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In many species of marine organisms, males and females release gametes directly into the water column. Although free-spawning
marine invertebrates appear to have highly variable fertilization success, in tropical reef fishes the average fertilization success
is quite high, typically over 90%; nevertheless, substantial variation has been reported, and fertilization has a direct effect on
fitness. We investigated the factors affecting fertilization success in natural spawnings of the bluehead wrasse, Thalassoma bifas-
ciatum. During a two-year study at a site in St. Croix, we found extensive and predictable variation in fertilization success in
pair spawns of this reef fish. Fertilization success averaged 95%, but was affected by the amount of sperm released, the water
velocity at a site, the mating success of the male, and the size of the female. As sperm released in a spawn increases, and as
water velocity at a site decreases, sperm concentrations should remain higher in the vicinity of eggs for a longer period of time,
and both of these factors are correlated with increasing fertilization success. The recent history of individuals with partners or
sites did not affect the fertilization success of their spawn. In an evolutionary context, the real and predictable variance in
fertilization success in this species may influence the mating choices of males and females. However, there is currently no
evidence that females use differences in fertilization success among males or sites in their reproductive decisions. Key words:
bluehead wrasse; Coral reef fish; mate choice; fertilization; reproductive success; spawning; sperm limitation, Thalassoma bifas-
ciatum. [Behav Ecol 12:237–245 (2001)]

The release of gametes into the water column with subse-
quent external fertilization is exhibited by a wide variety

of marine organisms including algae, invertebrates and fish
(Brawley and Ladd, 1992; Giese and Kanatani, 1987; Levitan,
1996a; Levitan and Petersen, 1995). Studies of fertilization
success (the percentage of eggs fertilized) in these species
have indicated that fertilization success is typically less than
100% with considerable intraspecific variation (Coma and
Lasker, 1997; Kiflawi et al., 1998; Lasker et al., 1996; Lasker
and Kapela, 1997; Levitan, 1996a; Levitan and Petersen, 1995;
Marconato et al., 1995, 1997; Marconato and Shapiro, 1996;
Serrão et al., 1996; Yund, 2000). Incomplete fertilization of a
batch of eggs and variation in fertilization success both have
important implications for the ecology and population biol-
ogy of marine species (Brazeau and Lasker, 1992; Levitan,
1991; Levitan et al., 1992; Levitan and Petersen, 1995; Pen-
nington, 1985). In addition, fertilization is a major determi-
nant of fitness and thus has evolutionary implications through
selection on morphological, physiological, and behavioral
characteristics correlated with fertilization success (Clifton,
1997; Giambartolomei, 1997; Knight, 1997; Levitan, 1996a,b,
1998; Levitan and Petersen, 1995; Pearson et al., 1998, 1992;
Shapiro et al., 1994; Yund, 1998).

A wide range of factors has been shown to influence the
fertilization success of an individual spawn or fertilization
event in free-spawning marine species, including the number
of sperm released in the spawn, the spawning behavior of in-
dividuals, the physical environment where the spawning takes
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place, and gamete characteristics (reviewed in Levitan and Pe-
tersen, 1995; see also Coma and Lasker, 1997; Lasker and Ka-
pela, 1997; Levitan, 1996a,b, 1998; Marconato et al., 1995,
1997; Marconato and Shapiro, 1996). Variation in fertilization
success has direct effects on reproductive success of individ-
uals of each sex, and thus can influence a variety of repro-
ductive characteristics, including mate choice of both sexes,
the spatial and temporal patterns of mating, gamete allocation
patterns among spawns, and gamete characteristics (Levitan,
1993, 1996a,b, 1998; Levitan and Petersen, 1995). The effects
of natural selection on fertilization success will depend on the
extent that individual traits can affect variation in fertilization
success among spawns, and the degree that fertilization suc-
cess interacts with other fitness components such as mating
success or mate quality. It is possible that fertilization success
is relatively constant or at least unpredictable enough among
spawns to render it insignificant in current selection for re-
productive characteristics in marine fishes. Alternatively, al-
though the spawning behavior of marine fishes may result in
a high average fertilization success (typically greater than
90%: Kiflawi et al., 1998; Marconato et al., 1995, 1997; Mar-
conato and Shapiro, 1996; Warner et al., 1995), there may still
be significant predictable variation among spawns that could
result in selection on male and female spawning behavior and
gamete allocation.

