
Variation in sperm morphology among Afrotropical
sunbirds

TAIWO C. OMOTORIOGUN,1,2* TERJE LASKEMOEN,1 MELISSAH ROWE,1,3 TOM�A�S ALBRECHT,4,5

RAURI C. K. BOWIE,6 OND�REJ SEDL�A�CEK,7 DAVID HO�R�AK,7 ULF OTTOSSON2 & JAN T. LIFJELD1

1Natural History Museum, University of Oslo, Oslo, Norway
2A.P. Leventis Ornithological Research Institute, University of Jos, Jos, Nigeria

3Centre for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, Oslo, Norway
4Institute of Vertebrate Biology, Academy of Sciences of the Czech Republic, Brno, Czech Republic
5Department of Zoology, Faculty of Science, Charles University in Prague, Prague, Czech Republic

6Department of Integrative Biology and Museum of Vertebrate Zoology, University of California, Berkeley, CA, USA
7Department of Ecology, Faculty of Science, Charles University in Prague, Prague, Czech Republic

Birds show considerable variation in sperm morphology. Closely related species and sub-
species can show diagnostic differences in sperm size. There is also variation in sperm
size among males within a population, and recent evidence from passerine birds suggests
that the coefficient of inter-male variation in sperm length is negatively associated with
the level of sperm competition. Here we examined patterns of inter- and intra-specific
variation in sperm length in 12 species of sunbird (Nectariniidae) from Nigeria and
Cameroon, a group for which such information is extremely limited. We found signifi-
cant variation among species in sperm total length, with mean values ranging from
74 lm to 116 lm, placing these species within the short to medium sperm length range
for passerine birds. Most of this variation was explained by the length of the midpiece,
which contains the fused mitochondria and is an important structure for sperm energet-
ics. Relative midpiece length was negatively correlated with the coefficient of inter-male
variation in sperm total length across species, suggesting that sperm competition may
have selected for greater midpiece length in this group. We also mapped sperm lengths
onto a time-calibrated phylogeny and found support for a phylogenetic signal in all
sperm length components, except head length. A test of various evolutionary or tree
transformation models gave strongest support for the Brownian motion model for all
sperm components, i.e. divergences were best predicted by the phylogenetic distance
between lineages. The coefficients of inter-male variation in sperm total length indicate
that sperm competition is high but variable among sunbird species, as is the case with
passerine birds at large.

Keywords: comparative analysis, Nectariniidae, phylogenetic signal, sperm competition, sperm
size.

Across the animal kingdom, spermatozoa vary
remarkably in size, shape and behaviour (Cohen
1977, Pitnick et al. 2009, Pizzari & Parker 2009).
In passerine birds, sperm length varies from
approximately 40 lm to nearly 300 lm (Pitnick
et al. 2009, Lifjeld et al. 2010, Immler et al.
2011). Given that the primary role of sperm is to

fertilize ova, a highly conserved function, the
evolutionary diversification of sperm form is sur-
prising and the factors generating this diversity
are poorly understood (Snook 2005, Pitnick et al.
2009). However, it is generally thought that
genetic drift, mode of fertilization and postcopu-
latory sexual selection, i.e. sperm competition
(Parker 1970) and cryptic female choice (Eber-
hard 1996), drive evolutionary changes in sperm*Corresponding author.
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phenotypes (Franz�en 1970, Snook 2005, Pitnick
et al. 2009).

There is comparative evidence from a range of
taxonomic groups that sperm length tends to
increase with sperm competition, for example in
birds (Briskie et al. 1997, Kleven et al. 2009),
insects (Morrow & Gage 2000), fish (Balshine
et al. 2001) and mammals (Gomendio & Roldan
1991, Tourmente et al. 2011), although with some
exceptions to this pattern (e.g. Gage & Freckleton
2003, Immler & Birkhead 2007). It is suggested
that the evolution of longer sperm is driven by
their ability to swim faster (Gomendio & Roldan
1991), live longer (Parker 1993, 1998) or displace
shorter sperm from female sperm storage sites
(Miller & Pitnick 2002, L€upold et al. 2012). In
passerine birds, increased sperm size is associated
with a disproportionate increase in the size of the
midpiece (L€upold et al. 2009), which contains a
single fused mitochondrion wrapped helically
around the flagellum (Koehler 1995). A longer
midpiece contains more adenosine triphosphate
(Rowe et al. 2013), demonstrating the importance
of this structure for sperm energetics. Sperm
length in passerine birds is also positively corre-
lated with the length of the sperm storage tubules
in females (Briskie & Montgomerie 1992, Kleven
et al. 2009). Briskie et al. (1997) hypothesized
that longer sperm storage tubules enable female
control over how sperm are used in fertilization.
There is also a strong phylogenetic signal in the
association between sperm length and sperm com-
petition (Immler & Birkhead 2007, Kleven et al.
2009, Lifjeld et al. 2010, Immler et al. 2011),
which suggests that the role of sperm competition
in sperm length evolution varies across the passer-
ine phylogeny.

