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One key objective in evolutionary ecology is to understand the magnitude
of inbreeding depression expressed across sex-specific components of fitness.
One major component of male fitness is fertilization success, which depends
on male gametic performance (sperm and pollen performance in animals
and plants, respectively). Inbreeding depression in male gametic performance could create sex-specific inbreeding depression in fitness, increase
the benefit of inbreeding avoidance and reduce the efficacy of artificial
insemination and pollination. However, there has been no assessment of the
degree to which inbreeding generally depresses male gametic performance
and hence post-copulatory or post-pollination fertilization success. Because
inbreeding depression is understood to be a property of diploid entities, it is
not clear what degree of inbreeding depression in haploid gametic performance should be expected. Here, we first summarize how inbreeding
depression in male gametic performance could potentially arise through
gene expression in associated diploid cells and/or reduced genetic diversity
among haploid gametes. We then review published studies that estimate the
magnitude of inbreeding depression in traits measuring components of
sperm or pollen quantity, quality and competitiveness. Across 51 published
studies covering 183 study traits, the grand mean inbreeding load was
approximately one haploid lethal equivalent, suggesting that inbreeding
depresses male gametic performance across diverse systems and traits. However, there was an almost complete lack of explicit estimates from wild
populations. Future studies should quantify inbreeding depression in systematic sets of gametic traits under naturally competitive and noncompetitive conditions and quantify the degree to which gamete phenotypes and
performance reflect haploid vs. diploid gene expression.

Introduction
Inbreeding, defined as reproduction among relatives,
often decreases mean phenotypic trait values and fitness in offspring, a phenomenon known as inbreeding
depression (Charlesworth & Charlesworth, 1987; Lynch
& Walsh, 1998). There is ample evidence of inbreeding
depression in individual reproductive success across

Correspondence: Sylvain Losdat, Institute of Biological and
Environmental Sciences, School of Biological Sciences, Zoology
Building, University of Aberdeen, Tillydrone Avenue, Aberdeen AB24
2TZ, UK. Tel.: +44 1224 274224; fax: +44 1224 272396;
e-mails: s.losdat@abdn.ac.uk and sylvain_losdat@yahoo.fr

