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Evolution of sperm structure and
energetics in passerine birds

Melissah Rowe, Terje Laskemoen, Arild Johnsen and Jan T. Lifjeld

Natural History Museum, University of Oslo, 0318 Oslo, Norway

Spermatozoa exhibit considerable interspecific variability in size and shape.
Our understanding of the adaptive significance of this diversity, however,
remains limited. Determining how variation in sperm structure translates
into variation in sperm performance will contribute to our understanding
of the evolutionary diversification of sperm form. Here, using data from pas-
serine birds, we test the hypothesis that longer sperm swim faster because
they have more available energy. We found that sperm with longer mid-
pieces have higher levels of intracellular adenosine triphosphate (ATP),
but that greater energy reserves do not translate into faster-swimming
sperm. Additionally, we found that interspecific variation in sperm ATP
concentration is not associated with the level of sperm competition faced
by males. Finally, using Bayesian methods, we compared the evolutionary
trajectories of sperm morphology and ATP content, and show that both
traits have undergone directional evolutionary change. However, in contrast
to recent suggestions in other taxa, we show that changes in ATP are unli-
kely to have preceded changes in morphology in passerine sperm. These
results suggest that variable selective pressures are likely to have driven
the evolution of sperm traits in different taxa, and highlight fundamental
biological differences between taxa with internal and external fertilization,
as well as those with and without sperm storage.

1. Introduction

Post-copulatory sexual selection is thought to be an important driver of evol-
utionary change in sperm traits. In particular, sperm competition is thought
to favour the evolution of longer sperm because longer sperm are presumed
to be able to swim faster, and thus be capable of gaining access to sperm-
storage organs or reaching and fertilizing ova before shorter sperm from rival
males [1,2]. This idea is generally well supported by empirical studies showing
that both sperm size and velocity are typically greater in species experiencing
higher levels of sperm competition [3-7], and that sperm swimming speed is
a major determinant of fertilization success in a range of taxa [2]. Moreover, com-
parative studies show that sperm velocity is influenced by sperm size: longer
sperm swim at higher speeds [5,8,9]. Though seemingly more controversial at
the intraspecific level [10], recent studies also reveal a correlation between
sperm length and velocity within species [11-13]. Thus, there is mounting evi-
dence for a functional link between sperm structure and performance. Our
understanding of the mechanisms underlying this link, however, remains limited.

Theoretical models predict three ways in which sperm size might translate
into faster-swimming sperm. First, larger midpieces are suggested to have a
higher mitochondrial loading (i.e. greater number/volume of mitochondria),
and thus have an increased capacity for producing energy to power the flagel-
lum [14]. Next, increased flagellum length is suggested to increase sperm
propulsive forces and generate more thrust [15]. Finally, a longer flagellum rela-
tive to head length is suggested to translate into faster swimming speeds
because a relatively longer flagellum is capable of overcoming drag generated
by the head [10]. Importantly, because a longer flagellum requires more
energy to generate power, increases in flagellum length should be accompanied
by increases in midpiece length [14]. Such positive phenotypic correlations
among the size of the midpiece and flagellum have been reported in both
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mammals [16] and birds [9,17]. Thus, sperm structure and
swimming speed appear to be linked via energy availability;
indeed, energy availability has been proposed to explain
the observed association between sperm size and speed in a
variety of taxa, including birds [9].

To date, support for the idea that longer sperm swim faster
because they have more energy is limited. However, intraspe-
cific studies in fish show that sperm swimming speeds are
correlated with initial sperm adenosine triphosphate (ATP)
concentrations [18,19]. Furthermore, Vladic et al. [20] demon-
strated a positive correlation between sperm midpiece size
and ATP concentration. Taken together, these results suggest
that a bigger midpiece affords a higher ATP content, which
translates into faster-swimming sperm. Similar relationships
between sperm ATP content and sperm motion have also
been observed in rats (Rattus norvegicus) [21] and chickens
(Gallus gallus) [22], suggesting that energy reserves may pro-
vide the link between sperm structure and performance in a
range of taxa. In contrast, evidence from comparative studies
remains indirect, and studies examining the relationships
between sperm size, speed and energetics are lacking.

Under the assumption that sperm ATP content does influ-
ence sperm swimming speed, and given the fertilization
advantage of fast sperm under competitive conditions [2],
we might also expect a relationship between sperm competi-
tion and sperm ATP levels. Indeed, intraspecific comparisons
in bluegill (Lepomis macrochirus) and Atlantic salmon (Salmo
salar), two species that display alternative male reproductive
tactics, revealed that sperm ATP concentration was related to
sperm competition risk: males experiencing a greater risk
of sperm competition had higher levels of intracellular ATP
[18,23,24]. Additionally, in a comparison between humans
(Homo sapiens) and chimpanzees (Pan troglodytes), Anderson
et al. [25] showed that sperm competition was associated
with sperm bioenergetics: chimpanzees showed a signifi-
cantly higher mitochondrial membrane potential both before
and after capacitation. However, robust comparative studies
are necessary to test whether selection imposed through
sperm competition shapes variation in the intracellular ATP
concentration of sperm.

Finally, in a study of African cichlids, Fitzpatrick et al. [5]
showed that evolutionary changes in sperm size were likely
to be contingent on earlier increases in motility. Moreover,
the authors suggested that, because evolutionary increases in
ATP (e.g. increases in mitochondrial efficiency or mitochon-
drial loading) could increase sperm velocity, sperm energetics
were probably the initial target of selection owing to sperm
competition [5]. Importantly, this implies that evolutionary
changes in the intracellular ATP content of sperm occurred
earlier in evolutionary time relative to changes in total sperm
length, an idea that is currently untested.

Sperm ATP is generated via two metabolic pathways: oxi-
dative phosphorylation (OXPHOS) and glycolysis. Across
taxa, sperm can show considerable metabolic flexibility [26].
For example, in eutherian mammals, sperm can be glycolysis
dominant, OXPHOS dominant, intermediate between the
two pathways or flexible [27]. OXPHOS appears to be the pre-
dominant pathway for energy metabolism in birds, whereas
glycolysis appears limited [22,28], although a degree of inter-
specific variation in glycolic activity has been observed
[29,30]. Moreover, sperm ATP content is correlated with both
sperm mobility (i.e. the net movement of sperm against resist-
ance at body temperature) and the fertilizing ability of sperm in

galliformes (i.e. chickens; turkeys, Meleagris gallopavo [22,30]). [ 2 |

Consequently, mitochondrial respiration appears crucial for
avian sperm motility.

In passerines, the midpiece houses a single fused mito-
chondrion wound helically around the sperm flagellum
[31], (see [32] for an exception), suggesting that increases in
OXPHOS could be achieved by increases in midpiece size.
Importantly, sperm appear to be immotile prior to ejaculation
in birds [33], while, after ejaculation, sperm ascension of the
vagina and entrance to sperm-storage tubules (SSTs) is pow-
ered by oxidation of endogenous fatty acids [34]. Under the
assumption that intracellular ATP provides the immediate
source of energy for sperm motility [35], high intracellular
ATP concentrations are predicted to translate into faster
swimming speeds.

