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Abstract Sperm competition models on the evolution of
sperm size assume associations with another sperm quality
trait, sperm longevity. Sperm length can also provide an
indication of possible mechanisms affecting motility and
thus fertilization success. Despite their importance, how-
ever, detailed mechanisms of sperm competition at the
gamete level are poorly understood. In simultaneously
hermaphroditic land snails, sperm traits and cryptic female
choice are assumed to be crucial in determining fertiliza-
tion success. We examined the variation in sperm length
and number among individuals from four natural pop-
ulations of the land snail Arianta arbustorum, a species
with multiple mating and long-term sperm storage. We also
assessed variation in velocity, motility and longevity of
sperm in snails from two of the four populations. Inde-
pendent of shell size, sperm length differed among pop-
ulations and, to a minor extent, even among individuals
within populations. Mean sperm length of a snail was not
correlated with the number of sperm delivered in a sper-
matophore. The mean sperm velocity (=VCL) did not differ
between snails from two populations. However, VCL
varied among snails. Percentage motility and longevity
of sperm differed between snails from the two pop-
ulations. No correlations were found between length,
velocity, percentage motility and longevity of sperm. To
conclude, individual snails differed in sperm quality, and
this variation may partly explain the differential fertiliza-
tion success between A. arbustorum snails. Moreover, our
findings did not support the positive association between
sperm length and longevity assumed by sperm competition
models for internally fertilizing species.
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Introduction

Variation in sperm quality, such as sperm size and measures
of motility (velocity, percentage motility, and longevity),
is widespread among animals and has been observed both
between and within species (reviewed in Ward 1998 and
Snook 2005). The term “quality” has been used to dis-
tinguish these traits from the effect of sperm number on
male fertilization success (see Snook 2005). Variation in
sperm quality among individuals is relevant for the evo-
lution of sperm characteristics through postcopulatory
sexual selection (sperm competition and cryptic female
choice). In promiscuous species, sperm function as an
integrated unit to ensure both fertility and to maximize the
paternity of a male by outcompeting sperm from other
males (Birkhead and Mgller 1998) or by manipulating
female reproduction (Peng et al. 2005). Therefore, pheno-
typic and/or genetic covariation can be expected between
either different measures of sperm quality or sperm quality
and sperm number (e.g., Moore et al. 2004; Birkhead et al.
2005).

Investment in sperm quality traits and in sperm number
must be considered when examining the evolution of sperm
characteristics through sperm competition. Theoretical
models predict that the numerical superiority of sperm is
an adaptive strategy to increase male fertilization success
(Parker 1993; Parker and Begon 1993). Indeed, in several
promiscuous species, a common male response to sperm
competition is to increase the number of sperm delivered
(e.g., Schulte-Hostedde and Millar 2004). Sperm compe-
tition models predict that sperm size can confer a fer-
tilization advantage, but only under the assumption of a
functional relationship between sperm quality traits. Sperm
length might not change or increase or decrease with
sperm longevity depending on the mode of reproduction
(Parker 1998). Sperm size can increase under conditions
of high sperm competition (e.g., the nematode Caenor-



habditis elegans, LaMunyon and Ward 2002). However,
decreased sperm competition did not consistently alter
sperm length in flies (Hosken et al. 2001; Pitnick et al.
2001). Studies showed that males producing larger sperm
might enhance their fertilization success (e.g., the bulb
mite, Radwan 1996; the prosobranch snail Viviparus ater,
Oppliger et al. 2003). More recently, other relevant ejac-
ulate characteristics such as sperm velocity, motility, and
longevity and the interaction among these traits on fer-
tilization success have received increasing attention (e.g.,
Burness et al. 2004; Gage et al. 2004). Theory for internally
fertilizing species predicts that enhanced sperm competi-
tion risk would favor increased sperm length when larger
sperm enjoy higher survival and could be stored until
fertilization (Parker 1998). Though studies so far indicate
that sperm longevity decreases with sperm size in ex-
ternally fertilizing fishes (Stockley et al. 1997; Gage et al.
2002), there is no information available on this relationship
for internal fertilizers (Simmons 2001; Snook 2005).

Sperm morphology can provide an indication of possible
mechanisms by which motility is affected. Theory predicts
that longer sperm generate greater flagellar forces, and
swim faster (Katz and Drobnis 1990). However, recent
studies suggest that longer sperm are not faster than shorter
sperm (Atlantic salmon, Gage et al. 2002; zebra finch,
Birkhead et al. 2005). Sperm length and sperm motility are
likely both important in determining male fertilization
success in internally fertilizing species with sperm storage
(e.g., Froman 2003; Snook 2005). Sperm motility predicts
fertilization success in competitive situations for many
species (e.g., Birkhead et al. 1999; Kupriyanova and
Havenhand 2002). Moreover, Rogers and Chase (2002)
suggested that in the snail Helix aspersa, the beating of
longer sperm should generate resistance to incoming sperm
in the sperm storage organ.

