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Spermatozoa are amongst the most variable cells, and three factors
are thought to account for this variation in design: fertilization
mode, phylogeny, and postcopulatory sexual selection. In addition,
it has long been assumed that a tradeoff exists between sperm size
and number, and although postcopulatory sexual selection affects
both traits, empirical evidence for a tradeoff has so far been elusive.
Our recent theoretical model predicts that the nature of a direct
tradeoff between sperm size and number varies with sperm
competition mechanism and sperm competition risk. We test these
predictions using a comparative approach in two very different
taxa with different sperm competition mechanisms: passerine birds
(mechanism: simple rafﬂe) and Drosophila fruit ﬂies (sperm displacement). We show that in both groups, males increase their total
ejaculate investment with increasing sperm competition risk, but
whereas passerine birds allocate disproportionately to sperm number, drosophilids allocate disproportionately to sperm size. This
striking difference between the two groups can be at least partly
explained by sperm competition mechanisms depending on sperm
size relative to the size of the female reproductive tract: in large
animals (passerines), sperm numbers are advantageous in sperm
competition owing to dilution inside the female tract, whereas in
small animals (drosophilids), large sperm are advantageous for physical competition (sperm displacement). Our study provides two important results. First, we provide convincing evidence for the
existence of a sperm size–number tradeoff. Second, we show that
by considering both sperm competition mechanism and dilution, can
we account for variation in sperm size between different taxa.
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he seemingly unlimited number of tiny sperm produced by
males compared with the few large eggs produced by females
(i.e., anisogamy) has shaped our understanding of sexual selection and the evolution of mating systems (1–3). However, although the males of most animals produce huge numbers of tiny
sperm, some produce few, giant sperm (4), suggesting that males
trade off sperm size and sperm number. Theoretical models of
sperm size evolution in the context of sperm competition assume
either a direct or indirect tradeoff between sperm size and sperm
number. Under a direct tradeoff (5), males have a ﬁxed energy
budget, M, to invest in an ejaculate, so if each sperm has size m,
the sperm number will be s = M/m; any change in one strategic
parameter (m or s) trades off directly against the other. Under an
indirect tradeoff (6), a ﬁxed resource budget, R, is allocated
between the ejaculate and effort spent acquiring a mating, C,
where the number of matings, n, obtained by a male is given by
R/(C + Dsm) and where Dsm deﬁnes the amount of energy
invested into the ejaculate. Thus, a male can effectively now vary
three strategic parameters: n, s, and m. Our recent theoretical
model (7) shows that at a given level of R and sperm competition
risk q (i.e., at a given level β; Box 1), a direct tradeoff between
sperm size and number effectively still operates even under the
indirect tradeoff model. However, empirical evidence for such
a tradeoff has been equivocal (8–11). The present study couples
data with theoretical predictions of our recent model (7) (Box 1)
www.pnas.org/cgi/doi/10.1073/pnas.1009059108