Here, we examine the relationships between sperm
size, speed and intracellular ATP concentration using data
from 23 passerine species. This approach allowed us to test
the hypothesis that longer sperm swim faster because
they have more available energy by asking the following
questions. Do sperm with longer midpieces have more
intracellular ATP? Do sperm with higher concentrations of
intracellular ATP swim faster? Furthermore, we tested for
an association between sperm competition and sperm ATP
levels. In addition to variation in size, variation in mitochon-
drial structure may influence a cell’s capacity for ATP
production [36]. Consequently, evolutionary changes in
ATP concentration or mitochondrial efficiency (i.e. the
amount of stored ATP per unit of mitochondrion) might be
expected to lead to faster-swimming sperm. Thus, we asked
whether sperm competition was related to either sperm
ATP concentration (i.e. nmol ATP/10° sperm) or mitochon-
drial efficiency of sperm (i.e. ATP concentration/midpiece
length). Finally, we modelled evolutionary change in sperm
energy stores and morphometry, in order to examine whether
changes in sperm ATP preceded changes in overall sperm
size, and to understand how selection may have acted over
evolutionary time to shape contemporary variation in
sperm structure and performance.

2. Material and methods
(a) General methods and sperm collection

We collected samples from wild populations of 23 passerine
species during the breeding season (April-June) 2011 (see elec-
tronic supplementary material, table S1 for species and sample
sizes). Birds were trapped using mist nets and song playback
at sites in southern Norway, and sperm samples were collected
via cloacal massage [37]. Semen was collected in a 10 l capillary
tube and immediately used for analysis of intracellular ATP con-
centration. Any samples contaminated with faeces (determined
by visual inspection) were discarded.

(b) Determination of ATP concentration

ATP concentration was determined using a luciferase-based ATP
bioluminescent assay kit (ATP Bioluminescence Assay Kit HS II,
Roche). Immediately after collection, fresh semen was diluted in
112 pl of dilution buffer. Next, a 100 pl aliquot of diluted semen
was transferred to a new microcentrifuge tube and mixed with
100 wl of cell lysis reagent. The mixture was then vortexed
and incubated at room temperature for 5 min. The resulting
cell lysate was centrifuged at 12 000g for 2 min, and the super-
natant recovered and immediately snap-frozen in liquid No.
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The frozen samples were stored at —80°C until analysis. Finally,
a separate 10 pl aliquot of the original sperm dilution was fixed
in 20 pl of 5 per cent formalin solution and the density of sperm
in each sample determined using a Makler counting chamber.

To measure ATP concentration, we first standardized the
density of sperm contributing to ATP content of each sample
by adding a variable amount of dilution buffer so that the final
sperm density was 1 x 10* per ml. Next, 50 ul of luciferase
reagent was added to 50 pl of sample (via auto-injection), and
bioluminescence measured over 10 s following a 1 s delay. Biolu-
minescence was measured using a Varioskan Flash (Thermo
Fisher Scientific). All samples were run in triplicate and the
ATP content of each sample was calculated by comparison
with a standard curve. Bioluminescence values across tripli-
cate samples were significantly repeatable within individuals
(R=0.998, p <0.0001), so we calculated an average value for
each sample. Results were then converted to nmol ATP per 10°
sperm. For a subset of males (n=18), we performed repeat
assays and found that ATP measurements between different
microplates were also highly repeatable (R = 0.997, p < 0.0001).
Mean ATP concentrations were In-transformed prior to analysis
to normalize the distribution.

() Sperm morphometry and velocity analysis

We used measurements of sperm morphometry and velocity
obtained from fresh sperm samples collected from wild populations
in southern Norway during 2006-2010; these individuals were
sampled from the same location, or in the same region as, those
sampled in 2011. As before, birds were trapped using mist nets
and song playback, and sperm was collected by cloacal massage.

For morphometry, sperm samples were fixed in 5 per cent
formalin solution. Sperm morphometric data were obtained
from digital images captured at magnifications of 160x or 320x
(DM6000 B Leica digital microscope) using digital image analy-
sis (Leica AppLicATION SUITE v. 2.6.0 R1). For each individual,
10 morphologically normal sperm were analysed to obtain
measurements (+0.1 pm) of the following sperm traits: (i) head
length, (ii) midpiece length, (iii) flagellum length and (iv) total
length. For each sperm trait, we used the means within individuals
(n = 5-90; electronic supplementary material, table S1) to calcu-
late the mean for each species. Mean sperm lengths were
In-transformed prior to analysis to normalize the distribution.

We measured sperm performance immediately after ejaculate
collection. Fresh sperm samples were diluted in pre-heated
(40°C) Dulbecco’s Eagle Medium (DMEM, Invitrogen). Next,
3-5 pl of the diluted semen was placed in a pre-heated microscopy
counting chamber (depth 20 um; Leja, Nieuw-Vennep, the
Netherlands) mounted on a MiniTherm slide warmer (Hamilton
Thorne Inc) maintained at a constant temperature of 40°C.
Sperm movement was then recorded using a phase contrast micro-
scope (CX41, Olympus, Japan) connected to a digital video camera
(HDR-HC1C, PAL, Sony, Japan).

The resulting videos were analysed using computer-assisted
sperm analysis (HTM-CEROS sperm tracker, CEROS v. 12,
Hamilton Thorne Research) following Kleven et al. [4]. Briefly,
we recorded straight-line velocity (VSL; i.e. average velocity on
a straight line between the start and end points of the sperm
track), curvilinear velocity (VCL; i.e. velocity over the actual
sperm track) and average path velocity (VAP; i.e. average velocity
over a smoothed sperm track) for each male. Tracks were fil-
tered to exclude the potential effects of drift (VAP <10 wm s,
VSL <5ums ') and data obtained from non-sperm particles.
Additionally, only individuals with tracks from 20 or more
motile sperm cells were included in the analysis. To quantify
sperm velocity, we calculated the mean values of VCL, VAP
and VSL for each male (n=>5-84; electronic supplementary
material, table S1) to calculate mean values for each species.

We chose to use VCL (hereafter referred to as sperm velocity)
instead of VAP or VSL as a measure of sperm swimming speed
because under in vitro conditions (i.e. in the absence of an attrac-
tant or cell guidance mechanism) sperm movement may not be
linear [38]. Moreover, nonlinear sperm motion is commonly
observed in in vitro assays (M.R., personal observation). Thus,
the actual point-to-point track (i.e. VCL) provides a more realistic
measure of sperm velocity. Nonetheless, these parameters are
strongly intercorrelated (all R > 0.84, p < 0.00001), and analyses
using VAP and VSL returned qualitatively similar results (data
not shown). Previous studies show that sperm velocity is
highly repeatable between males within species, and that mean
values for each species are representative [4].

(d) Index of sperm competition

We used two estimates to infer the level of sperm competition
risk: relative testis size and sperm length variation. Relative testis
size, a commonly used proxy for sperm competition in avian
studies [6,17], was estimated by including both (In-transformed)
testes mass and body mass as independent variables in statisti-
cal models. Data on testes mass and body mass were obtained
from museum sources, from published literature [39] or from
males collected (under licence) during the breeding season. Data
on sperm length variation were calculated from sperm as the
between-male coefficient of variation (CVy,, = s.d./mean x 100),
adjusted for small sample size according to the formula adjus-
ted CVpm = (14 1/4n) x CVyy, [40]. Adjusted CVyy, (hereafter
referred to as simply spermCV) provides a proxy measure of
extra-pair paternity, and thus levels of sperm competition, in
passerine birds [41].