More recently, studies have shown that
increased levels of sperm competition are associ-
ated with reduced inter- and intra-male variation
in sperm length in passerine birds (Calhim et al.
2007, Immler et al. 2008, Kleven et al. 2008, Lif-
jeld et al. 2010) and also in insects (Fitzpatrick &
Baer 2011). Reduced variation in sperm length
among males within a population suggests stronger
stabilizing selection around an optimum length for
high performance across different female environ-
ments (Calhim et al. 2007, Kleven et al. 2008, Lif-
jeld et al. 2010). In a comparative analysis, Lifjeld
et al. (2010) showed that the coefficient of inter-
male variation (CVbm) in sperm length explained
as much as 65% of the variation in extra-pair

paternity rates among 24 passerine species. As
there was no phylogenetic signal in this associa-
tion, Lifjeld et al. (2010) proposed that the CVbm

metric could be used as a proxy for extra-pair
paternity, and therefore sperm competition, in
passerine birds. There is also a negative relation-
ship between the coefficient of intra-male variation
(CVwm) in sperm length and measures of sperm
competition (Immler et al. 2008, Lifjeld et al.
2010). Reduced variation in sperm length within
a male or an ejaculate should imply a stronger
developmental stability or quality control in
spermatogenesis.

In contrast to temperate species, we know sur-
prisingly little about mating systems in tropical
birds (Macedo et al. 2008). Stutchbury and Mor-
ton (2001) hypothesized that sperm competition
levels should generally be lower in tropical than in
temperate birds but very few studies have actually
tested this idea empirically (Stutchbury et al.
1998, Stutchbury & Morton 2001, Albrecht et al.
2013 are exceptions). Albrecht et al. (2013) found
no difference in overall sperm competition levels
between tropical and temperate passerine birds,
using the sperm length CVbm index. They also
noted that tropical species are apparently as vari-
able as temperate zone birds in terms of sperm
competition levels, and mentioned specifically
waxbills (Estrildidae) and sunbirds (Nectariniidae)
as examples of families with low and high sperm
competition levels, respectively. However, it is dif-
ficult to infer general patterns from just a few spe-
cies; only three species of sunbird were included
in that study. General descriptive information
about sperm morphology is also largely lacking for
tropical birds. Moreover, tropical birds are rela-
tively less well studied in terms of systematics
(Reddy 2014) and general biology (Macedo et al.
2008).

Here, we examine variation in sperm morphol-
ogy in 12 species of sunbirds from West Africa
(Nigeria and Cameroon). Sunbirds are generally
small (c. 5–22 g), socially monogamous species
exhibiting a territorial breeding system (Fry et al.
2000, Cheke et al. 2001, Riegert et al. 2014).
Additionally, the majority of species are sexually
dimorphic in both body size and plumage col-
oration: males are larger and exhibit colourful iri-
descent plumage patches (either year-round or
seasonally), whereas females are generally drab
(Fry et al. 2000, Borrow & Demey 2001, Cheke
et al. 2001). The primary objectives of our study
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were to describe sperm length variation in sunbirds
at multiple levels of organization (i.e. among
species and among and within males belonging to
a single species) and test for signatures of phy-
logeny and sperm competition in the observed pat-
terns of sperm morphological variation. We also
tested for phenotypic correlates of sperm CVbm as
a proxy for sperm competition.

METHODS

Data collection and sampling procedure

In Nigeria, fieldwork was conducted at Amurum
Forest Reserve, Jos (09°530N, 08°590E); Yankari
Game Reserve, Bauchi (09°500N, 10°300E); Omo
Forest Reserve, Ogun (06°510N, 04°300E); Interna-
tional Institute of Tropical Agriculture, Ibadan
(07°300N, 03°550E) and Okomu National Park,
Benin (06°330N, 05°260E). In Cameroon, we sam-
pled birds along the slope of Mount Cameroon
(04°150N, 09°090E) and in the vicinity of Laide
Farm, Bamenda-Banso Highlands (06°050N,
10°280E). Birds were captured using mist-nets (in
some instances with the assistance of song play-
back) during the breeding season (i.e. April to
September in 2010–2013 in Nigeria and October
to December in 2010–2012 in Cameroon). Sperm
samples (c. 0.5–3 lL) were collected by cloacal
massage (Wolfson 1952) and immediately diluted
in a small volume of phosphate-buffered saline
(c. 20 lL) and then fixed in 300 lL of 5%
formaldehyde solution for later slide preparation.
For each bird, a small blood sample (c. 10–50 lL)
was collected from the brachial vein and preserved
in 96% ethanol for later DNA extraction and
DNA sequencing. We also fitted each bird with a
uniquely numbered aluminium band (supplied by
South African Bird Ringing Unit) to prevent
resampling of individuals.

