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Abstract

Sperm morphological traits are highly variable among species and are com-

monly thought to evolve by post-copulatory sexual selection. However, little

is known about the evolutionary dynamics of sperm morphology, and

whether rates of evolutionary change are variable over time and among tax-

onomic groups. Here, we examine sperm morphology from 21 species of

Old World leaf warblers (Phylloscopidae), a group of generally dull, sexually

monochromatic birds, which are known to have high levels of extra-pair

paternity. We found that sperm length differs markedly across species, span-

ning about 40% of the range observed across a larger selection of passerine

birds. Furthermore, we found strong support for an ‘early-burst’ model of

trait evolution, implying that the majority of divergence in sperm length has

occurred early in the evolutionary history of this clade with subsequent evo-

lutionary stasis. This large early divergence matches the early divergence

reported in ecological traits (i.e. body size and feeding behaviour). Our find-

ings demonstrate that rates of evolution in sperm morphology can change

over time in passerine taxa, and that evolutionary stasis in sperm traits can

occur even in species exhibiting characteristics consistent with moderate-to-

high levels of sperm competition. It remains a major challenge to identify

the selection mechanisms and possible constraints responsible for these

variable rates of sperm evolution.

Introduction

Sperm morphology shows enormous diversity at all

levels of organization (Cohen, 1977; Pitnick et al.,

2009). Sperm traits, both morphological and functional,

are thought to be largely shaped by sperm competition

(Birkhead & Pizzari, 2002; Pizzari & Parker, 2009; Fitz-

patrick & L€upold, 2014) as well as co-evolution with

female reproductive traits (Miller & Pitnick, 2002;

Snook, 2005; Beese et al., 2006). For example, several

comparative studies have documented a relationship

between sperm competition risk and sperm length

(Gomendio & Roldan, 1991; Gage, 1994; Balshine et al.,

2001; Byrne et al., 2003; Kleven et al., 2009), and an

association between reduced inter- and intramale varia-

tion in sperm morphology and high levels of sperm

competition (Breed et al., 2007; Calhim et al., 2007;

Kleven et al., 2008; Lifjeld et al., 2010; Fitzpatrick &

Baer, 2011; Varea-S�anchez et al., 2014). Furthermore,

sperm competition may favour faster swimming sperm

(Fitzpatrick et al., 2009; Kleven et al., 2009) and some

aspects of sperm size (i.e. sperm midpiece, flagellum

length and flagellum: head length ratio) have been

reported to positively correlate with sperm velocity

(Malo et al., 2006; Gomendio & Roldan, 2008; Humph-

ries et al., 2008; L€upold et al., 2009; Mossman et al.,

2009; Fitzpatrick et al., 2010). Finally, across passerine

bird species, sperm length and the length of female

sperm storage tubules are positively correlated (Briskie

et al., 1997).

Correspondence: K. Supriya, Committee on Evolutionary Biology,

University of Chicago, Chicago, IL 60637, USA.

Tel.: +1 312 259 3392/ 91 7840844161; fax: +1 773 702 4699;

e-mail: ksupriya@uchicago.edu

ª 2016 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 2 9 ( 2 0 1 6 ) 7 7 7 – 78 9

777JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 6 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

doi: 10.1111/jeb.12826



High levels of sperm competition have also been

associated with rapid phenotypic divergence in sperm

length (Rowe et al., 2015). Sperm size evolution in

birds is likely under some form of constraint, however,

and hypothesized constraints include variation in the

competitive benefits of sperm size trading off with com-

petitive benefits of sperm numbers and sperm-produ-

cing tissue (Calhim et al., 2011; Immler et al., 2011),

female reproductive tract environment (Briskie et al.,

1997) and maintenance of sperm integrity (Hermosell

et al., 2013). Various ecological factors, such as resource

availability and breeding density, may also contribute

to constraints on the evolution of sperm length via

effects on overall male reproductive investment and

strategies.

Phenotypic variation in traits among species reflects

both current and past selective pressures. Recently

developed phylogenetic comparative methods allow the

investigation of the tempo and mode of evolution when

fossil data are not available (Nee et al., 1992; Butler &

King, 2004; Harmon et al., 2010). These methods

require information on trait values across contemporary

taxa and a time-calibrated phylogenetic tree and permit

the evaluation of how traits have diversified over evo-

lutionary time (Butler & King, 2004; Harmon et al.,

2010). The basic Brownian motion (BM) process mod-

els gradual accumulation of divergence over time in a

stochastic manner, at a constant evolutionary rate

(Felsenstein, 1988). Additional models include extra

parameters; for example, trait evolution may be con-

strained such that traits evolve according to an Orn-

stein–Uhlenbeck (OU) process that incorporates a

constant pull towards an optimum value (Hansen,

1997; Butler & King, 2004), or rates of evolution may

accelerate or decelerate over time [early-burst (EB)

model; Harmon et al., 2010].