This article reports the results of a study on sperm alloca-
tion and fertilization success in the bluehead wrasse, Thalas-
soma bifasciatum, a tropical reef fish. We examine the role of
eight factors affecting fertilization success of natural spawns
of the bluehead wrasse: number of sperm, water velocity, male
mating success acting via an effect on sperm number or in-
dependent of sperm number, female and male size, and fa-
miliarity of either sex with the spawning partner or the spawn-
ing site. We used data from spawns in situ under both natural
and manipulated conditions. Our goal is to provide a com-
prehensive review of the factors that do and do not affect
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Figure 1
The relationship between the fertilization success of a spawn and
the number of sperm released in that spawn in the bluehead wrasse
(data reported in Warner et al., 1995). Data were fit to a Michaelis-
Menton equation (proportion of eggs fertilized � ([0.994 �
sperm]/[0.117 � sperm). The lower horizontal line in the graph
shows the divisions along the sperm number axis used in the
nonparametric analysis of fertilization effectiveness.

fertilization success in pair spawns in this species, and to ex-
amine these results in light of theoretical predictions con-
cerning fertilization success and mate choice.

Biology of Thalassoma bifasciatum

The bluehead wrasse is a common inhabitant of shallow coral
reefs throughout the Caribbean. Size and color are sexually
dimorphic; females and smaller males have a yellow and black
initial-phase (IP) coloration, while larger individuals are
brightly colored terminal-phase (TP) males. Some of these TP
males are the result of sex change by females (Warner et al.,
1975).

Spawning occurs year-round during a limited period of ap-
proximately 2 h in the afternoon (Warner and Robertson,
1978). In patch-reef environments, females typically migrate
from their upcurrent feeding areas to downcurrent segments
of the reef to spawn. Preferred spawning sites consist of a
subset of upward projections on the downcurrent periphery
of the reef (Warner, 1988, 1990a). During the spawning pe-
riod these sites are either actively defended by single large TP
males or patrolled by large numbers of IP males.

A pair-spawn consists of a female and terminal-phase male
both rushing upward 0.3–1.5 m toward the surface and re-
leasing gametes at the apex of a spawning rush. Occasionally
IP males join the pair just as they are spawning and presum-
ably release sperm in a behavior called streaking (Warner and
Robertson, 1978); these spawns were rare at our field site and
were excluded from the data analysis.

Bluehead wrasse also engage in a behavior known as group-
spawning, where a female mates with typically 5–20 IP males
in a spawning rush. When both group- and pair-spawning oc-
cur on the same reef, they tend to occur at different locations
(Petersen et al., 1992; Warner and Hoffman, 1980a; Warner
et al., 1975). A comparison of pair- and group-spawns from
this research site is reported elsewhere (Marconato et al.,
1997), and here we report only on pair-spawning.

A female spawns on 2 out of 3 days on average, and releases
her daily egg production in one, or rarely, two spawns (Schultz
and Warner, 1991; Warner, Petersen, and Shapiro, unpub-
lished data). The transparent eggs are planktonic, approxi-
mately 600 �m in diameter, and positively buoyant once fer-
tilized. Hatching occurs after 20–24 h at 25–28�C. There is no
parental care.

Past work on the fertilization dynamics of T. bifasciatum has
revealed the following patterns:

● More sperm released in a spawn results in higher fertil-
ization (Warner et al., 1995). The curve that best fit the data
is a Michaelis-Menton relation (proportion of eggs fertilized
� ([0.994�sperm]/[0.117 � sperm], Figure 1). The effects
of sperm release were not statistically examined in combina-
tion with any other independent variables (such as mating
success, water velocity, see below).

● Sperm release differs among males (Shapiro et al., 1994),
and males with high mating success release fewer sperm and
achieve lower fertilization success (Warner et al., 1995).
Group-spawns, in which there is approximately 10 times as
much sperm released as in pair-spawns (Shapiro et al., 1994),
achieve equal or slightly higher fertilization success than pair
spawns (Marconato et al., 1997, but see Petersen et al., 1992).

● Males release more sperm when spawning with larger fe-
males (Shapiro et al., 1994). The effect of this pattern of
sperm release on fertilization success was not reported.