Sperm characteristics have so far been examined exclu-
sively in gonochoristic species, with the exception of the
hermaphroditic nematode C. elegans (LaMunyon and
Ward 2002). Sexual selection is also likely to shape
sperm characteristics in simultaneous hermaphrodites,
even though this may conflict with the sperm receiver’s
interests (Michiels 1998). The sperm donor must persuade
the sperm receiver to use its sperm to fertilize eggs, and/or
to avoid the postcopulatory control mechanisms (Michiels
1998). In gastropods, the interspecific variation in sperm
morphology has been studied and is used as a taxonomical
character (e.g., Healy 1996), while the intraspecific vari-
ation in sperm traits has not yet been analyzed quantita-
tively. Spermatozoa of terrestrial gastropods are among the
longest within molluscs (e.g., 850 um in Helix pomatia,
and 1,140-1,400 um in Hedleyella falconeri; Thompson
1973). The present study focuses on intraspecific variation
in sperm characteristics in the simultaneously hermaphro-
ditic land snail Arianta arbustorum. In this species, sperm
are monomorphic and ca. 800 um long (Bojat et al. 2001).
There is experimental evidence for sperm competition in A.
arbustorum: multiple mating is common (Baur 1994),
viable sperm from different males can be stored for long
periods (Baur 1988a), and multiple paternity and differen-

271

tial male fertilization success have been recorded (Baur
1998). A. arbustorum does not adjust the number of sperm
delivered to the actual risk of sperm competition (Locher
and Baur 2000), and its female role has some control over
the fertilization of the eggs by selective sperm use (Baur
1994; Bojat and Haase 2002).

Sperm competition is one of the principal determinants
of male fitness in species in which females mate promis-
cuously, but the selective pressures it causes are only partly
understood, especially with respect to sperm characteristics
favored under sperm competition. To investigate the under-
lying causes of differential fertilization success between
snails, we assessed among- and within-population variation
in sperm length and number of sperm transferred during
copulation in A. arbustorum from four natural populations.
To test the assumptions of sperm competition models on
the evolution of sperm size (Parker 1998), we measured
the velocity, motility, and longevity of sperm, and we
assessed their relationship with sperm length in two of
the examined populations. We observed that the sperm of
A. arbustorum leave the spermatophore in bundles to reach
the storage organ. Therefore, we also measured the velocity
of sperm swimming in bundles. In pulmonate gastropods,
sperm bundles have so far been observed in H. pomatia
(Meisenheimer 1912).

Materials and methods
Study organism

A. arbustorum is common in moist habitats of northwestern
and central Europe (Kerney and Cameron 1979). The snail
has determinate growth (adult shell width 1624 mm; Baur
1984). Individuals become sexually mature at 2—4 years,
and adults live another 3—4 years (Baur and Raboud 1988).
Mating in A. arbustorum includes elaborate courtship
behavior, which lasts 2—18 h (Baur and Baur 1992).
Copulation is reciprocal; after intromission, each snail
transfers simultaneously one spermatophore, which is
formed and filled with sperm during copulation (Hofmann
1923; Baminger and Haase 2001). In the field, A.
arbustorum mates repeatedly in the course of a reproduc-
tive season, and fertile sperm can be stored for more than
1 year (Baur 1988a). Snails deposit one to three egg
batches consisting of 20-50 eggs (Baur 1990). Outcrossing
is the dominant mode of reproduction in A. arbustorum
(Chen and Baur 1993). Breeding experiments showed that
27% of virgin snails prevented from mating produced a few
hatchlings by self-fertilization in the second and third year
of isolation (Chen and Baur 1993). However, the repro-
ductive success of selfing individuals was less than 2% of
that of outcrossing snails.

