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The striking diversity of sperm shape across the animal kingdom is still poorly understood. Postcopulatory

sexual selection is an important factor driving the evolution of sperm size and shape. Interestingly, mor-

phometric sperm traits, such as the length of the head, midpiece and flagellum, exhibit a strong positive

phenotypic correlation across species. Here we used recently developed comparative methods to investi-

gate how such phenotypic correlations between morphometric sperm traits may evolve. We compare

allometric relationships and evolutionary trajectories of three morphometric sperm traits (length of

head, midpiece and flagellum) in passerine birds. We show that these traits exhibit strong phenotypic cor-

relations but that allometry varies across families. In addition, the evolutionary trajectories of the

midpiece and flagellum are similar while the trajectory for head length differs. We discuss our findings

in the light of three scenarios accounting for correlated trait evolution: (i) genetic correlation; (ii) con-

certed response to selection acting simultaneously on different traits; and (iii) phenotypic correlation

between traits driven by mechanistic constraints owing to selection on sperm performance. Our results

suggest that concerted response to selection is the most likely explanation for the phenotypic correlation

between morphometric sperm traits.
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1. INTRODUCTION
The evolutionary causes and consequences of the remark-

able diversity of spermatozoa are still poorly understood

[1,2]. Morphometric sperm traits such as overall sperm

length, midpiece length/volume and flagellum length

(but not sperm head length) appear to be under post-

copulatory sexual selection owing to varying risk of

sperm competition (e.g. [3–10]; but see [11]) and cryptic

female choice [12,13]. Interestingly, morphometric

sperm traits show a strong positive phenotypic correlation

across species: in mammals for example, the size of the

midpiece and the size of the flagellum are significantly

positively correlated (r ¼ 0.44; [14,15]) as are head

length and flagellum length (r ¼ 0.56; [15]). Similarly,

in passerine birds and in pheasants, midpiece length

and flagellum length are strongly positively correlated

(passerine birds: r ¼ 0.84 [10], r ¼ 0.97 [16]; pheasants:

r ¼ 0.78 [17]), suggesting that these traits show correlated

evolution. However, the causes underlying this apparent

correlated evolution are poorly understood. There are

three non-exclusive scenarios that may lead to correlated

evolution of two traits: (i) underlying genetic correlation

[18], (ii) concerted response to selection acting simul-

taneously on different traits [19,20], and/or (iii)

extrinsic functional or intrinsic mechanistic constraints
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[21], which may result in a positive/negative phenotypic

correlation between traits.

To date, little is known about the genetic correlation

between morphometric sperm traits. Nevertheless, the

few existing empirical studies of the genetic architecture

of sperm traits suggest that sperm are not a genetic unit

but that sperm morphometric traits should be regarded

as independent. In the house mouse Mus musculus for

example, selection on the length of the midpiece did not

result in a proportional change in the length of the prin-

cipal piece of the flagellum [22]. A recent experimental

study of the Gouldian finch Erythrura gouldiae showed a

differential response of individual sperm traits to changes

in the social environment with midpiece length increasing

in response to higher levels of aggression and stress, and

flagellum length increasing in a more ‘relaxed’ environ-

ment [23]. Whether these differential responses to

selection are adaptive remains to be tested. Nevertheless,

genetic correlations between morphometric sperm traits

have been demonstrated. In the zebra finch Taeniopygia

guttata, sperm traits such as the length of the head, mid-

piece and flagellum are highly heritable with strong

additive genetic effects on all traits, and indirect, maternal

genetic effects on midpiece and flagellum length [24]. In

addition, a negative genetic correlation exists between

both additive and maternal genetic effects on the mid-

piece and flagellum, which suggests that the alleles of

these two traits are either antagonistically pleiotropic or

in linkage disequilibrium. A potential biological conse-

quence of this negative genetic correlation is that while

paternal genes may make a longer flagellum, maternal
This journal is q 2012 The Royal Society
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genes may make a shorter midpiece [24]. Nevertheless,

negative genetic correlations do not preclude a positive

phenotypic correlation between traits [25].