In passerine birds, total sperm length varies consider-

ably, ranging from approximately 40 lm to 290 lm,

and sperm morphological traits have been shown to

have a high phylogenetic signal (Lifjeld et al., 2010;

Immler et al., 2012). Strong phylogenetic signal is con-

sistent with a BM model of evolution, but the few stud-

ies directly assessing this have found equivocal support

for the BM model of sperm length evolution. Rowe

et al. (2013) found evidence for gradual but directional

evolution (i.e. a directional random-walk model) in

both total sperm length and length of the sperm mid-

piece in a study of 23 passerine species. Using data from

217 passerine birds, Immler et al. (2012) found signifi-

cant departure from BM models, but no support for an

EB model for all three sperm traits examined (sperm

head, midpiece and flagellum length). Finally, current

evidence suggests that sperm head length follows a dif-

ferent evolutionary trajectory compared to midpiece

and flagellum length and is best explained by an OU

model of constrained evolution towards an optimal

phenotype in head size (Immler et al., 2012; Rowe

et al., 2015). Evolutionary diversification, however,

may be idiosyncratic and group specific. Thus, studies

investigating the dynamics of sperm evolution may

benefit from both large taxonomically broad approaches

and smaller, clade-specific approaches.

The Old World leaf warblers (family Phylloscopidae)

are a group of small insectivorous birds currently classi-

fied into two genera: Phylloscopus and Seicercus (Martens,

2010). These warblers breed throughout temperate and

subtropical regions of continental Eurasia, with some

species extending to parts of Africa and south-east

Asian islands (Alstr€om et al., 2006), and often reach

high abundances (Price & Jamdar, 1990; Ghosh-Harihar

& Price, 2014). Although species vary extensively in

song (Martens, 2010; Tietze et al., 2015), they are

socially monogamous and have sexually monomorphic,

dull-coloured plumage (Price & Pavelka, 1996), charac-

teristics that have often been considered to indicate low

levels of sexual selection (Dunn et al., 2001; Seddon

et al., 2013) and low rates of extra-pair paternity (Mol-

ler & Birkhead, 1994; Owens & Hartley, 1998). Data on

extra-pair paternity rates, however, imply that males in

at least some of these species experience strong levels

of sperm competition; based on seven study populations

from four species, extra-pair paternity rate averages

35% (Table 1).

In this study, our primary goal was to examine the

temporal dynamics of sperm evolution in the Old

World leaf warblers, given the apparent high extra-pair

paternity rates in some species. We compare the fit of

various evolutionary models (BM, OU, EB) to sperm

morphological data from 21 species of these warblers

and show that large differences in sperm morphology

arose early in the evolutionary history of this clade.

Materials and methods

General methods and sperm morphology

We collected sperm samples from 21 species of Old

World leaf warblers across multiple sites in India and

Europe. Fieldwork was carried out in India by KS and

TDP and in Europe by TL, MR and JTL to coincide with

Table 1 Estimated extra-pair paternity rates in Old World leaf

warblers.

Species

EPY

(%) Study site Reference

Phylloscopus trochilus 33.0 Norway (Bjørnstad & Lifjeld, 1997)

Phylloscopus trochilus 28.0 Sweden (Fridolfsson et al., 1997)

Phylloscopus trochilus 23.5 Scotland (Gil et al., 2007)

Phylloscopus trochiloides 42.0 India (Scordato, 2012)

Phylloscopus trochiloides 31.0 Kyrgyzstan (Scordato, 2012)

Phylloscopus humei 44.0 India (Scordato et al., 2012)

Phylloscopus fuscatus 45.0 Russia (Forstmeier et al., 2002)

ª 2016 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY . J . E VOL . B I OL . 2 9 ( 2 0 1 6 ) 7 7 7 – 78 9

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2016 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

778 K. SUPRIYA ET AL.



the breeding season (i.e. April–June; see Table S1 for

details of sites and dates of sperm sample collection).

We captured adult males using mist nets, both with

and without song playback, and collected sperm sam-

ples via cloacal massage (Wolfson, 1952; Rowe &

Pruett-Jones, 2011). Immediately after collection, sperm

samples were mixed in a small amount (c. 20 lL) of

phosphate-buffered saline (PBS) solution and then

fixed in 300 lL of 5% formaldehyde solution for later

analysis. All sperm samples are vouchered in the bird

collection at Natural History Museum, University of

Oslo (http://nhmo-birds.collectionexplorer.org/) or at

the Wildlife Institute of India.

We prepared slides for microscopy using 15 lL of the

fixed sperm sample. We then examined the slides using

a light microscope and captured digital images of sperm

at 160, 320 or 4009 magnification based on the length

of sperm, that is we used higher magnification for smal-

ler sperm to accurately identify transitions between

sperm components. We measured (to the nearest

0.1 lm) the following sperm traits: (i) head length, (ii)

midpiece length, (iii) flagellum length and (iv) total

sperm length using digital image analysis software Leica

IM50, Leica IM1000 or Leica Application Suite (see

Laskemoen et al. (2013) for details of slide preparation

and sperm measurement). We measured ten morpho-

logically normal sperm for each male, from 1 to 42

males per species (Table S2). For each sperm trait, we

used the means within individuals and then calculated

the mean for each species (Tables S2 & S3). We noticed

an unusual difference in sperm measurements between

the two individual Phylloscopus reguloides, which were

sourced from different locations (Tables S1 & S3) repre-

senting distinct subspecies (Ali & Ripley, 1973). There-

fore, instead of using the average values from these

two males, we selected data from one individual for

our analyses. We repeated the main analyses using data

from the other individual and found the results were

similar (data not shown).