to generate insights into sperm size/number evolution. It introduces the concepts of the mechanisms of sperm competition and
dilution to explain observed interspeciﬁc variation in sperm size.
Only by considering both of these factors are we able to account
for the relationship between body mass and sperm size, as well as
for sperm gigantism in Drosophila.
To clarify the logic, we give an overview of our recent theoretical model of sperm size–number tradeoffs and its main predictions in Box 1; the full account is complex and is presented
elsewhere (7). It differs from previous models (6) in predicting
how absolute and relative expenditure on sperm size and number
should vary in relation to sperm competition risk, q, in both
sperm mixing and sperm displacement systems, under varying
sperm density: (i) sperm number, s, should always increase with
q, but sperm size (deﬁned here as mass), m, may be constant,
increasing, or decreasing with q, (ii) total ejaculate investment,
ms, should always increase with q, and (iii) the ratio m/s (which
indicates how allocation within ms is skewed toward size or
number as q increases) can increase or decrease with q depending on the inﬂuence of sperm density (the density of sperm
in the set from which fertilizations are drawn) on sperm competition; speciﬁcally, (iv) if sperm size has no effect (or only a
moderate effect) on sperm competitive ability with increasing
sperm density (e.g., in systems with a rafﬂe mechanism, such as
external fertilizers and internally fertilizing vertebrates), then
sperm number is favored over sperm size with increasing risk of
sperm competition (thus as ms increases with q, the ratio m/s
decreases), or (v) if sperm competitive ability is strongly affected
by increases in sperm density, (e.g., where sperm displacement is
an important mechanism), then sperm size is favored over sperm
number with increasing risk of sperm competition (thus as ms
increases with q, m/s may also increase). Here we examine the
above predictions in two taxonomic groups with internal fertilization, which differ considerably in their sperm competition
mechanisms and sperm densities: passerine birds, in which sperm
competition obeys a simple rafﬂe mechanism (12), and Drosophila fruit ﬂies, in which sperm competition success relies on
displacement mechanisms (13, 14).
To examine relationships between sperm size and number and
sperm competition across species, we use relative testis size as an
index of sperm competition risk (a causal positive correlation
between the two has been demonstrated in numerous experimental and comparative studies) (15–23). Relative testis size is
also typically a direct reﬂection of male investment in sperm
production (24, 25) and therefore likely to correlate with the cost
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of each ejaculate, proportional to the product of the evolutionarily stable strategy (ESS) sperm size and number in our model
(i.e., m*s*: as expected, our data demonstrate such a positive
relationship in both birds and ﬂies) (see below). Our focus here,
however, is on how the tradeoff balance between sperm size and
number changes with increasing sperm competition risk (and
hence increasing m*s*) and how this balance is affected by systems with different sperm competition mechanisms and sperm
densities (see below). In particular, from the predictions above,
we expect passerines, with their low sperm density rafﬂe mechanism, to show a decreasing relationship between m*/s* and risk
q (Box 1 and Fig. 1C). In sharp contrast, the drosophilids, with
their high-density sperm displacement mechanism, are predicted
to show an increasing relationship between m*/s* and risk q (Box
1 and Fig. 1D).
We next present a hypothesis that arises (a priori) from our
theoretical models, basic biology, and empirical data on sperm
competition in different groups; these collectively enable strong
quantitative predictions that can be compared with patterns
within animal groups. Our rationale is as follows. Vertebrate
systems with internal fertilization typically have low sperm densities around the egg during fertilization, owing to reproductive
tracts that are large relative to sperm size (26–28). Consequently,
competitive advantages of increased sperm size in the region of
the ESS are likely to be relatively weak across wide ranges of
natural sperm densities and related mainly to effects of size on
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Fig. 1. Theoretical predictions for sperm size–number relationship with
increasing risk of sperm competition. (A) The ESS total sperm expenditure
(product of sperm size and number, m*s*) always increases across the risk
range sperm competition risk, q, as observed in passerine birds and Drosophila (Fig. 3 A and B). (B) Sperm loading factor, r, determines a sperm’s
competitive ability and must increase at a decreasing rate with m. The
tangent to the curve r(m) gives the marginal value theorem solution for ESS
sperm size, m*, at a given level of sperm competition risk, q. If sperm density
increases the intercept of r(m), or decreases its slope, a higher ESS sperm size
is generated. (C) The “default expectation” (as observed in passerine birds;
Fig. 3C)—a decreasing relationship between the ratio of sperm size/number,
m*/s*, and sperm competition risk, q, is expected when (i) r(m) is unaffected
by the sperm density, or where (ii) increasing sperm density decreases the
intercept of r(m) or increases the slope of r(m), or where (iii) increasing
sperm density only generates weak increases in the intercept of r(m) or weak
decreases in the slope of r(m). (D) An increasing relationship between the
ratio of sperm size/number, m*/s*, and sperm competition risk, q (as observed in Drosophila; Fig. 3D), is expected only when increasing sperm
density sharply decreases the slope or increases intercept of r(m) and is more
likely to occur in sperm displacement systems such as those found in insects.
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sperm motility and survival. Further, in birds, the sperm competition mechanism obeys the rafﬂe principle (12, 29), which
requires strongly escalating competitive beneﬁts of sperm size