Selection may also act on multiple morphometric sperm

traits in concert, resulting in strong phenotypic corre-

lations. Under this scenario, one would expect traits to be

more strongly correlated in species in which selection is

stronger. Comparative studies of passerine birds show

that intraspecific variation in several sperm traits, including

midpiece and flagellum length, decreases with increasing

risk of sperm competition [26,27]. Furthermore, traits

have been found to show strong phenotypic correlations

across species [10,15] but patterns within species may

vary considerably [24,28]. It is therefore possible that

sperm traits coevolve owing to a concerted response

to selection.

Finally, a strong phenotypic correlation between two

traits may occur owing to evolutionary constraints. Such

constraints may be extrinsic, in which case selection acts

on a functional sperm trait (e.g. sperm swimming velocity),

which in turn may select for an optimal size ratio between

two morphometric traits. Physical conditions such as the

drag in the swimming medium may constrain the evolu-

tion of the size of the head in relation to the flagellum

[29]. Similarly, an increase in flagellum length may require

a proportional increase in midpiece size to maintain a

constant metabolic turn-over [14]. A recent study across

African cichlids showed that sperm probably first evolved

to be faster and subsequently to be longer [30]. The

authors suggest that selection acted predominantly on

sperm energetics (i.e. ATP production), which sub-

sequently may have altered sperm morphometry in an

adaptive process: To increase ATP output, sperm might

have evolved a larger midpiece, independently of overall

sperm length. In a second step, the increase in energetic

output may have allowed for the evolution of a longer flagel-

lum (and hence longer overall sperm). Constraints may also

be intrinsic if one trait creates mechanistic (spatial) con-

straints for another trait [31]. Since in the majority of

passerine birds, the midpiece is relatively long and forms

a helix twisted around the flagellum (distinguishing it

from many other vertebrate sperm; [32–34]), the length

of the flagellum limits the length of the midpiece. In both

scenarios (intrinsic or extrinsic forces), allometry can act

as a constraint reducing evolutionary divergence [31].

One way to improve our understanding of the nature of

correlated evolution between morphometric sperm traits

is to use recently developed comparative methods,

which estimate and compare the evolutionary pathways

of individual traits [35–39]. We used passerine birds as

a study system and estimated the evolutionary trajectories

of three sperm traits (length of the head, midpiece and

flagellum), which are positively correlated across passer-

ine species [10]. In addition, we assessed the allometry

between these three traits within six families of passerine

birds and compared the regression slopes and the sign of

the allometry across these families. It is important to note

that all three scenarios described above may result in a

phenotypic correlation even if these traits have no

common function. However, it is possible to make predic-

tions for each scenario for distinct patterns regarding the

evolutionary pathways and the nature of the allometry

between these traits across different taxonomic groups:

(i) Variation in the underlying genetic architecture
Proc. R. Soc. B (2012)
should lead to variation in the evolutionary trajectories

among traits and to variation in the allometry between

traits across families. (ii) Concerted response to selection

would lead to similar evolutionary trajectories of different

traits, and overall similar correlations across families

although the sign of the allometry and the slopes may

vary. (iii) If extrinsic functional constraints are driving

the coevolution of sperm traits, we would expect similar

trajectories and no variation in the sign of allometry but

slopes may still vary across families. In contrast, if the

constraints were of an intrinsic mechanistic nature, we

would expect no variation in sign of allometry and slopes.
2. MATERIAL AND METHODS
(a) Data

We used data on sperm trait dimensions for 217 species of

passerine birds belonging to 36 families (see the electronic

supplementary material, table S1). Parts of this dataset

have already been published [16,40]. Sample sizes per

species ranged from one to 236, and for 78 species, we

obtained sperm from at least five males. Sperm were col-

lected from males during the breeding season using three

different techniques: (i) from faecal samples [41], (ii) by dis-

section of the seminal glomera (under licence), and (iii) by

cloacal massage [42]. Sampling methods were employed

arbitrarily across males and species and often, more than

one sampling method was employed for the same species.