992

wild, captive and experimental populations of plant and
animal species (Crnokrak & Roff, 1999; Hedrick & Kalinowski, 2000; Meagher et al., 2000; Keller & Waller,
2002). As a consequence, inbreeding depression has
become a central paradigm in evolutionary ecology and
conservation biology, particularly because it is expected
to influence mating system evolution (Lande & Schemske, 1985; Schemske & Lande, 1985; Tregenza &
Wedell, 2000; Pizzari et al., 2004; Charlesworth, 2006)
and reduce population growth rate and persistence
(Charlesworth & Charlesworth, 1987; Saccheri et al.,
1998; Crnokrak & Roff, 1999; Hedrick & Kalinowski,
2000). However, the evolutionary and conservation
consequences of inbreeding depression are expected to
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depend on the degree to which it is expressed in males
vs. females and across different life-history stages (Husband & Schemske, 1996; Szulkin et al., 2007; Whitlock
& Agrawal, 2009; Brekke et al., 2010).
Male reproductive success can be an extremely variable fitness component within populations, creating
substantial opportunities for selection and inbreeding
depression (Clutton-Brock, 1988; Birkhead & Møller,
1998; Waller et al., 2008). However, the mechanisms
underlying inbreeding depression in male reproductive
success, and the components of selection involved,
remain unresolved. Inbreeding depression can be partly
attributed to premating sexual selection (Meagher et al.,
2000; Joron & Brakefield, 2003), reflecting inbreeding
depression in the expression of secondary sexual traits
and consequent mating success (Van Oosterhout et al.,
2003; Reid et al., 2005; Mariette et al., 2006; Ala-Honkola et al., 2009; P€
olkki et al., 2012). However, inbreeding depression in male reproductive success could also
reflect inbreeding depression in traits affecting postcopulatory or post-pollination sexual selection. Foremost among these may be gametic traits. In plants and
animals, pollen and sperm performance can, respectively, predict reproductive fitness (Snow & Spira,
1991, 1996; Birkhead & Møller, 1998; Pizzari & Parker,
2009). However, there has been no synthesis of the
degree to which inbreeding, referring to the coefficient
of inbreeding (f) of a focal male, might be expected to
or does affect male’s gametic performance and hence
create inbreeding depression in male reproductive
success and fitness through post-copulatory or postpollination sexual selection.
Inbreeding depression is widely attributed to the
increased genome-wide homozygosity that results from
inbreeding (Lynch & Walsh, 1998). Such increased
homozygosity can decrease fitness by increasing the
expression of deleterious recessive alleles and hence
exposing genetic load (partial dominance hypothesis)
and/or by reducing expression of heterozygote advantage (overdominance hypothesis, Charlesworth &
Charlesworth, 1987; Lynch & Walsh, 1998; Roff, 2002;
Charlesworth & Willis, 2009). Inbreeding depression is
therefore understood to be a property of diploid entities
where phenotypes depend on genetic dominance
effects. More explicitly, inbreeding depression requires
directional dominance such that the phenotype of
heterozygotes differs from the mean of the two homozygotes (Charlesworth & Charlesworth, 1999). This situation is likely to apply to fitness-related traits that are
under strong directional selection, and hence where
deleterious dominant alleles will be rapidly eliminated
but deleterious recessive alleles will be maintained at
low frequencies (Falconer & Mackay, 1996; Lynch &
Walsh, 1998). Traits that are closely related to fitness
might consequently show higher inbreeding depression
than traits that are less closely related to fitness (which
might be under stabilizing rather than directional
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selection, Lynch & Walsh, 1998; DeRose & Roff, 1999;
Cotton et al., 2004). Because sperm- and pollen-performance-related traits can influence fitness (Snow &
Spira, 1991, 1996; Birkhead & Møller, 1998; Pizzari &
Parker, 2009) and are at least partly under diploid
genetic control through gene expression in the focal
male, inbreeding depression might be expected.
However, individual sperm and pollen cells carry
haploid genomes that result from chromosomal segregation (and crossing-over) during meiosis (Stephenson
et al., 2001; Higginson & Pitnick, 2011). Because sperm
and pollen cells are haploid, genetic dominance effects
cannot exist and inbreeding depression in gametic traits
that result from haploid gene expression cannot arise
through currently understood mechanisms. The degree
to which male gametic traits could show inbreeding
depression will therefore depend on the degree to
which they are under haploid vs. diploid genetic control, as well as on segregating genetic loads. In plants,
the haploid pollen genome is expressed from microsporogenesis (meiosis giving rise to pollen grains) until the
pollen tube enters the ovule (Mascarenhas, 1993;
Stephenson et al., 2001). Newly formed pollen grains
(microgametophytes) require expression of their own
haploid genome to develop, germinate and grow, and
aspects of their performance (speed of germination and
pollen growth rate) depend on their haploid genotype
(Sari-Gorla & Frova, 1997). In animals, expression of
haploid genes in sperm is generally thought to be
rather limited (Pizzari & Parker, 2009), but recent studies suggest that part of the haploid genome might be
expressed and influence sperm function (Joseph &
Kirkpatrick, 2004; Immler, 2008; Pizzari & Foster,
2008). The expression of haploid sperm and pollen
genes allows selection at the individual gamete level,
creating competition between individual sperm or pollen genes within a single male as well as among males
(Parker & Begon, 1993; Stephenson et al., 2001;
Immler, 2008). Because the relative roles of diploid vs.
haploid genetic control in male gametic performance
are poorly known, it is not immediately clear to what
degree inbreeding depression in male gametic performance should be expected.
If inbreeding depression in male gametic performance, defined as a decrease in the performance of a
male’s sperm or pollen with increasing f of the focal
male, did arise, it could have profound implications for
mating system evolution and conservation biology.
First, inbreeding depression in male gametic performance could create sex-specific inbreeding depression
in fitness. Although the overall evidence is still equivocal, recent studies on animal species suggest that
inbreeding depression in fitness can be greater in males
than in females (Enders & Nunney, 2010; Janicke et al.,
2013). Sex-specific inbreeding depression implies that
selection against deleterious recessive alleles can differ
between the sexes (assuming equal directional

