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Abstract

The idea that male reproductive strategies evolve primarily in response to

sperm competition is almost axiomatic in evolutionary biology. However,

externally fertilizing species, especially broadcast spawners, represent a large

and taxonomically diverse group that have long challenged predictions from

sperm competition theory – broadcast spawning males often release sperm

slowly, with weak resource-dependent allocation to ejaculates despite mas-

sive investment in gonads. One possible explanation for these counter-intui-

tive patterns is that male broadcast spawners experience strong natural

selection from the external environment during sperm dispersal. Using a

manipulative experiment, we examine how male reproductive success in

the absence of sperm competition varies with ejaculate size and rate of

sperm release, in the broadcast spawning marine invertebrate Galeolaria cae-

spitosa (Polychaeta: Serpulidae). We find that the benefits of Fast or Slow

sperm release depend strongly on ejaculate size, but also that the per-

gamete fertilization rate decreases precipitously with ejaculate size. Overall,

these results suggest that, if males can facultatively adjust ejaculate size,

they should slowly release small amounts of sperm. Recent theory for

broadcast spawners predicts that sperm competition can also select for Slow

release rates. Taken together, our results and theory suggest that selection

often favours Slow ejaculate release rates whether males experience sperm

competition or not.

Introduction

Our understanding of male reproductive biology is

dominated by the idea that males compete strongly to

fertilize females’ eggs (Bateman, 1948; Parker et al.,

1972; Parker, 1982). Sperm competition theory (SCT) is

the largest and most influential body of theory explain-

ing observed male reproductive phenotypes (Parker

et al., 1972; Parker, 1982; Wedell et al., 2002), and the

presence of sperm competition is often an implicit

assumption in the fields of sexual selection and sexual

conflict (Birkhead & Møller, 1998; Arnqvist & Rowe,

2005). Moreover, classic predictions from SCT, such as

increased ejaculate investment with competition among

species, and facultative adjustment of ejaculate alloca-

tion within species, align well with empirical data, par-

ticularly for internally fertilizing taxa (reviewed in

Wedell et al., 2002).

The resources available to a male for reproduction

play a critical role in determining the outcome of sperm

competition. Because sperm competition involves some

form of raffle competition among competing males’

ejaculates (Wedell et al., 2002; Arnqvist & Rowe, 2005),

producing more sperm than other competing males

generally translates into greater siring success (Parker

et al., 1972; Parker, 1982; Wedell et al., 2002). The ben-

efits of producing more sperm have been confirmed

theoretically and empirically in both plants and
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animals, where the interplay between male resource

availability (generally estimated by age or body size)

and mating system strongly influences the optimal male

mating strategy (e.g. dominant vs. ‘sneaker’ males;

Parker, 1990a, b; Gage et al., 1995), mating rate

(Parker, 1990b; Birkhead & Møller, 1998; Wedell et al.,

2002), ejaculate/pollen allocation strategy (Friedman &

Barrett, 2009; reviewed in Wedell et al., 2002; Zhang,

2006) and body size (e.g. Arnold & Wade, 1984). Even

sequential hermaphroditism, particularly in animals, is

thought to be driven primarily by sex-specific and age-

dependent fecundity (Ghiselin, 1969; Warner, 1975,

1988; Munday et al., 2006).

Although resource availability clearly matters for

males with internal fertilization, and some externally

fertilizing fish species, the consequences of male

resource availability are poorly understood for the

archetypal external fertilizer – broadcast spawning spe-

cies. Broadcast spawners represent the ancestral mode

of reproduction (Rouse & Fitzhugh, 1994), and are a

large and taxonomically diverse group including sea-

weeds, corals, annelid worms, sea stars, molluscs and

many fish taxa. Overall, broadcast spawners represent

more than 50% of global marine invertebrate biodiver-

sity (Monro & Marshall, 2015). Furthermore, broadcast

spawning excludes complicating factors common in

internal fertilizers such as cryptic female choice and has

long been used as a model for SCT and the evolution of

anisogamy (e.g. Parker et al., 1972, 2017; Parker, 1982).

There are several tantalizing lines of evidence that

suggest the consequences of male reproductive invest-

ment are very different for broadcast spawners than for

internal fertilizers. Superficially, broadcast spawning

species appear well suited to predictions from SCT (Par-

ker et al., 2017). Gametes are released into the water

column by multiple individuals, polyandry is common,

and sperm competition can be intense (McEuan, 1988;

Levitan, 1998, 2002, 2004; Marshall, 2002). Moreover,

interspecific patterns of sex-specific gonadosomatic

index (GSI) appear consistent with predictions from

recent SCT developed for broadcast spawners (Parker

et al., 2017). However, broadcast spawners often exhibit

spawning strategies that differ markedly from classic

SCT predictions (Bode & Marshall, 2007; Olito et al.,

2015, 2017). Many broadcast spawning species have

very long spawning times characterized by Slow indi-

vidual gamete release rates (McEuan, 1988; Marshall &

Bolton, 2007). Protandry is common among broadcast

spawners, with males releasing sperm earlier and longer

than females do eggs (McEuan, 1988; Levitan, 2005;

Marshall & Bolton, 2007; Lotterhos & Levitan, 2011).