Sperm morphology

For each sample, a small aliquot (c. 15 lL) of
formaldehyde-fixed sperm was applied to a glass
slide and allowed to air-dry. Slides were then
gently rinsed with distilled water and air-dried
again. We captured high-magnification (1609 or
3209) digital images of sperm using a Leica
DFC420 camera mounted on a Leica DM6000 B
digital light microscope (Leica Microsystem, Heer-
bruug, Switzerland). We used Leica APPLICATION

SUITE (version 2.6.0 R1) to measure (to the nearest
� 0.1 lm) the length of the sperm head, midpiece
and tail (i.e. the section of the flagellum not
entwined by the midpiece), from which we calcu-
lated flagellum length (as the sum of midpiece and
tail length), sperm total length (as sum of head,
midpiece and tail length) and the ratios of flagel-
lum : head length, midpiece : flagellum length and
midpiece : total length.

For each male, we measured 10 morphologi-
cally normal spermatozoa following the recom-
mendation in Laskemoen et al. (2007). All sperm
measurements were taken by one person (TCO)
to avoid observer effects. We determined the
repeatability of sperm measurements by measuring
the same 15 sperm from a single individual twice,
and found that measurements were highly repeat-
able (head: r = 0.87, F14,15 = 14.75, P < 0.001;
midpiece: r = 0.81, F14,15 = 9.76, P < 0.001, tail:
r = 0.83, F14,15 = 10.94, P < 0.001; Lessells &
Boag 1987). For each sperm trait we used the
means within individuals to calculate the mean for
each species. For two species we had sperm sam-
ples from both Nigeria and Cameroon. There were
no significant differences between countries in
sperm length or components for either species, but
we used the Nigerian data only (larger n) for our
comparative analyses. Finally, we calculated CVwm

values of sperm total length for each individual
and then used the mean of these values to calcu-
late an average CVwm for each species. Similarly,
we calculated the CVbm of sperm total length as:
CVbm = (sd/mean) * 100 * (1 + (1/4n)), which
corrects for variation in sample size (n) (Sokal &
Rohlf 1995).

Phylogeny

We sequenced the first part of the mitochondrial
cytochrome oxidase I (COI) gene, which corre-
sponds to the standard DNA barcode marker for
animals (Hebert et al. 2003). Details of the DNA
extraction, PCR and sequencing procedures are
available as Supporting Information Appendix S1,
Fig. S1 and Table S1. To complement these data,
but from different individuals, sequences were col-
lected from another mitochondrial gene (NADH2)
and three nuclear introns (FGB5, MB2, TGFb2)
using standard protocols (Kimball et al. 2009,
Fuchs et al. 2012). All COI sequences are publicly
available at the BOLD database (Ratnasingham &
Hebert 2007) in the project folder BONSU. Data
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for the remaining loci are available on GenBank
(KU174652–KU174703); Supporting Information
Table S2. COI sequences were trimmed to an
even length, and all loci were aligned using MAFFT

v. 7 (Katoh & Standley 2013), generating align-
ments for each locus of: COI – 654 bp, NADH2
– 1041 bp, FGB5 – 570 bp, MB2 – 749 bp,
TGFb2 – 589 bp (total 3603 bp), for 12 sunbird
species and a flowerpecker (Flame-crowned Flow-
erpecker Dicaeum anthonyi), a member of the sis-
ter family to the sunbirds (Johansson et al. 2008)
used to root the phylogenetic analyses described
below. Species nomenclature follows the Interna-
tional Ornithologists’ Union (IOC) World Bird
List (Gill & Donsker 2015). A cross-reference to
names used by other checklists is presented in
Supporting Information Table S3.