Importantly, sperm collected by different techniques do not

significantly differ in their morphometrics [41,24]. Sperm

samples were fixed in 200 ml of 5 per cent buffered (in

phosphate-buffered saline solution) formalin solution (100%

formalin ¼ 40% formaldehyde). For examination of sperm

traits, a subsample of 10 ml was placed on a microscope

slide and covered with a coverslip. Digital images were taken

at 250� or 400� magnification using light microscopy.

Sperm traits were measured using the image analysis software

IM50 from Leica. Passerine sperm have a very typical bau-

plan, which is characterized by a helically shaped head, a

long flagellum starting at the caudal end of the head and an

elongate midpiece that is twisted around the flagellum

[33,34]. The lengths of the sperm head, midpiece helix and fla-

gellum were measured to the nearest 0.1 mm, and the number

of helical turns of the midpiece was counted. The straight helix

length of the midpiece (SHL, hereafter referred to simply as

midpiece) was calculated using the formula: SHL ¼ ðL=dÞl,

where l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ ð2prÞ2

q
, d ¼ L=N, L is the length of the mid-

piece helix (as measured), N is the number of the helical turns

and r is the radius from the centre of the sperm flagellum to the

centre of the midpiece helix [24].

Five sperm were measured for each male, which captures

most of the intra-male variation, provides an accurate mean

per male and allows detecting significant differences between

males [17,24] (see the electronic supplementary material,

table S3).

(b) Phylogeny

A phylogenetic topology was constructed using published

phylogenetic trees (see the electronic supplementary material

for references). If published phylogenetic trees conflicted, we

chose the most recent tree to construct our topology. Owing

to the use of different methods in the different studies, branch

lengths were not comparable across different published

phylogenies. We therefore estimated maximum-likelihood
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branch lengths in a second step based on sequences from five

mitochondrial genes (cytb, nadh1, nadh2, coi, rag1) down-

loaded from GenBank (kindly provided by G. Thomas)

using the software PAUP* v. 4.10d122 for Macintosh [43].

State frequencies were estimated via maximum likelihood

with a general time-reversible nucleotide substitution model.

The heterogeneity of nucleotide substitution rates among

sites was approximated by a gamma distribution (G) and an

assumption of invariable sites (I). For subsequent comparative

analyses, we converted the tree to an ultrametric tree (a tree

with equal root-to-tip path lengths for all lineages) by applying

non-parametric rate smoothing using the package ape [44] in

R v. 2.10.0 [45].

(c) Comparative analyses of evolutionary rate for

individual traits

In a first step, we performed analyses between sperm traits

(head length, midpiece and flagellum length) within six passer-

ine families using the PGLM approach [46] based on a script

written by R. Freckleton for the statistical programming

language R v. 2.10.0 [45]. We subsequently calculated the

reduced major axis (RMA) regression slopes to obtain the cor-

rect slopes for estimating allometry and to compare slopes

between families. Since RMA slopes in phylogenetically con-

trolled analyses may be an overestimation of the actual

relationship [47], we also present least-squares (LS) slopes.

Because a post hoc Bonferroni correction bears an increased

risk of type II errors, particularly with smaller sample sizes

[48], we present the effect sizes for all correlations between

traits (see the electronic supplementary material, table S4).

To estimate the evolutionary patterns of individual traits,

we used four different analytical tools: (i) the morphological

diversity index (MDI; [35]), (ii) a maximum-likelihood esti-

mate of the phylogenetic parameter l (lambda; [46]), (iii) a

maximum-likelihood estimate of correlated evolution [39],

and (iv) the potential occurrence of ‘early bursts’ [49]. These

methods estimate the divergence of the evolutionary pattern

of morphological traits from a model based on Brownian

motion. All methods are described in detail elsewhere

[36,38,39,46,49], so we provide only a short description of

the individual methods (see the electronic supplementary

material). To perform the analyses, we used the package

GEIGER [50] following Harmon et al. [35] and Gonzalez-

Voyer et al. [37] and a script kindly provided by L. Revell for

R. For all analyses, we used ln-transformed data.

Estimating a species value based on only one individual per

species may increase the risks of type I and type II errors [51].