Moreover, in some species, large males do not necessar-

ily release more sperm than small males, despite pre-

sumably having the resources available to do so

(Levitan, 1991; Styan & Butler, 2003). Although these

well-documented patterns are counter-intuitive from

the perspective of SCT, broadcast spawners often

exhibit massive investment in gonad tissue relative to

even the most extravagant internal fertilizers (Parker

et al., 2017). For example, the mean size of gonads rela-

tive to body mass in the broadcast spawning brittle star

Ophiocoma alexandri is more than four times that of cape

gerbils, who exhibit an especially large GSI for mam-

mals (�40% vs. �8% gonad mass/body mass per cent;

Kenagy & Trombulak, 1986; Ben�ıtez-Villalobos et al.,

2012). Classic SCT predictions do not offer a clear

answer to the basic question raised by these empirical

patterns: why do broadcast spawners produce so much

sperm, but release it so slowly?

Although some studies have considered the evolution

of male broadcast spawning strategies from the perspec-

tive of sexual selection (i.e. in the presence of male

competition), few have considered the consequences of

natural selection from the external environment (i.e.

what maximizes fertilization success in the absence of

male competition) (Levitan, 2005; reviewed in Lotter-

hos & Levitan, 2011). This is an important omission –
because broadcasters release gametes into the water

column during spawning, there is ample opportunity

for selection from the external environment to act on

male reproductive traits, whether sperm competition is

present or not. The absence of sperm competition

therefore represents the baseline for what an adaptive

spawning strategy should be (Marshall & Bolton, 2007).

For example, Marshall & Bolton (2007) demonstrated

in a flow-through flume experiment that males releas-

ing sperm slowly enjoyed higher fertilization success at

downstream egg patches than did Fast-releasing males.

However, they did not explore the consequences of

different levels of male investment in ejaculates. In

contrast, Johnson & Yund (2009) found rapidly dimin-

ishing returns in male gain curves for a spermcasting

hermaphroditic colonial ascidian (sperm is released, but

eggs are retained at spawning), but did not explore

alternative spawning strategies (e.g. sperm release

rates). These sparse empirical results suggest that natu-

ral selection in the absence of sperm competition may

provide a simple alternative explanation for many of

the well-documented spawning strategies in broadcast

spawners that appear counter-intuitive from the per-

spective of classic SCT.

Here, we use a manipulative experiment to explore

the reproductive success in the absence of sperm com-

petition associated with two important male reproduc-

tive traits in the broadcast spawning marine

invertebrate Galeolaria caespitosa Lamarck 1818 (Poly-

chaeta: Serpulidae), a dioecious sessile polychaete

worm (a tube worm) common throughout the inter-

tidal zone of south-east Australia. Specifically, we

examine the per-gamete fertilization success associated

with different strategies of male energetic investment in

ejaculates, and the rate of sperm release. We find that

the benefits of releasing sperm Fast or Slow depend

critically on ejaculate size. We also find that the per-
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gamete fertilization rate for males decreases dramati-

cally with ejaculate size – highlighting the massive

investment required by males to overcome sperm

wastage. Our results indicate that if males can faculta-

tively adjust the size of their ejaculates, they should

always release very little sperm, and slowly. Crucially,

this result matches recent theory developed for broad-

cast spawners, suggesting that well-documented empiri-

cal patterns, and especially Slow sperm release rates,

are expected to evolve whether or not males experience

strong sperm competition.

Materials and methods

Study species

We studied spawning phenologies and the fertilization

success of different male spawning strategies using

G. caespitosa a sessile polychaete worm with separate

sexes, commonly found in high-density aggregations on

rocky substrate and pier pilings in the intertidal zone of

south-east Australia. All individuals were collected from

pier pilings at the Royal Brighton Yacht Squadron, Port

Philip Bay, Victoria. For flume experiments, we used

established protocols to collect gametes (e.g. Marshall &

Evans, 2005a, b). Sperm for this species become active

immediately upon release and can remain viable for

several hours after spawning (Kupriyanova & Haven-

hand, 2013). To minimize any effects of sperm ageing

on egg fertilization success, we ensured that all gametes

had been freshly spawned no more than 45 min before

being used in experiments.

