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In most teleost fish species, sperm competition is a key factor in determining male
reproductive success, leading to selection on males to increase their reproductive invest-
ment in gonads and ejaculate competitiveness. In this study, reproductive investment
patterns were assayed by examining the relative investment in gonads and sperm quality
metrics (in river water and in the presence of ovarian fluid) of masu salmon, Oncorhynchus
masou, representing two fixed male alternative reproductive tactics (ARTs; small sneaking
parr males and large dominant anadromous males). Although anadromous males were
significantly larger in body size compared to parr males, the latter invested significantly
more in relative gonad mass than the former. Sperm velocity and motility were signifi-
cantly higher, and longevity was significantly lower in parr males than in anadromous
males in river water. However, no difference in any of these sperm quality metrics was
detected between the ARTs in the presence of ovarian fluid. Sperm velocity and motility
were not affected by the presence of ovarian fluid compared to river water for parr males,
but both traits increased significantly for anadromous males in ovarian fluid relative to
river water, whereas longevity significantly increased in the presence of ovarian fluid
compared to river water for both ARTs. We interpret these findings in light of potential
cryptic female choice mechanisms and the sneak-guard model of sperm competition that
is based on differences in sperm competition risk and alternative investment possibilities
among ARTs.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Sperm competition theory predicts that in external
fertilizing teleost fish species, small sneaker males will
invest relatively more energy into reproduction (e.g., testes
7.
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development) and produce faster swimming sperm than
large guard males to compensate for disadvantageous
timing and spawning positions [1]. Numerous empirical
studies have investigated sperm competition between
alternative reproductive tactics (ARTs) and found that small
sneaker males often have more competitive sperm
(e.g., larger testis size, larger ejaculate size and density,
faster swimming velocity, greater proportion of motility
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Table 1
Body mass, testes mass, gonadosomatic index (GSI), and spermatocrit for male alternative reproductive tactics in masu salmon, Oncorhynchus masou.

Traits Parr males (N ¼ 15) Anadromous males (N ¼ 15) df t test

Mean � SE Range (min–max) Mean � SE Range (min–max) t P

Body mass (g) 44.27 � 5.87 18–100 798.13 � 56.67 392–1210 28 13.20 <0.001
Testes mass (g) 3.27 � 0.51 1.00–8.50 23.69 � 3.59 6.90–53.80 28 5.64 <0.001
GSI (%) 6.94 � 0.35 3.59–8.96 2.97 � 0.38 0.95–5.38 28 �7.64 <0.001
Spermatocrit (%) 38.24 � 2.11 24.63–59.69 27.16 � 3.12 4.68–41.52 28 �2.94 0.01
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sperm, and greater sperm adenosine 5’-triphosphate
contents) compared to large guard males because sperm
performance leads directly to competitive fertilization
success [2]. In addition, sperm performance including
sperm velocity, motility, and longevity are correlated with
both fertilization success and sperm competition success in
fish [3]. Recent studies have shown that sperm perfor-
mance of external fertilizing fish is potentially affected by
ovarian fluid expelled by females at the time of spawning,
where sperm competition takes place [4–6]. However, to
date, sperm performance has been evaluated typically in
aqueous environments without the presence of ovarian
fluid, which does not realistically simulate a natural
spawning microenvironment [3,7].

Masu salmon, Oncorhynchus masou, exhibits typical
fixed male ARTs (i.e., a male is only one of the two tactics in
his lifetime and both male morphs are the same species);
small precocious parr males which are resident and sexu-
ally mature in the river for a 1- or 2-year period and large
anadromousmales whichmigrate to sea and return to their
natal stream to spawn after three or 4 years [8]. The large
anadromous males fight before spawning to achieve
dominant access to the females, whereas the small parr
males adopt a sneaker tactic to dart into spawning events
and surreptitiously position themselves under ovipositing
females to release milt near the female as she releases her
eggs and ovarian fluid. Sperm competition theory predicts
that the small parr males should be expected to face higher
levels of sperm competition intensity than the anadromous
Fig. 1. Photographs of representative masu salmon (Oncorhynchus masou) male alte
anadromous males (B).
males because they are presumed to have disadvantageous
spawning position and timing relative to the anadromous
males. The objectives of this study are to (1) compare
relative investment in reproduction and sperm quality
metrics between the male ARTs and (2) investigate the
effects of ovarian fluid on sperm quality metrics for each of
the ARTs, in masu salmon.