We estimated a maximum likelihood tree using
the GTRGAMMA model of RAXML v. 8.1.24
(Stamatakis 2014) applied to the concatenated
dataset using nine partitions (COI – codons 1, 2 &
3; NADH2 – codons 1, 2 & 3; FGB5, MB2,
TGFb2). Analyses were conducted via the CIPRES
Science Gateway supercomputer portal. To obtain
a Bayesian tree and determine divergence times
among species we used BEAST v. 1.8.2 (Drummond
et al. 2012) and the mean rates of divergence and
associated standard deviations reported by Lerner
et al. (2011) for each of the two mtDNA genes
analysed and two of the introns (FGB and
TGFb2). The rates reported by Lerner et al.
(2011) are derived from the sequence of lineage
splits in Hawaiian Honeycreepers (Fringillidae),
and were calibrated using the well-established
dates of sequential uplift of the Hawaiian Archipe-
lago. The BEAST analyses was run for 100 million
generations with an HKY + G + I model of
nucleotide substitution applied to each locus, a
strict molecular clock enforced and a Yule process
for the tree prior. We made use of TRACER v.1.6.0
(Rambaut et al. 2014) to check that the effective
sample size of the underlying posterior distribution
was large enough (ESS > 200) for meaningful esti-
mation of parameters.

Sexual size dimorphism and plumage
dichromatism

We collected data on male and female body
mass, wing length and sexual dichromatism from
the literature (Fry et al. 2000, Borrow & Demey
2001, Cheke et al. 2001, Cox et al. 2011). Sexual

size dimorphism was estimated as the ratio of
female : male body mass and female : male wing
length, which we calculated using the mean val-
ues for each sex obtained from the literature.
Next, we categorized plumage dichromatism as 0
or 1, with 0 representing species that were
monochromatic or showed only minor differences
between the sexes (i.e. less than 10% of plu-
mage differed) and 1 representing species that
showed complete differences in colour or pattern
(Supporting Information Table S4). Additionally,
we scored male plumage ornamentation as the
number of separate and distinct colour patches
in the male plumage, i.e. head, throat-chest-belly
and nape-back-rump. All plumage traits were
assessed using image plates in Cheke et al.
(2001). Finally, based on literature (Fry et al.
2000, Cheke et al. 2001), all species were
assumed to be socially monogamous, with the
exception of the Olive Sunbird Cyanomitra oli-
vacea and the Collared Sunbird Hedydipna col-
laris, which were classified as polygynous and
polyandrous, respectively.

Data analysis

All analyses were performed using the statistical
package R version 2.12.2 (R Development Core
Team 2013). To improve data distributions, we
log-transformed data prior to analysis. The ratios
of midpiece : flagellum length, midpiece : total
length, female : male body mass and female : male
wing length were logit-transformed following the
recommendation of Warton and Hui (2011). We
tested for differences among species in sperm mor-
phology (i.e. sperm total length and length of the
various components) and CVwm using ANOVA. To
assess whether species differed in CVbm, we tested
for homogeneity of variance in sperm length using
Levene’s test. Next, for all sperm traits (i.e. head,
midpiece, flagellum and total sperm length), we
tested for the presence of a phylogenetic signal by
calculating Blomberg’s K (Blomberg et al. 2003),
using the phylosig function in the ‘phytools’ pack-
age (Revell 2012): K > 1 indicates that traits are
more similar between related species than
expected under Brownian motion evolution,
whereas K < 1 indicates high lability, at least at
the tips of the tree (Blomberg et al. 2003). The
presence of a phylogenetic signal was tested using
a randomization test. We reconstructed the ances-
tral character state of sperm length using ‘cont
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Map’ (Revell 2013). The mapping relies upon
states estimated at internal nodes using maximum
likelihood with ‘fastAnc’ and was plotted with
‘contMap’.

The fit of five evolutionary models for the
diversification of sperm length and sperm compo-
nents in the time-calibrated phylogeny was com-
pared against a null model of Brownian motion,
using the fitContinuous function in the ‘geiger’
package (Harmon et al. 2008). These models
were: Lambda – phenotypic divergence covaries
with phylogenetic distance, but allows for variable
evolutionary rates; Delta – the evolutionary rate
accelerates or decelerates over time; Kappa – evo-
lutionary change occurs mainly at speciation
events, and is not proportional to branch length;
Ornstein–Uhlenbeck – a random walk within a
constrained trait space, where traits tend to con-
verge towards a single value; and Early Burst – an
early burst of trait diversification followed by
reduced evolutionary rates (or stasis). Models were
compared using the Akaike information criterion
corrected for small sample size (AICc); the model
with the lowest AICc value indicates the best-fit
model. We also calculated Akaike weights for all
models and used both DAICc and Akaike weight
values to assess model support. Values of
DAICc < 2 from the best supported model are
indicative of substantial support for the model
(Burnham & Anderson, 2004). For further details
about the application of these models in another
African passerine group, see Omotoriogun et al.
(2016).

