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Abstract Sperm competition exerts strong selection on
males to produce spermatozoa with an optimal morphology
that maximizes their fertilization success. Long sperm were
first suggested to be favored because they should swim
faster. However, studies that investigated the relationship
between sperm length and sperm competitive ability or sperm
swimming velocity yielded contradictory results. More
recently, ratios of the different sections of a spermatozoon
(the head, midpiece, and flagellum) were suggested to be more
crucial in determining swimming velocity. Additionally,
sperm ability to remain and survive in the female storage
organs may also influence fertilization success, so that optimal
sperm morphology may rather maximize sperm longevity
than velocity. In this study, we investigated how sperm
morphology is related to sperm velocity and sperm longevity
in the house sparrow Passer domesticus. Sperm velocity was
found to be correlated with head/flagellum ratio. Sperm with
small heads relative to their flagellum showed higher
swimming velocity. Additionally, shorter sperm were found
to live longer. Finally, we found sperm morphological traits
to vary substantially within males and the head/flagellum
ratio to be unrelated to total sperm length. We discuss the
hypothesis that the substantial within-male variation in sperm
morphology reflects a male strategy to produce a diversity of
sperm from long, fast-swimming to short, long-living sperm
to maximize their fertilization success in a context of sperm
competition.
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Introduction

It is now well established that sperm competition, defined
as the competition between sperm of different males for the
fertilization of a given set of ova (Parker 1970), exerts
strong selection on males and drives the evolution of sperm
traits that maximize their fertilizing potential and likelihood
of paternity (Pizzari and Parker 2009). Despite recent
studies attempting to identify the sperm characteristics that
yield higher fertilization success, no clear picture can be
drawn so far. In particular, the functional links between
sperm morphology and sperm velocity and longevity still
remain unclear.

Sperm velocity is known to be a major determinant of sperm
competitive success (Pizzari and Parker 2009), with faster
sperm being better able to outcompete rival sperm in the
“race” to the ovum. Gage et al. (2004) reported that relative
velocity of the sperm of two rival males was positively related
to sperm competition success in the Atlantic salmon (Salmo
salar). In the domestic fowl (Gallus domesticus), sperm
mobility determines male fertility and sperm competitive
ability (Birkhead et al. 1999; Froman et al. 1999). Gomendio
and Roldan (2008) suggested that descriptors of sperm
swimming velocity may indeed reflect sperm ability to
surmount the barriers in the female reproductive tract and to
escape the hostile female environment (Birkhead et al. 1993).
It is worth bearing in mind, however, that in many internally
fertilizing species, sperm transport within the female is almost
exclusively determined by female contractions rather than by
sperm movements (Birkhead and Brillard 2007).
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More than 15 years ago, Gomendio and Roldan (1991)
were the first to propose that sperm swimming velocity may
be functionally related to sperm size, with longer sperm
swimming faster. Evidence in support of this hypothesis
exists at the interspecific level in mammals (Gomendio and
Roldan 1991, 2008) and birds (Liipold et al. 2009a). At the
intraspecific level, though, the few studies investigating the
relationship between sperm size and sperm velocity yielded
inconsistent results. In the nematode Caenorhabditis elegans,
which produces aflagellate amoeboid sperm, LaMunyon and
Ward (1998) found larger sperm to move faster. A study on
sand martins Riparia riparia found shorter sperm to swim
faster (Helfenstein et al. 2008), while in the zebra finch
Taenopygia guttata, sperm morphology was found to be
positively related to and genetically linked with sperm
velocity (Mossman et al. 2009). Overall, however, most
studies found no association between sperm size and sperm
velocity (e.g., Gage et al. 2002; Minoretti and Baur 2006;
Pitcher et al. 2007). As a matter of fact, recent theoretical
developments suggested that ratios between the different
sections of a spermatozoon (the head, midpiece, and
flagellum) may have a greater impact on sperm velocity
than total sperm length. Humphries et al. (2008) proposed
that the ratio between the length of the sperm head and the
length of the flagellum should be determinant, because the
head produces a drag proportional to its length that needs to
be compensated by the thrust of the flagellum. Additionally,
midpiece length has also been hypothesized to be associated
with greater energy supply through ATP production in the
mitochondria (Cardullo and Baltz 1991). Although glycoly-
sis occurs in the flagellum, the spermatozoon propeller, the
midpiece may provide a significant portion of the energy
used for propulsion (Anderson and Dixson 2002). These
hypotheses led to the predictions that, first, there should be a
positive relationship between the head length and the
flagellum length on the one hand and between the midpiece
length and the flagellum length on the other hand, and that,
second, head/midpiece and midpiece/flagellum ratios should
be related to sperm velocity (Cardullo and Baltz 1991). In
support of these theoretical developments, Cardullo and
Baltz (1991) and Immler and Birkhead (2007) found positive
allometries between the midpiece and the flagellum across
mammals and birds, respectively. In addition, Liipold et al.
(2009b) found, at the interspecific level, a negative relation-
ship between head length and velocity and a positive
relationship between flagellum length and velocity. Yet,
ratios between the different sections of the sperm had the
same impact on sperm velocity as absolute lengths.
Moreover, against the prediction that midpiece length
determines sperm velocity, Malo et al. (2006) found in the
red deer Cervus elaphus hispanicus that sperm with long
midpieces are slower, whereas sperm with long heads and
long flagella have greater velocity.
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Like the relationship between sperm size and sperm
velocity, the relationship between sperm size and sperm
longevity remains unclear so far. Stockley et al. (1997)
found that sperm longevity decreases with sperm length
across species of fish. In a comparative study in pheasants,
Immler et al. (2007) also found that sperm longevity,
measured as the number of days females store sperm before
fertilization, was negatively correlated with sperm size.
Inversely, in a study on sand martins R. riparia, Helfenstein
et al. (2008) found longer sperm (i.e., sperm with longer
midpiece, midpiece length being correlated with total sperm
length; Kleven et al. 2009) to swim more slowly than
shorter sperm but to live longer, and the authors suggested
that sperm velocity and sperm longevity may be traded off
according to the male ability to access and copulate with
fertile females as well as the timing of the copulation relative
to fertilization.

