-

tic female choice) and male-by-female (compatibility-based)

interactions in sperm competition. The general framework

offered by Garcia-Gonzalez & Evans [17], for example, recom-

mends the use of standardized rival males when partitioning

variation in fertilization success among focal sperm com-

petitors, thus reducing sampling variation attributable to

(stochastic) variation in the identity of (non-focal) rival males,

and non-additive variation attributable to male-by-male or

male-by-female interactions [49,54]. However, this approach

has recently been criticized on the basis that estimates of

sperm competitiveness under these restricted conditions

cannot be generalized to other situations, precisely because

male-by-male genotypic interactions generate biologically

meaningful sources of variation in sperm competition [16].

We agree, but also add that except under restricted conditions

(e.g. in the extreme case of semelparity), selection is rarely con-

fined to specific bouts of sperm competition, and instead acts

across multiple successive sperm competitive contests, where
rival sperm competitive phenotypes are effectively ‘standar-

dized’ to the mean population level. Within the quantitative

genetic framework proposed by Garcia-Gonzalez & Evans

[17], heritability estimates derived from the variance com-

ponents from such designs would be uncontaminated by

residual (unexplained) variance attributable to variation in

non-focal males, and by non-additive (e.g. male-by-female)

effects. In the present experiment, our use of standardized

(non-focal) males and females was a necessary component of

the experimental design to test whether OF mediates competi-

tive fertilization success. Although our experiment failed to

detect such effects, we see great value in extending the present

design to other externally fertilizing species where egg-derived

chemical ‘signals’ (e.g. OFs, chemoattractants; see [41,45]) are

thought to play a role in mediating gamete choice.
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