(e) Phylogeny

We constructed a phylogenetic topology of the 23 species based
on recent literature. Because branch length information cannot be
inferred from published trees utilizing varying methods, we esti-
mated branch length for this topology using PAUP v. 4.0b10 [42]
based on sequence data from three mitochondrial loci: cyto-
chrome ¢ oxidase subunit 1 (COI), cytochrome b (cytb) and
NADH dehydrogenase I (ND2). State frequencies were esti-
mated via maximum-likelihood with a general time-reversible
(GTR) nucleotide substitution model, and the heterogeneity of
nucleotide substitution rates among sites was approximated by
a discrete gamma distribution (Iy) and an assumption of invari-
able sites (I; see the electronic supplementary material for further
details).

(f) Statistical analysis

We performed analyses on all 23 species, with the exception of
analysis including sperm velocity, where data for the European
greenfinch (Carduelis chloris) were lacking and analysis was
performed on 22 species. Non-normal data distributions were In-
transformed to meet the parametric requirements of the statistical
models. All repeatabilities (ANOVA-based) were calculated using
the R code written by Nakagawa & Schielzeth [43].

To determine whether there were associations between sperm
size, velocity and intracellular ATP concentration, and to test
whether sperm ATP levels (ATP concentration and mitochondrial
efficiency) were associated with sperm competition, we performed
generalized least-squares (GLS) regressions within a phylogenetic
framework. Importantly, this approach accounts for the non-inde-
pendence of data owing to shared ancestry of species [44,45]. In
addition, the GLS method allows the estimation of the scaling par-
ameter A, which assesses the degree of phylogenetic association in
traits: A = 0 indicates no phylogenetic association, A = 1 indicates
complete phylogenetic association. We used likelihood-ratio tests
to compare the model where A assumes its maximum-likelihood
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Figure 1. Relationships between (a) midpiece size and sperm intracellular ATP concentration (nmol 1076 sperm), and (b) sperm intracellular ATP concentration
(nmol 10 sperm) and sperm swimming velocity (VCL; um s~ ). In () line represents a simple regression line.

Table 1. Interspecific associations between sperm size, velocity and ATP concentration [ATP]. Superscripts following the A estimates indicate significance levels
of the likelihood-ratio tests (first position: against A = 1; second position: against A = 0; n.s.: not significant, *p << 0.05).

sperm trait predictor slope
[ATP] midpiece length
[ATP] totalﬂagellum Iength o
[ATP] . m|dp|ecefreeﬂagellum Iengtha B
B [ATP]”
- m|tochondr|alefﬁc|ency e

-3

t p-value A
1.55 2.36 0.035 0.99"s "+
e e Dogi 15
T e o

“Length of the portion of the flagellum not associated with the midpiece.

value against the models with values of A = 0 or 1. Analyses were
performed using R v. 2.14.1 [46], the R package ‘ape’ [47] and code
written by R. Freckleton (University of Sheffield).

Next, we examined the evolution of sperm size and intra-
cellular ATP concentrations to determine whether changes in
energetics preceded changes in morphometry using BAYESCONTIN-
uous in BAYESTRAITS v. 2.0 [44,48,49]. This software implements a
GLS approach and allows for the analysis of continuously vary-
ing traits. We used this package to investigate both the tempo of
trait evolution and to assess whether traits show any dominant
direction of evolutionary change.

We first evaluated directionality in trait evolution by deter-
mining whether a random walk model (model A) described
the data significantly better than a directional random walk
model (model B). Model A is a standard constant-variance
random walk model (i.e. Brownian motion) incorporating a
single parameter: the instantaneous variance of evolution.
Model B accounts for the same variance of evolution as model
A, but incorporates an additional parameter (8) that measures
the regression of the trait of interest against total path length
from the root to the tips of the tree. This parameter describes
the tendency for directional evolutionary change. These models
incorporate ancestral state reconstruction using Markov chain
Monte Carlo methods; thus, we report both the estimated ances-
tral state () and the slope (B) of the regression of path length on
each trait value for both sperm size (i.e. midpiece length, total
sperm length) and sperm ATP concentration.

After evaluating directional trends, we used the best-fitting
model to assess the tempo (8) of evolutionary change in sperm
traits. 6 can detect whether the rate of trait evolution has acce-
lerated or slowed over time, and determines whether character
change is concentrated at the root or towards the tips of a

phylogeny. Values of § <1 can indicate temporally early evol-
ution of a trait (i.e. change concentrated at the root of the
phylogeny), whereas values of 6> 1 indicate temporally late
evolution of a trait (i.e. change concentrated towards the tips of
the phylogeny). Finally, values of 6 =1 are interpreted as gra-
dual change over the phylogeny [48]. For each sperm trait, &
was estimated (maximum-likelihood value) using the best-fitting
model (i.e. model A versus model B above), and then this model
was compared against a null model where 6= 1.

All models were run using the tree detailed above as input,
and for each run rate parameter values were explored to find
acceptance rates when running Markov chains of between
20 and 40 per cent [49,50]. The Markov chain was run for
1050000 generations, sampled every 1000th generation after a
burn-in of 50 000 generations. All priors were set as hyperpriors
with a uniform distribution. Each run was repeated three times
in order to ensure the stability of the harmonic mean estimator.
Finally, we compared and selected models in BAYESTRAITS using
Bayes factors (BF [51]) based on the harmonic mean estimator
of the model likelihoods [49,52].

3. Results

Sperm intracellular ATP concentrations differed significantly
between species (ANOVA: Fy; 116 = 4.54, p < 0.0001). Control-
ling for phylogeny, ATP concentration was positively and
significantly related to midpiece length (table 1 and figure 1a).
ATP concentration was also positively related to flagellum
length, but in this instance the relationship was not statistically
significant (table 1). In passerines, the sperm midpiece and
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Table 2. Regression analysis controlling for phylogeny of sperm ATP concentration [ATP] and mitochondrial efficiency in relation to sperm competition estimated [}
by (i) relative testis mass and (ii) spermCV. Superscripts following the A estimates indicate significance levels of the likelihood-ratio tests (first position: against
A = 1; second position: against A = 0; n.s.: not significant, *p << 0.05).

sperm trait predictor slope t p-value A

[ATP] testis mass 0.34 0.38 0.71 0.99" "¢
L bodymass S
[ATP] ................................................ spermCV ............................ v e O
R efﬁclency e R T
bodymass S
e efﬁclency B spermCV S T

Table 3. Evolutionary analysis of sperm intracellular ATP concentration and sperm size using BavesContivuous (BavesTRarrs v. 2.0). Maximum likelihood estimate
(MLE) of evolutionary tempo (&), ancestral state () and directional trend ().
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interpretation [R] versus [D] interpretation

sperm [ATP] 2.55 8.02** temporally late change 0.026 1.05 2.82% [D] increasing
midpiece length 1.54 1.22™ gradual change 10.64 87.09 7.21%% [D] increasing
total sperm length 1.51 0.75™ gradual change 11.57 92.76 3.30% [D] increasing

“Interpretation of Bayes factors [51]: BF < 2: no evidence against the null hypothesis (i.e. n.s.); BF = 2-6: positive evidence

against the null hypothesis (*); BF 6-10: strong evidence against the null hypothesis (**).

flagellum are morphologically associated (i.e. the midpiece is
wound helically along the flagellum for much of its length),
and our finding that flagellum length and ATP concentration
are positively associated is likely to reflect this underlying
association. We therefore examined the relationship between
ATP concentration and the length of the section of the flagel-
lum that is not associated with the midpiece. In this instance,
we found that ATP concentration was negatively associated
with the length of the midpiece-free flagellum (table 1).

