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Why dominant males experiencing intense sperm competition sometimes show low investments in sperm production is not always obvious. One well-documented example is that of the external fertilizing teleost, the Arctic charr (Salvelinus alpinus), where individuals becoming dominant reduce sperm production and sperm swimming speed in water compared to subordinates. Here, we report how ovarian fluid differentially influences sperm velocity of dominant and subordinate male Arctic charr. That is, sperm from dominant males increase their velocity in water diluted ovarian fluid compared to that observed in water, while sperm from subordinates, on the other hand, decrease velocity in ovarian fluid compared to that observed in water. Thus, subordinates, who invest more resources in their sperm and usually show the highest sperm velocity in water, have lower gains from their investment than dominant males when sperm are swimming in ovarian fluid. In sum, our result suggests that ovarian fluid increase sperm velocity more in dominant males than in subordinate males. Although this finding could partly be caused by cryptic female choice exerted by the ovarian fluid for sperm from dominant males, an alternative and more parsimonious explanation is that sperm from dominant males may simply be better designed for swimming in ovarian fluid compared to sperm from subordinate males. Thus, sperm production in the two reproductive roles seems to be adaptively tailored to different external environments.
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INTRODUCTION

Polyandry leads to conflict between males over fertilizations resulting in both pre- and post-copulatory male adaptations (Birkhead and Møller, 1992, 1998; Andersson, 1994; Andersson and Iwasa, 1996; Eberhard, 1996; Alonzo and Warner, 2000; Simmons, 2001; Chapman et al., 2003). This is easily seen in species with external fertilization where adorned dominant males gain fitness benefits by spawning in synchrony with the female and close to her eggs after courting and aggressive mate guarding. Less competitive males, on the other hand, are often forced by the dominant male to spawn out of synchrony with the female and further away from the eggs (Taborsky, 1998). This behavior often results in sperm competition where sperm from two or more males co-occur at the site of fertilization (Parker, 1970; Simmons, 2005). When there is risk of sperm competition, males may produce more sperm, larger sperm or sperm that have higher velocity than would be required to fertilize the eggs in absence of competition, at least in theory (Parker, 1970, 1998; Ball and Parker, 1996). Recent empirical studies have, in line with theory, also shown that increased risk of sperm competition leads to a higher investment in sperm velocity (Burness et al., 2004; Rudolfsen et al., 2006) and that such sperm velocity increases may be important for fertilization success (Levitan, 2000; Al-Qarawi et al., 2002; Kupriyanova and Havenhand, 2002; Gage et al., 2004; Liljedal, 2005; Schulte-Hostedde and Burness, 2005; Egeland et al., 2015).

Inference about the importance of sperm velocity for fertilization in external fertilizers stems in general from evaluations of sperm velocity measurements obtained from activation in water (Lahnsteiner et al., 1998; Levitan, 2000; Gage et al., 2004; Liljedal, 2005). However, eggs of external fertilizers are embedded in ovarian fluid, and in certain species the amount of ovarian fluid released together with the eggs is up to 30% of the total egg volume (Lahnsteiner et al., 1999). Ovarian fluid is suggested to compensate for the sub-optimal environmental conditions for the sperm in water (Lahnsteiner, 2002), and has been shown to enhance overall sperm longevity and velocity compared to that of water (Hayakawa and Munehara, 1998; Lahnsteiner, 2002; Turner and Montgomerie, 2002). Thus, the characteristics of ovarian fluid in external fertilizing species is likely to have evolved, at least partly, to increase the probability of fertilizing the eggs (Lahnsteiner, 2002).

Females of external fertilizers which experience strong sperm competition are expected to evolve mechanisms to enhance paternity of favorable males at the cost of unfavorable males, and should not be regarded as only providing an arena for sperm competition (Thornhill, 1983; Eberhard, 1996; Olsson et al., 1996; Zeh and Zeh, 1996; Birkhead, 1998). Ovarian fluid has been shown to favor swimming speed of sperm from certain males over others, suggesting that ovarian fluid may act as a medium where female-mediated cryptic selection processes can occur (Urbach et al., 2005; Nordeide, 2007; Dietrich et al., 2008; Rosengrave et al., 2008; Alonzo et al., 2016). However, disentangling the separate effects of varying quality of sperm and differing ovarian fluids on fertilization success and offspring quality under sperm competition is challenging. Some authors have demonstrated positive effects of ovarian fluid on sperm velocity (Gasparini and Pilastro, 2011; Evans et al., 2012; Oliver and Evans, 2014; Alonzo et al., 2016; Rosengrave et al., 2016), while Lumley et al. (2016) revealed no effect of ovarian fluid on relative offspring fitness. Moreover, the only published intraspecific study exchanging ovarian fluid between eggs from different females documented no overall effect of ovarian fluid on paternity success under sperm competition and no evidence for male-female interactions (Evans et al., 2013).