European samples were measured by TL at the Natu-

ral History Museum in Norway (NHMO), and KS mea-

sured the Indian samples at the Wildlife Institute of

India. To standardize across observers, KS visited Nor-

way prior to the work in India and measured a subset

of previously measured sperm samples from a range of

passerine species including fairy wrens, chaffinches and

willow warblers. There was no bias in mean and vari-

ance of sperm measurements carried out by KS com-

pared to the measurements carried out at NHMO

(independent samples t-test for total sperm length

measurements: mean (NHMO) = 73.50 lm; mean

(KS) = 73.00 lm, t97.97 = 0.5758, P = 0.566, n = 50

sperm; Fisher’s test for variance in total sperm length

measurements: F = 1.04, P = 0.9, 95% CI = 0.6–1.8,
n = 50). To assess intermale variation in sperm length,

we calculated the coefficient of variation in total sperm

length (here termed CVam, previously referred to as

CVbm in the literature) among males for the 15 species

from which we had sperm measurements from three or

more males. Following Lifjeld et al. (2010), we cor-

rected for bias in CVam due to small sample sizes using

the formula CVam=SD/Mean 9 100 9 (1 + 1/4n),

where n is the sample size. We collected data on species

body mass from the literature (Price et al., 1997, 2014;

Carrascal et al., 2008). Data on mid-latitude of breeding

range were taken from Price (2010) or calculated from

maps available at birdlife.org. Finally, we collected data

on combined testes mass (i.e. the sum of the left testis

and right testis mass) from published literature (Dunn

et al., 2001; Calhim & Birkhead, 2007) and museum

collections (for ten of the 21 species). Data from

museum collections were in the form of length and

width dimensions of the testes, which were converted

to mass using the formula given in Dunn et al. (2001)

(Tables S4, S5 & S6).

Phylogeny

A phylogeny for the 21 species in our study, plus one

out-group (Horornis diphone, Cettidae), was generated

by D. Hooper (pers. comm.) (the nexus file of the phy-

logeny is attached as Appendix S1) based on two mito-

chondrial genes and three nuclear genes downloaded

from GenBank (Table S7; note, not all sequences were

available for all species). We used BEAST v1.82 (Drum-

mond et al., 2012) to produce a time-calibrated tree

using a secondary calibration for the root node derived

from the 95% highest posterior density confidence in

the split between Phylloscopidae and Cettiidae (uniform

distribution 14.5–17.93 Ma) (Price et al., 2014). The

analysis was run for 50 million generations and was

sampled every 5000 generations giving a total of

10 000 trees of which the first 10% were discarded as

burnin (the XML file used as input in BEAST is attached

as Appendix S2). We used the program TRACER v1.6

(Rambaut & Drummond, 2007) to visualize sampling of

the posterior distribution and run parameters in order

to ensure models had reached stable sampling distribu-

tions (i.e. all effective sample size values > 200). We

then generated a maximum clade credibility tree

(Fig. S1) from the resulting 9000 trees, using Tree

Annotator in BEAST (Drummond et al., 2012). We used

this tree in our analyses of correlated evolution

between traits [e.g. in phylogenetic generalized least-

squares (PGLS) regression] and phylogenetic signal, as

well as for visualizing evolutionary change in trait val-

ues across the phylogeny.

To account for phylogenetic uncertainty in our com-

parison of different evolutionary models, we extracted

the last 100 trees from the posterior distribution in the

BEAST analysis. For each evolutionary model, we com-

puted the model likelihood on each of the 100 trees;

the average model likelihood over the set of 100 trees

accounts for phylogenetic uncertainty (see Price et al.,
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2014 for further details on both phylogeny reconstruc-

tion methods and statistical analyses that account for

phylogenetic uncertainty). The average model likeli-

hoods were then converted into Akaike information

criterion corrected for small sample size (AICc) values

for statistical assessment using the formula: 2k�2ln

(L) + 2k(k + 1)/(n�k�1) where k is the number of

parameters in the model, n is the sample size, and ln(L)

is the log-likelihood (Burnham & Anderson, 2002).

Statistical analysis

All analyses were performed using R 2.15.0 (R Core

Team, 2014). First, we compared CVam values for the

Old World leaf warblers with CVam values for the

other passerine species reported in Albrecht et al.

(2013) using a two-tailed independent samples t-test.

We also conducted a phylogenetically controlled two-

tailed independent samples t-test. For this analysis, we

used the tree from Jetz et al. (2012) (1000 trees from

birdtree.org using the Hackett sequenced species back-

bone and compiled into the maximum clade credibility

tree using Tree Annotator in BEAST) to extract (i) a phy-

logeny for all 126 non-Phylloscopidae species in the

Albrecht et al. (2013) data set and (ii) a phylogeny for

the 15 warbler species in our data set with CVam data.

We estimated 95% confidence limits on the ancestral

state CVam value of the root node for each phylogeny

using the R package analysis of phylogenetics and evo-

lution (APE), assuming a BM model of evolution (Par-

adis et al., 2004). Following Wheatcroft & Price (2014),

these confidence limits were manually converted into

an unequal variance two-sample t-test to test for signif-

icant differences in ancestral state CVam between the

two groups.