We performed phylogenetic generalized least-
squares (PGLS) regressions using the package
‘caper’ (Orme et al. 2012) to examine the rela-
tionships among sperm traits and the relationships
between sperm traits and CVbm. For these latter
models, separate models were run for each sperm
trait. Similarly, we used PGLS regressions to deter-
mine whether measures of either sexual size
dimorphism or sexual dichromatism predict sperm
length CVbm (i.e. sperm competition) in sunbirds.
This approach accounts for the statistical non-inde-
pendence of data points due to shared ancestry of
species (Pagel 1999, Freckleton et al. 2002). PGLS
also allows for the estimation (via maximum likeli-
hood) of the phylogenetic scaling parameter k
(k = 0 indicates phylogenetic independence, k = 1
indicates phylogenetic dependence). The empirical
k value was tested against k = 1 and k = 0 using a
likelihood ratio test. Finally, we compared levels of

CVbm in sunbirds with those of other passerine
birds using a two-sample t-test. For this analysis,
CVbm values for other species were extracted from
Albrecht et al. (2013).

RESULTS

Sperm samples were analysed from a total of 189
males from 12 species belonging to five genera
(Table 1, Supporting Information Table S5).
Sperm total length ranged from 74 lm in the
Northern Double-collared Sunbird Cinnyris reiche-
nowi to 116 lm in the Scarlet-chested Sunbird
Chalcomitra senegalensis, and differed significantly
among species (F11,177 = 903.33, P < 0.0001;
Table 1). The variation in sperm total length
among species was largely explained by variation
in midpiece and flagellum length, whereas head
length was short in all species (range 12–14 lm;
Table 1, Fig. 1). However, all sperm components
varied significantly among species (P < 0.0001;
Table 1).

The phylogeny suggests that some sunbird gen-
era are not monophyletic; for example, the six
Cinnyris species were spread across the entire phy-
logeny (Fig. 2; see also the same phylogeny in
Supporting Information Fig. S2 annotated with the
95% highest probability density estimates for each
node and rooted with the outgroup taxon), a
result also supported with much greater taxon
sampling (R. C. K. Bowie unpubl. data). Using

Figure 1. Relationship between sperm total length and sperm
head, midpiece and flagellum length among sunbirds (n = 12
species). Data points represent species means.
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PGLS regressions that controlled for the phy-
logeny, head length was not correlated with mid-
piece length (b = �0.02 � 0.02 se, t = �1.59,
P = 0.14, k = 01.00; 0.12), flagellum length
(b = �0.03 � 0.02 se, t = �1.69, P = 0.12,
k = 01.00; 0.01) or sperm length
(b = �0.02 � 0.02 se, t = �1.50, P = 0.16,
k = 01.00; 0.11) in the 12 species. Furthermore,
sperm total length was not associated with male
body mass (b = 0.33 � 1.08 se, t = 0.31,
P = 0.766, k = 10.27; 1.00).

Four species had sperm lengths > 100 lm
(Table 1), and as they all belong to different gen-
era, there was no strong genus-specific differentia-
tion in sperm lengths among our study species.
However, when we mapped the sperm lengths
onto the phylogeny derived from two mitochon-
drial genes and three nuclear introns (Fig. 2), there
was a trend for closely related species to have simi-
lar sperm lengths. Hence, there was also a signifi-
cant phylogenetic signal in sperm length as
estimated by Blomberg’s K (Table 2). Sperm mid-
piece and flagellum length, which are strongly
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Figure 2. Reconstruction of sperm length along branches and
nodes of the phylogeny of 12 sunbird species. The legend
shows the colour range from red (short sperm) to blue (long
sperm), and a scale for the branch-lengths in million years
(mya). The phylogeny is based on a Bayesian tree constructed
from five concatenated genes and rooted with the Flame-
crowned Flowerpecker Dicaeum anthonyi (for details see
Methods); the mean divergence times with 95% highest proba-
bility density estimates are available in Supporting Information
Fig. S2.
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intercorrelated with sperm total length, also
showed a significant phylogenetic signal, but sperm
head length did not (Table 2).

The tests of various evolutionary models sup-
ported a Brownian motion model of evolution for
sperm total length and all components (all
DAICc = 0.00 and all DAICc weights > 0.35;
Table 3). This implies that trait divergences did
not deviate consistently from a random walk and
were best predicted by the genetic distance
between species or lineages.