Our aims in this study were threefold. First, we in-
vestigated the relationship between the length of the different
sections of a spermatozoon between and within ejaculates of
male house sparrows Passer domesticus. Second, we were
interested in the relationship between sperm morphology
(absolute length and ratios of the different sections) and
sperm velocity and longevity. Our last goal was to quantify
variance in sperm morphological traits between males,
within males, and between repeated measures of the same
sperm. The house sparrow is a well-known species frequent-
ly used in studies of sexual selection processes (Nakagawa
et al. 2007). It is also an appropriate model when studying
sperm traits in a context of sperm competition because
females regularly engage in extrapair copulations and
produce extrapair offspring (Nakagawa et al. 2007), so
males are under strong selective pressure to maximize their
fertilization success and ensure their paternity.

Materials and methods
Study species and sampling procedure

This study was conducted on a house sparrow P. domesticus
population between 6 May and 21 May 2008 in the
Nationales Pferdezentrum, a horse breeding center in Bern,
Switzerland. Male house sparrows were captured using mist
nets placed across the stables' doors. We collected sperm
samples (1-2 pl) using cloacal massages (Wolfson 1952).
The samples were immediately added to 100 ul of
prewarmed (40°C) Dulbecco's modified Eagle's medium
(4,500 mg glucose/l, 110 mg sodium pyruvate/l, 4 mM L-
glutamine, Sigma Aldrich). A 5-ul sample was then loaded
within a prewarmed (40°C) 80-um-deep dual-sided sperm
analysis chamber (Hamilton Thorne Research, Beverly, MA,
USA), and sperm motion was recorded for 10 min at 40°C
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with a video camera mounted to the microscope at x100
magnification under dark-field condition generated with a
Ph2 annular phase ring. Videos were directly stored on a
computer hard drive via a video acquisition kit (Dazzle video
creator 720x576 pixels, 25 Hz frame rate, Pinnacle).