with sperm density to generate disproportionate allocation to
sperm size with increased sperm competition risk. It is difﬁcult to
envisage that passerines could fulﬁll these requirements, and so
we predict that m*/s* should decrease with q (Box 1 and Fig. 1C).
The same applies to externally fertilizing organisms. In contrast,
in insects and other invertebrates with internal fertilization,
longer (or larger) sperm have been shown to have a competitive
fertilization advantage against shorter (or smaller) sperm of rival
males through enhanced displacement or other competitive
abilities (13, 20, 30, 31). In insects, sperm are stored at high
density in the female sperm-storage organs (13, 32), which in
Drosophila have ﬁxed volume so that new ejaculates displace
previously stored sperm. At fertilization, sperm compete at high
density around the proximal region of the sperm store duct to
enter the micropyle of the egg as it passes down the oviduct.
Longer sperm seem to provide a competitive advantage mediated through location rather than swimming speed (13). For this
scenario, our models predict sperm size to increase more than sperm
number with increasing risk of sperm competition (m*/s* increasing; Box 1 and Fig. 1D) only under special circumstances, most
easily met in displacement systems, when sperm size has special and
strong competitive advantages in skewing fertilization, notably if
the minimum successful sperm size escalates as sperm density increases (7, 13). The propensity for increasingly escalating competitive beneﬁts of sperm size with sperm density in systems such as
Drosophila is considerable, and some of the largest sperm described
to date are found in small-bodied invertebrate taxa (33, 34).
The well-known phenomenon of sperm density declining as
the female reproductive tracts become larger (the “sperm dilution” effect) (15, 35–37) may act in a manner that reinforces
our predictions. In large animals, the dilution effect hypothesis
suggests a compensating increase in sperm number at the expense of sperm size as body size—and hence female tract
dimensions—increases (assuming that female reproductive tract
size scales directly with body size). In tiny animals, by contrast,
dilution constraints on the evolution of longer sperm are largely
absent because sperm size is relatively large compared with body
size (33), and furthermore, sperm are typically stored in small,
ﬁxed-volume storage organs.
Using a comparative approach, we tested our predictions by
quantifying the relationship between sperm size, sperm number,
and the total investment in spermatogenesis (m*s*) in passerines
(Aves, Passeriformes) as a relatively large-bodied taxon [5.7–589 g
body mass (BM)] obeying the rafﬂe principle, and in Drosophila
(Insecta, Diptera) as a small-bodied taxon (176–1,020 mg BM)
obeying sperm displacement. These two taxa certainly differ in
many biological aspects, which are not taken into account here,
and we caution that a comparative analysis of two lineages cannot establish causation. However, because sperm competition
mechanisms are well understood in both taxa, we believe that the
differences between sperm size and number in the two groups
are likely to be at least partly determined by the selective forces
outlined above. Our results generally supported our theoretical
predictions and provide intriguing information about mechanisms involved in postcopulatory sexual selection and animal
reproduction in general.
Results
For passerines, we collected data on sperm size, combined testis
mass (CTM), and BM for a total of 196 species (Table S1), and
sperm number for 23 of these species. As a proxy for ejaculate
size we used the number of sperm counted in the seminal glomera (i.e., the extragonadal male sperm-storage organs). Sperm
numbers in the seminal glomera are directly related to testis size
(17), which in turn is related to ejaculate size (16). Although the
use of this proxy may add random noise due to measurement
errors, it will not bias our results in a systematic way and hence
does not jeopardize the overall conclusions we can draw from
Immler et al.
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tantly, m*/s* decreased with increasing relative testis mass
(CTM: estimate = −1.29, t = 2.77, P = 0.01; BM: estimate =
0.20, t = 0.47, P = 0.65; model: r2 = 0.51, λ < 0.0001ns,**; Fig.
3C), conﬁrming our theoretical expectation that in passerines,
sperm numbers should increase more rapidly than sperm size
with increasing risk of sperm competition (according to Scenario
1 in Box 1; Fig. 1C).
For Drosophila, we obtained data on sperm size, CTM, and BM
for 18 species and sperm number for 15 of these species. We
performed equivalent multiple regression analyses in a phylogenetic framework (details in Materials and Methods) and found
a signiﬁcant positive, accelerating relationship between sperm size
and relative testis mass but not body size (CTM: estimate = −0.25,
t = 0.58, P = 0.57; CTM2: estimate = 0.26, t = 3.2, P = 0.006; BM:
estimate = −0.13, t = 0.35, P = 0.73; model: r2 = 0.88, λ = 0.87ns,ns;
Fig. 2B). In contrast, the relationship between sperm number and
relative testis mass followed an inverted U-shaped curve (CTM:
estimate = 0.81, t = 1.93, P = 0.08; CTM2: estimate = −0.23, t =
2.80, P = 0.02; BM: estimate = 0.74, t = 1.86, P = 0.09; model: r2 =
0.78, λ < 0.0001ns,**; Fig. 2D). As expected, m*s* increased with
relative testis mass (CTM: estimate = 0.56, t = 3.12, P = 0.009;
BM: estimate = 0.92, t = 2.53, P = 0.28; model: r2 = 0. 38, λ =
0.92ns, ns; Fig. 3B). The RMA slope between m*s* and CTM was
smaller than 1, albeit marginally nonsigniﬁcant (t14 = 2.13, P =
0.05), which indicates that m*s* increases at a slower rate than
relative testis mass. Most interestingly, m*/s* increased with relative testis mass and hence risk of sperm competition (CTM: estimate = 1.21, t = 2.70, P = 0.02; BM: estimate = −0.22, t = 0.25,
P = 0.81; model: r2 = 0.66, λ < 0.0001ns,**; Fig. 3D) as we predicted
to be a possibility for this system (according to Scenario 2 in Box 1;
Fig. 1D). Thus, in Drosophila, sperm size increases more rapidly
than sperm number with increasing risk of sperm competition. We