Estimating spawning durations

Spawning in G. caespitosa involves several minutes of

rhythmic whole-body contractions that periodically

coincide with gamete release (a viscous ejaculate for

males, eggs for females) into the mouth of their calcare-

ous tube. Continued contractions force gametes out of

the tube in Slow, steady, pulses. To estimate the dura-

tion of individual spawning phenologies, we docu-

mented induced, nontraumatic, spawnings in a

laboratory setting. We collected individuals from the

field and stored them overnight in a controlled temper-

ature room at the ambient temperature of Port Philip

Bay (17.5 °C). We performed five experimental runs in

which we placed 8–10 small colony fragments, a total

of approximately 50–100 individuals, in a shallow sea-

water bath and induced them to spawn via heat-shock

(Strathmann, 1987). Of the males that spawned in a

given run, approximately five individuals were marked,

monitored, and the duration of their spawning timed.

We documented 26 individual spawning phenologies in

total. Water in the bath was gently agitated, and

spawning individuals were periodically flushed

with seawater using a 1 cc syringe. Males’ spawning

phenologies were considered complete when no more

ejaculate could be seen leaking from their tube with

gentle flushing.

Flume experiments

We performed two flume experiments to examine the

effect of male energetic investment in sperm produc-

tion, and the rate at which sperm is released, on fertil-

ization success in simulated spawning events. The first

experiment manipulated only the number of sperm

released down the flume, whereas the second experi-

ment manipulated both the number of sperm, and the

rate it was released, in a two-way factorial cross

(Sperm 9 Rate). We refer to these as the Investment and

Investment 9 Rate experiments hereafter.

The flume was plexiglass, 2400 9 960 9 100 mm

(L 9 W 9 D), divided into six parallel lanes, each

150 mm wide (a diagram of the flume is presented in

Fig. 1). Filtered seawater sourced from the Mornington

Peninsula, Port Philip Bay, was gravity fed from a 20 L

constant head tank into a common head for the flume

which in turn fed all six lanes. Water was not recycled

after flowing through the flume. During experimental

runs, the flume was filled to a depth of 50 mm, with a

constant flow rate of �10 mm per second across all

lanes. Laminar flow in each lane was maintained by

100 mm collimators made of drinking straws located

250 mm from the head of each lane (Yund & Meidel,

2003). Fragments of G. caespitosa colonies for both

flume experiments were collected from the Royal

Brighton Yacht Squadron during Austral Spring for the

Investment experiment, and Austral Autumn for Invest-

ment 9 Rate experiment. Both flume experiments were

conducted in a controlled temperature room main-

tained at 17 °C.
In the Investment experiment, we examined the effect

of releasing different amounts of sperm on fertilization

success at a downstream patch of eggs. Prior to running

the flume, we collected gametes from 12 males and six

females. All eggs were pooled together and mixed thor-

oughly to reduce the influence of gametic incompatibil-

ities. Eggs were then divided into six aliquots that were

gently released onto the bottom of the flume as a

roughly circular patch (approximately 1 cm diameter)

of eggs 1 layer thick, in the centre of each lane, 5 cm

downstream from the collimators (25 cm downstream

from the sperm release point). Galeolaria caespitosa eggs

are negatively buoyant, and the flow rate in the flume

was low enough that eggs were not washed away.

Sperm from all males was combined into a pooled

ejaculate and thoroughly mixed. 0.1 mL of the pooled

ejaculate was set aside for sperm enumeration using a

haemocytometer. The remaining ejaculate was diluted

to 10% and then sub-divided into six aliquots with dif-

ferent volumes yielding N = 0.5, 1, 1.5, 2, 2.5 and 3

times the average amount of sperm released by a single
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male in that experimental run. Thus, the amount of

sperm released for each level of N was intentionally

varied among experimental runs to harness natural

variation in the average amount of sperm released by

males in each experimental run, allowing us to sample

a broader range of ejaculate sizes, while retaining the

same ratios of relative male investment in sperm (N).

This experimental design also ensures there is no varia-

tion in the number (or identity) of males contributing

sperm to each aliquot at the treatment level. All such

variation occurred at the level of experimental run and

can be accounted for by ‘Run’ random effects in our

statistical models (see Analyses). For brevity, we say our

experiment was performed in the absence of sperm

competition, but it is more accurate to say that it was

done in the absence of variation in sperm competition

among treatments. Dilutions were performed immedi-

ately before initiating each experimental run to mini-

mize sperm ageing effects. Lane assignments for each

ejaculate, and the order in which lanes were run, were

randomized for each experimental run to account for

any lane-specific, or release-order, effects on fertiliza-

tion success.