Sperm velocity and sperm longevity

Video recordings of sperm motion were analyzed using a
CASA plug-in to the free software Image] (Image] 1.42,
Wayne Rasband, http://rsb.info.nih.gov/ij) developed by
Wilson-Leedy and Ingermann (2007). Settings were adapted
to passerine sperm swimming behavior (straight trajectory)
and to our recording conditions (no bulk flow). Due to
technical problems with some of the recordings, we discarded
the first 25 s. Sperm motion was analyzed for 2 s after 25, 85,
and 145 s of video recording. Preliminary analyses showed
that a 2-s sampling interval maximized the detectability of
moving sperm and minimized the number of sperm entering
the field of the camera, which would inflate the percentage of
motile sperm. The minimum size of a sperm cell was set to
2 pixels and its maximum size to 50 pixels to exclude dust
particles from the analysis. The minimum track time was
0.8 s, and the search radius was set to 8 pixels, which
minimized the risk of counting a moving particle as a motile
sperm or to merge crossing sperm into a single track. Sperm
cells having a straight line velocity (VSL)<5 um/s, a
curvilinear velocity (VCL)<10 pm/s, or an average path
velocity (VAP)<10 pum/s were counted as immotile.

The CASA plug-in recorded mean values for the percentage
of motile sperm, VCL (total distance traveled, micrometers per
second), VAP (smoothed path using roaming average, micro-
meters per second), and VSL (distance from origin to the
furthest point reached during the measured time period,
micrometers per second). We also recorded the number of
sperm cells detected by the CASA plug-in because moving
sperm are likely to interfere more with each other at higher
densities, a parameter we could not control. Sperm velocity has
previously been described using VSL, VAP, or VCL or a
combination of these parameters (Holt et al. 1997; Froman and
Feltmann 2000; Gage et al. 2004; Pizzari et al. 2004). In our
samples, these parameters were strongly correlated with each
other (r, 0.93-0.998; all P<0.0001). Therefore, we used an
index of sperm velocity based on the first principal component
of principal component analysis (PCA) conducted on VSL,
VAP, VCL, and the number of sperm cells detected by the
CASA. PC1 explained 77.1% of the variance and was
strongly positively correlated with VSL, VCL, and VAP (all
r>0.96, P<0.0001) but independent of the sperm density in
the sample (all |/<0.23, P>0.11).

We took three measures of VSL, VCL, and VAP after
25, 85, and 145 s of video recording. This allowed us to
derive sperm longevity from statistical models as the rate at

which the percentage of motile, living sperm declines with
time. This also allowed us to monitor the dynamics of
sperm velocity over time. Technical adjustments caused the
delay between the collection of the ejaculate and the start of
the video recording to vary among individuals (mean+
standard error (SE), 101.25+4.30 s; range, 30-200 s). This
delay was recorded, and we used the total time since sample
collection (i.e., the duration of sample processing and
recording duration to the start of analysis) as our time
variable in all models.

Sperm morphology

A second sample of sperm was collected immediately after the
first and stored in 100 pl formalin (5%) for later measurement
of sperm morphometry. In the laboratory, a drop of sperm/
formalin solution was deposited on a slide and air-dried. The
slide was then rinsed with distilled water, fixed with Glycogel
(Roth AG), and covered with a cover slip. Photographs of
spermatozoa were taken with an Olympus E-520 digital camera
(10 megapixels) mounted on an Olympus microscope at x400
magnification under phase contrast generated with a Ph2
annular phase ring. From these pictures, we selected ten intact
spermatozoa (no broken tail, midpiece correctly coiled around
the flagellum) per individual. All spermatozoa were sketched in
a notebook to enable a second measurement later. All pictures
were analyzed by MP using Image] at a resolution of
8,267 pixels/mm.