● Fertilization success is negatively correlated with a rank
estimate of water movement, with higher fertilization success
occurring on days of less water movement (Petersen et al.,
1992). However, this result is suspect for two reasons: first, the
technique used by Petersen et al. (1992), who reported mean

fertilization rates of 75%, underestimated fertilization success
by damaging eggs, and it is unknown if this egg damage was
correlated with water movement; and second, overall water
movement was estimated for the reef, not for individual
spawning sites.

METHODS

General

Data were collected during May–September 1993–1994 at sev-
en patch reefs within Tague Bay off the northeast coast of St.
Croix, Virgin Islands (see Warner et al., 1995 for a description
of the site). To obtain data on mating success, observers main-
tained focal observations on individual territorial TP males for
the entire daily reproductive period. Mating success data were
taken for an average of 5 days for each male (N � 37 males,
range 2–15 days per male).

Collection of eggs and sperm

To measure sperm output and fertilization success, we fol-
lowed the methods described in Shapiro et al. (1994). Within
a few seconds of spawning, gametes were captured in large
plastic bags of known volume (approximately 50 L) by snor-
kelers. Estimates of the amount of sperm released per spawn
were obtained by collecting a sample of water (500 ml) from
the bag, adding several drops of rose bengal dye to stain the
sperm, and preserving the sample 20 min later with formalin.
Samples were returned to the lab, filtered, and stained sperm
counted at 400� magnification within known areas at 20 lo-
cations on the filter paper. The total number of sperm re-
leased in the spawn was calculated assuming all sperm from
the spawn had been collected in the bag.

Fertilization of eggs was estimated by collecting a second
sample (approximately 2–4 l) of water from the collection
bag, staining eggs with rose bengal dye 2–4 h after spawning
and scoring them for development. We did not use any sam-
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ple in which fewer than 20 eggs were present. All eggs that
were not developing were counted as unfertilized, following
the recommendations of Marconato et al. (1997).

We statistically removed the effects of sperm number on
fertilization success using both a parametric and a nonpara-
metric technique. The first method tested the residuals from
the regression of sperm number on fertilization success for
effects of other independent variables in a parametric statis-
tical technique (multiple regression or ANCOVA). The mini-
mum sperm value used in this method was truncated at 1.5
million per spawn, because previous work had shown an in-
creasingly non-linear response and increasing variability of
sperm amount on fertilization success below this point, which
would violate the assumptions of the tests (Warner et al.,
1995). The mean residual for a male was defined as the para-
metric fertilization effectiveness (parametric FE), with a mini-
mum of five residuals required to include a male in an anal-
ysis. Positive values represent higher than expected fertiliza-
tion success for the amount of sperm released, while negative
values of parametric FE represent lower than expected fertil-
ization success for the amount of sperm released (Figure 1).

Because it was impossible to entirely remove the heteros-
cedasticity of the data set, we also used a nonparametric tech-
nique to examine the effects of factors other than sperm num-
ber on fertilization success. This technique had the advantage
of fewer assumptions and used a larger range of sperm values
(it included spawns with less than 1.5 million sperm), but po-
tentially had lower statistical power. For most analyses, both
techniques were used and are presented in the results. In
some cases sample sizes were substantially reduced using one
method, either because a large number of spawns had less
than 1.5 million sperm or because samples per group were
too low to calculate an accurate estimate using nonparametric
techniques. In these cases, only one method is used and re-
ported.

The second technique used a variable called nonparametric
fertilization effectiveness (nonparametric FE), which compared
fertilization success for classes of spawns with similar sperm
release. After initially subdividing the range of sperm-release
values, the effect of higher sperm release on fertilization suc-
cess was tested for each category; if sperm number had an
effect on fertilization success using a median test, the category
was divided again and tested until, within each category, there
was no effect of increasing sperm number on fertilization suc-
cess. This led to the formation of 14 categories, some of which
spanned a relatively small range of sperm numbers where the
fertilization curve was especially steep (Figure 1, lower line).
Each spawn was scored as above, at, or below the median fer-
tilization success for all spawns within a category of sperm-
release. Due to small sample sizes, spawns with less than 0.25
� 106 sperm and those with more than 20.0 � 106 sperm were
excluded from the analysis.