We found no relationship between sperm velocity and the
ATP concentration of sperm (table 1, figure 1b), nor was
sperm velocity related to mitochondrial efficiency of sperm
(table 1). However, in our dataset, sperm velocity was not
related to sperm total length (f=0.25, p = 0.81), midpiece
length (t = — 0.07, p = 0.95) or the ratio of head to flagellum
length (t = 0.20, p = 0.85). Given that a relationship between
sperm size and speed is a key assumption of the hypothesis
that longer sperm swim faster because they have more
available energy, we generated a subset of species (n = 15)
in which a relationship between sperm size and speed was
present. In this analysis, we found a strong, positive relation-
ship between sperm velocity and sperm total length (¢t = 2.61,
p = 0.03), midpiece length (t = 3.20, p = 0.01) and the ratio of
head to flagellum length (t=2.60, p = 0.03). However, as
before, we found no relationship between sperm velocity
and the ATP concentration of sperm (¢ = 0.19, p = 0.86), nor
was sperm velocity related to mitochondrial efficiency of
sperm (t = — 0.37, p = 0.72; see the electronic supplementary
material for further details).

Sperm ATP concentration was not associated with relative
testis size (table 2). Similarly, mitochondrial efficiency was
not related to relative testis size (table 2). Moreover, neither
ATP concentration nor mitochondrial efficiency were related
to sperm competition when estimated as spermCV (table 2).
Finally, using a subset of species for which extra-pair pater-
nity data were available (1 = 15; electronic supplementary
material, table S3), we found that ATP concentration was
not related to the rates of extra-pair paternity in a population
(t=10.85 p=0.41, A=0.37).

In the analysis of trait evolution comparing model
A (Brownian random walk) and model B (directional
random walk), we found support for directional change in
all traits examined: sperm ATP concentration, midpiece
length and total sperm length (table 3). Therefore, the
model assuming a directional random walk was used for
all subsequent analyses. For analysis of evolutionary tempo
(8), the model in which 6 was allowed to take its maxi-
mume-likelihood value fitted the sperm ATP concentration
data better than the null model of gradual change (table 3).
Thus, the maximum-likelihood value of =255 was
accepted, suggesting that sperm ATP concentration has
undergone increased trait evolution towards the tips of the
phylogeny (i.e. temporally late evolution). In contrast, for
both midpiece length and total sperm length the model in
which 6 was allowed to take its maximum-likelihood value
did not differ from the null model (table 3), suggesting that
evolutionary change in both sperm size traits has occurred
gradually over time.



4. Discussion

(a) Relationships between sperm size, speed
and energetics

Comparative studies suggest that longer sperm swim faster
in a range of taxa [5,8], including passerine birds [9] (but
see also [4]). Moreover, Lupold et al. [9] showed that, relative
to other cell components, midpiece length is especially vari-
able and is the strongest predictor of sperm velocity. Since
the mitochondrion of the midpiece supplies the sperm with
energy [27], it is often assumed that longer sperm swim
faster because they have more energy. Although results
from in vitro studies must be interpreted with caution, our
results suggest that while sperm with longer midpieces
have higher levels of intracellular ATP, greater energy
reserves do not translate into faster-swimming sperm.
Although somewhat counter to predictions from theory
[14], these results may be understood in light of the reproduc-
tive biology of birds (i.e. internal fertilization, sperm storage),
and may be explained by biological processes, such as differ-
ential energy utilization and synthesis, or perhaps by issues
of taxonomic sampling.

Post-copulatory sexual selection promotes the evolution
of sperm traits that enhance fertilization success. However,
selection is unlikely to act on any one sperm trait in isolation.
Instead, several aspects of sperm performance (e.g. velocity,
longevity, viability) are likely to be important predictors of
sperm competitive ability, and thus be under selection,
especially in taxa with internal fertilization and sperm sto-
rage. In birds, sperm enter SSTs, where they may remain
for extended periods [53]. The amount of time necessary for
sperm to reach SSTs is unknown, but this process is unlikely
to be immediate. Furthermore, models of avian sperm storage
suggest that sperm remain motile while in storage in order to
maintain position in the tubules against a fluid current gener-
ated by SST epithelial cells [54]. Under such conditions, the
ability of sperm to remain motile for extended periods may
be important for male fertilization success, as increases in
sperm lifespan would provide a male with greater represen-
tation in the pool of fertilizing sperm for a longer period of
time [2,55].

Pizzari & Parker [2] suggested that one way in which
sperm longevity may be determined is the rate at which
metabolically active sperm use their energy reserves. Impor-
tantly, the strength of selection for longevity may vary
across species. For example, under conditions of temporal
variation in paternity success linked to variation in sperm
motile performance [55], interspecific variation in sperm sto-
rage duration (which may in turn be linked to variation in
clutch size or female mating rate) is likely to shape the evol-
ution of sperm longevity and energy use. Thus, sperm from
different species may differ in the rate at which they use
available ATP. The notion that slower-moving sperm use
their energy reserves at a slower rate is supported by studies
showing a negative association between sperm velocity and
longevity [13,56]. Thus, the results of the current study may
be explained by differential energy utilization, as it would
imply that initial swimming velocity is not determined by
the total pool of available intracellular ATP but by the rate
at which sperm use such energy resources. Such a pattern
has been shown for human spermatozoa, where ATP content,
while not associated with initial swimming speeds, is

associated with a decline in sperm performance over time n

[57]. In chickens, sperm motility is dependent upon calcium
(Ca%h) cycling through the mitochondria, which is in turn
dependent upon extracellular sodium (Na') reserves, and
fowl sperm conserve ATP by preventing active transport of
Ca®" and Na' in sperm cells [58]. A similar mechanism
may underlie the results of this study; interspecific variation
in Ca®" cycling may determine the rate at which passerine
sperm cells use energy, and thus determine variation in
sperm longevity across species. Finally, in addition to its
role as an energy source, ATP is essential for several cellular
and biochemical processes (e.g. protein phosphorylation in
cell signalling, cofactor regulation of protein function [59]).
Consequently, the total pool of ATP resources may reflect
energy available for a range of functions, and not simply
energy availability for sperm motion.

An alternative, but not necessarily mutually exclusive
explanation of our results is that it arises as an artefact of
taxonomic sampling. Although support for the notion that
longer sperm swim faster has grown in recent years, the
idea remains somewhat contentious [10], and empirical
studies have yielded conflicting results. In birds, for example,
Lipold et al. [9] showed that sperm velocity was positively
associated with sperm length and the ratios between sperm
components, while Kleven et al. [4] found no relationship
between sperm velocity and any metric of sperm size. Such
inconsistencies may be explained by differences in taxonomic
coverage and variation in selection pressures faced by differ-
ent taxonomic groups (cf. [17]), or differences in experimental
methodology (e.g. temperature of medium). However, we
found that ATP concentration was not associated with
sperm swimming speed across several data subsets (see the
electronic supplementary material), suggesting that the lack
of association between ATP concentrations and sperm vel-
ocity may be somewhat robust to issues of taxonomic
sampling, and that higher concentrations of intracellular
ATP do not necessarily translate into higher swimming
speeds in passerine sperm.