We calculated phylogenetic independent contrasts

(PIC) in total sperm length and body mass using the

PIC function in APE (Paradis et al., 2004) using the full

21 species dataset. We assigned contrasts to nodes on

the phylogeny to visually identify those nodes at which

changes in sperm length and body mass have been

especially large (Garland, 1992; Richman & Price,

1992). Next, we calculated Blomberg’s k as a measure

of phylogenetic lability using the R package Picante

(Kembel et al., 2010). We compared phylogenetic signal

for the range of sperm traits and body mass: k > 1 indi-

cates that traits are more similar between related spe-

cies than expected under BM evolution, whereas k < 1

indicates high lability, at least in the tips of the tree

(Blomberg et al., 2003).

We investigated the dynamics of sperm phenotypic

evolution in Old World leaf warblers by comparing the

fit of three different evolutionary models to data on

sperm length: BM, a random-walk model with no con-

straint on phenotypes (Felsenstein, 1988); Ornstein–
Uhlenbeck with a single-optimum (OU), which is a

random-walk model within a constrained trait space

whereby trait values have a tendency to return to a

central starting value (Hansen, 1997; Butler & King,

2004); and EB, in which the rate of trait evolution

decreases exponentially through time (Harmon et al.,

2010). Models were run for each of the four sperm

morphological traits (head, midpiece, flagellum and

total sperm length), as well as for body mass. We com-

pared models using the AICc values calculated from the

100 tree analysis; the model with the lowest AICc indi-

cates the best fit, whereas DAICc > 2 indicates less

plausible models (Burnham & Anderson, 2002). These

methods are described in greater detail by Harmon et al.

(2010), who also show that phylogenies with ten or

more taxa are sufficient for these analyses. To perform

the analyses, we used the R package Geiger (Harmon

et al., 2008). All trait values were log-transformed prior

to analysis. For total sperm length, we visualized varia-

tion in trait values over the evolutionary history of the

group by constructing a traitgram using the R package

phytools (Revell, 2012), which uses maximum-likeli-

hood ancestral state reconstruction assuming BM (Rev-

ell, 2013) and incorporates uncertainty in ancestral

state estimates.

To assess the relationship between total sperm length

and body mass, we conducted a PGLS regression using

the maximum clade credibility tree. Additionally, as

sperm competition levels have been hypothesized to be

generally lower in tropical birds compared to temperate

birds (Stutchbury & Morton, 1995, 2001), we tested for a

relationship between (log) combined testes mass and

mid-latitude, while controlling for (log) body mass by

including it as a covariate in the model, using just the

ten species for which we had testes data. We also tested

for a relationship between mid-latitude and CVam, as

these values have been used as a measure of sperm com-

petition in previous studies (e.g. Albrecht et al., 2013).

To avoid the statistical issues that may arise with the use

of a ratio (CVam) (Fitzpatrick & Baer, 2011), we used

multiple regression and included mean (log) sperm

length as a covariate in the model (however, the correla-

tion between sperm length and CVam is low: r = �0.04,

P = 0.89; controlling for phylogeny: r = �0.11,

P = 0.71). We repeated the multiple regression using

standard deviation of (log) sperm length as the measure

of variance instead of CVam and found similar results

(Table S8). These analyses were performed using the R

packages APE (Paradis et al., 2004) and nlme (Pinheiro

et al., 2014). We repeated all of the analyses outlined

above using raw species values for comparison, because

in some models of evolution, raw species values give

more appropriate type I error rates than phylogenetically

corrected approaches (Price, 1997).

Results

Total sperm length differed more than two-fold across

species of Old World leaf warblers (from
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78.06 lm � 0.46 (mean � SE, n = 5) in Phylloscopus

humei up to 183.33 lm � 1.47, n = 8 in Phylloscopus

borealis). Similarly, sperm midpiece and flagellum

length were highly variable across species. Midpiece

length showed slightly more than three-fold variation

in size (51.32 lm � 0.65 (n = 5) in P. humei to

164.92 lm (n = 1) in Seicercus whistleri), and flagellum

length showed almost 2.79 variation in size

(64.92 lm � 0.58 (n = 5) in P. humei to 172.07 lm
(n = 1) in S. whistleri) (data in Table S2).

Values of the intraspecific (among-male) coefficient

of variation in total sperm length (CVam) for 15 species

of Old World leaf warblers for which we had data from

three or more males were all relatively low (Table 2).

Moreover, values for these warblers (mean � SE =
1.58 � 0.51, range: 0.43–2.54) were significantly lower

than those observed across 126 other passerine species

listed in Albrecht et al. (2013) (mean � SE = 2.73 �
0.09, range: 0.58–5.76; unequal variance two-tailed t-

test: t30.41 = 7.18, P < 0.001; phylogenetic controlled

unequal variance two-tailed t-test: t149.54 = 2.10,

P = 0.04). When we applied a stricter criterion for

including warbler species (i.e. only including the 12

species for which we had data from five or more

males), our results were similar, with warblers gener-

ally exhibiting lower CVam values relative to other

passerines (warbler mean � SE = 1.72 � 0.42, range:

1.23–2.54; unequal variance two-tailed t-test:

t26.46 = �6.66, P < 0.001; phylogenetic controlled

unequal variance two-tailed t-test: t147.26 = 1.74,

P = 0.08).