During an experimental run, sperm was released

from a syringe 150 mm from the head of each lane

(100 mm upstream from the collimators), in the centre

of each lane, immediately above the bottom of the

flume. Sperm was released over a period of 15 s, and

care was taken to depress the syringe plunger at a con-

stant speed during the 15-s interval to avoid releasing

sudden ‘puffs’ of sperm. This technique necessarily con-

founded the rate of release with the total amount of

sperm released – larger ejaculates were released at fas-

ter rates. After all sperm were released, the flume was

left to run uninterrupted for 10 min before collecting

eggs. Eggs were then washed with fresh filtered seawa-

ter and left to develop in polyethylene test tubes for an

additional 2 h. After incubation, 100 eggs from each

lane were examined under an inverted compound

microscope and scored as either unfertilized, fertilized

or polyspermic, based on the presence/absence of raised

egg envelopes, regular, or irregular, patterns of cell

Lane 1

2

3

4

5

6

Constant
head

Filtered
seawater

2440 mm

750 mm

250 mm

100 mm

150 mm

10 mm s–1,  water depth = 50 mm

Egg
patches

Sperm
release
point

Collimators
Flow-through

(water not recycled)

150 mm

Flume 
head

Fig. 1 Diagram showing essential design features of the flume used for both experiments. Filtered seawater flowed in from a constant head

to the in-built reservoir (flume head). Water from the flume head flowed into the flume evenly in a single sheet upstream from the six

lanes, and then down all of the lanes simultaneously. The flume was kept on a carefully levelled surface to ensure even flow down all

lanes. Once the water reached the end of the flume, it drained out and was not recycled. Water was maintained at a depth of 50 mm, and

a flow rate of approximately 10 mm s�1. The sperm release point was located 150 mm downstream from beginning of the lanes.

Collimators made of drinking straws, designed to ensure laminar flow were located 50 mm downstream of the sperm release point. Two

patches of eggs approximately 1 cm in diameter were placed on the bottom of the flume, in the centre of each lane, 250 and 750 mm

downstream from the sperm release point. Water flows down each lane and a time sequence of sperm dispersal down the flume are

illustrated in Lanes 1 and 2, respectively. The diagram above is not drawn exactly to scale.
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division. The flume was drained completely and

washed with fresh water between each experimental

run. We performed eight experimental runs, yielding a

total of n = 48 observations.

In the Investment 9 Rate experiment, we examined

the effect of a factorial cross between the amount of

sperm released, and the rate at which it was released,

on fertilization success at two patches of eggs located

downstream from the sperm release point. We included

a second patch of eggs to examine whether the fertiliza-

tion success of different sperm release rates depended

on the distance to potential mates. Wherever possible,

we used identical protocols to the Investment experiment

and describe only the relevant differences here. We col-

lected eggs from 10 females which were combined and

placed on the bottom of the flume in each lane in two

patches located 25 and 75 cm downstream from the

sperm release point. We collected sperm from 12 males

which was pooled, diluted to 10% and then sub-

divided into six aliquots with three different volumes

corresponding to N = 1, 2 and 3 times the average

amount of sperm released by the individual males used

in that experimental run (two aliquots per level of N).

For each level of N, one replicate aliquot was released

at a ‘Fast’ rate, corresponding to a single pulse lasting

10 s. The second replicate aliquot was released at a

‘Slow’ rate, corresponding to four pulses, each lasting

15 s, spread out over 4 min. As before, care was taken

to depress the syringe plunger at a constant speed dur-

ing the specified interval, and lane assignments and the

order of release were randomized. We performed 10

experimental runs, yielding a total of n = 120 observa-

tions (10 runs 9 six lanes 9 two egg patches = 120).

Analyses

For both flume experiments, we modelled the number

of fertilized eggs (n) in a given egg patch as a binomial

response variable, where the number of eggs counted

in each egg patch (E) corresponds to the number of

bernoulli trials. We analysed fertilization success using

logistic regression in a Bayesian Linear Mixed Effects

Regression framework, with the basic model structure

ni �Bin Eijlogit�1ðliÞ
� �

;

li ¼ bXþ cZþ �;

with priors

b�Nð0; 3Þ
c�Nð0; rcÞ
rc � half-Cauchy (0,1);

where b and c are vectors of regression coefficients for

‘fixed’ and ‘random’ effects, X and Z are model

matrices for the linear predictors, and � is the residual

error. Although there is little distinction between

‘fixed’ and ‘random’ effects in Bayesian analyses, this

method allows flexible specification of hierarchical

structure, and direct sampling of the posterior distribu-

tions for all parameters rather than maximum likeli-

hood point estimates. The number of sperm released,

Spermi, was treated as a continuous predictor variable

for all analyses. To avoid estimating very small regres-

sion coefficients (on the order of 1 9 10�9) and to sim-

plify interpretation of parameter estimates, the number

of sperm released was Z-transformed prior to analyses.

Thus, the units for Spermi coefficients are in standard

deviations of the empirical distribution of the number

of sperm released in each experiment (7.9 9 107 for

the Investment experiment; 8.9 9 107 for the Invest-

ment 9 Rate experiment).