After classifying every spawn as below, equal, or above the
median fertilization success for its category of sperm release,
a nonparametric FE score, which expresses the proportion of
spawns above the median fertilization success, can be record-
ed for each category of spawns (rare points on the median
were counted as half above, half below). Nonparametric FE
values can range from 0 to 1. A set of spawns with average
fertilization would have a nonparametric FE of 0.5. A set of
spawns with a value above 0.5 indicates higher than expected
fertilization success based on sperm alone, and a value below
0.5 indicates lower than expected fertilization success. Individ-
ual males, females, or sites can be assigned a nonparametric
FE value. Nonparametric FE was calculated for all males or
sites with at least 10 spawns in which estimates of both sperm
release and fertilization success were obtained; these values
were then used as individual data points within an analysis.

Water velocity and water mixing

To estimate water movement during the spawning period at
a spawning site, in 1994 current meters (S4� InterOcean)
were mounted in the water column at a typical location of
gamete release for 4 days. Meters were deployed before spawn-
ing began and left until spawning was completed. The current
velocity, current direction, and depth of the current meter
were measured twice and averaged each s, for a min once
every 15 min for the entire duration of the spawning period
(typically 1.5–2.5 h). From these data we calculated mean cur-
rent velocity for each spawning period and the variation in
current velocity and direction at a site. For the subset of these
data that were collected on days where we also collected data
on fertilization, we examined variation in FE among days with-
in a site.

Characteristics of the male and female

All males in the study were captured and their standard length
measured at the beginning of observations. In 1992 and 1993
404 females were captured, measured, and tagged with a
unique sequence of colored beads using small tags inserted
into their dorsal musculature. Untagged females were esti-
mated to lie within three standard length size classes, small
(� 55 mm), medium (55–65 mm), and large (� 65 mm). For
the analysis of the effect of female size on fertilization success,
we tested for differences among size classes for both estimates
of FE. In addition, we calculated a fertilization curve (pro-
portion of eggs fertilized versus number of sperm released in
a spawn) for each female size class. Following Warner et al.
(1995), we fit a Michaelis-Menton function using the NON-
LIN analysis in Systat, assuming an asymptotic fertilization suc-
cess of 100% for all size classes.

Female and male bluehead wrasse show strong mating-site
fidelity (Warner, 1985, 1986, 1987, 1990a), and increased site
or mate familiarity could lead to better coordination of the
spawning pair and increase fertilization success. To examine
this idea, we classified males and females as familiar with each
other and with a site for the subset of spawns where male and
female identity were known. A mating pair was considered
familiar if they had mated at least two times in the past, or if
no other mating partners had been observed previously for
the female. A site or male was considered unfamiliar for the
first 2 days an individual was observed to spawn at a new site;
afterward the site was considered familiar.

Manipulation of mating success of individual males

We removed at least 50% of the females on a reef on two
reefs, reducing the average male mating success by at least
half. Spawns were collected before and after the manipulation
for four TP males.

The male mating success of TP males on a reef was in-
creased by removing the majority of IP males on a reef, chang-
ing a previously successful group-spawning site to a pair-
spawning site. Females that had previously spawned at these
sites either continued to spawn at the same site with a newly
established territorial TP male, or changed their usual spawn-
ing site to one of the pre-existing pair spawning sites. This
manipulation was carried out on four reefs and spawns were
collected before and after the manipulation for eight males.

Statistical analysis

For all parametric statistics, data were first checked for nor-
mality using a Lilliefor’s test and transformed when necessary.
Transformations were required for fertilization success (an-
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Figure 2
The relationship between mean male mating success and mean
fertilization success for the male. rs � �.56, N � 30 males, p �
.005.

Figure 3
The relationship between fertilization effectiveness (fertilization
success with the effect of sperm number removed) and male mating
success in the bluehead wrasse. (A) Parametric FE versus male
mating success. r � �.68, N � 25 males, p � .001 (B)
Nonparametric FE versus male mating success. r � �.47, N � 22
males, p � .026.

gular transformation), for water velocity and sperm number
per spawn (ln transform). Non-parametric statistics follow Sie-
gel and Castellan (1988). Statistical analyses were performed
using the statistical software Systat version 7.0 for Windows.

RESULTS

The mean fertilization success over all spawns (excluding ex-
perimental manipulations) was 95.3% (N � 810). Individual
male fertilization success averaged 95% and ranged from 83–
99.6% (untransformed data, N � 30 males, s � 3.8%, median
96.1%; each male datum based on 5–51 samples per male).
There was a positive correlation between the average number
of sperm released by a male and his mean fertilization success
(Spearman rank correlation coefficient, rs � .61, N � 30
males, p � .001).