General method

Virgin snails were obtained by collecting subadult indi-
viduals of 4. arbustorum from four localities in Switzer-
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and Haase 2001). We developed a technique to isolate a
single sperm from the spermatophore without damaging
their 800- to 950-pum long tails. Using insect needles, we
carefully broke off the wall of the sperm-containing part
along the longitudinal axis of the spermatophore. To
activate sperm, we placed the spermatophore for 12 h in
500 pl Ringer solution (3.5 g NaCl, 0.05 g KCI, 0.20 g
NaHCO3;, 0.10 g CaCl, in 1,000 ml; pH 8.2; cf. Romeis
1989). The suspension with active sperm was used to
measure the length of single sperm. For this purpose,
aliquots of 16-ul sperm suspension were placed on three
microscopic slides. The samples were covered with a
coverslip and air-dried. The remaining sperm suspension
was concentrated (at 30°C for 60 min in an Eppendorf 5301
concentrator) and added to the spermatophore sample,
which was preserved at 4°C for sperm counting (see
below).

We digitized randomly chosen sperm using a camera
(SONY CCD-Iris) mounted on a compound microscope
(Leica DMLD, magnification 200x) connected to a
Macintosh computer. From these images, we measured
the total sperm length (head and tail) of 25-29 sperm from
each spermatophore using the public domain NIH-Image
software (version 1.63; http://rsb.info.nih.gov/nih-image).

We assessed the reliability of multiple length measure-
ments (n=6) on the same sperm (n=9) by calculating the
repeatability following Lessells and Boag (1987). Repeat-
ability of sperm length measurements was 0.92, indicating
the technique was accurate. Broken tails of sperm could
bias our measurements of sperm length. We found ten
outliers (i.e., 0.53% of a total of 1,875 sperm measured
from 72 snails; Grubbs’ test, public domain http:/www.
graphpad.com/articles/grubbs.htm). However, mean sperm
length including these outliers did not differ from mean
values in which outliers were excluded (ANOVA:
F2,68:0'329 P:()Sg)

Sperm number

The procedure for sperm counting is described in detail in
Locher and Baur (1997). Briefly, the sperm suspension
obtained from the mechanically disrupted spermatophore
was stained with a gallocyanin—chromium complex (a DNA
marker). Two subsamples of known volume of the sperm
suspension were transferred to a Biirk—Tiirk counting
chamber. We counted all sperm heads in randomly chosen
cells until the total number of sperm heads exceeded 400,
and used the average of the two subsamples to calculate the
total number of sperm transferred in a spermatophore.

To assess the proportion of sperm removed for sperm
length measurements, we counted the number of sperm of
three subsamples from each six spermatophores. A total of
1,542-3,271 (mean 2,352.1+264.3) sperm was removed
for sperm length measurements. This corresponds to
0.045-0.096% (mean 0.068%) of the total number of
sperm in a spermatophore. Consequently, we corrected our
estimate of sperm number by multiplying the value with a
correction factor of 1.00068.

273

Sperm motility: velocity, percentage motility,
longevity

Sperm characteristics were examined in sperm from
spermatophores, which were dissected from the receiver
1.5 h after copulation. Single spermatophores were placed
into the aperture of a 20-um deep standard microscopic
chamber (CASA 2x, Leja, NL) filled with 10 pl Ringer
solution. Motile sperm were video-recorded at room
temperature (23.7+0.2°C; n=8 days) for 10 min using a
differential interference contrast microscope (Polyvar,
Reichert-Jung, Vienna, Austria; magnification 100%; with
the neutral filter N3 and a light transmission of 12.5% to
enhance image contrast). The microscopic chamber was
checked top-down to minimize the risk of sampling a
sperm more than once. “Edge effects” may increase sperm
velocity, but this systematic error was the same for all
measurements. The spermatophore with the remaining
sperm was preserved in 200 pl Ringer solution, and kept
at room temperature to assess percentage motility (see
below).

Sperm velocity was examined using a computer assisted
IVOS-semen analysis system (CASA version 12.1,
Hamilton Thorne Research, University Hospital Basel).
CASA uses a nearest-neighbor algorithm to select the
closest motile object. We adjusted the procedure to A.
arbustorum sperm by taking 50 frames per second, setting
cell detection to a minimum contrast of 50 and minimum
cell size to 3 pixels. We measured the average velocity
(micrometers per second) of single sperm considering both
the actual track velocity (VCL, average velocity, which
includes deviations of sperm head movement) and the
straight-line velocity (VSL, average velocity measured in a
straight line). Sperm velocity (VCL and VSL) was
recorded twice (90 and 120 min after sperm activation,
i.e.,, 180 and 210 min after copulation) in 10-12 sperm
from each spermatophore.