For the Investment experiment, we fit a simple logistic

regression of fertilization success regressed on the num-

ber of sperm released (X = Spermi), with experimental

run as a ‘random’ grouping variable. We then analysed

the full set of nested models arising from the

Z = Run 9 Spermi interaction (with all lower-order

interactions included). This resulted in three candidate

models (one with random slopes and intercepts, one

with random slopes only and one without ‘Random’

effects; see Appendix A for a summary of model com-

parisons). For the Investment 9 Rate experiment, we

treated the rate of sperm release (Rate, with two levels:

‘Fast’ or ‘Slow’), and the position of the downstream

egg patches (EggPos, with two levels: ‘25 cm’ or

‘75 cm’) as categorical variables, and modelled fertiliza-

tion success using a linear model of the three-way

interaction between of the amount of sperm released,

the rate it was released, and the downstream distance

to the egg patches (X = Spermi 9 Rate 9 EggPos, includ-

ing lower-order interactions). We again treated experi-

mental run as a ‘random’ grouping variable and

analysed the nested model set arising from the

interaction of Run with all ‘fixed’ effects (i.e. Z =
Run 9 Spermi 9 Rate 9 EggPos, including lower-order

interactions). We did not drop any of the ‘fixed-effect’

terms in either analysis (X was identical for all compet-

ing models in each analysis).

Posterior distributions of all model parameters were

estimated using Markov Chain Monte Carlo (MCMC)

methods implementing a NUTS sampler (Stan Devel-

opment Team, 2016). For all models in both analyses,

we initiated three MCMC chains of 2000 steps, each

with a 1000 step warmup, yielding a total of 3000

samples [i.e. (2000–1000) 9 3 = 3000]. Chains were

monitored for sampling abnormalities and considered

to have converged when all parameter estimates

yielded a scale reduction statistic of R̂\1:0 (Gelman &

Rubin, 1992).

For both analyses, we implemented a fully Bayesian

model selection procedure using leave-one-out cross-
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validation using the R package loo v.0.1.6 (PSIS-LOO;

Vehtari et al., 2016). For each analysis, we compared

the fit of all competing models against one another (i.e.

all pairwise model comparisons) using the expected log

pointwise predictive density (delpdloo), calculated by eval-

uating the log-likelihood at each of the posterior draws

of the parameter values (Hooten & Hobbs, 2015;

Vehtari et al., 2016). For each pairwise model compar-

ison, we calculated P-values for the pairwise differences

in delpdloo using standard errors (SE) calculated as

described in eqn (24) of Vehtari et al. (2016), and a

normal probability density function. Although this

method of calculating SE’s is most reliable for data sets

with many observations (Vehtari et al., 2016), we

obtained similar results using Bayesian bootstrapping

methods to estimate either the SE’s, or to sample

directly from the distribution of pointwise delpdloo differ-

ences. We present results for the most parsimonious

model – the one with the fewest parameters that also

returned a pairwise difference in prediction accuracy

that was not significantly different from the best-fitting

model (P > 0.05). All statistical analyses were per-

formed in R v.3.2.2 (R Core Team, 2016). All data and

code necessary to reproduce the analyses are available

at https://github.com/colin-olito/Fertilization.

Results

Estimating spawning durations

The mean duration of induced male spawning phenolo-

gies was 352.20 � 20.0 s (mean � SE). This spawning

duration was longer than the time taken to release

sperm in the Slow release strategy for the Investment

experiment (4 min), suggesting that our results for

Slow sperm release strategies may be conservative rela-

tive to induced male spawning phenologies.

Flume experiments

The probability of successful fertilization increased with

the amount of sperm released in the Investment experi-

ment [Fig. 2; bSperm = 0.819, HPD interval = (0.736,

0.908)]. The maximum fertilization success achieved

was 0.87, and rates of abnormal cell cleavage indicative

of polyspermy were very low for all runs (1–2%).

Together, the observed range of fertilization success and

polyspermy indicates that the sperm concentrations

experienced by eggs in our experiments were not high

enough to cause a saturation effect, where fertilization

success begins to decrease as more sperm is released

due to higher mortality from polyspermy. Low poly-

spermy rates also indicate that more complex fertiliza-

tion kinetics models are unnecessary to analyse the

data (e.g. Vogel et al., 1982; Millar & Anderson, 2003).

The most parsimonious model included only a single

random intercepts term for experimental run (Z = Run;

see Tables S1 and S2 for all model comparisons and

parameter estimates for the final model). The Run

specific intercepts exhibited only moderate variation

(rc = 0.765), indicating that the flume was generating

repeatable results.