ª 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 992–1011
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

994

S. LOSDAT ET AL.

dominance; Agrawal, 2011; Mallet & Chippindale,
2011), which could cause sex-specific purging (Whitlock
& Agrawal, 2009) and potentially create sex-specific
evolutionary trajectories. Sex-specific inbreeding depression could also influence mating system evolution. For
example in plants, differential inbreeding depression in
male and female fitness components could facilitate the
evolution of stable mixed mating systems where both
selfing and outcrossing are maintained (Rausher &
Chang, 1999).
Second, inbreeding depression in male gametic performance could influence the coevolutionary dynamics
of polyandry (female mating with multiple males
during a single reproductive episode) and inbreeding.
Polyandry is widely hypothesized to have evolved as a
means of avoiding inbreeding and consequent inbreeding depression (Jennions & Petrie, 2000; Tregenza &
Wedell, 2000; Zeh & Zeh, 2001; Barrett, 2002; Simmons, 2005). However, regardless of its ultimate cause,
polyandry causes coexistence of sperm or pollen of
more than one male at or near the site of fertilization,
creating competition for the fertilization of the eggs or
ovules (Parker, 1970; Mulcahy & Mulcahy, 1987). By
creating gamete competition, polyandry might increase
the magnitude of inbreeding depression in male fitness
in situations where inbreeding reduces a male’s gametic
performance in competition for fertilization. This could
in turn increase the evolutionary benefit of inbreeding
avoidance, potentially altering the magnitude of selection on polyandry.
Third, inbreeding depression in pollen performance
could have synergistic interactions with other factors
that shape plant mating systems. For example, several
studies have shown that inbreeding, and specifically
selfing, could reduce the quantity of pollen available
for outcrossing (known as ‘pollen discounting’, Wells,
1979; Goodwillie et al., 2005; Charlesworth, 2006).
Inbreeding depression in pollen performance could
additionally reduce the quality of pollen available for
outcrossing, potentially leading to a further reduction
in fertilization success than typically considered under
pollen discounting. This compounding cost of inbreeding could make partial selfing (i.e. mixed mating
systems) harder to maintain in nature.
Fourth, inbreeding depression in male gametic performance could affect the efficacy of artificial breeding
programmes. Artificial insemination is widely used as a
conservation tool to allow reproduction between individuals that are unable to achieve natural reproduction,
to exchange genetic material between captive and wild
populations and to manage reproduction to minimize
inbreeding and inbreeding depression (Wildt et al.,
1995). In animals, sperm characteristics can substantially influence the success of artificial inseminations
(Blanco et al., 2009). Inbreeding depression in sperm
performance could therefore reduce the efficacy of
planned artificial inseminations. In plants, reduced

pollination ability following inbreeding or selfing can
substantially reduce crop yield, compromise plant
breeding programmes or pose greater requirements for
efficacious pollination (Allard, 1999). Inbreeding
depression in pollen performance could underlie such
negative effects, potentially leading to species extinction
(Brown & Caligari, 2013).
Here, we first consider the possible mechanisms
through which inbreeding could impact male gametic
performance. We then assess the evidence that inbreeding depression in male gametic performance is a general
phenomenon by conducting a literature review and
prospective meta-analysis of studies that estimate the
magnitude of inbreeding load in sperm- and pollen-performance-related traits. We discuss the implications of
our results and requirements for future studies.