The inter-male variance in sperm total length
differed significantly among sunbird species
(Levene’s test: F11,177 = 2.518, P = 0.006). The

CVbm in sperm length ranged from 1.49 to 3.50
for the nine species for which the metric was
calculated (i.e. n > 3; Table 1), with an average
of 2.30 � 0.71 sd. The CVbm values for sunbirds
did not differ significantly (t-test: t131 = �1.17,
P = 0.88) from other passerine birds (i.e. 124
species in Albrecht et al. 2013, Table S1). There
was no association between sperm CVbm and
sexual size dimorphism (female : male body mass
and wing length). Similarly, sperm CVbm was not
associated with either sexual dichromatism or
male plumage ornamentation (Supporting Infor-
mation Table S6). Furthermore, sperm CVbm was
not associated with sperm total length or any of
its components, or with the flagellum : head ratio
(Table 3). However, the sperm CVbm value was
inversely correlated with relative midpiece length,
and also a tendency in the same direction for
absolute midpiece length (Fig. 3, Table 4). The
intra-male variation (CVwm) in sperm length dif-
fered significantly among species and was gener-
ally quite low (range 1.19–2.50; Table 1) but
there was no correlation between intra-male
(CVwm) and inter-male (CVbm) variation in
sperm lengths across species (b = 0.23 � 0.17 se,
t = 1.32, P = 0.23, k = 01.00; 0.20, n = 9).

DISCUSSION

We show how the length of sperm cells and their
main structural components vary among and
within 12 species of sunbird from West Africa.
This is the first comparative analysis of sperm mor-
phology from this family of birds (Nectariniidae),
which encompasses altogether 143 species in
Africa and the Oriental region (Gill & Donsker
2015). Our results show significant variation in
mean sperm total length among the species, within
the range 74–116 lm (Table 1). Immler et al.

Table 2. Test of phylogenetic signal in sperm traits among
sunbirds.

Sperm traits K
Blomberg’s K

P (randomization)

Head length 0.881 0.762
Midpiece length 1.263 0.012
Flagellum length 1.238 0.019
Total length 1.231 0.013

n = 12 species using Blomberg’s K (P-values for randomiza-
tion test).

Figure 3. The relationship between the coefficient of inter-
male variation of sperm total length (CVbm) and (a) midpiece
length, and (b) sperm midpiece : flagellum ratio in sunbirds
(n = 9 species). Data points represent species means (see
also Table 4).
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(2011) listed sperm lengths for 196 passerine spe-
cies in the range 41.8–284.8 lm. Sunbirds there-
fore have sperm length within the short-to-
medium range for passerine birds.

We found evidence of a phylogenetic signal in
the differentiation of sperm length among species
(Table 2), which implies that species tend to differ
more in sperm size, the more distantly related they
are in the phylogeny. There was also a significant
phylogenetic signal in sperm midpiece and flagel-
lum length, which constitute the larger parts of
the sperm. We were not able to detect any signifi-
cant deviation from a Brownian model of sperm
evolution. This result stands in contrast to a recent
study on sperm evolution in African greenbuls
(Omotoriogun et al. 2016), which found evidence
of lineage-specific rates of evolution in sperm
length and generally more rapid differentiation
around speciation events than along the branches

in the phylogeny. It must be emphasized, how-
ever, that our sample of 12 sunbird species repre-
sents less than 10% of the total number of species
in the family, so it is possible that a larger dataset,
with more statistical power and better resolution
at the deeper nodes in the phylogeny, would
detect other patterns of sperm evolution. At pre-
sent, there is no clear theory for why the rate of
sperm evolution should vary among groups of
passerine birds.

Sperm heads were generally short and varied
much less than other sperm components. There
was also no significant phylogenetic signal in
sperm head length variation. There is a general
trend among passerine birds that sperm head
length is evolutionarily conserved and varies
within a rather narrow size range compared with
the vast variation in midpiece and flagellum
lengths (Jamieson 2006, Rowe et al. 2015). The

Table 3. Tests of various evolutionary models for sperm length diversification in 12 species of sunbirds using the fitContinuous func-
tion in the ‘geiger’ package (Harmon et al. 2008). For each sperm trait, the model with the lowest AICc value (i.e. DAICc = 0) is con-
sidered the best-fitting model (bold type with *). The parameters estimated by the models are: r2 = net rate of trait evolution in
Brownian motion model or the initial rate of evolution in the Early Burst model; k = extent to which the phylogeny predicts covariance
among traits for species; d = compares the contribution of early vs. late trait evolution across a phylogeny; j = evolutionary change
in trait associated with speciation events along the branch-length in the Kappa models; a = evolutionary constraint parameter in the
Ornstein–Uhlenbeck model moving trait values back to the optimum; r = change in rate of trait evolution through time in the Early
Burst model.