2. Materials and methods

Masu salmon were collected from September 16 to 18,
2014, in the Tawaramappu River (43�540N, 144�960E),
a branch of the Shibetsu River, Hokkaido, Japan. The
fish were anesthetized with 1.0 mL/L concentration of
2-phenoxyethanol (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), and the external urogenital pore was wiped
dry to avoid contamination from water, urine, feces, and
blood. Milt was collected from 15 parr and 15 anadromous
males (Table 1 and Fig. 1). Ovarian fluid was collected from
15 gravid females (mean body mass � SD, 858.4 � 136.8 g).
We collected ovarian fluid (using 10-mL pipettor tips) from
the external urogenital pore of females, and then, each
sample was separately used for the experiment (i.e., one
female’s ovarian fluid was used for one pair of males;
one parr male and one anadromous male). The samples
were individually placed in coolers (4 �C–6 �C) until sperm
quality analyses took place in the laboratory (within
5 hours). Body mass (�1 g) and testes mass (�0.1 g) were
measured for all males. To compare relative investment in
rnative reproductive tactics (with 5 cm scale). Small parr males (A) and large
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Fig. 2. Mean (�SE) sperm velocity at 5 seconds postactivation (A), sperm
motility at 5 seconds postactivation (B), and longevity (C) for parr males
(solid bars, N ¼ 15) and anadromous males (open bars, N¼ 15) in river water
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testes between the ARTs, gonadosomatic index (GSI) was
calculated as a percentage by dividing testes mass by the
body mass for each male. To compare sperm density
between the ARTs, spermatocrit was estimated by calcu-
lating the percentage sperm cells per total volume of milt
(via centrifugation of each milt sample in capillary tubes at
2000 g for 5 minutes [9]). To examine sperm performance,
a small amount of milt (less than 0.5 mL) was applied into
the chamber of a 2X-CEL glass slide (Hamilton Thorne,
Beverly, MA, USA) covered with a glass coverslip, and then,
the spermwere activated with 15 mL of river water at 8.0 �C
(similar to the river water temperature) or an ovarian fluid
solution composed of 10% ovarian fluid in river water
(hereafter ovarian fluid solution) at 8.0 �C [4,10]. Sperm
quality metrics were recorded using a digital video camera
(HDR-CX590 V, Sony Corporation, Tokyo, Japan) at 29
frames/s, mounted on an inverted microscope (CKX31,
Olympus, Tokyo, Japan) at �80 magnification. To compare
sperm quality metrics between the ARTs, sperm velocity
(mm/s) and motility (proportion of sperm moving forward
in the field of view) were measured at 5 seconds post-
activation (when most fertilizations are believed to occur)
using 2D-Motion Analysis software (Move-tr/2D, Library
Co., Ltd., Tokyo, Japan). These metrics were averaged for
each individual. Longevity, the time from sperm activation
until w95% of the sperm cells stop moving in the field of
view [10], was also measured for each individual in river
water and the ovarian fluid solution.

To examine the relative investment in reproduction
(i.e., GSI), independent-samples t tests were used to
compare the respective traits between the ARTs. Sperm
velocity, motility, and longevity were analyzed using a
mixed-model repeated-measures model containing the
ART (anadromous and parr), the activation medium (river
water or ovarian fluid solution), and the ART by activation
medium interaction. Alternative reproductive tactics and
activation mediumwere considered fixed factors. Variation
associated with each female was controlled for statistically
by incorporating female as a random factor. Significance
levels were set at P< 0.05 for main effects and interactions.
When interactions were detected, reduced models were
run separately at each level of activation medium and ART
to facilitate their interpretation (independent-samples
t test or paired t tests, as appropriate because these data
used in these tests were normally distributed according
to Kolmogorov–Smirnov tests). Most of the comparisons
were homoscedastic (21 of 28 comparisons) and somewere
not homoscedastic (n ¼ 7 comparisons). Despite this fact,
we used the same statistics for all the comparisons because
t tests are known to be relatively robust to this kind of
minor violation when the sample size is the same. In the
case of a nonsignificant interaction, main effects were
interpreted. The statistical analysis were conducted using
the R software version 3.2.1 [11] and lme4 package. Values
are expressed as mean � SE.
and in the ovarian fluid solution. (See text for details.) Comparisons are
made between sperm quality metrics of the two alternative reproductive
tactics and between the sperm metrics in river water and the ovarian fluid
solution. (See Results and Discussion for details.) Asterisks indicate a
significant difference (P < 0.05).



Table 2
The mixed-model repeated measures test the effect of male alternative
reproductive tactics (ARTs), activation medium (AM), and the ART by AM
interaction.