Fig. 2. Sperm size and sperm number in relation to risk of sperm competition. Sperm size
is signiﬁcantly associated with relative testis
mass (A) following a nonlinear relationship in
passerine birds (presented as ln-transformed
sperm total length and residual testes mass
from a regression between CTM and BM) and
(B) with an accelerating increase in Drosophila
(presented as sperm total length and relative
testes mass as CTM over BM). Sperm number is
signiﬁcantly associated with relative testis mass
(C) following a linear relationship in passerine
birds and (D) following a single-peaked curve
in Drosophila. The relative position of species
belonging to Fringillidae (white circles) and
Sylviidae (gray circles) conﬁrm previous ﬁndings of opposite patterns in the two families
for the relationship between sperm size and
risk level of sperm competition. Figures are not
controlled for phylogeny.
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our results. We performed multiple regression analyses in
a phylogenetic framework [PGLS (38–40); details in Materials
and Methods] starting with a model including CTM and BM to
control for the allometric relationship between the two, as well as
a quadratic term, CTM2, and an interaction term, CTM*BM.
Identifying the best-ﬁtting model using the Akaike information criterion, we found a signiﬁcant positive, nonlinear
relationship between sperm size and relative testis size (CTM:
estimate = 1.50, t = 4.34, P < 0.00001; CTM2 = −1.01, t = 3.32,
P = 0.001; Fig. 2A), but also a signiﬁcant negative relationship
between sperm size and BM (estimate = −0.35, t = 4.19, P <
0.0001) and a signiﬁcant CTM*BM interaction term (estimate =
0.21, t = 2.69, P = 0.008; model: r2 = 0.19, λ = 0.82**,ns), suggesting that sperm size decreases with decreasing sperm density
through the dilution effect. In addition, the negative association
between sperm size and body size supports the hypothesis that
larger-bodied species have relatively smaller sperm, supporting
the prediction from the dilution effect. A positive linear relationship between sperm number and relative testis mass best
ﬁts the data (CTM: estimate = 1.44, t = 3.32, P = 0.003; Fig.
2C), whereas the relationship with body size was not signiﬁcant
(BM: estimate = −0.49, t = 1.23, P = 0.23; model: r2 = 0.50, λ <
0.0001ns,**); there also was no signiﬁcant quadratic term CTM2
or interaction term CTM*BM, and hence the latter two terms
were excluded to obtain the minimal adequate model. As
expected (see above), the sperm size and number product (m*s*)
increased with increasing relative testis mass (CTM: estimate =
441.74, t = 4.12, P = 0.0005; BM: estimate = −198.49, t = 2.02,
P = 0.06; model: r2 = 0.55, λ < 0.0001ns,**; Fig. 3A). The reduced
major axis (RMA) slope between m*s* and CTM was signiﬁcantly larger than 1 (t22 = 5.52, P < 0.001), which indicates that
m*s* increases at a faster rate than relative testis mass. Impor-
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suggest that this phenomenon will be mainly restricted to displacement systems in which sperm size plays an increasingly crucial
role in sperm competition as sperm density increases.
Thus, in support of our theoretical predictions (Box 1): (i)
total ejaculate investment, m*s*, increases with relative testis
size (sperm competition risk) in both passerine birds and fruit
ﬂies, (ii) relative investment in sperm size, m*/s*, decreases with
sperm competition risk in passerines but increases in Drosophila,
and (iii) sperm numbers, s*, increase with risk in passerines and
also across the low-risk range in Drosophila. Only the decline in
sperm numbers across the high-risk range in Drosophila fails to
concur with our expectations.
Discussion
Our ﬁndings suggest that males are forced to trade off sperm size
against sperm number and that this tradeoff may go either way.
These results have important implications for our understanding
of sexual selection and the evolution of mating systems, because
the difference in size and number between male and female
gametes determines to a large extent the strength of sexual selection (20). In addition, our evidence for a tradeoff between
sperm size and number supports the idea that sperm production
is costly and that males are under pressure to adaptively allocate
their reproductive energy, particularly under high risk levels of
sperm competition. Our results are compatible with our theoretical predictions of a tradeoff between sperm size and number
(7) (Box 1) and that as sperm competition risk increases, the
balance between sperm size and number can shift in either direction. We postulate that the difference we ﬁnd between passerine birds and Drosophila is based on the sperm competition
mechanism, which in turn depends on sperm density and hence
on body size and the volume of the female reproductive tract.
In the large-bodied taxon (passerine birds), the advantages of
sperm size with increasing sperm density are unlikely to accelerate
sufﬁciently strongly to favor sperm size rather than sperm numbers, and hence sperm number increases more rapidly than (or
instead of) sperm size (the “default” expectation in Scenario 1 in
our model; Fig. 1C). In contrast, the fact that sperm size increases
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1009059108