Phylogenetic independent contrasts revealed four

particularly large contrasts in total sperm length and

body mass. Visualization of these contrasts on the phy-

logeny implied that the largest evolutionary changes in

total sperm length happened early in the clade’s radia-

tion (Fig. 1, see also Fig. S2 for a similar pattern in

sperm head, midpiece and flagellum length). A strong

phylogenetic signal in sperm morphology is also indi-

cated by values of Blomberg’s k exceeding one and thus

indicating related species are more similar than

expected under a BM model of evolution (Blomberg’s

k: head length k = 2.47, midpiece length k = 1.77, flag-

ellum length k = 1.82; total length k = 1.72; all P

(randomization test) < 0.001). The EB model was the

best-fit model for total sperm length and the length of

all sperm components (head length, midpiece length

and flagellum length), even when phylogenetic uncer-

tainty was taken into consideration (Table 3). Visualiza-

tion of the evolution of total sperm length on a

traitgram reflects these results by showing a large, early

divergence in total length, though interestingly, some

distantly related species exhibit convergence towards a

similar sperm size (Fig. 2, see also Fig. S3).

As for sperm length, body mass also showed a strong

phylogenetic signal (Blomberg’s k = 1.14, P (random-

ization test) < 0.001), with large contrasts near the base

of the phylogeny (Fig. 1). In the analysis of body mass,

the best-fit model was the BM model. However, the EB

model also received considerable support (DAICc = 1.5;

Table 3) and is thus a plausible model to describe evo-

lution of body mass in this subset of species. We also

found a weak positive trend in the association between

body mass and total sperm length in the Old World leaf

warblers (n = 21, slope � SE = 0.65 � 0.285, r = 0.46,

t19 = 2.268, P = 0.035; PGLS slope � SE = 0.35 �
0.249, t19 = 1.409, P = 0.18; Fig. 3). This is counter to

the negative association between mass and sperm

length in the data set of 126 species (excluding Old

World leaf warblers) taken from Albrecht et al. (2013)

(slope � SE = �0.090 � 0.08, t124 = �1.189, P = 0.24,

PGLS slope � SE = �0.063 � 0.026, t124 = �2.443,

P = 0.016; Fig 3).

Combined testes mass varied between 0.01 and

0.21 g (mean � SE = 0.09 � 0.02) and relative testes

mass (i.e. combined testes mass as % body mass) ran-

ged from 0.11 to 4.12 (mean � SE = 1.15 � 0.4) in the

subset of 10 species for which we had testes mass data.

We did not find any relationship between combined

testes mass and mid-latitude in the partial regression

with body mass as a covariate (partial regression coeffi-

cients: n = 10, slope � SE = 0.049 � 0.047, t7 = 1.048,

P = 0.329, PGLS slope � SE = 0.079 � 0.07, t7 = 1.124,

P = 0.298). In contrast, we found a weak positive

association between CVam and mid-latitude, when

including mean sperm length as a covariate (partial

regression coefficients: n = 15, slope � SE = 0.028 �
0.01, t12 = 2.8, P = 0.016, PGLS slope � SE = 0.018

� 0.01, t12 = 1.91, P = 0.08). When we included only

those species with sperm data from five or more

males, this relationship, while still positive, was not

significant (partial regression coefficients: n = 12,

Table 2 Adjusted CVam (among-male coefficient of variation in

total sperm length) values for 15 species of Old World leaf

warblers; only species with three or more males measured were

included in calculations of CVam.

Species CVam N

Phylloscopus borealis 2.19 8

Phylloscopus canariensis 1.38 30

Phylloscopus collybita 1.38 15

Phylloscopus ibericus 1.32 15

Phylloscopus trochilus 2.04 42

Phylloscopus sibilatrix 2.54 10

Phylloscopus occipitalis 2.02 20

Phylloscopus humei 1.23 5

Phylloscopus chloronotus 1.77 8

Phylloscopus xanthoschistos 1.70 7

Phylloscopus bonelli 1.25 8

Phylloscopus sindianus 1.77 12

Phylloscopus maculipennis 1.36 3

Phylloscopus pulcher 1.34 4

Seicercus affinis 0.43 3
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slope � SE = 0.017 � 0.012, t9 = 1.38, P = 0.2, PGLS

slope � SE = 0.012 � 0.01, t9 = 1.192, P = 0.26).

Discussion

Sperm morphology is highly variable across species,

and it is widely held that post-copulatory sexual selec-

tion is an important driver of evolutionary change in

sperm traits. We found large differences in sperm mor-

phology among species of Old World leaf warblers. In

fact, interspecific variation in sperm length among spe-

cies of Old World leaf warblers spanned more than

40% of the range exhibited in a much larger selection

of species across the infraorder Passerida (n = 203 spe-

cies in the data set of Immler et al., 2012), which itself

contains about 35% of all bird species. Similarly, varia-

tion in sperm midpiece length in these warblers was

considerable and spanned more than 40% of the full

range observed across currently investigated Passerida

species (Immler et al., 2012).