Whether differences in energy utilization or issues of taxo-
nomic sampling explain the results of the current study, our
findings highlight the complexity of the relationship between
sperm form and function. More specifically, while a link
between sperm structure and performance is both logical and
highly probable, the combined results of this and other studies
suggest that such a link is unlikely to be as simple as ‘long
sperm swim fast’. Instead, numerous factors are likely to influ-
ence the relationship between sperm structure and swimming
speed. For example, selection for other aspects of performance
(e.g. longevity, endurance [5]) and for structural properties
other than length (e.g. shape [60]) are likely to influence
sperm velocity. Moreover, external factors (e.g. female repro-
ductive tract environment [61]) are likely to further influence
actual sperm swimming velocity under in vivo conditions.
Thus, selection is likely to select for an optimal morphometry
(size, shape) that maximizes multiple aspects of sperm
performance that influence fertilization success of males.

The results of our study also offer some insight into
the relative importance of the metabolic pathways used by
passerine sperm to generate ATP. In sperm cells generally,
the question of whether the main source of energy is
OXPHOS or glycolysis remains a topic of much discussion
[62]. OXPHOS occurs in the mitochondria, whereas gly-
colysis occurs primarily in enzymes bound to the sperm
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flagellum [62]. The debate over which metabolic pathway is
the primary source of energy has been most extensively
studied in mammals, for which it is argued that, despite
the greater efficiency of ATP generation via OXPHOS, gly-
colysis is necessary to support sperm motility because ATP
may not be able to sufficiently diffuse from the midpiece to
the distal segments of the flagellum [62,63]. Given that, in
passerines, the midpiece is intricately associated with the
flagellum for much of its length, the problem of ATP diffu-
sion along the flagellum may be less relevant to avian taxa.
To date, studies of the biochemical pathways of energy syn-
thesis in birds are limited to galliform species, for which it
is suggested that OXPHOS is the primary pathway of ATP
synthesis [22,28]. In the current study, we found that intra-
cellular ATP concentration was positively associated with
midpiece size, but negatively associated with the length of
the portion of the flagellum not associated with the midpiece
(i.e. midpiece-free flagellum length). Taken together, these
results indicate that OXPHOS may also be the predominant
pathway of energy metabolism in passerine birds.

(b) Sperm competition and sperm ATP concentration
Sperm motile performance is a major determinant of fertiliza-
tion success under conditions of sperm competition [64,65].
Under the assumption that sperm energetics influence
sperm velocity, we might expect a relationship between
sperm ATP levels and sperm competition. In our dataset,
however, we found no association between sperm compe-
tition and either ATP concentration or the mitochondrial
efficiency of sperm. Low interspecific variation in the risk
of sperm competition faced by males is one potential expla-
nation for these results. However, species included in this
study represent a broad range of sperm competition levels
as inferred from both extra-pair (EP) paternity levels (EP
young, 9-37%; EP broods, 23—-72%; electronic supplementary
material, table S3) and relative testis size (percentage body
mass: range 0.7-4.7%; electronic supplementary material,
table S3). Alternatively, sperm traits may evolve as an adap-
tation to the female reproductive tract environment [66,67],
especially in species with sperm storage. In pheasants,
Immler et al. [68] showed that sperm velocity was negatively
related to the duration of sperm storage (see also [4]), but
independent of the risk of sperm competition. Given that
sperm energetics probably influence sperm longevity, the
effects of selection imposed by the female reproductive
environment may confound a direct link between sperm
competition and sperm ATP concentrations.

(c) Evolutionary trajectories of sperm size and
ATP concentration

Finally, we examined the evolutionary trajectories of sperm size
and intracellular ATP concentrations, and modelled the tempo
of evolutionary change in these traits in order to explore the
notion that changes in sperm energetics preceded changes
in sperm morphometry. Bayesian modelling revealed that
both sperm size and intracellular ATP concentrations show
evolutionary trajectories that differ significantly from Brownian
motion. These findings suggest that sperm characters have been
selected for increasing trait values: sperm have become longer
and ATP concentrations have increased over evolutionary
time. In addition, our analyses revealed that sperm size

and ATP content show distinct patterns of trait evolution.
Specifically, evolutionary change in sperm size appears to
have occurred gradually over time, whereas evolutionary
change in ATP content appears to have accelerated as time
has progressed.

The signature of accelerating evolution indicates tem-
porally late changes in sperm ATP levels. Thus, while
changes in sperm size have occurred gradually over time,
changes in sperm energetics, at least in terms of total ATP
concentrations, appear to be concentrated towards the tips
of the phylogeny, and represent species-specific responses.
Importantly, these contrasting patterns of evolutionary
change in sperm size and energetics fail to support the idea
that changes in sperm energetics preceded changes in total
sperm length. Moreover, these findings suggest that changes
in morphometry may actually have occurred prior to changes
in intracellular ATP concentrations. These patterns of evol-
utionary change suggest that early increases in midpiece
length were not associated with the majority of change in
ATP content, and that subsequent increases in ATP were rela-
tively independent of changes in midpiece length. Such
changes in the energetic state of a sperm cell independent
of overall mitochondrion size might be achieved via changes
to mitochondrial structure. For example, both an increase in the
surface area of the inner membrane (achieved via an increase in
cristae density) and an increase in the density of OXPHOS
complex molecules on the inner membrane would increase
the capacity for ATP synthesis [36]. Additionally, increases
in mitochondrial membrane potential or the volume of the
inner matrix, perhaps achieved by increases in mitochondrial
volume resulting from changes in mitochondrion diameter,
could lead to increases in ATP production [25,36].

The evolutionary patterns inferred from our analyses con-
trast with recent suggestions that changes in sperm energetics
may represent an early evolutionary transition in the evol-
ution of sperm morphology in fishes [5]. The reason for this
discrepancy is unclear, but there are tremendous biological
differences between the taxa studied (i.e. cichlid fish versus
passerine birds). Most notably, cichlids are externally fertiliz-
ing organisms, while passerine birds are internal fertilizers
with the capacity for sperm storage. Consequently, the ferti-
lizing environment experienced by sperm from these two
groups is widely divergent (i.e. freshwater versus female
reproductive tract). This suggests that selection pressures
are likely to vary enormously between these two groups,
and that selection is likely to lead to differences in sperm
phenotype. For example, the duration of sperm motility
tends to be very short in externally fertilizing fishes (e.g.
less than 1 min [69]), whereas sperm can remain motile for
extended periods in passerine birds (e.g. more than 24 h; M.R,,
personal observation; see also [70]). Thus, it is not surprising
that the evolutionary trajectories of sperm phenotype differ
dramatically between these taxa.

5. Conclusions

Our results suggest that sperm midpiece size reflects the
energy status of a sperm cell in passerine birds. However,
our results also highlight the complexity of the relationship
between sperm structure and performance. Under conditions
of sperm competition, selection is likely to select for an opti-
mal sperm morphometry that maximizes multiple aspects of
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sperm performance; thus, while sperm form and function are
linked, the relationship is not as simple as ‘longer sperm
swim faster’ because they have more energy. Our results do
not suggest that ATP is an unimportant energy source;
rather they suggest that interspecific variation in ATP levels
may not be the primary determinant of variation in sperm
velocity among passerine birds, and that factors such as selec-
tion for multiple aspects of sperm performance and the female
environment need to be considered when attempting to under-
stand the relationship between sperm form and function.
Finally, differences between our study and previous studies
examining the evolutionary trajectories of sperm phenotype
suggest that variable selective pressures are likely to have

driven the evolution of sperm traits in different taxa, and high-
light fundamental biological differences between taxa.