To address this potential problem, we chose species for which

the mean was based on five or more males per species (n ¼ 78)

and re-estimated MDI [35], the phylogenetic parameter l

(lambda; [46]) and the maximum-likelihood estimate of

correlated evolution [39] for this subset of our data. In

addition, we performed ANOVAs to estimate for across-

species versus within-species variation [51], which suggests

that across-species variation is much higher (see the electronic

supplementary material, table S3).
3. RESULTS
(a) Correlation

The three traits all covaried positively. Across all species

and also within most of the six focal families, sperm

head length was significantly positively correlated

with midpiece length (RMA slope+ s.e.: 0.24+0.01
Proc. R. Soc. B (2012)
(LS slope: 0.14), t215 ¼ 10.70, p , 0.001, R2 ¼ 0.35,

l ¼ 0.86) and flagellum length (0.37+0.02, t215 ¼

8.40, p , 0.0001, R2 ¼ 0.25, l ¼ 0.75; table 1). In

addition, the association between midpiece and flagellum

length was significant across all species as well as within

all six families (RMA: 1.43+0.05 (LS: 1.22), t215 ¼

24.20, p , 0.0001, R2 ¼ 0.73, l ¼ 0.99; table 1). R2

and l were obtained from the PGLM regression

models. Subsequent pairwise comparisons between

families indicated significant differences of the RMA

slopes but not of the sign of allometry, i.e. the allometry

was consistently positive (table 1).
(b) Disparity

The evolutionary pathway of all three sperm traits

departed significantly from Brownian motion, and the

pathways of the individual traits differed markedly

between each other (figure 1 and table 2). When includ-

ing all species, the MDI value was greater than zero for all

three traits and smallest for flagellum length. The MDI

values for the analyses including all species and analyses

including species with at least five individuals were very

similar (table 2). The departure of evolutionary pathways

from Brownian motion was significant for all three

traits when comparing the Brownian motion model

with the lambda model (table 2). The intermediate to

high values of the parameter l suggest that all three

traits covary considerably in proportion to their shared

ancestry (table 2).

The MDI value can be calculated based on a proportion

of the length of the tree, where the root is zero and the tips

are one. Since the species coverage is not complete, we cal-

culated the MDI excluding part of the tree towards the tips

because at the tips comparisons do not involve sister taxa

and hence the observed disparity will be overestimated

[35,37]. Given that the tree has a high concentration of spe-

ciation events towards the tips (and thus long inner

branches), taking a proportion of 0.9 (90%) of the total

tree length is justified because this way part of the recent

events is omitted. For trees without such a structure, a

lower proportion would be justified.

The comparison of the EB model with the Brownian

motion model did not reveal the existence of any early

burst in any of the three traits (table 2). The trajectories

between the analyses including all species and the one

including species with five males or more are very similar.

This is confirmed by relatively similar MDI values

(table 2). The important result here is that the observed

disparities of the three traits suggest that the covariance

between traits changes over evolutionary time, and in par-

ticular that the trajectory of sperm head length differs

from the trajectories of the other two traits.