For each spermatozoon, we recorded its total length, the
length of its head, midpiece (straight length of the part curled
around the flagellum), and flagellum. In order to assess the
repeatability of the method, three spermatozoa from 20 males
were measured a second time in a distinct measurement batch
and without knowledge of the values previously obtained for
those sperm. In addition to absolute lengths, we also computed
the three ratios used in previous studies and predicted to
influence sperm velocity: the head/midpiece ratio, the head/
flagellum ratio, and the midpiece/flagellum ratio.

Statistical analyses

We used random models to partition total variance into
variance between males, within males, and between repeated
measures of the same spermatozoon and estimate within-male
and within-sperm (measurement) repeatability. We used
generalized linear mixed models with restricted maximum
likelihood parameter estimation function (REML-GLMMs)
with male identity as the random factor to investigate the
within-male, within-ejaculate relationships between head size,
midpiece size, and flagellum size. We used REML-GLMMs
for repeated measures to investigate how sperm morpholog-
ical traits are related to sperm longevity and to the temporal
dynamics of sperm velocity. Male identity was defined as the
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random subject. Intrasubject variance was modeled using an
unstructured R matrix, which accounts for heteroskedasticity
between measurement times and intrasubject correlation
between measures (Littell et al. 2006). We used time as a
continuous variable because sperm motility and sperm
velocity regularly declined with time. We present terms with
their estimates (3 (+ SE) and two-tailed type-1Il F' and P
values. Degrees of freedom of fixed effects were computed
using the between-/within-subject portions method (Littell
et al. 2006). Modeling assumptions were validated by
thorough visual inspection of the studentized residuals
plotted against the predicted values and by testing the
residuals' normality. The models' robustness was also
checked by removing the most extreme values. Graphical
representations of the interactions were built using the
predicted values derived from the model. All analyses were
conducted using the SAS software version 9.1 (SAS® 2003).

Results

We obtained data on sperm morphology from 49 male house
sparrows. Total sperm length and the length of the different
sperm sections are summarized in Table 1. In general, we
found measurement error to be low and repeatability of the
measures to be high, ranging from 0.74 to 0.97 (Table 2). We
also found significant between-male variation (Fig. 1) and
significant within-male repeatability for all traits measured.
However, within-male variance was always substantial
(Fig. 1), ranging from 40% (total sperm length) to 76% (head
length) of the total variance, and within-male repeatability,
although statistically significant, was low for the head and
midpiece length (0.24 and 0.32, respectively; Table 2).

Sperm morphology and sperm swimming speed

We obtained data on both sperm morphology and sperm
motility from 48 males. Among the different lengths and
section ratios investigated, only the head/flagellum ratio
was found to be related to sperm velocity. Spermatozoa
having shorter heads relative to their flagellum showed a
higher swimming velocity (Table 3; Fig. 2; all other traits,
absolute lengths, or section ratios: all F<2.28, P>0.13).
Adding a quadratic term for sperm traits did not improve
the fit of the models.

Sperm morphology and sperm longevity

We found total sperm length to be associated with sperm
longevity (significant interaction between total sperm
length and time; Table 4). In other words, ejaculates with
long sperm showed a higher percentage of motile sperm
soon after ejaculate collection (ca. 65% motile sperm) but
those sperm died rapidly as time passed (ca. 15% motile
sperm after 345 s). Conversely, ejaculates containing short
sperm showed moderate motility (ca. 40% motile sperm)
but those sperm showed higher longevity (Fig. 3). We
found a similar relationship between flagellum length and
longevity, although the correlation was less tight (Table 4)
and likely due to the correlation between total sperm length
and flagellum length across males (F; 47=367.15, P<
0.0001). None of the other traits (absolute lengths or
section ratios) showed significant association with sperm
longevity (all F<2.75, P>0.10). Adding a quadratic term
for sperm traits did not improve the fit of the models.

Relationships between sperm morphological traits

Across males, we found no significant relationship between
the size of the head and the size of the midpiece or the size
of the flagellum (all F, 47,<0.98, P>0.33). However, we
found a positive linear relationship between the midpiece
and the flagellum length (best-fitted model: midpiece
length=27.57+0.46 xflagellum length; F; 4,=26.2, P<
0.0001; other models such as Log—Log did not improve
the fit of the relationship).