We also found that, within species, there was rela-

tively low among-male variability in total sperm length

Total sperm length

Phylloscopus bonelli

Phylloscopus sibilatrix

Phylloscopus collybita

Phylloscopus sindianus

Phylloscopus canariensis

Phylloscopus ibericus

Phylloscopus trochilus

Phylloscopus tytleri

Phylloscopus affinis

Phylloscopus chloronotus

Phylloscopus humei

Phylloscopus maculipennis

Phylloscopus pulcher

Phylloscopus xanthoschistos

Phylloscopus reguloides

Phylloscopus occipitalis

Seicercus affinis

Seicercus whistleri

Seicercus burkii

Phylloscopus borealis

Phylloscopus trochiloides

15 10 5 0 Low High

Body mass

0 5 10 15

Fig. 1 Maximum clade credibility

phylogeny of the 21 Old World leaf

warblers included in our study, see

Figure S1 for bootstrapped nodal

support values on the phylogeny. Most

large contrasts (indicated by warmer

colours at nodes) in sperm size and

body mass are at the base of the

phylogeny. Timescale is in millions of

years.

Table 3 D AICc scores (AICc – AICc score for best-fit model) and Akaike (AICc) weights showing support for evolutionary models.

Brownian motion (BM) Ornstein–Uhlenbeck (OU) Early Burst (EB)

r2 DAICc AICc weight r2 a DAICc AICc weight r2 r DAICc AICc weight

Sperm head length 0.001 2.280 0.228 0.001 0 5.035 0.058 0.006 �0.233 0* 0.714

Sperm midpiece length 0.005 2.632 0.201 0.005 0 5.379 0.051 0.032 �0.224 0* 0.748

Sperm flagellum length 0.003 3.513 0.142 0.003 0 6.258 0.036 0.027 �0.246 0* 0.822

Total sperm length 0.003 2.964 0.176 0.003 0 5.708 0.048 0.022 �0.241 0* 0.776

Body mass 0.002 0* 0.579 0.002 0 2.745 0.147 0.007 �0.124 1.503 0.273

For each trait, the model with the lowest AICc value (i.e. D AICc = 0) is considered the best-fitting model (bold with*).
The parameters estimated by the models are: r2 = net rate of trait evolution or the initial rate of evolution in the EB model, a = evolution-

ary constraint parameter in the OU model moving trait values back to the optimum and r = change in rate of trait evolution through time

in the EB model. AICc was computed after first averaging the likelihood over 100 trees sampled from the Bayesian phylogenetic analysis.
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(CVam) compared to those observed across a sample of

126 other passerine species which suggests that, within

these warbler species, males produce sperm that are

highly uniform in length. Interestingly, our finding of

generally low CVam values in Old World leaf warblers

despite the striking variation among species in total

sperm length may indicate an underlying relationship

between sperm size and sperm quality control during

spermatogenesis (Ramm & Sch€arer, 2014), although

further investigation of testes architecture and the

kinetics of sperm production would be necessary to

draw any firm conclusions. Nonetheless, regardless of

how variation in sperm length originates, low

intraspecific variation in total sperm length among

males has been associated with high rates of female

multiple mating (i.e. extra-pair paternity, polyandry)

and/or relatively large testes mass in a range of taxa,

including birds, mammals and insects (Calhim et al.,

2007; Kleven et al., 2008; Lifjeld et al., 2010; Fitzpatrick

& Baer, 2011; Laskemoen et al., 2013; Varea-S�anchez
et al., 2014), and has been widely attributed to stabiliz-

ing selection on sperm morphology imposed by strong

sperm competition, but see Morrow & Gage (2001) for

additional explanations.

The average relative testes mass (combined testes

mass as % body mass) in passerines is 1.58 � 0.11%

(Rowe et al., 2015) with a relative testes mass of 1%

corresponding to about 17.6% extra-pair young accord-

ing to a linear model (Pitcher et al., 2005). Species with

relative testes mass greater than 1% have been shown

to experience moderate-to-high levels of sperm competi-

tion. For example, the relative testes mass of the

Bluethroat Luscinia svecica is 1.02 and percentage of

extra-pair young is 26.3% (Johnsen & Lifjeld, 2003),

whereas the corresponding figures for the Yellowham-

mer Emberiza citrinella are 1.1 and 37.4% (Sundberg &

Dixon, 1996) (see Table S9 for data on other species).

Five of the ten Phylloscopid species for which we have

testes data have relative testes mass greater than or

equal to 1%, ranging from 1 to 4.12% (Table S4). These

five species, as well as the four species for which we

have extra-pair paternity data, are not restricted to one

part of the phylogeny (Table 1, Table S4, Fig. 1) and can

therefore be considered somewhat representative of the

Old World leaf warblers more generally. We acknowl-

edge that testes data, especially those calculated using

testes dimensions from museum data, could contain

errors and should be interpreted with caution (Calhim &

Birkhead, 2007). However, the relative testes mass val-

ues for these warblers together with the observed high

extra-pair paternity rates in those species that have been

studied (Table 1) and the low intraspecific variation in

sperm length, imply that many Old World leaf warbler

species exhibit characteristics consistent with moderate-

to-high levels of sperm competition and thus suggest

that sperm competition is likely to be an important evo-

lutionary force in this group. Thus, our findings are con-

sistent with previous work suggesting that high sperm

competition drives interspecific divergence in sperm

morphology in passerine birds (Rowe et al., 2015).

Fig. 2 Traitgram of total sperm length in Old World leaf warblers

shows large early divergence in sperm size followed by stasis of

sperm length divergence between more recent clades at the tips.
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Fig. 3 Relationship between sperm size and male body mass. Total

sperm length is positively associated to body mass in Old World

leaf warblers (red dots), but not in other Passerida (black dots).