We are grateful to Johan Nylander and Andrew Meade for phyloge-
netic and statistical advice. We also thank Gary Burness, Steve Dorus,
Jostein Gohli, Montse Gomendio, Mar Gonzalez-Barroso, Lars Erik
Johannessen, Oddmund Kleven, Eduardo Rial, Eduardo Roldan,
Maxi Tourmente and Elaine Wilkins for useful discussions, and
Tommaso Pizzari and two anonymous reviewers for valuable com-
ments on the manuscript. This project was funded by the Research
Council of Norway. Data are deposited in Dryad. All procedures per-
formed in this study conform to the legal requirement for animal
research in Norway, and males were caught under licences issued
by the Norwegian Directorate for Nature Management.

References

1. Gomendio M, Roldan ERS. 1991 Sperm competition codetermined in the zebra finch. Evolution 63, 22. Froman DP, Feltmann AJ. 1998 Sperm mobility: a
influences sperm size in mammals. Proc. R. Soc. 2730-2737. (doi:10.1111/j.1558-5646.2009.00753.X) quantitative trait of the domestic fowl (Gallus
Lond. B 243, 181-185. (d0i:10.1098/rspb. 12. Fitzpatrick JL, Garcia-Gonzélez F, Evans JP. 2010 domesticus). Biol. Reprod. 58, 379—384.
1991.0029) Linking sperm length and velocity: the importance (doi:10.1095/biolreprod58.2.379)

2. Pizzari T, Parker GA. 2009 Sperm competition of intramale variation. Biol. Lett. 6, 797—799. 23. Vladic TV, Jarvi T. 2001 Sperm quality in the
and sperm phenotype. In Sperm biology: an (doi:10.1098/rsb1.2010.0231) alternative reproductive tactics of Atlantic salmon:
evolutionary perspective (eds TR Birkhead, D) 13. Firman RC, Simmons LW. 2010 Sperm midpiece the importance of the loaded raffle mechanism.
HoskenS Pitnick), pp. 207—245. Oxford, UK: length predicts sperm swimming velocity in house Proc. R. Soc. Lond. B 268, 2375-2381.

Academic Press. mice. Biol. Lett. 6, 513—516. (doi:10.1098/rshl. (doi:10.1098/rspb.2001.1768)

3. Byme PG, Simmons LW, Roberts JD. 2003 Sperm 2009.1027) 24.  Burness G, Moyes (D, Montgomerie R. 2005
competition and the evolution of gamete 14.  Cardullo RA, Baltz JM. 1991 Metaholic regulation in Motility, ATP levels and metabolic enzyme activity
morphology in frogs. Proc. R. Soc. Lond. B 270, mammalian sperm: mitochondrial volume of sperm from bluegill (Lepomis macrochirus). Comp.
2079-2086. (doi:10.1098/rspb.2003.2433) determines sperm length and flagellar beat Biochem. Physiol. A 140, 11-17. (doi:10.1016/j.

4. Kleven 0, Fossgy F, Laskemoen T, Robertson RJ, frequency. Cell Motil. Cytoskelet. 19, 180—188. ¢bph.2004.09.021)

Rudolfsen G, Lifjeld JT. 2009 Comparative evidence for (doi:10.1002/cm.970190306) 25. Anderson MJ, Chapman SJ, Videan EN, Evans E,

the evolution of sperm swimming speed by sperm 15. Katz DF, Drobnis EZ. 1990 Analysis and Fritz J, Stoinski TS, Dixson AF, Gagneux P. 2007
competition and female sperm storage duration in interpretation of the forces generated by Functional evidence for differences in sperm
passerine birds. Evolution 63, 2466 —2473. spermatozoa. In Fertilization in mammals competition in humans and chimpanzees. Am. J. Phys.
(doi:10.1111/j.1558-5646.2009.00725.X) (eds BD Bavister, J Cummins, ERS Roldan), Anthropol. 134, 274-280. (doi:10.1002/ajpa.20674)

5. Fitzpatrick JL, Montgomerie R, Desjardins JK, pp. 125—137. Norwell, MA: Serono Symposia. 26. Cummins J. 2009 Sperm motility and energetics.
Stiver KA, Kolm N, Balshine S. 2009 Female 16. Gage MJ. 1998 Mammalian sperm morphometry. In Sperm biology: an evolutionary perspective (eds
promiscuity promotes the evolution of faster sperm Proc. R. Soc. Lond. B 265, 97—103. (doi:10.1098/ TR Birkhead, DJ Hosken, S Pitnick), pp. 185—206.
in cichlid fishes. Proc. Natl Acad. Sci. USA 106, rsph.1998.0269) Oxford, UK: Academic Press.

1128-1132. (doi:10.1073/pnas.0809990106) 17. Immler S, Birkhead TR. 2007 Sperm competition 27. Bedford JM, Hoskins DD. 1990 The mammalian

6. Liipold S, Linz GM, Birkhead TR. 2009 Sperm design and sperm midpiece size: no consistent pattern in spermatozoon: morphology, biochemistry and
and variation in the New World blackbirds passerine birds. Proc. R. Soc. B 274, 561—568. physiology. In Marshall’s physiology of reproduction,
(Icteridae). Behav. Ecol. Sociobiol. 63, 899—909. (d0i:10.1098/rspb.2006.3752) reproduction in the male (ed. GE Lamming),
(doi:10.1007/500265-009-0733-6) 18. Burness G, Casselman SJ, Schulte-Hostedde Al, pp. 379—-568. Edinburgh, UK: Churchill Livingstone.

7. Tourmente M, Gomendio M, Roldan ERS. 2011 Moyes (D, Montgomerie R. 2004 Sperm swimming ~ 28. Froman DP, Feltmann AJ, Rhoads ML, Kirby JD.
Sperm competition and the evolution of sperm speed and energetics vary with sperm competition 1999 Sperm mobility: a primary determinant of
design in mammals. BMC Evol. Biol. 11, 12. risk in bluegill (Lepomis macrochirus). Behav. Ecol. fertility in the domestic fowl (Gallus domesticus).
(doi:10.1186/1471-2148-11-12) Sociobiol. 56, 65—70. (doi:10.1007/500265-003- Biol. Reprod. 61, 400—405. (doi:10.1095/

8. Gomendio M, Roldan ERS. 2008 Implications of 0752-7) biolreprod61.2.400)
diversity in sperm size and function for sperm 19. Perchec G, Jeulin C, Cosson J, André F, Billard R. 29. Sexton TJ. 1974 Oxidative and glycolytic activity of
competition and fertility. Int. J. Dev. Biol. 52, 1995 Relationship between sperm ATP content and chicken and turkey spermatozoa. Comp. Biochem.
439-447. (doi:10.1387/ijdb.082595mg) motility of carp spermatozoa. J. Cell Sci. 108, Physiol. B 48, 59—65. (doi:10.1016/0305-

9. Liipold S, Calhim S, Immler S, Birkhead TR. 2009 747-1753. 0491(74)90042-X)

Sperm morphology and sperm velocity in passerine  20. Vladi¢ TV, Afzelius BA, Bronnikov GE. 2002 Sperm 30.  Wishart GJ. 1982 Maintenance of ATP concentrations
birds. Proc. R. Soc. B 276, 1175—1181. quality as reflected through morphology in salmon in and of fertilizing ability of fowl and turkey
(doi:10.1098/rspb.2008.1645) alternative life histories. Biol. Reprod. 66, 98—105. spermatozoa in vitro. J. Reprod. fert. 66, 457 —462.