Within ejaculates, contrary to our expectations, we found
flagellum length and midpiece length to be negatively
correlated with head length (best-fited REML-GLMMs:
flagellum length=90.67—-0.50xhead length; F'; 449=48.58,
P<0.0001; midpiece length=74.63—0.57xhead length;
F1. 440=51.64, P<0.0001; other models such as Log-Log
did not improve the fit of the relationship). However,
midpiece length was positively correlated with flagellum
length (best-fitted REML-GLMM: midpiece length=24.96+
0.49 xflagellum length; F 440=132.1, P<0.0001; other
models such as Log-Log did not improve the fit of the
relationship).

To have a better understanding of the relationships
between head/flagellum ratio and swimming velocity on
the one hand and total sperm length and sperm longevity on

Table 1 Variation in total sperm

length and the length of the Mean Standard deviation Median Minimum Maximum

different sperm sections

(micrometers) among a sample Total sperm length 98.9 3.7 99 86 109

of ten sperm for each of Head length 15.8 1.8 16 7 22

49 male house sparrows Midpiece length 65.6 3.4 66 51 79
Flagellum length 82.8 35 83 70 94
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Table 2 Partitioning of the variance in sperm morphological traits into measurement error, within-male variance, and between-male variance

Sources of variance

Between and Measurement Between Within males Measurement Within-male
within males error males repeatability repeatability
Total sperm length 0.97 0.60
Variance estimate+SE 15.41£2.89 0.53+0.10 8.34+1.82 5.57+0.37
Head length 0.85 0.24
Variance estimate+SE 2.87+0.57 0.53+0.10 0.72+0.20 2.32+0.16
Midpiece length 0.74 0.32
Variance estimate+SE 10.36+2.26 3.61+0.66 3.68+0.92 7.92+0.53
Flagellum length 0.92 0.52
Variance estimate+SE 12.5142.41 1.144+0.21 6.61+£1.47 6.09+0.41

The variance due to measurement error was assessed using the 20 males of which we measured three spermatozoa twice. The within- and
between-male variance were assessed using all 490 sperm measures, i.e., ten sperm per male for 49 males. All morphological traits showed high,
significant measurement repeatability (all Fso 0>29.01, P<0.0001) and moderate to low, statistically significant within-male repeatability (all
Fug. 441>4.12, P<0.0001)

the other hand, we explored the relationship between total ~ Discussion
sperm length and head/flagellum ratio. These two traits

were correlated neither across nor within males (F, 47= We found substantial within-male variance and significant
0.26, P=0.61; F, 440<0.01, P=0.93, respectively). but moderate to low within-male repeatability in the length
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Table 3 REML-GLMM invest-

ing the temporal dynamics of Independent variable Estimate+SE Fyr P
sperm velocity in relation to the
head/flagellum ratio Intercept 4.78+1.72 - -
Time —0.0054+0.0008 43.55, 46 <0.0001
Head/flagellum ratio —19.97+9.06 4.87,, 46 0.032

Time xhead/flagellum ratio

—0.0007+0.0643 <0.01y, 46 0.99

of the sperm morphological traits we measured. We also
found spermatozoa with short heads relative to their
flagellum to swim faster and short sperm to live longer.
However, head/flagellum ratio and total sperm length were
correlated neither across nor within males. Hence, male
house sparrows seem to produce a mixture of long and
short sperm with small or large head/flagellum ratios.

In this study, we were able to assess measurement error
and within- and between-male variance in sperm morpho-
logical traits. Measurement error was generally low,
although it reached 26% for midpiece length, illustrating
how difficult it may be to identify certain sections of a
spermatozoon even under good conditions (X400 magnifi-
cations, phase contrast). We found substantial within-male
variance for all sperm morphological traits, ranging from
40% (total sperm length) to 76% (head length) of the total
variance. This contrasts with results found in three species
of birds where within-male repeatability of sperm length
was high (zebra finch 7. guttata, 0.87; Birkhead and
Fletcher 1995; bluethroat Luscinia svecica, 0.73; and
willow warbler Phylloscopus trochilus, 0.79; Laskemoen
et al. 2007). Our results are, however, comparable to what
has been found in the red deer C. elaphus hispanicus (Malo
et al. 2006), where, although repeatability was statistically
significant, within-male variance in total sperm length
accounted for 43% of the total variance. These results also