The most parsimonious model from the analysis of

the Investment 9 Rate experiment included several inter-

actions between experimental Run and ‘fixed’ effects

(Z Run + Run 9 Spermi + Run 9 Rate + Run 9 EggPos

+ Run 9 Rate 9 EggPos; see Tables S3 and S4 for all

model comparisons and parameter estimates for the

final model, respectively). We detected a strong

Spermi 9 Rate interaction – the increase in the probabil-

ity of successful fertilization with the amount of sperm

released was steeper for the Fast release strategy than

the Slow (Fig. 3a; Table 1). We also detected a margin-

ally significant difference in the slope for the 25 and

75 cm egg patches for the Fast release treatment, with

fertilization success in the distal egg patch (75 cm)

increasing faster with the amount of sperm released

(Table 1; posterior distributions for a priori contrasts

comparing slopes of the partial regression lines for each

combination of Rate 9 Egg Position are presented in

Fig. S1). Thus, although males releasing small ejaculates

Fig. 2 Fertilization success as a function of the number of sperm

released in the Investment experiment. Results are shown for the

most parsimonious model, which included random intercepts for

each experimental run (m2: Z = Run), which exhibited only

moderate variation (rc = 0.765). Colour-coded predicted lines are

shown for each experimental run (see legend) in addition to the

overall regression (black line). Note that the increase in

fertilization success is monotonic, with a maximum of 0.87, and

low rates of abnormal cell cleavage were observed for all runs (1–
2%), indicating that the models adequately approximate the

probability of successful fertilization for these data. Credibility

intervals have been omitted for clarity.
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Fast suffer lower fertilization success with nearby eggs,

males releasing large ejaculates Fast achieve higher fer-

tilization success with more distant eggs. As we explain

below, however, this higher fertilization success with

distant eggs comes at a cost.

From the Investment 9 Rate experiment results, we

calculated the per-gamete increase in the probability of

successful fertilization for the Fast and Slow release

strategies (Fig. 3b). The per-gamete fertilization rate

decreased dramatically with the total amount of sperm

released for both strategies, but the decrease was slower

for the Fast release rate strategy (Table 1). Simple con-

trasts between the Fast and Slow strategy prediction

lines showed that when small amounts of sperm are

released, the per-gamete fertilization rate is significantly

higher for the Slow strategy than the Fast strategy

(a)

(b)

Fig. 3 Results from the Investment 9 Rate experiment showing

adjusted fertilization success as a function of the number of

sperm released (panel a), compared with adjusted per-gamete

fertilization success (panel b), for the Fast and Slow treatments.

Slow release rates result in higher fertilization success when

ejaculates are small (panel a, red line), but releasing a large

ejaculate Fast resulted in the highest overall fertilization success

rate. In contrast, per-gamete fertilization success is highest when

small ejaculates are released slowly, and decreases quickly as

more sperm are released regardless of whether they are released

Fast or Slow. Partial regression lines are plotted for the Fast and

Slow release treatments (solid lines) with 80% credibility

intervals (transparent bands) for the most parsimonious model;

data points are adjusted to remove among-run variation by

adding run-specific residuals to the predicted values for the ‘Fast’

and ‘Slow’ partial regression lines.

Table 1 Parameter estimates and a priori contrasts for the

Investment 9 Rate analyses.

Parameter Mean

95% H.P.D.

interval

95% credible

interval

b0 0.323 0.245, 0.406 0.239, 0.399

b1;Spermi
0.690 0.604, 0.767 0.613, 0.774

b0;Spermi :Fast 0.354 0.267, 0.449 0.264, 0.444

b1;Spermi :Fast 0.705 0.623, 0.779 0.626, 0.781

b0;Spermi :Slow 0.380 0.261, 0.510 0.259, 0.505

b1;Spermi :Slow 0.609 0.515, 0.698 0.518, 0.699

b0;Spermi :Fast:25cm 0.323 0.245, 0.406 0.239, 0.399

b1;Spermi :Fast:25cm 0.690 0.604, 0.767 0.613, 0.774

b0;Spermi :Slow:25cm 0.385 0.274, 0.504 0.273, 0.501

b1;Spermi :Slow:25cm 0.617 0.525, 0.705 0.530, 0.710

b0;Spermi :Fast:75cm 0.386 0.272, 0.512 0.266, 0.505

b1;Spermi :Fast:75cm 0.719 0.638, 0.792 0.639, 0.793

b0;Spermi :Slow:75cm 0.376 0.241, 0.533 0.231, 0.519

b1;Spermi :Slow:75cm 0.600 0.496, 0.695 0.502, 0.701

a priori contrast Mean

95% H.P.D.

interval P > 0

b1;Spermi :Fast � b1;Spermi :Slow 0.096 0.059, 0.133 1.000

b1;Spermi :Fast:25cm � b1;Spermi :Fast:75cm �0.029 �0.067, 0.004 0.056†

b1;Spermi :Slow:25cm � b1;Spermi :Slow:75cm 0.017 0.034, 0.076 0.743

b1;Spermi :Fast:25cm � b1;Spermi :Slow:25cm 0.073 0.035, 0.106 1.000

b1;Spermi :Fast:75cm � b1;Slowi :Slow:75cm 0.119 0.050, 0.192 1.000

Bold face font indicates posterior probabilities of greater than

97.5% or less than 2.5%; the dagger indicates a contrast with a

marginal effect size for which the posterior probability was slightly

larger than 5%.