There are significant, non-proportional shifts in the

evolutionary rate matrices between the three traits. The

one-rate matrix null hypothesis was rejected compared

with the two-rate matrix when evaluated against the x2 dis-

tribution with four degrees of freedom (table 3). This result

confirms the observations from the MDI plots that the evol-

utionary covariances between the traits have changed over

evolutionary time. The evolutionary correlations between

traits were weaker in the subclade consisting of more

ancient taxa (e.g. Tyrannidae, Maluridae and Corvidae as

the two-rate matrix model R2 in table 3) compared with
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Figure 1. Morphological disparity of the observed evolutionary pathway (solid line) and Brownian motion (broken line) of three
morphometric sperm traits, head length (a,d), midpiece length (b,e) and flagellum (c, f ), in passerine birds based on all 217
species (a–c) and on 78 species for which at least five individuals per species were measured (e–g). The position of the observed
pathway compared with the line representing Brownian motion provides information about the rate of diversification of a trait
over time (MDI). Note that the MDI estimates in table 2 were based on the disparity from 0 to 0.8 along the time line of the

tree as missing species may provide false estimates of diversification towards the tips of the tree.
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the more modern passerines (e.g. Icteridae, Parulidae,

Emberizidae, Sylviidae and Fringillidae as the two-rate

matrix model R1 in table 3).
4. DISCUSSION
In passerine birds, the correlations between the three exam-

ined sperm traits were significantly positive across all

species, as well as within six families, confirming earlier

results [10,16]. Although the slopes differed significantly,

the allometry was consistently positive between the length
Proc. R. Soc. B (2012)
of the midpiece and the flagellum. The evolutionary

trajectories of three sperm traits departed significantly

from Brownian motion. One possible explanation for this

deviation is response to selection. Furthermore, the trajec-

tories of the three traits also differed among each other:

disparity of head length appears to be relatively high

throughout, whereas disparities of midpiece and flagellum

length exhibit more variation across evolutionary times and

differ from the model of Brownian motion, which may indi-

cate a response to selection over evolutionary time.

We discuss the implications of our findings in the light of



Table 2. Comparison of three evolutionary rate models with Brownian motion. Morphological disparity index (MDI) and

maximum-likelihood estimates (lnLH) for the l-statistic for sperm head length, midpiece length and flagellum length
including all families and families with five or more males per species. p-Values were obtained from likelihood ratio tests
comparing lambda and early burst (EB) models with Brownian motion.

trait MDI+ s.d.
Brownian

lambda EB

lnLH l lnLH p lnLH p

all families
head 0.56+0.05 42.09 0.43 307.94 ,0.001 42.09 n.s.

midpiece 0.48+0.05 2229.69 0.91 230.92 ,0.001 2229.69 n.s.
flagellum 0.30+0.05 2125.96 0.86 92.72 ,0.001 2125.96 n.s.

families with five or more males per species
head 0.55+0.08 223.27 0.25 32.52 ,0.001 223.27 n.s.
midpiece 0.28+0.07 2316.41 0.99 284.20 ,0.001 2140.96 n.s.
flagellum 0.30+0.08 2104.03 0.99 235.52 ,0.001 290.67 n.s.

Table 3. Comparison of one-rate and two-rate matrices to estimate the evolutionary correlation between three morphometric

sperm traits. The evolutionary correlation coefficient r, log-likelihood (lnL) and AIC for the two models are shown.

model correlated traits r lnL AIC

one-matrix model

MLE(R) ¼
29:89 63:48 38:09

365:95 179:32

140:67

2
4

3
5

head–midpiece 0.61 21286.7 2601.4
head–flagellum 0.59
midpiece–flagellum 0.79

two-matrix model

MLE(R1) ¼
31:17 71:08 41:56

326:75 184:68

144:57

2
4

3
5

head–midpiece 0.70 21229.9 2507.8

head–flagellum 0.62
midpiece–flagellum 0.85

MLE(R2) ¼
12:55 �55:29 �20:23

1255:52 90:83

75:45

2
4

3
5

head–midpiece 20.44
head–flagellum 20.66
midpiece–flagellum 0.30

likelihood-ratio test

22 log(L1/L2)¼168.1 p(x2, d.f. ¼ 3) ,0.0001
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the three scenarios that can account for strong phenotypic