Fertilization success was positively correlated with the num-
ber of sperm released per spawn using the subset of data in
the parametric analysis (F1,529 � 10.3, N � 531, p � .001). In
addition, both the site of spawning (F24,499 � 2.8, N � 526, p
� .001) and the size of the female (F2,499 � 3.4, N � 526, p
� .034) had significant effects on fertilization success, after
the effects of sperm release had been removed. A similar re-
sult was obtained from the nonparametric FE estimate, with
both site (	2 � 47.3, N � 20 sites, df � 19, p � .001) and
female size (see below) showing significant effects. In both
analyses, date nested within a site had no effect on FE. These
analyses suggested that some site-specific factor influenced
fertilization success, either an aspect of the male or his spawn-
ing behavior, or some aspect of water flow at the site. We
examine each of these in turn below.

Male mating success

The mean mating success for a male was 31.8 pair spawnings
per day (N � 37 males, s � 21.5, range 2–100). Mating success
varied among males even within individual patch reefs, with
six of eight reefs having coefficients of variation greater than
50% (three to five males per reef). These estimates of varia-
tion in mating success are probably conservative, since we like-
ly missed some males with very low mating success on these
reefs.

There was a negative correlation between the mating suc-

cess of a male and his mean fertilization success (Figure 2, rs

� �.56, N � 30, p � .005, also demonstrated in an overlap-
ping data set in Warner et al., 1995). One clear cause of this
pattern is a negative correlation between sperm release per
spawn and mean mating success for a male (rs � �.52, N �
30, p � .005).

Using the parametric estimate of FE, there was still a neg-
ative correlation with mating success after the effects of sperm
number had been statistically removed (r � �.68, N � 25
males, p � .001; Figure 3A). This effect was most strongly
influenced by the very low parametric FE of males with very
high mating success. The correlation is weaker but still signif-
icant after removing the two males with the highest mating
success (r � �.43, N � 23 males, p � .04). The nonparametric
estimate of FE gave a similar result, exhibiting a negative cor-
relation with male mating success (Figure 3B, r � �.47, p �
.026, N � 22 males). However, in this case the relationship
disappeared when the two males with the highest mating suc-
cess were removed (r � �.11, p � .5, N � 20 males), rein-
forcing the importance of highly variable mating success to
detect effects on FE.

The results of field manipulations in which we altered male
mating success also indicate a negative relationship between
male mating success and FE. In twelve cases where male mat-
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Figure 4
The effect of changing male mating success for individual male
bluehead wrasse on their nonparametric fertilization effectiveness. r
� �.69, p � .014, N � 12.

Figure 5
The relationship between fertilization effectiveness (FE) and water
velocity at a spawning site in the bluehead wrasse. (A) Parametric
FE versus water velocity, r � �.43, p � .05, N � 22 males. (B)
Nonparametric FE versus water velocity, r � �.62, p � .01, N � 21.

ing success was manipulated, there was a negative correlation
between the change in mating success and the change in non-
parametric FE, with increasing mating success correlated with
decreasing fertilization effectiveness (Figure 4, r � �.69, N �
12, p � .014).

The reduced fertilization effectiveness of males with high
mating success is not related to a decrease in FE later in the
spawning period due to fatigue or other factors. Using days
with at least 50 spawns, no male showed a significant relation-
ship between fertilization effectiveness (parametric FE) and
the order of spawning (six males, N � 10–30 spawns per male,
r varied from �.38 to .31, p � .1 in all cases).

Effect of site: hydrodynamics

Water velocity measured by the current meters varied consid-
erably among sites, with average estimates ranging from 2.6–
22.1 cm/sec. Mean water velocity was negatively correlated
with fertilization success of the male at the site (r � �.47, N
� 29 males, p � .01). This effect appeared to be separate
from the effect of sperm released per spawn, because water
velocity was also negatively correlated with fertilization effec-
tiveness, examined either using the parametric estimate (r �
�.43, p � .05, N � 22 males; Figure 5A) or the nonparametric
FE estimate (r � �.62, p � .01, N � 21 males; Figure 5B). In
a multiple regression, using the parametric FE for each male,
both water velocity (t � �2.61, p � .017) and mating success
(t � �3.74, p � .001) were strongly negatively correlated with
this estimate of FE (total regression R2 � .61, N � 22 males).
Using the nonparametric measure of fertilization effective-
ness, mating success remained strongly significant (t � �4.01,
p � .001) while water velocity became slightly non-significant
(t � �1.86, p � .079).