Here, we present the back-transformed (inverse logit) parameter

estimates for the intercepts and slopes of the overall and partial

regressions fit by the Bayesian mixed effects binomial regression

model. Full model results, including ‘random’ parameter estimates

(c terms), are presented in Appendix A of the supplementary

material. Subscripts of 0 and 1 indicate partial regression intercepts

and slopes respectively.
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(posterior distributions for the difference between the

predicted values from partial regression lines for each

combination of Rate 9 Egg Position along the Spermi

axis are presented in Fig. S2). Conversely, the Fast

release strategy achieves higher per-gamete fertilization

rates when large amounts of sperm are released.

Discussion

Since the seminal work of Bateman (1948) and the

development of SCT since the 1970’s, observed patterns

of male reproductive investment and allocation have

been interpreted almost exclusively as adaptive strategies

under sperm competition (Parker et al., 1972, 2017; Par-

ker, 1982; Wedell et al., 2002). However, broadcast

spawning species have long presented a challenge to

classic SCT predictions by exhibiting counter-intuitive

male spawning strategies – specifically, Slow sperm

release rates and weak resource-dependent allocation to

ejaculates, despite massive investment in gonad tissue

(McEuan, 1988; Styan & Butler, 2003; Marshall &

Bolton, 2007; Olito et al., 2015). Although there is some

evidence that these strategies can be adaptive in a

sperm-competitive context (e.g. Bode & Marshall, 2007;

Lotterhos & Levitan, 2011; Olito et al., 2015, 2017), the

potentially crucial role of natural selection from the

external environment in shaping the evolution male

spawning strategies has been almost entirely neglected

(Marshall & Bolton, 2007). Our experimental results

with G. caespitosa suggest that Slow sperm release strate-

gies in broadcast spawners are expected to evolve in

response to natural selection from the external environ-

ment. Because there is opportunity for selection from

the external environment whether sperm competition is

present or not, explanations for observed patterns of

ejaculate sizes and sperm release rates in broadcast

spawners cannot be interpreted solely as adaptive sperm-

competitive strategies. Two main results stand out from

our study which we discuss in detail below: (i) an inter-

action between the amount and rate at which sperm is

released, and (ii) a dramatic cost, in terms of per-gamete

fertilization success, of releasing large ejaculates.

We found evidence that size- or allocation-dependent

sperm release strategies can increase per-gamete fertil-

ization success if males are unable to facultatively

adjust their ejaculate size, or if they are constrained to

participate in few spawning events. Our results indicate

that males releasing small ejaculates will achieve higher

fertilization success if they release sperm slowly,

whereas males releasing large ejaculates will have

greater fertilization success if they release sperm

quickly. From a mechanistic perspective, we interpret

this result as a form of male bet-hedging against the

inherent randomness in fluid dynamics and sperm dif-

fusion. If males release sperm quickly and happen to

‘miss’ the eggs with the bulk of their sperm, they have

low fertilization success and no sperm to try again. In

contrast, males releasing sperm slowly are more likely

to hit their target, albeit with lower downstream sperm

concentrations. Although there is some evidence that

individuals can facultatively adjust the rate of gamete

release (Marshall et al., 2004), we are not aware of any

definitive tests of whether male broadcast spawners

adjust ejaculate sizes at spawning (but see Petersen

et al., 2001 for a potential example in bluehead wrasse).

Some broadcast spawners may participate in multiple

spawning events, expending a fraction of their gametic

resources in single events, but again, definitive data are

lacking (e.g. Levitan, 1988; McEuan, 1988; Lotterhos &

Levitan, 2011). It is worth noting, however, that partic-

ipation in multiple spawning events requires that

females release eggs at the same times, a situation that

may not always occur (Olito et al., 2015, 2017). More-

over, variable environmental conditions may constrain

spawning to single events (Olito et al., 2015, 2017). It

has been demonstrated in two species of scallop that

males of different sizes release similar amounts of

sperm, despite the fact that larger males could have

released more (Styan & Butler, 2003). However, these

spawnings were chemically induced and so provide

only indirect evidence for facultative adjustment of

ejaculate size by large males. Given its central impor-

tance in determining optimal male mating strategies,

determining the extent to which broadcasters faculta-

tively adjust their ejaculate size represents a fundamen-

tal issue for future work.