Model Parameter

Length of sperm traits

Head Midpiece Flagellum
Total
sperm

Brownian motion DAICc 0.000* 0.000* 0.000* 0.000*
AICc weight 0.461 0.494 0.529 0.545
r2 0.0001 0.0053 0.0033 0.0024

Lambda DAICc 2.703 3.929 3.929 3.929
AICc weight 0.119 0.0692 0.0742 0.0764
k < 0.0001 1.0000 1.0000 1.0000
r2 0.0004 0.0053 0.0033 0.0024

Delta DAICc 2.772 3.616 3.532 3.585
AICc weight 0.115 0.0809 0.0905 0.0908
d 2.99 0.5103 0.4657 0.4873
r2 0.0004 0.0072 0.0047 0.0033

Kappa DAICc 3.9286 3.9286 3.9286 3.9286
AICc weight 0.1195 0.0692 0.0742 0.0765
j 1.0000 1.0000 1.0000 1.0000
r2 0.0006 0.0053 0.0033 0.0024

Ornstein–
Uhlenbeck

DAICc 2.703 3.929 3.929 3.929

AICc weight 0.1195 0.0692 0.0742 0.0765
a 20.978 < 0.0001 < 0.0001 < 0.0001
r2 0.1275 0.0053 0.0034 0.0024

Early Burst DAICc 3.9285 1.6374 2.4233 2.7988
AICc weight 0.0647 0.2177 0.1575 0.1345
r 0.00 �0.6980 �0.5032 �0.4294
r2 0.00057 0.0782 0.0252 0.0140
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head consists of the acrosome, which is function-
ally important in the fertilization process, and the
nucleus, containing the haploid genome, which is
normally densely packed (Jamieson 2006).
Assuming drag is kept to the ‘ideal’ minimum
level for swimming, the evolution of much longer
flagella in some species could technically allow for
an increase in head size, so there may be addi-
tional reasons for the conservation of short head
lengths (Humphries et al. 2008).

Generally, passerine birds have higher rates of
extra-pair paternity, i.e. more sperm competition,
than other orders of birds, but the level of sperm
competition is also variable among passerine spe-
cies (Westneat & Sherman 1997, Griffith et al.
2002). The sperm length CVbm metric carries
information about the level of sperm competition
(Calhim et al. 2007, Lifjeld et al. 2010), and it has
recently been applied in several comparative analy-
ses of sperm competition in passerine birds
(Albrecht et al. 2013, Gohli et al. 2013, Rowe
et al. 2013). Using the formula given in Lifjeld
et al. (2010) (Fig. 2), the minimum (1.49) and
maximum (3.50) CVbm values observed for the
sunbirds correspond to estimated frequencies of 39
and 7% extra-pair young, respectively, thus indi-
cating a considerable span in the level of sperm
competition. The average CVbm value of 2.30 cal-
culated from nine sunbird species corresponds to a
frequency of about 20% extra-pair young, which is
slightly higher than the average for passerine birds
based on molecular paternity studies (Griffith et al.
2002). The three sunbird species reported in
Albrecht et al. (2013) had a mean CVbm of 2.58
(range 2.26–2.76). Paternity studies from sunbirds
are, however, limited: we are only aware of the
study by Zilberman et al. (1999), who found that
23% of young in the Palestine Sunbird Cinnyris
oseus were sired by extra-pair males, which makes
a good match with our estimate. Extra-pair copu-
lation behaviour is also reported from the Purple-
rumped Sunbird Leptocoma zeylomica (Lamba
1978), and there are also observations of cloaca-
pecking in sunbirds (Cheke et al. 2001), which
may indicate multiple mating by females (Davies
1984). CVbm values were lowest (and sperm com-
petition levels presumably highest) for the two
species that do not exhibit the typical socially
monogamous mating system, i.e. the Olive Sun-
bird and the Collared Sunbird, which are consid-
ered socially polygynous and polyandrous,
respectively (Fry et al. 2000, Cheke et al. 2001).

Overall, it seems likely that sunbirds are character-
ized by mating systems in which sperm competi-
tion is common, but that the level of sperm
competition may vary with the social mating sys-
tem. Sunbirds also tend to be sexually dimorphic
in both size and plumage, but we found no signifi-
cant associations between the CVbm index and
measures of sexual size dimorphism or sexual
dichromatism in our sample of species.

Although sperm size evolution in sunbirds to a
large degree seems to mirror the phylogenetic rela-
tionships among species, we found one strong corre-
lation with sperm competition that may suggest a
role of selection. Relative midpiece size was greater
in species with more sperm competition (i.e. lower
CVbm; Fig. 3). It is therefore possible that sperm
competition favours the evolution of longer mid-
pieces, with a higher mitochondrial loading of the
sperm, which is important in sperm energetics
(Rowe et al. 2013). Because the midpiece is
wrapped around the flagellum, the flagellum needs
to be as long as or longer than the midpiece for rea-
sons of structural support. Selection for a longer
midpiece will therefore as a consequence also imply
selection for a longer flagellum, and hence a longer
sperm. The correlation between sperm competition
and relative midpiece size is therefore consistent
with a trend among certain passerine groups that
sperm competition favours the evolution of longer
sperm with a longer midpiece (Briskie et al. 1997,
Kleven et al. 2009, Lifjeld et al. 2010, but see Imm-
ler & Birkhead 2007).