The correlations between water velocity and FE are also ob-
served among the six sites where we have estimates of para-
metric FE and current meter data on at least two separate
days. There was a nearly significant effect of site (F5,64 � 2.28,
p � .06) and a significant negative effect of the day’s average
water velocity on fertilization effectiveness (F1,64 � 5.23, p �
.03; ANCOVA, after removing non-significant interaction
term, R2 � .28) for the six sites with this level of resolution.

None of the water velocity or mixing characteristics at a site
covaried with male mating success in this study. Analyses of
water velocity and fertilization success parameters yielded cor-
relation coefficients that were all � 0.2 (p � .20 for all tests,

N ranges from 22–40). The estimate of water mixing, esti-
mated as the variance in the current meter readings, were not
correlated with any of the fertilization success parameters in
this study (rs � .14 for all measurements, p � .20, N � 27).

Female size

There was a significant difference among female size catego-
ries in parametric FE, with large females having lower fertil-
ization success for the same amount of sperm released com-
pared with that of small females (Tukey post-hoc comparison,
p � .05). Similarly, in the nonparametric FE analysis, large
females had a lower FE than either medium or small females
(Table 1). Spawns involving large females had significantly
higher half-saturation constants of their fertilization curves
than small females (Table 1). A larger half-saturation constant
indicates a higher number of sperm is required to fertilize
50% of the eggs in a spawn.

Even though males released more sperm when spawning
with large females (two-way ANOVA, female size F2,757 � 7.23,
p � .001), fertilization success declined with female size (AN-
OVA, F2,775 � 2.97, p � .05), with a significant decrease be-
tween small and large females (p � .037, Tukey pairwise com-
parison; back-transformed mean fertilization success and ap-
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Table 1
The effect of female size on fertilization parameters

Female size
Above median
(no. of spawns)

Below median
(no. of spawns)

% above
median (FE)a

Half saturation constant
of fertilization curve
(Km) (�106 sperm)b SE

Large 94 148 38.8 0.153 0.014
Medium 457 411 52.6 0.118 0.007
Small 264 252 51.2 0.114 0.010

a 	2 � 14.8, df � 2, p � .001.
b t test of large versus small female Km: t � 2.26, p � .05.

The total numbers of spawns below and above the median are not exactly equal due to additional data
points (n � 18) where no female size was recorded. Half-saturation constants are based on fitting the
data to the equation Fertilization success � (Vmax * sperm number) / (Km � sperm number) where
Vmax, the asymptotic fertilization success, was fixed at 1.

Figure 6
Summary of factors affecting fertilization success in the bluehead
wrasse from this and previous studies. The effect of number of
males spawning is from Shapiro et al. (1994) while the effect of
sperm mating success on sperm number and sperm number on
fertilization success was first reported in Warner et al. (1995).

proximate standard errors: large females 96.3% 
 0.6%, for
small females 97.9% 
 0.35%).

Male size

There was no correlation between the size of a male and ei-
ther measure of fertilization effectiveness (p � .1 for all cor-
relations).

Recent spawning history

There was no effect of female familiarity with site (F1,116 �
0.002, p � .97) or male (F1,116 � 0.37, p � .54) using the
parametric FE estimate (ANOVA’s, N � 118 spawns). We ob-
tained similar results using the nonparametric fertilization ef-
fectiveness as the dependent variable: there was no effect of
either female familiarity with site (Fisher’s Exact Test, p � .4,
N � 166 spawns) or the male (Fisher’s Exact Test, p � .51, N
� 166).

There was no evidence that increased familiarity with a site
or with a female increased fertilization effectiveness for a
male. In ten cases where males spawned at two sites, FE was
lower at the less used site in four of ten cases and higher in
the other six.

DISCUSSION

Factors affecting fertilization success

The results provide a comprehensive picture of the factors
affecting fertilization success in bluehead wrasse. Four factors
affected fertilization success: the amount of sperm released,

the mating success of a male, the water velocity at a spawning
site, and the size of the female. Several potentially important
factors were found not to affect fertilization success: size of
the male and the familiarity of the female and male with the
site or with each other. When combined with differences in
fertilization success between group and pair spawnings (Mar-
conato et al., 1997), these data show that physical, behavioral,
and demographic variables all contribute to determining fer-
tilization success in a spawn (Figure 6). Each of these factors
is discussed individually below.