Fig. 3. Sperm size–number relationship with increasing risk of sperm competition. In both (A)
passerine birds and (B) Drosophila, the overall investment in sperm size (m*) and number (s*)
increases with increasing risk of sperm competition
(compare with theoretical prediction in Fig. 1A). As
predicted (Box 1) (C; compare with Fig. 1C), in
passerine birds sperm number increases at the expense of sperm size, whereas (D; compare with Fig.
1D) in Drosophila sperm size increases at the expense of sperm number. Figures are not controlled
for phylogeny.

disproportionately to sperm numbers in Drosophila supports the
notion that in this taxon sperm size can play a major role in sperm
competition, owing to displacement and direct competition between sperm at the site of fertilization (according to Scenario 2 in
our model) (12, 13). Sperm in such species are commonly longer
than any distance they travel within the female reproductive tract
(19, 41). Moreover, experimental evolution studies of Drosophila
have demonstrated a positive association between sperm length
and postcopulatory sexual selection intensity (19) and revealed
that longer sperm are better at displacing shorter sperm—and
resisting being displaced by them—from the site of fertilization
(12, 13). These ﬁndings provide an intriguing explanation for the
evolution of “giant” sperm observed in some Drosophila species
(4, 20). However, we recognize that factors other than sperm
competition mechanisms, such as physiological differences (e.g.,
poikilotherm vs. ectotherm), may certainly also inﬂuence the
evolution of sperm size and number and contribute to the variation in the evolution of sperm size and number across taxa.
In addition, our study provides a plausible explanation for
some of the seemingly contradictory results of previous studies,
which have shown no relationship (41, 42), a positive relationship
(43–45), or a negative relationship between sperm size and
sperm competition (44, 46). This variation across studies can be
explained in terms of how the competitive beneﬁts of sperm size,
r(m) (Fig. 1B), change with sperm density (Box 1). The differential impact of r(m) may explain the previous ﬁndings of
a positive relationship between sperm size and risk of sperm
competition in the family of Fringillidae and a negative relationship in the Sylviidae (44) (Fig. 2A). The theoretical predictions for the rafﬂe mechanism are that species with an overall
low risk of sperm competition q will show a sharply increasing
positive relationship between sperm size and q, whereas species
with high q will exhibit little or no relation between sperm size
and q, because the predicted relation asymptotes quickly with q
(7). Our data support these predictions in two ways. First, comparing two families: the Fringillidae have relatively low levels of
sperm competition and show a positive relationship between sperm
size and q, whereas the Sylviidae have a higher level of sperm comImmler et al.

Box 1. Overview of Theory of Parker et al. (7).
We here summarize our recent theoretical developments (7);
m = mass of each sperm, and s = number of sperm per ejaculate. The model examines the risk range of sperm competition
(47): females choose to mate with two different males with
probability q, and mate once with probability (1 – q). A male’s
total reproductive expenditure, R, is allocated between each
ejaculate (expenditure proportional to product, ms) and investment into gaining matings. The ESS for sperm size and
number (m*, s*) at a given risk level of sperm competition
q obey:
m ¼ βG′ðs; IÞ

[1A]

s ¼ βG′ðm; IÞ;

[1B]

where β = (R/D)[2q/(1 + q)], G′(s*) = the marginal gains
through increasing sperm numbers, G′(m*) = the marginal
gains through increasing sperm size, and D = the cost of one
unit of ejaculate. Hence
s G′ðs Þ ¼ m G′ðm Þ

[2]