correlations between traits: (i) genetic correlations, (ii) con-

certed response to selection, and (iii) extrinsic functional or

intrinsic mechanistic constraints.
(a) Genetic architecture of sperm morphometry

The observed difference in the evolutionary trajectories

particularly between head length and the other two traits

in combination with the non-proportional shifts implied

by the two-rate matrix hypothesis suggests sperm should

not be regarded as an integrated selective unit but that mor-

phometric sperm traits vary in their genetic architecture

and may evolve independently. Our results support findings

of intraspecific studies in house mice where selection on

midpiece size did not affect the length of the flagellum

[22], but also of a study on quantitative genetics of sperm

morphometry in the zebra finch [24].
(b) Concerted response to selection

The finding that the evolutionary trajectories of the three

sperm traits differed significantly from evolutionary path-

ways following Brownian motion confirms the empirical

evidence of previous studies that sperm traits are under

(postcopulatory sexual) selection (reviewed in [2]).
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However, the similarity between the evolutionary trajec-

tories between midpiece and flagellum length confirms

that these two traits appear to respond in a similar way

to selection, supporting the findings of previous studies:

whereas the size of the midpiece and flagellum has been

shown to be associated with the risk of sperm competition

in several taxa ([8,10,17]; but see [11]), the response of

the sperm head appears to be more complex. In murid

rodents for example, sperm competition appears to

mainly drive the evolution of the shape and angle of the

apical hook [17]. In passerine birds, to date no evidence

exists that sperm head length is associated with the risk

of sperm competition [10], but a more detailed study of

sperm head shape may reveal new insights.

The idea that selection may act simultaneously on sev-

eral traits and cause a concerted response is intuitive,

given the importance of sperm for male fitness. However,

the empirical evidence for concerted response to selection

of morphometric sperm traits is limited to date (see [52]

for review). A study of the house mouse revealed no

differences in sperm morphometry between polyandrous

and monogamous lines [53]. However, as supported by

our results, if we consider a wider range of sperm and eja-

culate traits, postcopulatory sexual selection may cause

concerted responses in several traits (see also [54,55]).
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(c) Intrinsic mechanistic and extrinsic

functional constraints

Consistent allometry between traits is thought to be a

strong indicator for a mechanistic link between traits

[21,31]. The allometry between midpiece length and fla-

gellum length was consistently positive, both across all

species and within the six families (see also [10]), indicat-

ing that longer sperm generally have a relatively longer

midpiece. Furthermore, the relationship between mid-

piece length and flagellum length was very strong (R2

values ranging between 0.78 in Sylviidae and 0.99 in

the Parulidae). However, the regression slopes of the

relationships between traits differed significantly across

families. The combination of these results suggests that

the constraint is unlikely to be of intrinsic mechanistic

nature (e.g. a stabilizing function of the midpiece wrapped

around the flagellum [56]) but most probably owing to

extrinsic factors selecting on physical and metabolic

sperm performance, which leads to the coevolution of

these two traits. The importance of the relative size of mid-

piece and flagellum length for the metabolic rate of sperm

[14] and therefore sperm performance [56] is likely to drive

the coevolution of midpiece size and flagellum length.

One possible explanation for the variation in slopes

across families may be that relative midpiece size plays

an important role in determining sperm longevity [15].

In mammals, the negative allometric relationship between

the midpiece and the flagellum, in combination with

the increased metabolic rate of longer sperm, may cause

reduced lifespan of longer sperm [14,15,57]. Despite

the positive allometry observed in passerine bird sperm,

some preliminary data suggest that the longer midpiece of

longer sperm is associated with a reduction in sperm life-

span ([58,59]; S. Immler 2009, unpublished data). In

addition, in pheasants, where the midpiece and flagellum

also show positive allometry, midpiece size is negatively

associated with sperm storage duration [17]. This is inter-

esting as the basic bauplan of non-passerine avian sperm

(including pheasants) is very different from that of passer-

ine sperm and more similar to other vertebrate sperm

[34]. The difference in allometry between mammals

and birds may have evolved owing to a fundamental

difference in the reproductive biology between these two

taxonomic groups: in birds, females store sperm for up

to several weeks between insemination and fertilization

[60], whereas in mammals, sperm remain functional

within the female tract for only a few days (with the excep-

tion of bats; [61,62]). Similarly, the observed variations in

the slope for the relationship between midpiece and fla-

gellum length across passerine families might hint at

differences in sperm storage duration between families,

possibly related to differences in female copulatory

behaviour with respect to the timing of egg laying [63].