Velocity of sperm leaving the spermatophore in bundles
was measured manually because sperm bundles could not
be automatically identified by CASA. We measured VSL
of 4-12 sperm bundles twice: when they were leaving the
spermatophore and after 10 min in a microscopic chamber.
In each case, five successive frames were taken at an
interval of 1 s (using the software BioPictViewert;
Zschokke 2003). In four spermatophores, VSL of sperm
bundles leaving the spermatophore (82.0£16.7 um/s) was
not significantly different from the VSL of those that
moved freely in the microscopic chamber (50.0+£9.9 pm/s)
coming from the same spermatophore (paired ¢ test: #=1.95,
df=3, P=0.15). Some of the sperm bundles disentangled
after leaving the spermatophore. This allowed us to com-
pare VSL of sperm in bundles and VSL of singly swim-
ming sperm of the same spermatophore.

We assessed percentage motility (number of active
sperm out of 100 randomly chosen sperm) at 3 h intervals
beginning 12 h after sperm activation. We determined
percentage motility in 10-pl sperm suspension using a light
microscope (Leica DMLD, magnification 100x). Repeated
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measurements of percentage motility also allow an estimate
of sperm longevity, which is defined as time elapsed since
activation until 95% of the sperm are inactive.

Data analysis

Statistical analyses were performed using SPSS 11.0.2 for
Macintosh. Differences in coefficient of variation (CV,
corrected for different sample sizes) were examined using
Levene’s test. Differences in reproductive traits (log-
transformed data) were examined using one-way analysis
of covariance (ANCOVA) with population as fixed factor
and shell width as covariate. Differences in percentage
motility were examined using one-way repeated measures
analysis of covariance. In all cases, the nonsignificant
interaction was dropped from the model (Scheiner and
Gurevitch 1993). Differences between populations were
investigated using the Hochberg’s GT2 post hoc test for
unequal sample sizes. Variance components for sperm
length were partitioned among sources (i.e., among
populations, among snails within population, and among
sperm within snails) by using nested analysis of variance.
Relationships between sperm traits were analyzed with the
Pearson correlation test (for small sample sizes).

Results
Sperm length

Among-population variation Snails differed in mean shell
width (Table 1; Fig. 1). However, independent of shell
width, mean sperm length of A. arbustorum differed
among populations (Table 1; Fig. 1). Sperm length ranged
from 87843 um in the Gurnigel population to 93944 um
in the Nuglar population. The difference in mean sperm
length in the four populations examined accounted for

6.7% of the average sperm length (grand mean: 904 pum).

Within-population variation Different individuals pro-
duced sperm of different length (one-way ANCOVA:
Gurnigel: F57,]429218.34, P<00001, Thun: F]3’356:7.67,
P<0.0001; Nuglar: Fyg69,=15.77, P<0.0001; Allschwil:
Fl6.430=15.00, P<0.0001; Fig. 1). Sperm length was not
correlated with shell width (in all populations P>0.08;
Fig. 1). The interindividual variation in mean sperm length
(CV) was similar for all populations: Gurnigel 2.5%
(n=58), Thun 3.1% (n=14), Nuglar 2.5% (n=29), and
Allschwil 2.3% (n=17) (Levene’s test: df;=3, df,=114,
P=0.31). Mean sperm length of individuals fitted a normal
distribution in each population (Shapiro—Wilk test: in all
cases P>0.62). Similarly, at the individual level, sperm
length was normally distributed in all 118 snails examined,
indicating that sperm length is unimodal in 4. arbustorum.
Forty-nine percent of the variation in sperm length can be
attributed to differences among populations, 17.3% to
differences among snails within population, and 33.7% to
differences within individuals (Table 2). Thus, snails
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Fig. 1 Sperm length (meantSE) of 4. arbustorum from four
populations [open square, Gurnigel (2001, 2002), n=58 snails; filled
triangle, Thun (2002), n=14; filled circle, Nuglar (2001, 2002),
n=29; open diamond, Allschwil (2002), n=17]. Twenty-five to
twenty-nine sperm were measured from each snail

differed in sperm length both among and—to a minor
extent—within populations.

Among-year variation Snails from different populations
produced sperm of different length; this difference was
consistent among years (one-way ANCOVA: shell size
F,=0.11, P=0.74; year: F6=1.46, P=0.43; popula-
tion: F 5.90=20.01, P=0.02; yearxpopulation: F, g,=5.60,
P=0.02). The significant interaction term indicates that not
all populations showed the same pattern. In fact, in the
Nuglar population, sperm length differed between years
(two-way ANCOVA: shell size F 5=0.01, P=0.93; year:
F126=11.80, P<0.002), probably due to a sampling effect
(data from 2001: #=16 snails; from 2002: n=13 snalils).