The Arctic charr (Salvelinus alpinus) has external fertilization with males aggregating annually at specific spawning areas. Dominant males attract and guard arriving females, yet spawning can hardly occur isolated from other males as the spawning area offer no form of protection from sneakers (Sigurjonsdottir and Gunnarsson, 1989; Sørum et al., 2011; http://naturweb.uit.no/amb/evolution/). Moreover, males show high plasticity in reproductive behaviors, and social status seems to be conditional depending on other interacting males (Fabricius and Gustafson, 1954; Sigurjonsdottir and Gunnarsson, 1989; Cutts et al., 2001). Observational studies of reproductively active male charr show, in accordance with that predicted from theoretical models (Parker, 1990; Parker et al., 2013), that social status is negatively related to sperm velocity (Figenschou et al., 2013). Additionally, males experiencing a change in mating roles have repeatedly been found to rapidly adjust sperm production. That is, compared to males in subordinate mating roles, males attaining dominance reduce sperm production and velocity of sperm cells in their ejaculate within 4 days in their new mating role (Liljedal and Folstad, 2003; Rudolfsen et al., 2006; Vaz Serrano et al., 2006; Haugland et al., 2008). Additionally, this difference in sperm velocity between dominant and subordinate individuals is most predominant among the fastest sperm cells—those most likely to fertilize the eggs (Vaz Serrano et al., 2006; Haugland et al., 2008). Moreover, sperm velocity is documented to be of major importance for fertilization success under sperm competition in Arctic charr (Liljedal, 2005; Egeland et al., 2015) and carefully controlled in vitro sperm competition trials, including a realistic time-lag to subordinates ejaculation, have shown that subordinate males may fully compensate for disadvantages in their unfavorable mating role (i.e., ejaculating out of synchrony with the female) by having more and faster sperm than dominants (Egeland et al., 2015).

So, why do males becoming dominant reduce sperm numbers and sperm velocity in their ejaculates when they have large fitness benefits under sperm competition by maintaining high sperm production and high sperm velocity (see Figure 3 in Egeland et al., 2015)? In the present study, we reanalyze data from Egeland et al. (2015) (See first paragraph in Material and Methods) in order to evaluate the potential modulating effect from ovarian fluid on sperm velocity from dominant and subordinate male charr. Dominant and subordinate Arctic charr have different sperm velocity when measured in water, but whether this difference in velocity is maintained when sperm is swimming under the influence of ovarian fluid is not known.

MATERIALS AND METHODS

The data used in this study have partly been analyzed and presented for other purposes in Egeland et al. (2015). In the former publication, we used eight pairs of males and females to test the effect of spawning asynchrony, sperm quantity, and sperm quality on paternity. To increase the sample size in the present study we use those eight pairs in addition to eight more pairs of males and females (i.e., in total 16 pairs, 32 males, and 32 females) caught and analyzed during the same spawning season in 2008.

Fish Sampling and Handling

During mid-September 2008, in Lake Fjellfrøsvatn northern Norway (69° 4′ N, 19° 20′ E), we gill netted reproductively active charr at one spawning ground (i.e., males and females came from one naturally interbreeding population; see Figenschou et al., 2004). To minimize stress the fish were continuously removed from the gill nets. The 32 males included in the experiment were transported to the field laboratory where they were anesthetized using benzocaine. The length was measured (29.7 cm ± 2.1, mean ± SD) and the males were then stripped for all available milt before id tagging (see Egeland et al., 2015). Thereafter the males were size-matched and caged in pairs, with a maximum length difference of 5 mm within each of the 16 pairs. Rudolfsen et al. (2006) showed, using the exact same procedures that males entering a dominant position in pair-wise interactions do not initially differ in ejaculate characteristics, size or ornamental development from males taking up a subordinate position. The cages (made of chicken wire, 40 × 60 × 90 cm) were placed 2–3 m apart at about 1.5 m depth and left undisturbed for 24 h before the first behavioral observation started (see below). After 4 days, the fish were again anesthetized and stripped for all available milt produced during social interactions as either dominant or subordinate. The collected milt was stored on ice for further analysis (See Sperm Analysis). Females were caught on the fourth day and stored separately from the males before they were anesthetized and stripped for all their eggs and ovarian fluid. Ovarian fluid was separated from the eggs using a pipette and stored at lake temperature (6°C). Troms County Governor's environment department gave permission to catch the fish (see Haugland et al., 2011 and Egeland et al., 2015 for more details about capture and handling methods). At the time of commencement, ethical approval was not required for this study as per the legislation in Norway.