10.  Humphries S, Evans JP, Simmons LW. 2008 Sperm (doiz10.1095/biolreprod66.1.98) (doi:10.1530/jrf.0.0660457)
competition: linking form to function. BMC Evol. 21. Jeulin G, Soufir J-C. 1992 Reversible intracellular ATP 31.  Humphreys PN. 1972 Brief observations on the
Biol. 8, 319. (doi:10.1186/1471-2148-8-319) changes in intact rat spermatozoa and effects on semen and spermatozoa of certain passerine and

11. Mossman J, Slate J, Humphries S, Birkhead TR. 2009 flagellar sperm movement. Cell Motil. Cytoskelet. non-passerine birds. J. Reprod. fert. 29, 327-336.

Sperm morphology and velocity are genetically

21, 210-222. (doi:10.1002/cm.970210305)

(doi:10.1530/jrf.0.0290327)

91977107 ‘087 8205 Y2014 BuoBuysygndiseposieforqds: [


http://dx.doi.org/10.1098/rspb.1991.0029
http://dx.doi.org/10.1098/rspb.1991.0029
http://dx.doi.org/10.1098/rspb.2003.2433
http://dx.doi.org/10.1111/j.1558-5646.2009.00725.x
http://dx.doi.org/10.1073/pnas.0809990106
http://dx.doi.org/10.1007/s00265-009-0733-6
http://dx.doi.org/10.1186/1471-2148-11-12
http://dx.doi.org/10.1387/ijdb.082595mg
http://dx.doi.org/10.1098/rspb.2008.1645
http://dx.doi.org/10.1186/1471-2148-8-319
http://dx.doi.org/10.1111/j.1558-5646.2009.00753.x
http://dx.doi.org/10.1098/rsbl.2010.0231
http://dx.doi.org/10.1098/rsbl.2009.1027
http://dx.doi.org/10.1098/rsbl.2009.1027
http://dx.doi.org/10.1002/cm.970190306
http://dx.doi.org/10.1098/rspb.1998.0269
http://dx.doi.org/10.1098/rspb.1998.0269
http://dx.doi.org/10.1098/rspb.2006.3752
http://dx.doi.org/10.1007/s00265-003-0752-7
http://dx.doi.org/10.1007/s00265-003-0752-7
http://dx.doi.org/10.1095/biolreprod66.1.98
http://dx.doi.org/10.1002/cm.970210305
http://dx.doi.org/10.1095/biolreprod58.2.379
http://dx.doi.org/10.1098/rspb.2001.1768
http://dx.doi.org/10.1016/j.cbpb.2004.09.021
http://dx.doi.org/10.1016/j.cbpb.2004.09.021
http://dx.doi.org/10.1002/ajpa.20674
http://dx.doi.org/10.1095/biolreprod61.2.400
http://dx.doi.org/10.1095/biolreprod61.2.400
http://dx.doi.org/10.1016/0305-0491(74)90042-X
http://dx.doi.org/10.1016/0305-0491(74)90042-X
http://dx.doi.org/10.1530/jrf.0.0660457
http://dx.doi.org/10.1530/jrf.0.0290327

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

Birkhead TR, Giusti F, Immler S, Jamieson BGM.
2007 Ultrastructure of the unusual spermatozoon of
the Eurasion bullfinch (Pyrrhula pyrrhula). Acta Zool.
88, 119-128. (doi:10.1111/}.1463-6395.2007.
00259.x)

Ashizawa K, Sano R. 1990 Effects of temperature on
the immobilization and the initiation of motility of
spermatozoa in the male reproductive tract of the
domestic fowl, Gallus domesticus. Comp. Biochem.
Phys. A 96, 297-301. (doi:10.1016/0300-
9629(90)90696-P)

Froman DP, Feltmann AJ, Pendarvis K, Cooksey AM,
Burgess SC, Rhoads DD. 2011 A proteome-based
model for sperm mobility phenotype. J. Anim. Sci.
89, 1330-1337. (doi:10.2527/jas.2010-3367)

Vilar 0, Giovenco P, Calamera JC. 1980
Adenosinetriphospate (ATP) in human spermatozoa.
II. Concentrations in fertile men. Andrologia 12,
225-227. (doi:10.1111/j.1439-0272.1980.tb00616.x)
Scheffler 1. 1999 Mitochondria. New York, NY:
Wiley-Liss.

Wolfson A. 1952 The cloacal protuberance—a
means for determining breeding condition in live
male passerines. Bird-Banding 23, 159-165.
(doi:10.2307/4510381)

Eisenbach M, Giojalas LC. 2006 Sperm guidance in
mammals—an unpaved road to the egg. Nat. Rev.
Mol. Cell Biol. 7, 276 —285. (d0i:10.1038/nrm1893)
Calhim S, Birkhead TR. 2007 Testes size in birds:
quality versus quantity—assumptions, errors, and
estimates. Behav. Ecol. 18, 271—275. (d0i:10.1093/
beheco/arl076)

Sokal RR, Rohlf FJ. 1995 Biometry: the principles and
practice of statistics in biological research. New York,
NY: Freeman.

Lifield JT, Laskemoen T, Kleven O, Albrecht T,
Robertson RJ. 2010 Sperm length variation as a
predictor of extrapair paternity in passerine birds.
PLoS ONE 5, €13456. (doi:10.1371/journal.pone.
0013456)

Swofford DL. 2003 PAUP*. Phylogenetic analysis
using parsimony (*and other methods) version 4.
Sunderland, MA: Sinauer Associates.

Nakagawa S, Schielzeth H. 2010 Repeatability for
Gaussian and non-Gaussian data: a practical guide
for biologists. Biol. Rev. 85, 935—956.

Pagel M. 1999 Inferring the historical patterns of
biological evolution. Nature 401, 877—884.
(doi:10.1038/44766)

Freckleton RP, Harvey PH, Pagel M. 2002
Phylogenetic analysis and comparative data: a test

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

and review of evidence. Am. Nat. 160, 712—726.
(doi:10.1086/343873)

R Development Core Team. 2011 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. See
http://www.R-project.org/.

Paradis E, Claude J, Strimmer K. 2004 APE: analysis
of phylogenetics and evolution in R language.
Bioinformatics 20, 289—290. (doi:10.1093/
bioinformatics/btg412)

Pagel M. 2008 Continuous—user’s manual.

See www.evolution.rdg.ac.uk.

Pagel M, Meade A. 2007 BayesTraits, version 1.0.
Draft manual. See www.evolution.rdg.ac.uk.

Pagel M, Meade A. 2006 Bayesian analysis of
correlated evolution of discrete characters by
reverse-jump Markov chain Monte Carlo. Am. Nat.
167, 808 —825. (doi:10.1086/503444)

Kass RE, Raftery AE. 1995 Bayes factors. J. Am. Stat.
Assoc. 90, 773-795. (doi:10.1080/01621459.1995.
10476572)

Nylander JAA, Ronquist F, Huelsenbeck JP, Nieves-
Aldrey JL. 2004 Bayesian phylogenetic analysis of
combined data. Syst. Biol. 53, 47— 67. (doi:10.1080/
10635150490264699)

Birkhead TR, Mgller AP. 1992 Sperm competition in
birds: evolutionary causes and consequences.
London, UK: Academic Press.