Sperm velocity

Fig. 2 Sperm swimming velocity (PCA scores, larger values indicate
higher swimming velocity, see “Materials and methods” section) as a
function of head/flagellum ratio and time after ejaculation. Data are
predicted values from a REML-GLMM

@ Springer

contradict theoretical developments predicting that post-
copulatory sexual selection should result in stabilizing
selection, disfavoring extreme sperm morphologies, and
reducing variation in sperm size (Calhim et al. 2007;
Kleven et al. 2009). The substantial within-male variance
we found in house sparrows raises two questions: How is
variance in sperm morphology maintained and has sperm
morphology evolved toward a single optimum that max-
imizes male fertilization success?

A first explanation would be that spermatogenesis is
poorly controlled, and postcopulatory selection is low in
this house sparrow population. It is, however, unlikely
because female house sparrows have been repeatedly
shown, in different populations, to regularly engage in
extrapair copulations and to produce extrapair offspring
(reviewed in Nakagawa et al. 2007), and sperm competition
is intense in this species. Alternatively, males may produce
a variety of sperm with different sizes and morphologies as
a strategy to maximize their fertilization success. Most
studies have focused on the functional relationship between
sperm morphology and sperm velocity. Longer sperm or
sperm with optimal section ratios (e.g., head/flagellum or
midpiece/flagellum) have been hypothesized to swim faster
and to be selected via sperm competition (Gomendio and
Roldan 1991; Briskie and Montgomerie 1992; Briskie et al.
1997; Gomendio and Roldan 2008; Liipold et al. 2009b).
However, the morphology and physiology of the female
reproductive tract and female use of stored sperm may also
have a prominent impact on male fertilization success
(Briskie et al. 1997; Calhim et al. 2007; Garcia-Gonzales
and Simmons 2007; Humpbhries et al. 2008). In line with
this hypothesis, Immler et al. (2007) found that spermato-
zoa are shorter in species where sperm are stored by
females for a longer period. Males generally have incom-
plete knowledge of female fertility and therefore do not
know exactly when their sperm will be used for fertiliza-
tion. If swimming velocity and longevity are traded off or if
they are functionally linked to different sperm morpholog-
ical traits, it may become adaptive to produce a variety of
sperm morphologies that may maximize fertilization suc-
cess when inseminated at different times relative to the
fertilization of the ovum.

Our results accord with this hypothesis. We found that
sperm with small heads relative to their flagellum had
significantly higher swimming velocity, which is consistent
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Table 4 GLM investigating the temporal dynamics of sperm motility in relation to total sperm length and flagellum length

Independent variable Estimate+SE Far P Independent variable Estimate+SE Fy P
Intercept —2.03+1.02 - - Intercept -1.27+0.97 - -
Time 0.010+0.004 542, 46  0.024  Time 0.007+0.004 3.52y 46  0.07
Total sperm length 0.026+0.010 6.52) 46 0.014 Flagellum length 0.022+0.012 3.611, 46 0.06
Time xtotal sperm length —0.00011+0.00004 6.47, . 46 0.014 Time x flagellum length —0.00010+0.00005 441, 46 0.04

with theory (Humphries et al. 2008). Sperm with a smaller
head/flagellum ratio benefit from the stronger propulsion
force of a relatively long flagellum and the smaller drag
produced by a relatively small head. We also observed that
ejaculates containing long sperm showed high motility right
after ejaculation but this motility then steeply declined with
time, whereas short sperm remained motile for a longer
time. We found a similar result when focusing on the sperm
flagellum. This is not surprising as it is highly correlated
with total sperm length, the flagellum representing more
than 80% of the total length. Thus, long sperm appear to be
more motile but to exhaust their energy faster and have
reduced longevity. Interestingly, the head/flagellum ratio
and total sperm length were not correlated, neither across
nor within males. Moreover, within-male variances in total
sperm length and in the size of the head and the size of the
flagellum were substantial (40%, 76%, and 48%, respec-
tively). This suggests that a male's ejaculate may comprise
a mixture of long and short spermatozoa with small or large
head/flagellum ratios.