Social Position

Although the social rank between males is highly dynamic at the spawning site over the nearly 1 month long spawning period, the status roles have never changed during our behavioral observations. That is, when status roles are established (after 1 day) they are maintained the next 3 days (see Liljedal and Folstad (2003) for more information). On day 2 we started the observation period in order to determine dominance. We observed the pairs twice a day during the last 3 days of the 4-day caging period. Observation periods lasted for 5 min. For observing the individual number of aggressive acts (e.g., an initiation of a chase) we used Bathyscope underwater viewers and the males performing most aggressive acts were considered dominants. Subordinate individuals are usually stationary at the bottom of the cage and are hardly seen conducting aggressive acts at all. Dominant males, on the other hand, roam around in the cage, and sometimes initiate interactions. The average number of aggressive acts for subordinates and dominants was, respectively, 0.1 ± 0.2 (mean ± SD) and 6.1 ± 6.1 (mean ± SD) during the 5 min long observation periods. Liljedal and Folstad (2003) found that the presence of an observer does not significantly alter fish activity or the within pair hierarchical position under such experimental conditions.

Evaluating Sperm Behavior

All sperm sampling was done by one skilled person and the measurements were done as fast as possible and randomized without the experimenter knowing the fish's social position. For each male in a pair we quantified sperm motility and velocity in water and in water diluted ovarian fluid (1:2, OF:water) from the same two females. The ovarian fluid:water ratio was chosen under the assumption that the sperm of salmonids are only able to swim around half the circumference of the egg (Billard and Cosson, 1992) and that males must therefore shed sperm in the immediate proximity of the eggs where the ovarian fluid concentration is likely to be high. We evaluated sperm in ovarian fluid solutions from two females per male pair. For measurements of sperm motility and velocity, we placed <0.12 μl of sperm on a pre-cooled chamber and initiated motility by adding 4.5 μl of either water or ovarian fluid dilution (termed “ovarian fluid” throughout). Measurement were taken 10, 20, 30, and 40 s following activation and lasted 0.5 s. Measurements of sperm behavior, including curvilinear velocity (VCL), were later analyzed using CASA (HTM-CEROS v.12) using the methods described in Vaz Serrano et al. (2006).

Data Analysis

For statistical analyses, we used R (version 3.3.1, R Development Core Team, 2016). To make the results easier to interpret we ran four different linear mixed models, based on model simplification, using four different subsets. Model fitting and estimates were obtained with the linear mixed-effects package lme4 (version 1.1–12, Bates et al., 2016). In all four models sperm velocity was entered as the response variable, and male pair and female ID were included as random factors, with female ID nested in male pair (i.e., 16 pairs of males, 2 females per pair, and 2 replicates per pair × female combination). To assess if the change in sperm velocity over time depended on activation medium we entered time and activation medium as fixed factors (Table 1, Model 1). In order to test the effect of status on sperm velocity we ran two separate models, one model for sperm velocity in water and another model for sperm velocity in ovarian fluid. We ran the two models with status and time as fixed factors (Table 1, Model 2 and 3). To assess the effect of activation medium on sperm velocity for the dominant and subordinate male we used data from 10 s and entered status and activation medium as fixed factors (Table 1, Model 4). The formula [image: image] ([image: image] = the variance of the random intercept, [image: image] = the variance of the residuals) were used to calculate interclass correlation coefficients. To visualize the results we used the ggplot2 package (version 2.1.0, Hadley and Winston, 2016). We checked the model fit using visual examination of normal probability plots and residual plots, the qq plot showed no marked deviations from linearity.


Table 1. The four models fixed factors including estimate (B), 95% confidence intervals (CI), p-values (p), random factors including the model's group count (N), intraclass correlation coefficient (ICC), and observations.
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RESULTS

Sperm Velocity in Water Vs. Ovarian Fluid

There was a significant main effect of activation medium. That is, sperm swim in general faster in ovarian fluid than in water (Table 1, Figure 1). Furthermore, the decrease in sperm velocity from 10 to 40 s after activation was highly significant (Table 1), but the velocity decrease was much larger in water than in ovarian fluid (Table 1).


[image: image]

FIGURE 1. Mean sperm velocity (VCL) in water (squares) and ovarian fluid (triangles) measured at different times (s) after activation. Vertical bars are 95% confidence intervals.