Factor Velocity Motility Longevity

5 s postactivation 5 s postactivation

t P t P t P

ARTs �2.480 0.016 �5.080 <0.01 2.286 0.027
AM �2.036 0.047 �2.115 0.039 3.641 <0.01
ARTs � AM 3.527 <0.01 3.421 0.001 �0.762 0.450

Degree of freedom (df), t value, and P value for each postactivation time in
velocity, motility, and longevity of sperm are shown.
dfART ¼ 1, dfAM ¼ 1, dfART � AM ¼ 1, dferror ¼ 56, dftotal ¼ 59.
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3. Results and discussion

The GSI and spermatocrit were significantly greater in
parr males compared to anadromous males; the parr
males had on average 2.3 times greater GSI and 1.4 times
greater spermatocrit values than anadromous males
(Table 1). These results demonstrate that parr males (i.e.,
sneaker males) invest relatively more energy into gonad
development and sperm density than anadromous males
in masu salmon, which is consistent with sperm compe-
tition theory related to ARTs [1,4] and previous studies in
other species with intense sperm competition and male
ARTs [10,12] including the focal species [13].

We found significant differences in sperm velocity,
motility, and longevity depending on which ART the
male belonged to and whether ovarian fluid was present
(Fig. 2, Table 2). For the velocity and motility mixed-model
repeated-measures models, the ART by activation medium
interactions were both significant (Table 2). Therefore, the
models were revised into separate models at each level of
ART and activation medium. Sperm velocity and motility
were significantly higher in parr males compared to
anadromous males in river water (velocity: t14 ¼ �4.095,
P ¼ 0.001, Fig. 2A; motility: t14 ¼ �4.036, P ¼ 0.001,
Fig. 2B). However, sperm velocity and motility did not
differ between the ARTs in the ovarian fluid solution (ve-
locity: t14 ¼ 1.600, P ¼ 0.132, Fig. 2A; motility:
t14 ¼ �0.264, P ¼ 0.796, Fig. 2B). Our findings that sperm
velocity and motility of parr males were not influenced by
the presence of ovarian fluid indicate that sperm of parr
males adopting a sneaking tactic are likely selected by
high levels of sperm competition compared to anadro-
mous males because they dart into the nest from behind
the females and release sperm later than anadromous
males [14]. Ovarian fluid significantly increased sperm
velocity and motility in anadromous males compared to
their respective paired values in river water (velocity:
t14 ¼ 9.402, P < 0.001; motility: t14 ¼ 4.787, P < 0.001,
respectively), but no significant difference existed
between trait values in river water and ovarian fluid for
the parr males (velocity: t14 ¼ 0.391, P ¼ 0.702; motility:
t14 ¼ 0.109, P ¼ 0.915). Our finding that sperm velocity and
motility are higher in the presence of ovarian fluid than
river water is consistent with numerous studies looking at
the effects of ovarian fluid on sperm velocity in fishes
[15,16]. Anadromous male sperm should be selected to
function well in the presence of ovarian fluid because
these males monopolize access to females, enter the nest
first at the time of spawning, and release their sperm in
close proximity to where eggs and higher concentrations
of ovarian fluid are expected to be expelled by females.
Unlike previous studies that only examined one of the
male ARTs [16], we also examined sperm from males of
the ART (parr males) and found that sperm velocity of parr
males was not significantly different in river water versus
the ovarian fluid solution. This result could be explained
by the fact that parr sperm must function well in both
river water and in the presence of ovarian fluid because
they enter spawning bouts later than anadromous males
and as such are forced to release their gametes later and
presumably in lower concentrations of ovarian fluid
[17,18].

For the longevity mixed-model repeated-measures
model, the ART by activation medium interaction was not
significant, but the ARTand activationmedium factors were
significant (Table 2). Longevity was significantly higher in
anadromous males than in parr males in river water
(t14 ¼ 2.889, P ¼ 0.012, Fig. 2C). However, longevity did not
differ between the ARTs in the ovarian fluid solution
(t14 ¼ 1.001, P ¼ 0.332, Fig. 2C). Our findings that sperm
performance of anadromous males increases in the pres-
ence of ovarian fluid indicate that the reproductive success
of anadromous male should be selected for by ovarian fluid
expelled by females because they typically have the closest
proximity to the female during the spawning event and
release sperm under relatively high concentrations of
ovarian fluid at the moment of spawning. Ovarian fluid
significantly increased longevity for both the male ARTs
(parr males: t14 ¼ 10.108, P < 0.001; anadromous males:
t14 ¼ 8.530, P < 0.001), a result that is consistent with a
previous study showing that ovarian fluid enhances sperm
longevity in Arctic charr (Salvelinus alpinus) [15] and
Chinook salmon (O. tshawytscha) [16], likely due to the rich
ionic composition of ovarian fluid that nourishes sperm
activity [19].