Sperm number

Among-population variation Independent of shell width,
the snails from the four populations transferred different
numbers of sperm in their spermatophores (Table 1;

Table 2 Results of the nested analysis of variance for sperm length
(four populations; 14-58 snails per population; 25-29 sperm per
snail)

Source of df MS F P Percentage

variation of total

Populations 3 617,226.23 992.58 <0.0001 49.0

Snails within 114 9,936.72 15.98 <0.0001 17.3
populations

Sperm within 2,916 621.84 33.7
snails

Total 3,034 1,843.66 100




oo
950 - * . *e
° °® ° <
- o4 LI o .0
E O o 0 [ ] 4
= o o |:|£ = o N o ©
£ 900 a o A g e 0 °
2 got °o g ®
2 oE MHnoa o o
e |:|‘:'|:| A%QO o
B 2 o o
o o & B O O o
@ 850 A o H o
o [m]
800 T T T T T T
0 1 2 3 4 5 6

Number of sperm (in millions)

Fig. 2 Relationship between sperm length and number of sperm
transferred during copulation in A. arbustorum from four popula-
tions [open square, Gurnigel (2001, 2002), n=57 snails; filled
triangle, Thun (2002), n=14; filled circle, Nuglar (2001, 2002),
n=24; open diamond Allschwil (2002), n=16)]

Fig. 2). The mean number of sperm delivered ranged from
2.3x10° in the Gurnigel population to 5.3x10° in the
Allschwil population (Table 1). Populations differed also
in spermatophore volume, but not in copulation duration
(Table 1). Spermatophore volume was positively corre-
lated with sperm number (pooled data after removing the
effect of shell size: r=0.34, n=111, P<0.0001). As
observed in previous studies for 4. arbustorum (e.g.,
Locher and Baur 1999), sperm number was not influenced
by copulation duration (pooled data after removing the
effect of shell size: =0.18, n=65, P=0.15).

Within-population variation The number of sperm trans-
ferred during copulation did not correlate with shell width
(in all populations P>0.57). The interindividual variation
in sperm number within the populations examined
(expressed as CV) was high: Gurnigel 43.6% (n=57),
Thun 21.5% (n=14), Nuglar 37.7% (n=24), and Allschwil
38.3% (n=16).

Relationship between sperm length and number
and female reproductive allocation

Considering all snails from the four populations, mean
sperm length was positively correlated with the number of
sperm transferred during copulation (log-transformed data:
r=0.43, n=111, P<0.001; Fig. 2). However, this correlation
was no longer significant after removing the effect of shell
size (residuals from sperm length—shell width and sperm
number—shell width relationships: 7=0.02, =111, P=0.81).
Similarly, considering snails from each population sepa-
rately, mean sperm length was not correlated with the
number of sperm delivered (in all populations P>0.10;
Fig. 2). Thus, sperm length and the number of sperm
transferred during copulation are independent reproductive
traits in A. arbustorum.
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Fig. 3 Relationship between sperm velocity (VCL) and sperm
length in A. arbustorum from two populations (data from 2004:
open square, Gurnigel, n=13; filled circle, Nuglar, n=10). For each
snail, VCL of 10-12 sperm and the length of 25-29 sperm were
measured (values are means£SE)

In simultaneous hermaphrodites, reproductive alloca-
tion to the male function (i.e., sperm production) is not
independent on reproductive allocation to the female func-
tion (egg production). We used albumen gland dry weight
as an estimate for female reproductive allocation (Table 1).
However, neither sperm length nor sperm number were
correlated with albumen gland weight (pooled data after
removing the effect of shell size: albumen gland weight—
sperm length: =0.11, »=71, P>0.35; albumen gland
weight—sperm number: 7=0.03, n=70, P>0.83).

Sperm motility

Variation in sperm velocity VCL, the mean velocity of the
actual sperm track, was recorded twice for each spermato-
phore at 120 and 190 min after activation; mean VCL of
the two samples did not differ (paired ¢ test: +=1.03, df=17,
P=0.32). Independent of shell width, mean VCL did not
differ between snails from the Gurnigel and Nuglar pop-
ulations (one-way ANCOVA: shell width: F 5,=0.01,
P=0.92; population: F| ,0=0.42, P=0.52; Fig. 3). Thus, for
further analyses we pooled the data on sperm velocity
from snails of both populations.