Potential mechanisms of inbreeding
depression in male gametic performance
Sperm performance
Mature haploid spermatozoa (i.e. sperm cells) develop
from diploid germ cells in a multistep, organized and
synchronized process of meiosis, named spermatogenesis (Roosen-Runge, 1962; de Franca et al., 2008). During spermatogenesis, germ cells interact and keep
constant contact with somatic cells (e.g. cyst cells in
Drosophila, Sertoli cells in mammals; White-Cooper
et al., 2009), which produce essential androgens and
gonadotrophins (e.g. testosterone produced by Leydig
cells in mammals) and shape spermatogenesis (Knobil
& Neil, 1994; Walker, 2011). Homozygosity in inbred
males could potentially affect all stages of this continuous process through multiple nonexclusive mechanisms. For example, before the onset of meiosis,
deleterious mutations could be expressed in the relatively homozygous diploid germ cells of inbred males,
potentially impacting the quantity, phenotype and performance of subsequently formed sperm cells. During
spermatogenesis, diploid somatic cells play a major role
as shown in knockout mice where spermatogenesis is
impaired in the enforced absence of testosterone or
androgen receptors (De Gendt et al., 2004), following
Leydig hyperplasia (Robertson et al., 1999), or reduced
androgen receptors in Sertoli cells (Chang et al., 2004).
Consequently, increased homozygosity at loci regulating the synthesis and functioning of androgens, androgen receptors and testis somatic support cells could
cause inbreeding depression in the quantity (e.g. sperm
number) or quality (e.g. sperm swimming velocity) of
an inbred male’s mature haploid sperm cells (see Literature Review section for description and definition of
sperm traits).
During and following spermatogenesis, male homozygosity could also indirectly reduce haploid sperm performance via effects on the sperm environment. Sperm
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are released in seminal fluid, whose properties strongly
influence sperm characteristics such as velocity and
motility (Chapman, 2001; Froman, 2003) and capacitation (a maturation process where sperm acquire the
ability to fertilize an oocyte in mammals; Sanz et al.,
1993). Seminal fluid also influences sperm storage and
nourishment in the female tract (Gillott, 1996; Wolfner,
2002) and sperm defence against chemical attacks
(Alexander & Anderson, 1987; Chapman, 2001). The
composition and allocation of seminal fluid is consequently under strong selection (Cornwallis & O’Connor,
2009; Wigby et al., 2009). As seminal fluid is created by
diploid gene expression in males, inbreeding depression
in sperm performance could arise as a consequence of
impeded functioning of sexual organs of inbred males.
Finally, there is now evidence that some haploid
gene expression can occur in sperm (e.g. in house mice
Mus musculus, reviewed in Joseph & Kirkpatrick, 2004).
Because inbreeding depression stems from genetic
dominance effects, inbreeding depression in resulting
haploid phenotypes is not expected (see Introduction).
However, fascinatingly, haploid gene products have
been shown to be shared among developing sperm in
mice, making sperm phenotypes effectively diploid due
to interactions between multiple sperm cells (Braun
et al., 1989; Joseph & Kirkpatrick, 2004). Selection
might then act on diploid phenotypes that are jointly
expressed by haploid sperm cells, potentially resulting
in inbreeding depression.
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and pollen coat deposition (Shivanna & Johri, 1985;
Willing et al., 1988; Piffanelli et al., 1998; Parish & Li,
2010). Mutations that disrupt the tapetum development
or its functions can lead to abnormally small pollen
grains with a slower tube growth rate than normal pollen and, in some cases, even male sterility (Li et al.,
2006; Guo & Liu, 2012; Liu & Fan, 2013). In addition,
tapetal cells are also involved in synthesizing sporopollenin, a major ingredient for the pollen grain outer wall
(Ariizumi & Toriyama, 2011) that is important for
structural support as well as for grain viability. As pollen grains mature, the tapetum layer eventually undergoes programmed cell death (Scott et al., 2004) and
releases organelles, some of which are incorporated into
the pollen coat (Li et al., 2006; Liu & Fan, 2013). Abnormal tapetum development or persistence can therefore
cause abnormal pollen walls (Dou et al., 2011; Li et al.,
2011), potentially impeding the initial hydration and
tube germination of the pollen grains on the stigmatic
surface (Dickinson & Elleman, 1985; Blackmore et al.,
2007; Ariizumi & Toriyama, 2011; Liu & Fan, 2013).
Pollen grains are therefore influenced by the diploid
sporophytic genome in both the content inside the vegetative cell and the materials on the pollen wall surface.
Hence, there are ample opportunities for inbreeding
depression in diploid cells to affect the performance of
the haploid pollen grains beyond solely any inbreeding
depression in pollen quantity that might arise.