Male mating success. Mating success has a major impact on
fertilization success in this species, especially at the extreme
ranges of male mating success. The causes of this effect can
be divided into two areas: the correlation of mating success
with sperm release per spawn, and a second cause indepen-
dent of the amount of sperm release.

The negative correlation between male mating success and
fertilization success in this species was reported previously
(Warner et al., 1995) and was assumed to be due to a third
variable, the number of sperm released per spawn, that was
positively correlated with fertilization success and negatively
correlated with mating success. Although sperm numbers are
clearly important (Figures 1 and 2), the current analysis re-
vealed a persistent pattern after the effect of sperm number
had been removed (Figure 3).

We lack sufficient information to conclude why mating suc-
cess affects fertilization success after the effects of sperm num-
ber have been removed. Data from videotaping of individual
spawns showed a significant correlation between some male
spawning behavior and male mating success, and suggests that
mating success might affect mating behavior or vice versa (Pe-
tersen, Warner, and Shapiro, unpublished data). The changes
in spawning behavior that may occur with changes in mating
success offer a challenging avenue for future research, espe-
cially since these behaviors may have a significant negative
effect on fitness. However, more work is needed before a caus-
al link can be inferred between mating behavior and fertiliza-
tion effectiveness.

Males with higher mating success may also have lower fer-
tilization effectiveness because their sperm are less effective at
fertilizing eggs. We have no data to address this idea, but the
change in FE when we experimentally altered fertilization suc-
cess of individual males suggests that this is unlikely. If there
is a difference in sperm quality, it would need to be closely
linked with very recent male mating success.

Water velocity at a spawning site. Increasing water velocity is
expected to be correlated with enhanced water mixing at a
site, and probably decreases fertilization success in bluehead
wrasse by diluting gametes immediately after spawning. This
pattern of decreasing fertilization with increased water veloc-
ity has been observed in many marine invertebrates under
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both artificially induced spawnings (Levitan, 1998; Levitan et
al., 1992; Levitan and Young, 1995; Pennington, 1985) and
under natural fertilizations (Coma and Lasker, 1997; Lasker
and Kapela, 1997), although large differences in fertilization
success can occur among samples collected minutes or meters
from each other, presumably because of spatial and temporal
heterogeneity of flow (Coma and Lasker, 1997; Lasker and
Kapela, 1997). In this study we detected negative effects of
increasing water velocity on fertilization success both between
and within sites.

Female size. The difference in fertilization effectiveness with
female size could have several causes that are not mutually
exclusive. Larger females have higher average fecundities
(Schultz and Warner, 1991; Shapiro et al., 1994), and if the
ratio of sperm to eggs is important in determining fertilization
success (Shapiro and Giraldeau, 1996), then this increase in
egg number with female size will reduce fertilization effective-
ness. Larger females also probably create more water mixing
at the moment of spawning than smaller females, leading to
larger gamete clouds. If sperm concentration within the cloud
is important in determining fertilization success, which seems
probable, then larger gamete clouds would have lower fertil-
ization effectiveness as measured in this study.

Female choice and fertilization success

None of the preference patterns exhibited by females corre-
spond to the hypothesis that they are selecting spawning sites
based on maximizing fertilization success. On the contrary,
sites with males mating at higher frequencies have lower fer-
tilization success (Warner et al., 1995), and at least part of the
pattern is due to the number of mates independent of the
number of sperm released per spawn (Figure 3). If females
were selecting for maximizing fertilization success, we would
expect a distribution of females that gave approximately equal
fertilization success at each site. Instead, fertilization success
varied substantially among sites on a reef. The tremendous
variability in mating success among territorial males within a
patch reef (e.g., Warner 1987, 1990a,b; Warner and Schultz,
1992; Warner et al., 1995, this study), with the most successful
individuals spawning 100 times per day (Warner et al., 1995,
this study), is a major cause of the observed variability in fer-
tilization success in this species.

Mating success was not correlated with water velocity at a
site within a reef, despite a negative correlation between water
velocity and fertilization success. Females do not appear to be
avoiding locations with higher water mixing that decrease fer-
tilization success. In fact, Hensley et al. (1994) presented ev-
idence that bluehead wrasse spawning sites had higher water
velocity than non-spawning sites, and Shapiro et al. (1997)
presented evidence that water velocities during the afternoon
spawning period were higher than in the morning. Both of
these patterns are the opposite of what would be predicted if
spawning sites and times were chosen based on fertilization
success alone.