(6, 7). Using explicit forms for G(s) and G(m) for three different sperm competition mechanisms, sperm expenditure
(product m*s*) always increased with sperm competition risk, q
(Fig. 1A) but was invariant at any given value of β, at which
a direct sperm size–number tradeoff must therefore apply. How
sperm size and number are allocated as m*s* increases with q
across populations depends on G′(s*), G′(m*), in Eq. 2.
We (7) studied two mechanisms relevant to our present
results. In Scenario 1, there is no space constraint for fertilization, and sperm compete in a rafﬂe loaded by sperm size. In
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tradeoff between sperm quality and quantity, and identifying
competing sperm density as a likely physiological constraint
contributing to this variation, provides an important focus for
future investigations of postcopulatory sexual selection and reproduction in the animal kingdom.
Materials and Methods
Sperm Size Measurements. Sperm samples were collected from passerine
males in breeding condition: (i) from fecal samples (48), (ii) by collecting
sperm from the caudal end of seminal glomera dissected from males caught
under license, and (iii) by “cloacal massage” (49). Sperm collected in different ways do not differ signiﬁcantly in morphometry (48). Samples were
processed as described by Immler and Birkhead (48). Sperm size was measured as total sperm length. For Drosophila, measures of total sperm length
were obtained from Pitnick et al. (50).
Sperm Number Measurements. For passerines, the two seminal glomera were
obtained by dissection from males at the peak of the breeding season. Sperm
were extruded from each glomerus separately by squeezing and macerating
the tissue in a known volume of PBS and sperm number counted in an Improved Neubauer Chamber (17).
For Drosophila, sperm number estimates were obtained for 10 species
from Pitnick (23); ﬁve further species were added using the same methods
[the number of sperm cysts simultaneously undergoing development in
a midtestis cross-section of reproductively mature and active males (n = 12
per species) was multiplied by the number of sperm per cyst; see ref. 51].
Testis Mass and BM Data. For passerines, CTM and BM for 196 species was
obtained (i) from the literature (23), (ii) from museum databases, and (iii)
from dissected males in breeding condition. For guidelines, see Calhim and
Birkhead (23). Body mass was obtained from the literature (23, 52) and from
dissected males collected under license. For Drosophila, measures of dry

Scenario 2, sperm from the last male to mate displace sperm
stored in the female’s ﬁxed-volume spermatheca; those
remaining in store after displacement then compete as in Scenario 1. Scenario 1 is most relevant to external fertilizers or
large internal fertilizers, such as vertebrates with low sperm
densities (and hence to passerines), and Scenario 2 to insects or
other invertebrates with ﬁxed-volume sperm-storage organs
and high sperm densities (and hence to Drosophila). The
loading due to sperm size was modeled by function r(m), so that
Male 1 competing against Male 2 has a fertilization probability
of r(m1)s1/[r(m1)s1 + r(m2)s2]. For an intermediate ESS sperm
size (rather than a maximum or minimum), r(m) must allow
a tangent to be drawn from the origin (Fig. 1B) following the
marginal value theorem (56).
If r does not vary with sperm competition risk, ESS sperm
size m* remains constant with q, so the increase in m*s* with q
(Fig. 1A) is due entirely to increased sperm numbers s*, and the
ratio m*/s* decreases with q (i.e., generating the “default expectation” that sperm numbers increase more rapidly than
sperm size with q) (Fig. 1C). However, because m* increases
with q, m* can vary with q if the fertilization loading factor r(m)
changes with competing sperm density: m* and s*, then depend
on precisely how sperm density alters r(m). Sperm size can increase with sperm competition risk if (i) sperm density
decreases the slope of r(m), and/or (ii) sperm density increases
the intercept of r(m) (Fig. 1B). Both can theoretically generate
an increase in the ratio m*/s* with q (Fig. 1D), although Scenario 2 does this more readily than Scenario 1. Opposite
effects, or insufﬁcient strength of (i) and (ii), give the typical
default expectation (Fig. 1C). In Scenario 1, effects of sperm
density on r(m) (if they occur at all) are likely to be weak, and
hence generate the default expectation (Fig. 1C), as in passerines. Scenario 2 can cause m*/s* to increase with q (Fig. 1D)
quite readily through effect (ii), most plausibly by sperm–sperm
interactions becoming increasingly important with increased
sperm density, as is likely in Drosophila.
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petition and show a negative relationship between sperm size and
q (SI Text). Second, the empirical data for all 196 passerine species
also suggests an inverted U-shaped pattern where, after reaching
a peak, sperm size decreases at very high levels of sperm competition risk (Fig. 2A).
The second important implication of our study is the previously unreported discovery that the relationship between absolute sperm numbers (in Drosophila) and sperm competition
risk may be nonmonotonic. The inverted U-shaped relation in
Drosophila between sperm number and relative testis size (Fig.
2D) suggests that sperm number peaks at intermediate sperm
competition risk levels and diminishes at high risk levels. Theory
suggests that sperm numbers will increase monotonically across
sperm competition risk levels, although a decrease is possible at
high intensities (i.e., where more than two ejaculates compete)
(7, 47). Risk levels of sperm competition are probably high in
some Drosophila species. However, under such circumstances,
our present model would predict a corresponding similar peak in
sperm size; the continued increase in sperm size across decreasing sperm numbers at high risk levels is therefore currently
unexplained by the theory in Box 1. A further limitation of the
model (Box 1) is that potential female inﬂuences are omitted,
although female reproductive biology plays a major role in the
evolution of sperm size and number in Drosophila (19). Thus,
further theoretical developments are needed to obtain a complete picture of the evolution of sperm size and number in
Drosophila.
Sperm size is one of the most rapidly diversifying traits (33),
yet the selective basis for this phenomenon has remained poorly
understood. For example, why giant sperm have evolved in invertebrate compared with vertebrate lineages has been a longstanding question (33). Resolving taxonomic variation in the