Both variables were log-transformed before plotting. Ordinary

least-squares regression lines (solid) and phylogenetic generalized

least-squares regression lines (dotted) shown: red for warblers and

black for other Passerida.
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We found support for the EB model of morphologi-

cal change in sperm length in the Old World leaf

warblers. These results imply that rapid diversification

in sperm length occurred early in the history of this

clade and rates then decreased significantly with time

(i.e. rapid evolution followed by relative stasis). These

findings contrast with the patterns of sperm evolution

documented in a heterogeneous data set of 217

passerine species extending further back in time, in

which there was no evidence for EB model of trait

evolution (Immler et al., 2012). Early bursts in trait

evolution have been demonstrated to be statistically

difficult to detect (Slater & Pennell, 2013) implying a

strong signal for early burst in sperm size evolution in

Old World leaf warblers. Our results contrast with

putative patterns of recent rapid evolution in sperm

size in bluethroats Luscinia svecica (Hogner et al., 2013)

and African blue tits Cyanistes teneriffae (Gohli et al.,

2015), as well as, in this study, between two sub-

species of Phylloscopus reguloides (based on one individ-

ual from each, see Table S1) and P. maculipennis and

P. pulcher (Fig. 1). Interestingly, we also find some

convergence in sperm size between distantly related

species among these warblers (Fig. 2), which we sug-

gest may be due to rapid divergence in sperm length

between closely related species under conditions of

sperm competition (sensu Rowe et al., 2015) within a

finite trait space (i.e. less related species exhibit simi-

lar sperm lengths simply as a consequence of diver-

gence between closely related species given that there

is a upper and lower limit to sperm length). Together,

these results imply that the dynamics of sperm size

evolution are variable across taxonomic groups and

can include rapid periods of evolution interspersed

with long periods of stasis, even under conditions of

sperm competition.

Just as sperm length appears to have undergone early

rapid diversification, large changes in body size and

feeding method appear to have occurred early in the

evolutionary history of the Old World leaf warblers

(Richman & Price, 1992; Price, 2010; Ghosh-Harihar,

2014; see also Table 3 for support of EB evolution of

body mass in this study). Concordant patterns of evolu-

tion between body size and sperm size are reflected in

a positive association between body size and total

sperm length in these species, which is not typical of

the Passerida as a whole (Fig. 3). We suggest that

movement into new ecological niches may have driven

rapid divergent evolution of sperm length mediated by

selection under conditions of sperm competition (sensu

lato). Briskie et al. (1997) argued that longer sperm

evolve as a correlated response to longer sperm storage

tubules, and that longer sperm storage tubules may

make it easier for the female to control which sperm

are used for fertilizations. Thus, it is plausible that

changes in female body size placed new selection pres-

sures on sperm traits.

In the Phylloscopidae, early divergences in sperm

length were generally followed by a long period of rela-

tive stasis in sperm length evolution. One explanation

for the slowdown in trait divergence is based on ecolog-

ical factors, which may impose constraints on the evo-

lution of sperm length via effects on overall male

reproductive investment and strategies. For example,

resource availability and migration schedules can affect

strategies of investment into reproduction vs. survival

(Tuomi et al., 1983; Reznick, 1985; Parker et al., 2013),

with increased investment in survival constraining fur-

ther investment in sperm traits, such as sperm size. A

second explanation for recent stasis in sperm length is

that investment continues to be evolutionarily labile,

but that lability is reflected in other sperm traits impor-

tant to male fertilization success and not sperm length.

Perhaps most likely is recent selection for sperm num-

bers, which are a major determinant of male fertiliza-

tion success under a competitive mating scenario in

birds and in a range of other taxa (Martin et al., 1974;

Parker, 1982; Boschetto et al., 2011).

Our review of extra-pair paternity studies (Table 1),

combined with data on relative testes mass (Table S4)

and intraspecific variation in sperm length among

males (CVam), suggests that moderate-to-high levels of

sperm competition characterize many of the Old World

leaf warblers, despite the striking similarity of species in

morphology and plumage. A range of hypotheses have

been proposed to explain interspecific variation in

extra-pair paternity rates in birds (Møller & Ninni,

1998; Griffith et al., 2002; Westneat & Stewart, 2003),

and information from these warblers may help shed

light on these alternatives. Two long-standing ecological

hypotheses are that high breeding density and high

breeding synchrony promote extra-pair copulations

(Dunn et al., 1994; Westneat & Sherman, 1997; Ben-

nett & Owens, 2002; Stewart et al., 2009). Breeding

density has been a relatively good predictor of interpop-

ulation variation in extra-pair paternity within a spe-

cies, whereas breeding synchrony has been a better

predictor in comparisons among species (Stutchbury &

Morton, 1995; Griffith et al., 2002; Mayer & Pasinelli,

2013). Both breeding density and synchrony may be

high in the Old World leaf warblers. Warbler species

are often among the most common birds in the com-

munity (Price & Jamdar, 1990; Ghosh-Harihar & Price,

2014). For instance, at some sites in the western Hima-

layas, about 40% of the bird population consists of

these warblers and densities of some species are up to

four pairs/ha (Price et al., 1990; Price, 1991). There is

also some evidence of relatively high breeding syn-

chrony (Bjørnstad & Lifjeld, 1997; Marchetti, 1998).