Pollen performance

Inbreeding depression due to reduced genetic
diversity

Flowering plants do not have specified germ lines during
initial vegetative growth. Instead, at the onset of
reproduction, a group of cells inside the meristem
differentiate into anthers. Sporogenesis occurs inside the
anthers, creating microspore mother cells that are surrounded by several layers of sterile cells including nutritive cells that constitute the tapetum layer (Shivanna &
Johri, 1985; Furness et al., 2002). Each microspore
mother cell, which contains a diploid genome, undergoes meiosis to produce four haploid daughter cells that
are initially held together as a tetrad. Post-meiotic processes allow the individual microspores to separate,
undergo a mitotic division and form two daughter cells
of uneven sizes, with the smaller generative cell
enclosed inside the larger vegetative cell (Shivanna &
Johri, 1985; Twell, 2011). The generative cell eventually
divides through mitosis into two cells (referred to as
‘sperm’ cells), and following successful pollination, the
vegetative cell germinates and grows a pollen tube that
transports the sperm to the egg inside the ovule.
Multiple stages in pollen development are influenced
by the diploid genome in the sporophytes. For example,
tapetal tissues surrounding the pollen mother cells
and developing pollen grains provide the grains with
metabolites, enzymes, nutrients, pollen wall synthesis

A different mechanism through which the coefficient of
inbreeding (f) of a focal male could potentially affect
sperm or pollen performance involves reduced genetic
diversity among individual sperm cells or pollen grains
within a male. During gametogenesis, both meiotic
recombination and de novo recombination produce
genetic diversity among gametes (Till-Bottraud et al.,
2005; Wang et al., 2012). Genetic diversity within germ
and mother cells is expected to decrease with increasing
f, meaning that more inbred males might produce less
genetically diverse gametes. Because genetic diversity is
a fundamental source of phenotypic diversity and can
influence fitness (Reed & Frankham, 2003; Hughes et al.,
2008), gamete pools that contain reduced genetic diversity might impede a male’s gametic performance and
ultimate fertilization success. For example in animals,
because the optima of different sperm traits (e.g. size
and longevity) cannot always be achieved simultaneously within single sperm, males producing phenotypically diverse sperm can have a fertilization
advantage (Immler et al., 2007; Pizzari & Parker, 2009).
To the degree that genetic diversity among individual
sperm (i.e. intra-male variance) could create phenotypic
diversity, inbred males could show reduced performance
in sperm competition. This potential mechanism under-
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lying inbreeding depression in male gametic performance, and hence fitness, differs from those described
previously or considered more widely because it does
not require genetic dominance effects on phenotype.
In summary, given the multiple potential mechanisms through which inbreeding could affect male
gametic quantity and quality, there would seem to be
considerable scope for inbreeding depression in male
gametic performance and hence fertilization success.

Literature review
To assess the evidence that inbreeding depression can
affect male gametic performance, we undertook a literature review of studies that estimated inbreeding loads
in relevant traits. We first explain and justify the
metrics of sperm and pollen performance considered
(summarized in Table 1).
Sperm performance
It is widely accepted that sperm performance depends on
sperm quantity (e.g. ejaculate size and percentage of
motile sperm; Table 1) and quality (e.g. sperm swimming
velocity and longevity; Parker, 1998; Pizzari & Birkhead,
2000; Snook, 2005; Pizzari et al., 2008; Pizzari & Parker,
2009; Table 1). Sperm swimming velocity predicts
fertilization success in domestic (Birkhead et al., 1999;
Donoghue et al., 1999; Burness et al., 2004), captive
(Levitan, 2000; Burness et al., 2004) and wild populations (Gage et al., 2004; Malo et al., 2005; Casselman
et al., 2006; Gasparini et al., 2010), as do motility (Hunter
& Birkhead, 2002; Denk et al., 2005; Malo et al., 2005)
and longevity (Levitan, 2000), at least in some species.
The outcome of sperm competition might also be influenced by sperm number (Martin et al., 1974; Parker,
1982; Gage & Morrow, 2003; Table 1) and by morphological traits including total sperm length, head length
and flagellum length (Gomendio & Roldan, 2008; L€
upold
et al., 2009) and their ratios (Humphries et al., 2008)
although sperm number and morphology can trade off in
complex ways (Snook, 2005; Pizzari & Parker, 2009).
Additionally, sperm oxidative damage (i.e. damage due
to oxidative stress, the imbalance between reactive oxygen species and the antioxidant response, Sies, 1991) has
recently been identified as a major impediment to sperm
performance in several species (Aitken, 1999; Tremellen,
2008; Pike et al., 2010; Losdat et al., 2011).
Further metrics of a male’s sperm performance
involve the number or proportion of eggs fertilized
(Table 1), measuring male fertilizing efficiency in a
noncompetitive context (e.g. strictly monogamous
species) or sperm competitive ability in a competition
situation (Birkhead, 1998). Given competition, both the
proportion of offspring fathered by the first male to
mate with a female (P1, ‘sperm defence’) and the proportion of offspring fathered by the second male to