3.1. Conclusion

Our study demonstrated that ovarian fluid differentially
affects sperm performance between small parr males and
large dominant anadromous males in masu salmon. Future
studies are needed to investigate the possibility that
ovarian fluid biases paternity in competitive fertilization
contexts and thus plays a role in cryptic female choice [17]
and also determine how the constituents of ovarian fluid
such as ionic, biochemical, protein, and genetic compo-
nents influence the reproductive success for the male ARTs
of this species in the wild. Also, a high-throughput prote-
omics approach would be useful to identify known and
novel seminal plasma proteins [20] from the two ARTs of
masu salmon, to determine whether both tactics use the
samemechanisms to achieve reproductive success. Overall,
our experiment has serious ramifications for studies
investigating reproductive success in fishes; using ovarian
fluid in experiments is essential to obtain realistic data
regarding their fertilization dynamics.
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Appendix A. Supplementary data

The results of the mixed model are in the Supplementary Table 1. Sperm velocity and motility 10 seconds postactivation
were analyzed using a mixed-model repeated-measures model containing the alternative reproductive tactic (ART; anad-
romous and parr), the activation medium (river water or ovarian fluid solution), and the ART by activation medium inter-
action. ART and activation medium were considered fixed factors. Variation associated with each female was controlled
statistically by incorporating female as a random factor. Significance levels were set at P < 0.05 for main effects and in-
teractions.When interactions were detected, reducedmodels were run separately at each level of activationmedium and ART
to facilitate their interpretation (independent samples t test or paired t tests, as appropriate). In the case of a nonsignificant
interaction, main effects were interpreted. The statistical analyses were conducted using the R software version 3.2.1 and
lme4 package. Values are expressed as mean � standard error (SE.)

For the sake of brevity and because it is believed most fertilizations occur shortly after spawning, we focus on sperm
quality metrics at 5 seconds postactivation in the main text of the manuscript. In the following section, we provided addi-
tional results (using the same Methods outlined in the main body of the text) regarding sperm quality metrics at 10 and
15 seconds postactivation in river water and in the ovarian fluid solution.

There was no significant difference in sperm velocity between the ARTs at 10 seconds (t14 ¼ �1.097, P ¼ 0.291) and
15 seconds (t14¼1.108, P¼ 0.286) postactivation in river water. Similarly, therewas no significant difference in spermvelocity
between the ARTs at 10 seconds (t14 ¼ 0.104, P ¼ 0.919) and 15 seconds (t14 ¼�1.008, P ¼ 0.331) postactivation in the ovarian
fluid solution.

There was no significant difference in motility between the ARTs at 10 seconds (t14 ¼ �1.848, P ¼ 0.086), whereas there
was a significant difference at 15 seconds (t14 ¼ �2.134, P ¼ 0.051) postactivation in river water. Furthermore, there was no
significant difference in motility between the ARTs at 10 seconds (t14 ¼ 0.021, P ¼ 0.984) and 15 seconds (t14 ¼ �0.156,
P ¼ 0.878) postactivation in the ovarian fluid solution.

Supplementary Fig. 1. Mean (�SE) sperm velocity at 10 s (A) and 15 s post-activation (B) in river water and in the ovarian fluid solution and sperm motility at 10
s (C) and 15 s post-activation (D) in river water and in the ovarian fluid solution for parr males (solid bars, N ¼ 15) and anadromous males (open bars, N ¼ 15).
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Supplementary Table 1
The mixed-model repeated measures test the effect of male alternative
reproductive tactics (ARTs), activation medium (AM), and the ART by AM
interaction.

Factor 10 s postactivation 15 s postactivation

t P t P

Velocity
ARTs �1.193 0.238 1.124 0.266
AM �0.112 0.911 2.357 0.022
ARTs � AM 0.906 0.369 �1.633 0.108

Motility
ARTs �2.848 <0.01 �2.854 <0.01
AM �0.703 0.485 �0.028 0.978
ARTs � AM 2.024 0.048 1.928 0.059

Degree of freedom (df), t value, and P value for 10 and 15 seconds post-
activation time in velocity and motility of sperm are shown.
dfARTs ¼ 1, dfAM ¼ 1, dfARTs � AM ¼ 1, dferror ¼ 56, dftotal ¼ 59.
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