Mean VCL (79.843.3 um/s, n=23) differed among
individual snails (one-way ANOVA: F5;333=5.70,
P<0.001). VCL ranged from 52 to 112 um/s and showed
an interindividual variation (expressed as CV) of 33%
(n=23; Fig. 3). The distribution of mean VCL values did
not differ from a normal distribution (Shapiro—Wilk test:
df=23, P=0.47; Fig. 3). Furthermore, VCL values of all
sperm measured in each spermatophore fitted a normal
distribution (Shapiro—Wilk test: for all 23 snails P>0.08).
Similar results were obtained when sperm velocity was
measured as straight-line velocity (VSL: 20.2+1.1 pum/s,
n=23; data not shown).
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Fig. 4 Mean percentage motility as a function of time in A.
arbustorum from two populations (data from 2004: open square,
Gurnigel, n=6-7; filled circle Nuglar, n=5-11)

Velocity of sperm in bundles Sperm were observed to leave
the spermatophore in bundles, which consisted of 50—
100 sperm oriented in the same direction with wrapped
flagella that beat synchronously. Mean VSL was calcu-
lated from 4-12 bundles per spermatophore. In the
microscopic chamber, VSL of sperm bundles (53.0+
5.1 um/s, n=9) did not differ from VSL of singly swim-
ming sperm (54.8+4.2 um/s, n=9; paired ¢ test: =0.29,
df=8, P=0.78).

Percentage motility and longevity Percentage motility (the
number of active sperm out of 100 sperm observed) was
not affected by shell width; populations differed in per-
centage motility (one-way repeated measures ANCOVA:
shell width: F, 1,=3.82, P=0.07; population: /| ;,=34.24,
P<0.0001; time: F25=2.63, P=0.09; Fig. 4). No sperm
were motile after 21 h in snails from the Gurnigel
population and after 39 h in snails from the Nuglar pop-
ulation (Fig. 4). Sperm longevity (time elapsed since
activation until 95% of the sperm were inactive) differed
between populations (Gurnigel 18.9+1.5 h, n=7; Nuglar
35.5%1.2 h, n=9), but was not affected by shell width (one-
way ANCOVA: shell width: F; 13=0.01, P=0.93; popula-
tion: F 13=53.6, P<0.0001).

Relationships between sperm length and motility

No correlations between sperm length and motility pa-
rameters were found within populations (Table 3). Sperm
length and sperm velocity were not correlated in pooled
data from both populations (residuals from sperm length—
shell width and sperm number—shell width relationships:
r=0.21, n=23, P=0.34). Sperm in the Nuglar population
were, on average, 61 pm longer than sperm in the Gurnigel
population (Table 1) but they did not swim faster (Fig. 3).
Furthermore, no correlations were found between sperm
motility parameters (for all comparisons: Gurnigel P>0.19;

Table 3 Correlations between mean sperm length and sperm
motility traits in snails from two A. arbustorum populations (data
from 2004)

Gurnigel Nuglar
n r P n r P
VCL (um/s) 13 039 019 10 -0.14 0.70
Percentage motility
12 h after activation 7 0.04 094 5 0.80 0.10
18 h after activation 7 —0.04 094 11 0.51 0.11
Sperm longevity (h) 7 -0.10 0.83 9 0.20 0.61

Nuglar P>0.19). Thus, the sperm quality traits examined
varied independently.

Discussion

The present study showed significant differences in sperm
length, both among- and within-populations of 4. arbus-
torum. To our knowledge, we present for the first time
quantitative evidence for intraspecific sperm length vari-
ation in a simultaneously hermaphroditic gastropod. Dif-
ferent processes of postcopulatory sexual selection may
result in sperm size differences (sperm competition, e.g.,
LaMunyon and Ward 2002; cryptic female choice, e.g.,
Pitnick et al. 2003), which in turn may lead to different
paternity success (e.g., Oppliger et al. 2003). Therefore,
interindividual differences in sperm length could account
for the unexplained variance in fertilization success in A.
arbustorum (Baur 1998).

Intraspecific variation in sperm length is widespread in
gonochoristic animals (reviewed in Ward 1998 and Snook
2005). However, most of the previous studies focused on
differences in sperm length among individuals. We found
also considerable differences in sperm length among A.
arbustorum populations, which could not be explained
simply by differences in snail size. This is interesting, as
most reproductive traits (e.g., egg size, clutch size) are size-
related in A. arbustorum (Baur 1988b, 1990; Baur and
Raboud 1988; Baur et al. 1998). The difference in sperm
length observed between populations could be a result of
(1) genetic differences between populations, (2) a bias
introduced by sampling, and/or (3) different phenotypically
plastic responses by animals sampled under different field
conditions. These explanations are not mutually exclusive.
Parent—offspring and sib comparisons revealed a signifi-
cant heritability of sperm length in 4. arbustorum, indi-
cating a genetic basis (Minoretti et al., in preparation).
Sample size effects might be small, as we examined sperm
length in 58, 29, 16, and 14 individuals from the four
populations. Sperm length was also significantly different
between the two populations with the largest sample sizes
(Gurnigel: n=58; Nuglar: n=29). In these two populations,
sperm length was measured in 2 years (2001 and 2002).
Sperm length did not differ among years in the Gurnigel
population with relatively large sample sizes (30 and 28
snails in the 2 years). In the Nuglar population, however,



sperm length differed between snails examined in 2001 and
2002. This difference could be due to relatively small
sample sizes (16 and 13 snails).