The relationship between head length and the other

two traits, although generally significantly positive, was

much weaker and more variable (R2 varying from 0.25

in Icteridae to 0.75 in Fringillidae). In addition, the

slopes for the relationships between the head and both

the midpiece and flagellum generally did not differ

among families—with the exception of the Icteridae.

One possible explanation for the lack of any significant

differences between slopes may be that the correlations

are not strong enough to detect differences at these

sample sizes. Alternatively, the ratio of head length to
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the other two traits may be vital for mechanistic perform-

ances such as swimming speed [29,64], and hence the

evolutionary constraints for this ratio are strong.

It is important to note that the tight relationship

between morphometric sperm traits across species con-

trasts with the patterns observed at the intraspecific

level. The relationship between midpiece and flagellum

length shows marked variation at the intraspecific level,

and seems to be almost non-existent for example in the

zebra finch (r ¼ 20.17; [24,65]), while it is rather

strong in the dunnock Prunella modularis (20.70;

S. Calhim 2009, personal communication; see also

[66]). Phenotypic plasticity of sperm traits may be a poss-

ible explanation for this variation across taxonomic levels,

as the variable plasticity of sperm traits may disguise pat-

terns at the intraspecific level [23,67], which are very

obvious at the interspecific level. This fact certainly high-

lights that general conclusions about evolutionary

patterns based on studies at only one taxonomic level

may be misleading.

As already stated, passerine sperm are distinct from

many other vertebrate sperm in that they typically possess

a helically shaped head, and a helical midpiece, which

seems to facilitate their progressive cork-screw-like

motion [32–34,68]. Owing to variation in shape and

method of locomotion across vertebrate sperm (and

even more so in invertebrate sperm [69]), it is difficult

to establish whether our findings apply to other taxo-

nomic groups with distinct sperm morphometry. It is

also important to recognize that sperm metabolic path-

ways may differ considerably between taxa [70–72],

which in turn may influence the evolution of morpho-

metric traits. This leaves two important aims for future

investigations: (i) Further studies of the evolutionary

pathways of individual sperm traits in other taxonomic

groups (both vertebrates and invertebrates) will improve

our understanding of the evolution of sperm as a whole

and of the evolution of individual traits. (ii) Mechanisms

underlying sperm metabolism will help us to understand

how sperm shape and performance coevolve.
5. CONCLUSIONS
Given that sperm are generally regarded as a single entity

selected for optimal performance, our finding that evol-

utionary rates of individual morphometric sperm traits

vary over time and that these traits differ in their evolution-

ary trajectories as well as in their allometric relationship

across families is interesting. While postcopulatory mech-

anisms are a major force driving the evolution of sperm

morphometry [1,2], individual sperm traits appear to exhi-

bit correlated evolution as a result of concerted selection

rather than genetic correlation(s) or extrinsic mechanistic

limitations. In addition, our results highlight the impor-

tance of investigating the coevolution of traits within and

across taxonomic groups of relatively closely related

species. The variation across groups provides valuable

insight into the evolutionary patterns associated with

specific traits. It would be interesting to perform similar

studies in other taxa (mammals, fishes and insects) in

order to be able to draw more general conclusions about

the evolution of sperm shape and performance.
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Spottiswoode and Chris Wood. We are grateful to Gavin
Thomas for providing the sequences to reconstruct branch
length in the phylogenetic tree, to Liam Revell for
providing the R code to run the analysis on correlated trait
evolution using maximum likelihood and to Santiago
Castroviejo Fisher for invaluable help with the phylogenetic
reconstructions. We also thank Niclas Kolm and Bob
Montgomerie for commenting on earlier drafts of the
manuscript. This study was funded by a Leverhulme grant
no. F/00118AJ to T.R.B. S.I. was funded by the Swiss
National Foundation, the Wenner-Gren Foundation and
the Swedish Research Council and A.G.-V. was funded by
a Juan de la Cierva postdoctoral fellowship from the
Spanish Ministerio de Ciencia e Inovación.
REFERENCES
1 Snook, R. R. 2005 Sperm in competition: not playing by