Table 4. Regression analysis controlling for phylogeny (PGLS)
between the sperm length CVbm index (predictor) and sperm
size traits in sunbirds (n = 9 species). The model including the
maximum-likelihood values or lambda (k) value was compared
against k = 1 and k = 0, with superscripts following the k val-
ues indicating the probability (P) of likelihood-ratio of sperm
trait (first position, against k = 0; second position, against
k = 1).

Sperm traits b � se t P k

Head 0.05 � 0.36 0.14 0.89 01.00; 0.19

Midpiece �11.36 � 5.89 �1.92 0.09 01.00; 0.51

Flagellum �8.64 � 6.32 �1.37 0.21 01.00; 0.60

Total length �8.59 � 6.22 �1.38 0.21 01.00; 0.50

Flagellum :
head

�0.75 � 0.59 �1.27 0.24 01.00; 0.47

Midpiece :
flagellum

�0.34 � 0.08 �4.58 0.003 01.00; 0.24

Midpiece :
total length

�0.28 � 0.08 �3.33 0.013 01.00; 0.35
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In conclusion, our study highlights a consider-
able inter-specific variation in mean sperm length
and its variance across a sample of 12 sunbird
species. The variation in sperm length reflects to a
large extent the phylogenetic relationships among
species. Differences in sperm length can therefore
be explained by a neutral model of genetic drift,
but there is also some indication that sperm com-
petition drives the evolution of longer sperm
through selection for a longer midpiece. We also
found relatively low coefficients of inter-male vari-
ation in sperm length, which suggests that sperm
competition is common in this group of birds. Our
phylogeny also suggests that some of the currently
accepted taxonomic genera of sunbirds are not
monophyletic. Recently, Lauron et al. (2015)
noted the same pattern in a study of coevolution
between malaria parasites and their sunbird hosts.
Thus, there is clearly a need for more comprehen-
sive studies of the sunbird phylogeny and an
improved taxonomy.
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SUPPORTING INFORMATION

Additional Supporting Information may be found
in the online version of this article:

Appendix S1. Detail of DNA extraction, PCR,
sequencing of the mitochondrial COI gene and
phylogeny construction of sunbirds.

Fig. S1. A maximum likelihood tree of 15 species
of sunbirds based on the mitochondrial COI gene.

Fig. S2. A Bayesian tree based on the concate-
nated sequences from two mitochondrial genes
(COI and NADH2) and three nuclear introns
(FGB5, MB2, TGFb2) and with 95% highest proba-
bility densities (HPD) estimated around each mean
divergence time for each node.

Table S1. Voucher information of the samples
used for sequencing the mitochondrial COI gene.

Table S2. Voucher information of the samples
used for sequencing the mitochondrial NADH2 gene
and three nuclear introns (FGB5, MB2, TGFb2).

Table S3. The common and species names of sun-
birds according to the IOCWorld Bird List, and with
cross reference to Taxonomy in Flux, BirdLife Inter-
national and Internet Bird Collection checklists.

Table S4. Plumage categories used in the analysis
testing for association between inter-male coefficient
of variation of sperm length (CVbm) and plumage
dichromatism in sunbirds (n = 9 species). Sexual
dichromatism scored as monochromatic (0) or
dichromatic (1). Male plumage ornamentation
scored as the number of distinct colour patches on
the male plumage. Scores were based on plate illus-
trations of adult birds in Cheke et al. (2001).

Table S5. Detail of individual male sperm mor-
phology data analysed for 12 species of sunbird.
Length (lm) of sperm head, midpiece, flagellum and
total are based on the average of 10 spermatozoa
measured per individual. The CVwm is intra-male
coefficient of variation of sperm total length.

Table S6. Regression analysis controlling for phy-
logeny (PGLS) between inter-male coefficient of
variation of sperm length and sexual size dimor-
phism, and sexual dichromatism in sunbirds (n = 9
species). The model including the maximum-likeli-
hood of lambda (k) value was compared against the
models including k = 1 and k = 0, and superscripts
following the k values indicate probability (P) of like-
lihood-ratio of indices of sexual size dimorphism or
plumage dichromatism (first position, against k = 0;
second position, against k = 1).
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