testes and BM were obtained for 10 species from Pitnick (24); values for
eight further species were obtained using methods described in Pitnick (24).
Statistical Analyses. To account for the statistical nonindependence of data
points due to shared ancestry we used a generalized least-squares (GLS)
approach in a phylogenetic framework (PGLS; 38–40) to perform multiple
regression analyses. The phylogenetic GLS is based on the use of maximum
likelihood (ML) models and takes phylogeny into account by referring to an
internal matrix of expected covariances among species based on their degree of shared ancestry. In addition, the ML approach allows the estimation
of the phylogenetic dependence parameter λ, which ranges between 0 and
1, indicating the relative importance of phylogeny in explaining the similarities between traits. Values of λ close to 0 indicate that the underlying
phylogeny explains little of the observed trait variation, whereas values of λ
close to 1 indicate strong phylogenetic association of the traits. Analyses
were performed using a code developed by Freckleton for the statistical
package R V.2.10.1 (53). The phylogenetic topology for passerine birds was
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RMA slope compared with 1.
ACKNOWLEDGMENTS. We thank Leigh Simmons for stimulating discussions
of this study and Göran Arnqvist and Ted Morrow for comments on earlier
drafts of the manuscript. This work was supported by Leverhulme Grant
F/00118AJ (to T.R.B.) and National Science Foundation Grants DEB-0814732
and DEB-6990357 (to S.P.).

28. Holt WV (2009) Is semen analysis useful to predict the odds that the sperm will meet
the egg? Reprod Domest Anim 44 (Suppl 3):31–38.
29. Birkhead TR (1998) Sperm competition in birds: mechanisms and function. Sperm
Competition and Sexual Selection, eds Birkhead TR, Møller AP (Academic Press,
London), pp 579–622.
30. Radwan J (1996) Intraspeciﬁc variation in sperm competition success in the bulb mite:
A role for sperm size. Proc Biol Sci 263:855–859.
31. LaMunyon CW, Ward S (1999) Evolution of sperm size in nematodes: Sperm
competition favours larger sperm. Proc Biol Sci 266:263–267.
32. Sbilordo S, Schäfer M, Ward P (2009) Sperm release and use at fertilization by yellow
dung ﬂy females (Scathophaga stercoraria). Biol J Linn Soc Lond 98:511–518.
33. Pitnick S, Hosken DJ, Birkhead TR (2009) Sperm morphological diversity. Sperm
Biology: An Evolutionary Perspective, eds Birkhead TR, Hosken DJ, Pitnick S (Academic
Press, Oxford), pp 69–149.
34. Hosken DJ (2003) Dispatch. Sperm biology: Size indeed matters. Curr Biol 13:R355–R356.
35. Short RV (1981) Sexual selection in man and the great apes. Reproductive Biology of
the Great Apes, ed Graham CE (Academic Press, New York).
36. Cummins JM, Woodall PF (1985) On mammalian sperm dimensions. J Reprod Fertil 75:
153–175.
37. Short R (1979) Sexual selection and its component parts, somatic and genital
selection, as illustrated by man and the great apes. Adv Stud Behav 9:131–158.
38. Pagel M (1999) Inferring the historical patterns of biological evolution. Nature 401:
877–884.
39. Pagel M (1997) Inferring evolutionary processes from phylogenies. Zool Scr 26:331–348.
40. Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and comparative data:
A test and review of evidence. Am Nat 160:712–726.
41. Johnson DDP, Briskie JV (1999) Sperm competition and sperm length in shorebirds.
Condor 101:848–854.
42. Gage MJG, Freckleton RP (2003) Relative testis size and sperm morphometry across
mammals: No evidence for an association between sperm competition and sperm
length. Proc Biol Sci 270:625–632.
43. Byrne PG, Simmons LW, Roberts JD (2003) Sperm competition and the evolution of
gamete morphology in frogs. Proc Biol Sci 270:2079–2086.
44. Immler S, Birkhead TR (2007) Sperm competition and sperm midpiece size: No
consistent pattern in passerine birds. Proc Biol Sci 274:561–568.
45. Fitzpatrick JL, et al. (2009) Female promiscuity promotes the evolution of faster sperm
in cichlid ﬁshes. Proc Natl Acad Sci USA 106:1128–1132.
46. Stockley P, Gage MJG, Parker GA, Møller AP (1997) Sperm competition in ﬁshes: The
evolution of testis size and ejaculate characteristics. Am Nat 149:933–954.
47. Parker GA, Ball MA (2005) Sperm competition, mating rate and the evolution of testis
and ejaculate sizes: A population model. Biol Lett 1:235–238.
48. Immler S, Birkhead TR (2005) A non-invasive method for obtaining spermatozoa from
birds. Ibis 147:827–830.
49. Wolfson A (1952) The cloacal protuberance—a means for determining breeding
condition in live male passerine birds. Bird-Banding 23:159–165.
50. Pitnick S, Markow TA, Spicer GS (1995) Delayed male maturity is a cost of producing
large sperm in Drosophila. Proc Natl Acad Sci USA 92:10614–10618.
51. Schärer L, Da Lage JL, Joly D (2008) Evolution of testicular architecture in the
Drosophilidae: A role for sperm length. BMC Evol Biol 8:143.
52. Dunning JB (1993) CRC Handbook of Avian Body Masses (CRC Press, Boca Raton, FL).
53. R Development Core Team (2008) R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, Vienna).
54. Russo CA, Takezaki N, Nei M (1995) Molecular phylogeny and divergence times of
drosophilid species. Mol Biol Evol 12:391–404.
55. Pitnick S, Markow TA, Spicer GS (1999) Evolution of multiple kinds of female spermstorage organs in Drosophila. Evolution 53:1804–1822.
56. Charnov EL (1976) Optimal foraging, the marginal value theorem. Theor Popul Biol 9:
129–136.