mate with a female (P2, ‘sperm offence’) can be measured (Boorman & Parker, 1976; Table 1).
Pollen performance
Similar to sperm, the quantity and quality of pollen can
both be important for male reproductive success (Aizen
& Harder, 2007). The sessile nature of plants makes the
delivery of pollen grains from the source anthers to
conspecific target stigmas an indirect process that relies
on external pollination agents (e.g. insects, wind). The
efficacy of these agents partially depends on the quantity of pollen they collect and deliver to the intended
targets (Ashman, 1998). As a large proportion of
exported pollen grains never reach conspecific stigmas
(Holsinger & Thomson, 1994), the quantity of pollen
produced, which is influenced by both the number of
staminate flowers and the number of pollen grains produced per flower, is an important predictor of individual fertilization success (e.g. Muchhala & Thomson,
2010; Perry & Dorken, 2011; De Cauwer et al., 2012).
Once pollen grains are successfully delivered to the
stigmas, pollen quality becomes important. Individual
pollen grains often encounter conspecific grains on the
same stigma, and competitive ability becomes the key
factor in determining relative siring success. As fastergrowing pollen tubes can reach the eggs earlier, relative
pollen tube growth rate is key (Pasonen et al., 2001;
Lankinen & Armbruster, 2007). Appropriate metrics of
male gametic performance in plants therefore include
total pollen production, pollen production per flower,
size of pollen grains, speed of pollen germination and
pollen tube growth rate (Table 1).

Results
We searched for studies that estimated inbreeding
depression in sperm and pollen performance traits
through Google Scholar and Web of Science using different combinations of the keywords: ‘relatedness’,
‘inbreeding’, ‘inbreeding depression’, ‘sperm’, ‘sperm
quality’, ‘sperm performance’, ‘paternity’, ‘male’, ‘fertility’,
‘pollen’, ‘pollen tube growth’, ‘pollen size’, ‘pollen
volume’ and ‘pollen production’. We then checked the
reference lists of every article found through the initial
searches for additional relevant articles. Through this
process, we identified 51 studies (30 animal and 21
plant studies) that considered 35 gametic traits, totalling
183 pollen or sperm study traits in 37 species (24 animals and 13 plants, Table 2). The animal species comprised 16 vertebrates and eight invertebrates. Of the 51
studies, 46 used captive populations (28 animals and 18
plants) whereas only five used wild populations (two
animals and three plants). Furthermore, both these
animal studies (Wildt et al., 1987; Gage et al., 2006)
used microsatellite heterozygosity rather than pedigreebased estimates of inbreeding, and the three plant
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Table 1 List of sperm and pollen performance traits considered (in alphabetical order). Definitions follow the studies included in the
literature review and therefore pertain to those specific studies.
Male gametic trait

Definition

References

Sperm traits
Fertility

Total number of offspring sired by a male

Malo et al. (2006);
Michalczyk et al. (2010)
Gomendio et al. (2000);
van Eldik et al. (2006)
Birkhead & Møller (1998);
Pizzari & Parker (2009)
Gomendio et al. (2000)

Percentage of morphologically normal
spermatozoa
Percentage of motile sperm

Percentage of sperm that do not show
physical abnormalities
Percentage of sperm that move/are alive