Although there appears to be potential for the evolu-

tion of size- or allocation-dependent sperm release

strategies, we also found a nonlinear decline in per-

gamete fertilization rates as larger ejaculates are

released. The more sperm males release, the more are

wasted during sperm dispersal. Moreover, this pattern

was not driven by a saturation effect – none of our

experimental runs resulted in complete fertilization,

and rates of polyspermy remained low even when large

ejaculates were released. Although the per-gamete fer-

tilization rate should collapse under conditions resulting

in very low overall fertilization success (e.g. very low

or very high sperm:egg ratios), our results suggest that

for most populations with moderate sex ratios (approxi-

mately 2 : 1 in our experiments), and intermediate fer-

tilization rates, it should remain high. Taken together,

these results suggest that if male broadcast spawners

can facultatively adjust ejaculate size, or if they can

release sperm over multiple spawning events, the opti-

mal spawning strategy will generally be to release as lit-

tle sperm as possible, as slowly as possible, during the

window of female spawning.

Our results suggest that selection from the external

environment during sperm dispersal is likely to have a

strong and consistent influence on the evolution male

spawning strategies. Broadcast spawners will incur a

cost, in terms of per-gamete fertilization rate, of releas-

ing many sperm whether sperm competition is present
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or not. This is because broadcasters always expose

gametes to the external environment during spawning.

Meanwhile, selection from sperm competition is highly

density-dependent (Parker, 1982; Levitan, 1998; Bode

& Marshall, 2007; Parker et al., 2017), and so will occur

under more restrictive conditions. Moreover, the large

declines in per-gamete fertilization success we observed

occurred under extremely favourable conditions for fer-

tilization (laminar, unidirectional flow). Releasing large

ejaculates probably results in greater losses in per-

gamete fertilization success when conditions are less

favourable (e.g. turbulent, multidirectional flow), as

often experienced by natural populations (Denny &

Shibata, 1989). Interestingly, recent SCT developed for

broadcast spawners predicts that under low population

densities, sperm competition should select for greater

synchrony and lower variance in spawning phenolo-

gies, whereas under high population densities reduced

synchrony and greater variance should be favoured

(Olito et al., 2015, 2017). Thus, there may be conflict-

ing selection on sperm release rates from the environ-

ment and sperm competition in low-density

populations, whereas sperm competition may actually

exaggerate selection for small ejaculates and Slow

sperm release rates in high-density populations. We

caution that our experimental results cannot be used to

infer the relative strength of selection from the external

environment and sperm competition; however, they

strongly suggest that selection from the external envi-

ronment during sperm dispersal should be taken into

account when seeking adaptive explanations for

observed male broadcast spawning strategies.

Our results also suggest that interspecific patterns of

sex-specific GSI in broadcast spawners should be evalu-

ated from the perspective of natural selection in addition

to sperm competition (Parker et al., 2017). For example,

male-biased gonad expenditure, which remains prob-

lematic for recent SCT models for broadcast spawners

(Parker et al., 2017), may reflect selection arising from

high sperm wastage rather than sperm competition and

sex-differences in the cost of gamete production. A cru-

cial issue going forward is to determine the extent to

which gonad expenditure in broadcast spawners is

shaped by selection from the external environment dur-

ing gamete dispersal vs. sperm competition.

Our findings also have interesting implications for

the evolution of sequential hermaphroditism in aquatic

animals. Protandry, where individuals change gender

from male to female, is expected to evolve when female

fecundity increases faster with size than male fecundity

(Ghiselin, 1969; Warner, 1975, 1988; Munday et al.,

2006). Individuals can achieve higher life-time fitness

by strategically expressing the gender with the highest

reproductive success given their body size – being male

when small, female when large. Our results suggest

that the dramatic cost of releasing large ejaculates may

constrain male size–fecundity curves to be quite

shallow in broadcast spawning species, making it more

likely that the slope of the female-fecundity curve is

steeper than the male. Moreover, constraints on male

size–fecundity curves may be particularly strong if

males are unable to facultatively adjust ejaculate size,

or if they are constrained to few mating events by envi-

ronmental conditions or female spawning phenologies

(Olito et al., 2015, 2017). Hence, we would predict an

evolutionary association between broadcast spawning

and protandry among aquatic hermaphrodites. Empiri-

cal patterns of reproductive mode and mating system

appear consistent with this prediction. Protandry has

been documented and appears common, among several

large groups of broadcasting or spermcasting hermaph-

roditic marine invertebrates including gastropods (e.g.

Patellidae, Quesne & Hawkins, 2006; Calyptraeidae,

Coe, 1936; corals, Loya & Sakai, 2008, and echino-

derms, Sewell, 1994 and references therein). A formal

test of this hypothesis using modern phylogenetic com-

parative methods would be very interesting.
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