Breeding density and synchrony have been reported

to vary with latitude (MacArthur, 1964; Ricklefs, 1966;

Wyndham, 1986; Macedo et al., 2008), and latitude has

been used as a proxy for breeding synchrony, with

greater synchrony at higher latitudes. We found a
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trend towards higher values of CVam in species dis-

tributed at higher latitudes. Given the negative rela-

tionship between CVam and female multiple mating

and/or relative testes size (a common proxy for the

strength of sperm competition in a range of species)

observed in a range of taxa (Calhim et al., 2007; Kleven

et al., 2008; Lifjeld et al., 2010; Fitzpatrick & Baer,

2011; Laskemoen et al., 2013; Varea-S�anchez et al.,

2014), these results may offer some insight into the

relationship between latitude and sperm competition

risk. Specifically, our results offer provisional evidence

that sperm competition is higher in species closer to

the equator, which is opposite to previous expectations

(Stutchbury & Morton, 1995; Spottiswoode & Møller,

2004). However, we would hesitate to interpret this as

higher sperm competition in less synchronously breed-

ing species, as latitude is correlated with a range of

ecological variables including resources and climate

(Martin, 1996; Weatherhead & Yezerinac, 1998).

Indeed, most of the species we studied are migratory

(Ali & Ripley, 1973; Katti & Price, 2003): the southern

species are elevational migrants in the Himalayas and

may be as equally synchronous as species at higher lat-

itudes. Regardless of the underlying causes of the rela-

tionship between latitude and putative levels of sperm

competition, our findings provide an interesting con-

trast to previous studies, which have reported a posi-

tive association or no relationship between these

variables (Stutchbury & Morton, 1995; Pitcher &

Stutchbury, 1998; Spottiswoode & Møller, 2004;

Macedo et al., 2008; Albrecht et al., 2013).

In conclusion, our results implicate post-copulatory

sexual selection in driving exceptional diversity in

sperm length among Old World leaf warblers, but

show that most of this diversity accumulated early in

the history of the group. Sexual dichromatism is com-

monly used as an index of the strength of sexual

selection in birds (Owens et al., 1999; Seddon et al.,

2013), as well as a range of other taxa (Misof, 2002;

Stuart-Fox & Owens, 2003; Wagner et al., 2012). This

is because comparative studies have revealed correla-

tions between the degree of dichromatism and other

indices of sexual selection such as mating system

(Dunn et al., 2001) and rates of extra-pair paternity

(Moller & Birkhead, 1994; Owens & Hartley, 1998).

Although these correlations suggest there should be lit-

tle precopulatory sexual selection in Old World leaf

warblers, several studies of these warblers have pre-

sented evidence for precopulatory sexual selection

through female choice based on territory and song

traits of males (Marchetti, 1998; Gil & Slater, 2000; Gil

et al., 2007). Thus, taken together with the current

study, it is possible that sexual selection is acting at

both pre- and post-copulatory stages in these dull, sex-

ually monochromatic species, and we have shown

here that these warblers differ significantly in a cryptic,

sexually selected trait – sperm length.
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Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this article:

Figure S1 Maximum likelihood phylogeny of 21 spe-

cies of Old World leaf warblers included in our study

showing the bootstrap support values at each node.

Figure S2 Larger contrasts (indicated by warmer col-

ours at nodes) in sperm head length, midpiece length

and flagellum length are at the base of the phylogeny,

smaller contrasts (indicated by cooler colours) are

towards the tips of the phylogeny.

Figure S3 Traitgram of sperm head length, midpiece

length and flagellum length in Old World leaf warblers

shows large early divergence in sperm size followed by

stasis of sperm length divergence between more recent

clades at the tips.

Table S1 Sampling dates and locations for Old World

leaf warbler males used in the analyses with accession

numbers for Natural History Museum Oslo (NHMO).

Table S2 Summary of sperm morphology traits (head

length, midpiece length, flagellum length and total

length) for 21 species of Old World leaf warblers along

with coefficient of variation in total sperm length
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within and among males, the values for the latter

adjusted for small sample sizes are also shown.

Table S3 Sperm morphology measurements (head

length, midpiece length, flagellum length and total

length) for all the warbler males included in this study.

Table S4 Combined testes mass data along with the

sources for the data and calculations of the % body

mass made accounted for by testes mass for ten of the

Old World leaf warbler species included in this study.

Table S5 Testes dimensions data for seven Old World

leaf warbler species from the Field Museum of Natural

History and California Academy of Sciences along with

the locations and dates of data collection.

Table S6 Calculations of combined testes mass (CTM,

sum of left and right testes mass) from the testes

dimensions for seven Old World leaf warbler species.

Table S7 Genbank accession numbers for the genes

used to reconstruct the Old World leaf warbler phy-

logeny used in our study.

Table S8 Results of a phylogenetic generalized least

squares analysis (PGLS) of standard deviation of (log)

total sperm length against mid-latitude and (log) total

sperm length, showing results similar to those obtained

using CVam as the dependent variable.

Table S9 Data on combined testes mass and extra-pair

paternity for passerine bird species other than the Old

World leaf warblers.

Appendix S1 Phylogeny of 21 species of Old World

leaf warblers included in our study with one outgroup

species in nexus file format.

Appendix S2 XML file used as input in BEAST to recon-

struct the phylogeny used in this study.
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