Froman D. 2003 Deduction of a model for sperm
storage in the oviduct of the domestic fowl (Gallus
domesticus). Biol. Reprod. 69, 248—253.
(doi:10.1095/biolreprod.102.013482)

Pizzari T, Worley K, Burke T, Froman DP. 2008
Sperm competition dynamics: ejaculate

fertilizing efficiency changes differentially with
time. BMC Evol. Biol. 8, 332—338. (doi:10.1186/
1471-2148-8-332)

Helfenstein F, Szép T, Nagy Z, Kempenaers B,
Wagner RH. 2008 Between-male variation in sperm
size, velocity and longevity in sand martins Riparia
riparia. J. Avian Biol. 39, 647—652. (doi:10.1111/j.
1600-048X.2008.04450.x)

Levin RM, Shofer J, Wein AJ, Greenberg SH. 1981 ATP
concentration of human spermatozoa: lack of
correlation with sperm motility. Andrologia 13,
468—472. (doi:10.1111/j.1439-0272.1981.tb00083.x)
Froman DP, Feltmann AJ. 2005 Fow! (Gallus
domesticus) sperm motility depends upon
mitochondrial calcium cycling driven by extracellular
sodium. Biol. Reprod. 72, 97—-101. (doi:10.1095/
biolreprod.104.033209)

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Miki K. 2007 Energy metabolism and sperm
function. In Spermatology (eds ERS Roldan,

M Gomendio), pp. 309—325. Nottingham, UK:
Nottingham University Press.

Immler S, Moore HDM, Breed WG, Birkhead TR.
2007 By hook or by crook? Morphometry,
competition and cooperation in rodent sperm. PLoS
ONE 2, e170. (doi:10.1371/journal.pone.0000170)
Mgller AP, Mousseau TA, Rudolfsen G. 2008 Females
affect sperm swimming performance: a field
experiment with barn swallows Hirundo rustica.
Behav. Ecol. 19, 1343—1350. (doi:10.1093/beheco/
arn068)

Ford WCL. 2006 Glycolysis and sperm motility: does
a spoonful of sugar help the flagellum go round?
Hum. Reprod. Update 12, 269—274. (doi:10.1093/
humupd/dmi053)

Turner RM. 2003 Tales from the tail: what do we
really know about sperm motility? J. Androl. 24,
790-803.

Birkhead TR, Martinez JG, Burke T, Froman DP. 1999
Sperm mobility determines the outcome of sperm
competition in the domestic fowl. Proc. R. Soc.
Lond. B 266, 1759—1764. (doi:10.1098/rspb.
1999.0843)

Gasparini C, Simmons LW, Beveridge M, Evans JP.
2010 Sperm swimming velocity predicts competitive
fertilization success in the green swordtail
Xiphophorus helleri. PLoS ONE 5, e12146.
(doi:10.1371/journal.pone.0012146)

Briskie JV, Montgomerie R, Birkhead TR. 1997 The
evolution of sperm size in birds. Evolution 51,
937-945. (doi:10.2307/2411167)

Higginson DM, Miller KB, Segraves KA, Pitnick S.
2012 Female reproductive tract form drives the
evolution of complex sperm morphology. Proc. Natl.
Acad. Sci. USA 109, 4538 —4543. (doi:10.1073/pnas.
1111474109)

Immler S, Saint-Jalme M, Lesobre L, Sorci G,

Roman Y, Birkhead TR. 2007 The evolution of sperm
morphometry in pheasants. J. Evol. Biol. 20,
1008—1014. (doi:10.1111/}.1420-9101.2007.01302.x)
Peterson CW, Warner RR. 1998 Sperm competition
in fishes. In Sperm competition and sexual selection
(eds TR Birkhead, AP Meller), pp. 435—463.

San Diego, CA: Academic Press.

McKinney F, Cheng KM, Bruggers DJ. 1984 Sperm
competition in apparently monogamous birds. In
Sperm competition and the evolution of animal
mating systems (ed. RL Smith), pp. 523—545.
London, UK: Academic Press.

91977107 ‘087 8205 Y2014 BuoBusygndisaposieforqds: [


http://dx.doi.org/10.1111/j.1463-6395.2007.00259.x
http://dx.doi.org/10.1111/j.1463-6395.2007.00259.x
http://dx.doi.org/10.1016/0300-9629(90)90696-P
http://dx.doi.org/10.1016/0300-9629(90)90696-P
http://dx.doi.org/10.2527/jas.2010-3367
http://dx.doi.org/10.1111/j.1439-0272.1980.tb00616.x
http://dx.doi.org/10.2307/4510381
http://dx.doi.org/10.1038/nrm1893
http://dx.doi.org/10.1093/beheco/arl076
http://dx.doi.org/10.1093/beheco/arl076
http://dx.doi.org/10.1371/journal.pone.0013456
http://dx.doi.org/10.1371/journal.pone.0013456
http://dx.doi.org/10.1038/44766
http://dx.doi.org/10.1086/343873
(http://www.R-project.org/)
(http://www.R-project.org/)
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.1093/bioinformatics/btg412
http://www.evolution.rdg.ac.uk
http://www.evolution.rdg.ac.uk
http://dx.doi.org/10.1086/503444
http://dx.doi.org/10.1080/01621459.1995.10476572
http://dx.doi.org/10.1080/01621459.1995.10476572
http://dx.doi.org/10.1080/10635150490264699
http://dx.doi.org/10.1080/10635150490264699
http://dx.doi.org/10.1095/biolreprod.102.013482
http://dx.doi.org/10.1186/1471-2148-8-332
http://dx.doi.org/10.1186/1471-2148-8-332
http://dx.doi.org/10.1111/j.1600-048X.2008.04450.x
http://dx.doi.org/10.1111/j.1600-048X.2008.04450.x
http://dx.doi.org/10.1111/j.1439-0272.1981.tb00083.x
http://dx.doi.org/10.1095/biolreprod.104.033209
http://dx.doi.org/10.1095/biolreprod.104.033209
http://dx.doi.org/10.1371/journal.pone.0000170
http://dx.doi.org/10.1093/beheco/arn068
http://dx.doi.org/10.1093/beheco/arn068
http://dx.doi.org/10.1093/humupd/dmi053
http://dx.doi.org/10.1093/humupd/dmi053
http://dx.doi.org/10.1098/rspb.1999.0843
http://dx.doi.org/10.1098/rspb.1999.0843
http://dx.doi.org/10.1371/journal.pone.0012146
http://dx.doi.org/10.2307/2411167
http://dx.doi.org/10.1073/pnas.1111474109
http://dx.doi.org/10.1073/pnas.1111474109
http://dx.doi.org/10.1111/j.1420-9101.2007.01302.x

	Evolution of sperm structure and energetics in passerine birds
	Introduction
	Material and methods
	General methods and sperm collection
	Determination of ATP concentration
	Sperm morphometry and velocity analysis
	Index of sperm competition
	Phylogeny
	Statistical analysis

	Results
	Discussion
	Relationships between sperm size, speed and energetics
	Sperm competition and sperm ATP concentration
	Evolutionary trajectories of sperm size and ATP concentration

	Conclusions
	We are grateful to Johan Nylander and Andrew Meade for phylogenetic and statistical advice. We also thank Gary Burness, Steve Dorus, Jostein Gohli, Montse Gomendio, Mar Gonz&aacute;lez-Barroso, Lars Erik Johannessen, Oddmund Kleven, Eduardo Rial, Eduardo Roldan, Maxi Tourmente and Elaine Wilkins for useful discussions, and Tommaso Pizzari and two anonymous reviewers for valuable comments on the manuscript. This project was funded by the Research Council of Norway. Data are deposited in Dryad. All procedures performed in this study conform to the legal requirement for animal research in Norway, and males were caught under licences issued by the Norwegian Directorate for Nature Management.
	References