We measured total sperm length because the borders
between head, midpiece, and tail are indistinct in helicid
spermatozoa (Dohmen 1983). The sperm head of A.
arbustorum measures approximately 8 pm (1% of the total
sperm length; Bojat et al. 2001). It is therefore unlikely that
sperm head size accounted for the interindividual differ-
ences in sperm length. Thus, A. arbustorum produces
monomorphic spermatozoa (Bojat et al. 2001), which vary
in length. Individuals of 4. arbustorum showed consistent
sperm length in two successive matings (Minoretti et al., in
preparation). Furthermore, sperm length was not affected
by snail size and the weight of the albumen gland (a
measure for female reproductive allocation). This suggests
that sperm length in A. arbustorum is not dependent on
body conditions, confirming similar studies on gonocho-
ristic animals (e.g., Hellriegel and Blanckenhorn 2002;
Schulte-Hostedde and Millar 2004). It remains to be
determined whether snails with long sperm actually enjoy
an increased fertilization success in multiply mated snails.

An intriguing aspect related to variation in sperm
characteristics is that for quantitative traits like sperm
size and sperm velocity, different “groups” of sperm within
ejaculates may exist (e.g., Thurston et al. 1999, 2001).
Although differences in sperm length are continuous within
individuals of A. arbustorum, our results indicate that
sperm length within the same snail is highly variable (the
within-individual variation explained 33.7% of total sperm
length). The presence of specific “groups” within ejacu-
lates may provide a selective fertility advantage (e.g.,
Thurston et al. 1999, Baer et al. 2003). Bet-hedging for
variable sperm may be selected for when it allows either
differential ejaculation of a certain length fraction after
recognition of the type of partner, or differential storage of
a certain length fraction by partners of specific types (Baer
et al. 2003). At least in some sperm-dimorphic species,
females seem to be able to discriminate between groups of
morphologically distinct sperm. For example, only short
sperm were found in the spermatheca of Drosophila
subobscura (Bressac and Hauschteck-Jungen 1996) and
the cicada Graptopsaltria nigrofuscata (Kubo-Irie et al.
2003). In contrast, only long sperm enter the external layer
of eggs in six Drosophila species (Karr and Pitnick 1996).
In A. arbustorum, the female role may have some control
over the fertilization of the eggs by selective sperm use
(Baur 1994; Bojat and Haase 2002). Therefore, sperm
length variation could also result from selective sperm
storage by females (e.g., Miller and Pitnick 2002).

Independent of snail size differences, 4. arbustorum
individuals transferred different amounts of sperm during
copulation. Sperm number was correlated neither with shell
width nor with albumen gland weight. In A. arbustorum,
sperm production seems to be less constrained by energy
and nutrient uptake than egg production (Locher and Baur
2002). When sperm competition is fundamentally analo-
gous to a raffle, the relative number of sperm will be the
primary determinant of fertilization success (Parker 1993;
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Parker and Begon 1993). However, 4. arbustorum does not
adjust the number of sperm delivered to the actual risk of
sperm competition (Locher and Baur 2000). In our study,
sperm length did not trade-off with sperm number; as
predicted by theory, these traits should vary independently
under sperm competition (Parker 1998). The smaller
coefficient of variation of sperm length compared to
sperm number could indicate that sperm size is under
stronger selection. Thus, sperm length may be a better
predictor of fertilization success than the number of sperm
transferred during copulation in A. arbustorum.

Interindividual differences in sperm motility could result
in differential fertilization success (sperm velocity, e.g.,
Kupriyanova and Havenhand 2002; percentage motility,
e.g., Froman et al. 2002). Snails differed in sperm motility
parameters; the effect of sperm motility on fertilization
success has not yet been examined in 4. arbustorum. After
copulation, sperm leaving the spermatophore should avoid
the bursa copulatrix, where they are immobilized rapidly
and digested (Lind 1973); only 0.1% of the sperm delivered
reach the storage organ (spermatheca). Thus, interindivi-
dual differences in sperm velocity and percentage motility
could enhance snail fertilization success by increasing the
number of sperm that escape the bursa copulatrix and reach
the spermatheca. Sperm swimming in bundles did not
swim faster than singly swimming sperm, but sperm
bundles could likely generate higher trusting forces and
move along the female tract (e.g., Hayashi 1998). Thus, the
transfer of sperm in bundles could be also an adaptation to
overcome the “sperm trap” bursa copulatrix. Furthermore,
there is some evidence that sperm motility may influence
sperm storage (e.g., Rogers and Chase 2002; Froman
2003).