Sperm Velocity in Water

There was a significant decline in sperm velocity over time (Table 1, Figure 2). Although the effect of male status on sperm velocity in water did not reach significance at this sample size (Table 1), the general pattern of a higher sperm velocity among subordinates in the initial period after activation was also apparent in this sample (see Haugland et al. (2008) for a meta-analysis of previous data). Additionally, there was no significant status-specific decline in sperm velocity over time (Table 1).


[image: image]

FIGURE 2. Mean sperm velocity (VCL) in water after social status was established among subordinate (n = 16, circles) and dominant (n = 16, squares) males measured at different time (s) after activation. Vertical bars are 95% confidence intervals.



Sperm Velocity in Ovarian Fluid

There was also a significant decline in sperm velocity over time in ovarian fluid (Table 1, Figure 3). Additionally, sperm from dominant males swam faster than sperm from subordinate males at 10 s (Figure 3). Contrary to what was observed in water, there was a tendency for a status-specific decline in sperm velocity with a larger velocity decrease for the dominant than for the subordinate males (Table 1, Figure 3). That is, sperm from dominant males show a significantly more rapid velocity decline in the latter part of our 40 s long observation period compared to subordinates.


[image: image]

FIGURE 3. Mean sperm velocity (VCL) in ovarian fluid after social status was established among subordinate (n = 16, circles) and dominant (n = 16, squares) males measured at different time (s) after activation. Vertical bars are 95% confidence intervals.



Sperm Velocity in the Two Media

Ten seconds after activation there was a significant interaction between activation medium and social status (Table 1, Figure 4). That is, sperm from dominant males increase their velocity in water diluted ovarian fluid compared to that observed in water, while sperm from subordinates, on the other hand, decrease velocity in ovarian fluid compared to that observed in water. There were no significant interactions between activation medium and social status at any other time after activation (20 s: B = 0.4, p = 0.93, 30 s: B = −3.8, p = 0.31 and 40 s: B = −3.5, p = 0.36).
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FIGURE 4. Mean sperm velocity (VCL) 10 s after activation among subordinate (n = 16, circles) and dominant (n = 16, squares) males measured in ovarian fluid and in water. Vertical bars are 95% confidence intervals.



DISCUSSION

In accordance with our previous reporting, we show that male Arctic charr occupying a subordinate social position produce sperm that initially tend to swim faster than sperm from dominant males in water, a status specific adjustment. Yet, more important for our present reporting, ovarian fluid seems to have a status specific effect on enhancement of sperm velocity favoring sperm originating from dominant males. That is, sperm from dominant males increase their velocity in ovarian fluid compared to that observed in water while sperm from subordinate decrease velocity in ovarian fluid compared to that observed in water. Additionally the dominant males show the most rapid decrease in sperm speed in ovarian fluid through our 40 s observational period.

In accordance with theoretical models (Parker, 1970, 1998; Ball and Parker, 1996; Parker et al., 2013), sperm from males mating in disfavored roles tend to have higher velocity in water than the sperm from males mating in favored reproductive roles. This difference in sperm velocity between dominant and subordinate males is mainly manifested in the initial period after activation and in water only. Additionally, there is no status specific difference in the velocity decline through our observation period. These results are similar to that previously well-documented in Arctic charr (Rudolfsen et al., 2006; Vaz Serrano et al., 2006; Haugland et al., 2008) and also in Bluegill (Lepomis macrochirus; Burness et al., 2004). ATP stored in spermatozoa prior to ejaculation provides the necessary chemical energy to sustain sperm motility (Jeulin and Soufir, 1992), and in Bluegills, sperm from subordinates have about 1.5 times more ATP than sperm from dominants (Burness et al., 2004). Further, sperm ATP is positively associated with sperm velocity (Burness et al., 2004; Figenschou et al., 2013) and could be the proximate explanation for the differences in sperm velocity observed previously between males in the two mating roles when activated in water (see Haugland et al., 2008). Moreover, as sperm velocity in water has been found to predict fertilization under sperm competition (Gage et al., 2004; Liljedal, 2005; Schulte-Hostedde and Burness, 2005, see also Egeland et al., 2015), this investment could compensate for mating in a disfavored mating role when ejaculating out of synchrony and further away from the egg releasing female and the dominant male (Sørum et al., 2011; Egeland et al., 2015). That is, unlike dominant's that may spawn directly into the stream of released gonadal products of the female, subordinate's ejaculate is met by an environment more dominated by water and the adaptation to high velocity in water among subordinates thus seems reasonable. In this context it should be noted that the distance covered by self-propulsion of sperm cells represent approximately half the circumference of the egg (Billard and Cosson, 1992) while the ejected distance of gonadal products often exceed 10 cm (own observations from videos of spawning events). Thus, the ability of subordinates to eject the sperm correctly into the gonadal products released from females must be paramount.