Immler et al.

Corrections

EVOLUTION

Correction for “Resolving variation in the reproductive tradeoff
between sperm size and number,” by Simone Immler, Scott
Pitnick, Geoff A. Parker, Kate L. Durrant, Stefan Lüpold, Sara
Calhim, and Tim R. Birkhead, which appeared in issue 13,
March 29, 2011, of Proc Natl Acad Sci USA (108:5325–5330; ﬁrst
published March 14, 2011; 10.1073/pnas.1009059108).
The authors note that, due to a printer’s error, the afﬁliation
for Kate L. Durrant should instead appear as School of Biology,
University of Nottingham, University Park, Nottingham NG7
2RD, United Kingdom. The corrected author and afﬁliation
lines appear below. The online version has been corrected.
Simone Immlera,b,1,2, Scott Pitnickc, Geoff A. Parkerd,
Kate L. Durrante, Stefan Lüpoldc, Sara Calhimf, and
Tim R. Birkheada

NEUROSCIENCE

Correction for “Conditional reduction of adult neurogenesis
impairs bidirectional hippocampal synaptic plasticity,” by Federico Massa, Muriel Koelh, Theresa Wiesner, Noelle Grosjean,
Jean-Michel Revest, Pier-Vincenzo Piazza, Djoher Nora Abrous,
and Stéphane H. R. Oliet, which appeared in issue 16, April 19,
2011, of Proc Natl Acad Sci USA (108:6644–6649; ﬁrst published
April 4, 2011; 10.1073/pnas.1016928108).
The authors note that the author name Muriel Koelh should
have appeared as Muriel Koehl. The corrected author line
appears below. The online version has been corrected.
Federico Massa, Muriel Koehl, Theresa Wiesner, Noelle
Grosjean, Jean-Michel Revest, Pier-Vincenzo Piazza,
Djoher Nora Abrous, and Stéphane H. R. Oliet
www.pnas.org/cgi/doi/10.1073/pnas.1105938108

a

Department of Animal and Plant Sciences, University of Shefﬁeld, Western
Bank, Shefﬁeld S10 2TN, United Kingdom; bDepartment of Evolutionary
Biology, Evolutionary Biology Centre, Uppsala University, 75236 Uppsala,
Sweden; cDepartment of Biology, Syracuse University, Syracuse, NY 13244;
d
Department of Evolution, Ecology and Behaviour, Institute of Integrative
Biology, University of Liverpool, Liverpool L69 7ZB, United Kingdom;
e
School of Biology, University of Nottingham, University Park, Nottingham
NG7 2RD, United Kingdom; and fDepartment of Biology, Queen’s University,
Kingston, ON, Canada K7L 3N6

CORRECTIONS

www.pnas.org/cgi/doi/10.1073/pnas.1105524108

www.pnas.org

PNAS | May 10, 2011 | vol. 108 | no. 19 | 8065