Longer sperm may be advantageous under conditions
of sperm competition if they swim faster than shorter
sperm as predicted by theory (Katz and Drobnis 1990).
There is empirical evidence supporting this fact from
species comparisons (mammals, Gomendio and Roldan
1991; Drosophila sp., Joly et al. 1991). However, there is
no evidence of a relationship between sperm size and
velocity within species, for either external (Atlantic salm-
on, Gage et al. 2002) or internal (zebra finch, Birkhead et
al. 2005) fertilizers. We did not find any direct association
between sperm length and sperm velocity in 4. arbus-
torum, confirming these previous studies. Although snails
from the two populations examined differed in mean
sperm length, the swimming velocity of sperm did not
differ. Sperm length could also contribute to A.
arbustorum fertilization success if longer sperm generate
greater flagellar forces as predicted by theory (Katz and
Drobnis 1990). Sperm thrusting force is likely to be an
important trait for gamete competence in internal fer-
tilizers, increasing the probability of the sperm reaching
the storage organ.

In species with internal fertilization and long-term sperm
storage, theory predicts that sperm length can confer a
fertilization advantage provided there is a positive associ-
ation between sperm length and longevity (Parker 1998).
So far, no study has examined this relationship in simul-
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taneous hermaphrodites, nor in other internally fertilizing
species with long-term sperm storage (see Snook 2005). In
the Atlantic salmon, sperm length was not correlated with
sperm velocity, but sperm length and longevity were
negatively associated (Gage et al. 2002). In 4. arbustorum,
viable sperm could be stored in the spermatheca up to
1 year after copulation (Baur 1988a). There is no indication
that sperm are nourished through the epithelium of the
female reproductive tract in A. arbustorum (Bojat et al.
2001). In helicid snails, the spermatozoa are richly supplied
with glycogen granules as an energy supply for sperm
motility (Anderson and Personne 1976). In A. arbustorum,
the glycogen granules are arranged in a helical structure
along the axoneme of the sperm tail to the end of the
flagellum (Bojat et al. 2001). Thus, longer flagella might
contain more resources, resulting in large sperm with a
higher energy supply for motility and/or longevity than
smaller ones. Indeed, the longer sperm of snails from the
Nuglar population survived longer than the shorter sperm
of snails from the Gurnigel population. Within populations,
however, no relationship between sperm length and
longevity was found. Moreover, sperm velocity was not
correlated with sperm longevity. Further work is needed to
assess the energy supply of A. arbustorum sperm (ATP
and/or glycogen content). For example, in domestic fowl,
longer sperm have increased motility because of their
higher ATP/mitochondria content (Froman et al. 1999,
2002).

Our data did not reveal any association between sperm
size (total length) and sperm function (velocity, motility and
longevity). Our findings do not support the assumptions of
sperm competition models on the evolution of sperm size
for internally fertilizing species like A. arbustorum (Parker
1998). Several of these comparisons could be nonsignifi-
cant due to low power in the statistical tests. To reach a
power of 80% (a=0.05), sample sizes of >190 snails are
required. However, the use of phenotypic measures to
assign relationships between ejaculate traits might not be
conclusive (Moore et al. 2004; Snook 2005). Future
research should examine genetic correlations between
sperm traits to elucidate the constraints on the evolution
of sperm morphology and function (e.g., Moore et al. 2004).

Our results are relevant for understanding the mechan-
isms underlying fertilization success in simultaneous
hermaphrodites. We found interindividual differences in
sperm quality that can explain the differential paternity
success of A. arbustorum individuals (Baur 1998).
Considerable variation was also detected within individ-
uals and among populations of 4. arbustorum. Thus, the
intraspecific variation in sperm traits in nature is likely to
be even greater than reported here and in similar studies
(reviewed in Ward 1998 and Snook 2005). Models of
sexual selection for the evolution of sperm morphology and
function should take into account different processes of
postcopulatory sexual selection (e.g., Snook 2005). In this
study, we showed how the interindividual differences in the
sperm quality traits found in 4. arbustorum could be a
response to sperm competition risk in interaction with
cryptic female choice.
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