the numbers. Trends Ecol. Evol. 20, 46–53. (doi:10.1016/
j.tree.2004.10.011)

2 Pitnick, S., Hosken, D. J. & Birkhead, T. R. 2009
Sperm morphological diversity. In Sperm biology: an evol-
utionary perspective (eds T. R. Birkhead, D. J. Hosken &
S. Pitnick), pp. 69–149. Oxford, UK: Academic Press.

3 Gomendio, M. & Roldan, E. R. S. 1991 Sperm compe-

tition influences sperm size in mammals. Proc. R. Soc.
Lond. B 243, 181–185. (doi:10.1098/rspb.1991.0029)

4 Briskie, J. V. & Montgomerie, R. 1992 Sperm size and
sperm competition in birds. Proc. R. Soc. Lond. B 247,
89–95. (doi:10.1098/rspb.1992.0013)

5 Gage, M. J. G. 1994 Associations between body size,
mating pattern, testis size and sperm length across butter-
flies. Proc. R. Soc. Lond. B 258, 247–254. (doi:10.1098/
rspb.1994.0169)

6 Balshine, S., Leach, B. J., Neat, F., Werner, N. Y. &
Montgomerie, R. 2001 Sperm size of African cichlids
in relation to sperm competition. Behav. Ecol. 12,
726–731. (doi:10.1093/beheco/12.6.726)

7 Byrne, P. G., Simmons, L. W. & Roberts, J. D.

2003 Sperm competition and the evolution of gamete
morphology in frogs. Proc. R. Soc. Lond. B 270,
2079–2086. (doi:10.1098/rspb.2003.2433)

8 Anderson, M. J. & Dixson, A. F. 2002 Motility and the
midpiece in primates. Nature 416, 496. (doi:10.1038/

416496a)
9 Anderson, M. J., Nyholt, J. & Dixson, A. F. 2005 Sperm

competition and the evolution of sperm midpiece volume
in mammals. J. Zool. Lond. 267, 135–142. (doi:10.1017/
S0952836905007284)

10 Immler, S. & Birkhead, T. R. 2007 Sperm competition
and sperm midpiece size: no consistent pattern in passer-
ine birds. Proc. R. Soc. B 274, 561–568. (doi:10.1098/
rspb.2006.3752)

11 Gage, M. J. G. & Freckleton, R. P. 2003 Relative testis

size and sperm morphometry across mammals: no evi-
dence for an association between sperm competition
and sperm length. Proc. R. Soc. Lond. B 270, 625–632.
(doi:10.1098/rspb.2002.2258)

12 Miller, G. T. & Pitnick, S. 2002 Sperm-female coevolu-
tion in Drosophila. Science. 298, 1230–1233. (doi:10.
1126/science.1076968)

13 Briskie, J. V., Montgomerie, R. & Birkhead, T. R. 1997
The evolution of sperm size in birds. Evolution 51,

937–945. (doi:10.2307/2411167)
14 Cardullo, R. A. & Baltz, J. M. 1991 Metabolic regulation

in mammalian sperm: mitochondrial volume determines
sperm length and flagellar beat frequency. Cell Mot.
Cytoskel. 19, 180–188. (doi:10.1002/cm.970190306)
Proc. R. Soc. B (2012)
15 Gage, M. J. G. 1998 Mammalian sperm morphometry.
Proc. R. Soc. Lond. B 265, 97–103. (doi:10.1098/rspb.
1998.0269)
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