Recent studies have shown that there can be considerable female-male interaction in offspring survival among external fertilizing species (Welch et al., 1998; Wedekind et al., 2001; Welch, 2003; Rudolfsen et al., 2005; Evans et al., 2007), suggesting that there might be larger fitness benefits from female choice than the 5–10% increase suggested from estimating variance in fitness and comparing selected and unselected populations (see Burt, 1995). Thus, the female's role in determining which sperm fertilize her eggs, either through her own preferential mate selection or through her cryptic choice, may be important. In accordance with this contention, we found that sperm velocity was influenced by ovarian fluid in charr. This is not surprising as the ovarian fluid of Arctic charr contains a variety of compounds for the sperm to metabolize (Lahnsteiner et al., 1995) and the fluid is also known to increase sperm velocity (Turner and Montgomerie, 2002) depending on individual male-females interaction (Urbach et al., 2005). Yet, the results from current intraspecific studies on the importance of ovarian fluid as a medium for cryptic female choice in external fertilizers are not unambiguous (See Introduction). However, our present documentation of a status dependent modulation of sperm activity, increasing the sperm speed of dominant males while reducing the speed of sperm from subordinates compared to that seen in water, suggest that ovarian fluid could act as a medium for cryptic female choice. That is, as dominant males have less ATP in their sperm cells than subordinates (Figenschou et al., 2013), ovarian fluid seems selectively promoting swimming of sperm from dominant males. Yet, if it were a general tendency for ovarian fluid to “prefer” sperm from dominant males, one would probably not predict a more rapid decline in sperm velocity for sperm from dominant males. Sperm from dominant males show, however, a significantly more rapid velocity decline in the latter part of our 40 s long observation period compared to sperm from subordinates. This suggests that the higher sperm velocity in ovarian fluid of dominants, compared to subordinates, is a male adaption rather than an effect of cryptic female choice. Alonzo et al. (2016) suggested something similar: “The differences between the male types in sperm characteristics and the effect of ovarian fluid on male sperm characteristics are likely the result of male adaptation to selection arising from the environment provided by the female's ovarian fluid during sperm competition.” Thus, both the Alonzo et al. (2016) study and our study indicate that increased velocity of sperm in ovarian fluid observed among males mating in a favored mating role must involve a male adaption. That is, there must be something with the gonadal products from dominants that separate them from gonadal products from subordinates. This difference must be a prerequisite for any female medium that should manage to influence sperm from dominant and subordinate males differently. If there had been no difference in sperm from dominants and subordinates, ovarian fluid would have nothing to act upon. Yet, cryptic female choice might still occur in ovarian fluid, adaptively promoting swimming speed of sperm from dominant males, but this additional rationale is not needed for explaining our results. Thus, status specific tailoring of sperm behavior is the most parsimonious explanation for our observation (Beck, 1943). On the other hand, our study is a retrospective study, and it was not designed to disentangle the importance of the two models of male and female adaptations. We can, consequently, not exclude that cryptic female choice may also be operating in ovarian fluid (see also Simmons et al. (2008) for an example within Anuran).

Recent evidence suggests that when dominant and subordinate charr compete in pairwise sperm competitions over fertilizing eggs embedded in ovarian fluid, subordinates seem to be fully able to compensate for their delayed ejaculation by increasing sperm numbers and sperm speed (Egeland et al., 2015). However, as the authors of the latter study also wrote: The “.. experiment mimicked the situation with ejaculations from one dominant and one subordinate male given an equal distance to the eggs. The proximity of the female to the male during spawning may also be of large importance for the outcome of reproductive activities and our study is, consequently, not a complete description of all factors influencing reproductive success under sperm competition in charr.” If sperm from dominant males had been given the advantage of entering the ovarian fluid influenced environment immediately after ejaculation, something that under natural spawning normally would occur for dominant males (when gametes are released in synchrony and in close proximity to the released female spawning products), a different outcome might have been produced. Thus, a better mimicking of a natural spawning with an immediate mix of ovarian fluid and sperm following ejaculation might have given sperm from dominant males an immediate access to the environment to which they were better adapted and produced different results to those of Egeland et al. (2015).

So, why do dominant males reduce sperm production? We believe that the benefits observed by tailoring sperm production to a specific fertilization environment combined with a synchronized spawning and positional effects might compensate for low sperm numbers and low energy content of sperm throughout the annual spawning season. Our results suggest that future sperm competition experiments should be very sensitive to positional effects as sperm production may be adapted to different fertilization environments. In charr, sperm competition does not seem to be a “fair raffle.”
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