The equivalence of fertilization effectiveness whether fe-
males chose familiar or unfamiliar (which may only be less
familiar) spawning partners or sites suggests that the strong
site and mate fidelity in this species (Warner, 1985, 1986,
1987, 1990a) is not due to a fertilization benefit from mating
with specific partners. In fact, this fidelity may simply repre-
sent highly conservative traditional behavior whose effect lies
in mortality avoidance (Warner, 1988, 1990a, 1998).

Size-related patterns in fertilization success among females
indicated that females might benefit from changing from pair-
spawns to group-spawns as they grow larger. There is a signif-
icant decrease in fertilization success with female size in pair
spawns, with larger females having the lowest fertilization suc-

cess. In group-spawns fertilization success tends to be equal or
higher than in pair spawns (Marconato et al., 1997), and there
is no difference among females of different size. This result
suggests that the largest cost for spawning at pair-spawning
sites instead of group-spawning sites should exist for large fe-
males. In this study, there was no difference in the distribution
of female size classes between pair- and group-spawns on a
reef (unpublished data), but in previous studies in Panama
the trend is for large females to avoid group-spawns (Warner,
1985), the opposite to that predicted by fertilization success
considerations.

Why are females not choosing situations that yield increased
fertilization success?

All else equal, we expect females to choose spawning situa-
tions that give them the highest fitness per egg released. If
differences exist in fertilization success among sites or males,
and these differences can be assessed by females, then females
could use this information in mate choice. Unless there are
offsetting fitness benefits for choosing situations with lower
fertilization success, then we expect females to prefer situa-
tions that give higher fertilization success.

The range of fertilization success among males on a patch
reef, which averages 5%, represents a small but real fertiliza-
tion success difference among sites available to an individual
female. Females cannot directly assess the fertilization success
that their eggs achieve, but they may be able to gain infor-
mation about fertilization success if they can assess either male
mating success or water velocity at a site. However, there was
no evidence that females used these factors to choose spawn-
ing sites or mates.

Warner et al. (1995) outlined some of the potential com-
pensatory benefits that might exist to explain this pattern of
female choice; lower fertilization success could be correlated
with higher genetic quality of males, increased female survi-
vorship or increased offspring survivorship. Alternatively, fe-
males may be constrained in their information gathering be-
cause of tradition or mortality risks. There is currently no ev-
idence to suggest the occurrence of any of these processes
that might confer compensating benefits.

Different sites within reefs probably have similar long-term
dispersal capabilities (Appeldoorn et al., 1994). Among these
sites net larval export for a female will be determined by her
fecundity, her fertilization success, and the ability of those
young to avoid early predation. Current velocity may have op-
posite effects on fertilization success and survivorship of
young, increasing the chance of zygotes successfully emigrat-
ing from the reef where egg predation is probably higher
(Hamner et al., 1988; Hensley et al., 1994; Randall and Rand-
all, 1963), while decreasing sperm concentration and the
probability of eggs being fertilized. The antagonistic effect of
these two factors on female fitness cannot be compared since
we lack any quantitative data on egg predation rates in gen-
eral, and do not know how this relationship changes with lo-
cation of the site and water velocity at the site (Hensley et al.,
1994).

The persistent intraspecific variation in fertilization success
in the bluehead wrasse suggests that the timing and location
of spawning may be controlled largely by factors other than
fertilization success, which may either be selective factors act-
ing on offspring and adult survival, or non-selective factors
such as the inability of a species with a widely dispersing larval
phase to adapt to the selective regime in one particular hab-
itat (Warner, 1997). Bluehead wrasse are found in a variety of
reef environments other than patch reefs, and in these other
environments the benefits and costs of spawning in certain
places may be quite different. Females have been observed
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migrating long distances downcurrent to mass group spawn-
ing sites in fore-reef environments (Warner, 1995), migrating
to spawning areas bearing no simple relation to current di-
rection in large patch-reef systems (Hensley et al., 1994), or
spawning within all-purpose home ranges without migrating
in shallow back-reef habitats (Fitch and Shapiro, 1990). Sim-
ilar work on other species will be needed to determine the
generality of these results to other marine fishes, where sim-
ilar spawning behaviors that should result in high sperm con-
centrations in the vicinity of eggs may also maintain high fer-
tilization success.
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