Female birds store sperm in sperm storage tubules (SSTs),
and Froman (2003) proposed that sperm remain in the SSTs
by swimming against a flow generated by secretion in the
distal end of the SSTs. Sperm longevity and ability to swim

9% motile sperm

Fig. 3 Percentage of motile sperm (proportion square-root trans-
formedx 100) as a function of total sperm length (micrometers) and
time after ejaculation. Data are predicted values from a REML-
GLMM including time, total sperm length, and the interaction
between time and sperm length

above a certain threshold would then determine for how long
sperm are stored in the SSTs. Nevertheless, when sperm are
lost from the SSTs, they are passively transported to the
infundibulum, the site of fertilization (Birkhead and Brillard
2007). Under this scenario and in a context of sperm
competition, fast sperm may be able to enter the SSTs more
quickly and before rival sperm, thus gaining advantage by the
number. Although their swimming velocity may decline
steeply, these sperm may still ensure high paternity if
fertilization occurs shortly after insemination. On the contrary,
long-living sperm may not swim fast but may remain longer
in the SSTs, gaining advantage as short-living sperm are lost
from the SSTs (Pizzari et al. 2008a). Long-living sperm may
thus ensure high paternity when fertilization occurs several
hours to several days after insemination (Immler et al. 2007).

If males may benefit in producing a variety of sperm
morphs, which would explain within-male variance in sperm
morphology, between-male variation may well be determined
by individual mating strategies and ability to access fertile
females and obtain copulations. Trade-offs may exist between
investing in somatic traits that enhance male attractiveness
(secondary sexual characters), social status (fighting ability)
and/or paternity insurance (mate guarding), and semen traits
that confer competitive advantages to the gametes (Parker
1998). Studies in species where males exhibit discrete mating
roles or where a strong social hierarchy determines mating
opportunities, resident, or dominant males have been shown
to produce sperm with lower swimming velocity than
satellite or subdominant males (Vladi¢c and Jarvi 2001;
Froman et al. 2002; Neff et al. 2003; Gage et al. 2004;
Rudolfsen et al. 2006; Comwallis and Birkhead 2007; Pizzari
et al. 2007). Male house sparrows exhibit a melanin-based
badge of status, and social rank may determine a male's
access to fertile females (Nakagawa et al. 2007). Less
attractive and/or low-ranking males may prioritize sperm
production over other somatic functions, thus producing
between-male variance in sperm morphological traits, swim-
ming velocity, and sperm longevity.

We have no information on male age or sexual rest.
These two parameters may be related to social status and to
male ability to access females and may thus also determine
reproductive strategies (Wedell et al. 2002; Dean et al.
2007). Hence, sperm morphology, sperm velocity, and the
relationships between sperm traits may vary according to
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male age and sexual activity. In addition, recent studies
have shown that sperm quality decreases as males get older
(Dean et al. 2007; Pizzari et al. 2008b; Meller et al. 2009),
and male age may thus confound the relationships between
sperm morphology, velocity, and motility through senes-
cence processes. How social status, male age, and male
sexual activity relate to sperm characteristics in the house
sparrow still remains to be investigated.

In this study, we conducted multiple analyses to explore
the potential relationships between a number of sperm
morphological traits and sperm velocity and longevity. This
increases the risk of making type I errors, i.e., to find
spurious, statistically significant correlations. Corrections
for multiple tests such as Bonferroni procedures reduce
such a risk, but have drawbacks (i.e., increased type II
error; Nakagawa 2004). We thus did not correct for test
multiplicity. Nevertheless, the possibility that some of our
results emerged from a type I error should be kept in mind,
and such a study should be repeated on an independent
sample to confirm our results.
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