Percentage of normal sperm

Percentage of sperm that show no abnormalities in
any measured trait
Percentage of sperm with a high level of DNA
fragmentation
Percentage of sperm that move forward normally,
also known as sperm viability
Percentage of offspring sired by the first (of two)
males to mate with a given female
Percentage of offspring sired by the second (of two)
males to mate with a given female
Percentage of offspring sired by a male in a
sperm competition situation
Total number of sperm cells for a given volume of
ejaculate
Within-male mean length (lm) of a given part of sperm.
Head volume = p/6*(head length)3

Percentage of oxidative DNA damage
Percentage of spermatozoa with progressive motility
Proportion of offspring sired (P1 sperm defence)
Proportion of offspring sired (P2 sperm offence)
Proportion of offspring sired (P1 and P2 combined)
Sperm concentration
Sperm morphological measures (total length,
head length, midpiece length, flagellum length,
head volume)
Sperm morphological ratios (head/flagellum
and midpiece/flagellum)
Sperm morphometry: variability in sperm length
Sperm volume
Total sperm counts

pez et al. (2010)
Ruiz-Lo
Gomendio et al. (2000);
van Eldik et al. (2006)
Hughes (1997);
Simmons (2011)
Hughes (1997);
Simmons (2011)
Hughes (1997);
Simmons (2011)
Wildt et al. (1982);
van Eldik et al. (2006)
Mehlis et al. (2012)

Within-male mean ratio value of sperm parts

Mehlis et al. (2012)

Intra-male coefficient of variation in total sperm length
Ejaculate volume
Total number of sperm in an ejaculate

Michalczyk et al. (2010)
Maximini et al., 2011;
Wildt et al. (1982);
Zajitschek & Brooks (2010)
Hayes et al. (2005b)

Number of pollen grains

Total number of days on which staminate (male)
flowers were produced
Product of staminate flowers per plant, pollen number
per flower and in vitro pollen tube growth rate
Number of pollen grains per stigma or flower

Number of pollen tubes per flower
Number of staminate flowers per plant

Number of growing pollen tubes per flower
Total number of staminate (male) flowers produced

Percentage of pollen germinating

Percentage of pollen that germinate in controlled
conditions
Mean pollen diameter (lm) per individual
Mean pollen tube length (lm) measured in vitro

Pollen traits
Days with staminate flowers
Multiplicative male fitness

Pollen diameter
Pollen tube length
Pollen viability
Siring success

Proportion of alive pollen (vs. dead pollen)
measured through staining method
Proportion of seeds sired following pollination by
a mixture of inbred/outbred pollen

studies used wild-collected seeds that were then inbred,
grown and pollen traits studied in constrained conditions. There is therefore no study that estimated
inbreeding load in sperm or pollen performance based
on explicit estimates of f where focal males lived under
natural conditions. The large diversity of gametic traits

Stephenson et al. (2004);
Hayes et al. (2005a)
Aizen et al. (1990);
Melser et al. (1999)
Montalvo (1992)
hannsson et al. (1998);
Jo
Stephenson et al. (2001)
Austerlitz et al. (2012)
Hayes et al. (2005b)
Aizen et al. (1990);
Hayes et al. (2005b)
Hayes et al. (2005b)
hannsson et al. (1998);
Jo
Austerlitz et al. (2012)

measured across studies and the limited and unbalanced
sample size per trait (Table 2) precluded a formal quantitative meta-analysis that corrected for phylogeny and
publication bias. We therefore conducted a ‘prospective’
meta-analysis that simply compiles estimated effects
(Simmons & Moore, 2009).
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Table 2 Summary of studies estimating inbreeding depression in sperm and pollen traits.

Gametic trait/species

Conditions

Design

Sperm traits
Fertility (number of offspring)†
Physa acuta
Lab/captive
Comparison
Drosophila
Lab/captive
Comparison
melanogaster
D. melanogaster
Lab/captive
Comparison
Tribolium
Lab/captive
Comparison
castaneum
Drosophila
Lab/captive
Comparison
simulans
D. melanogaster
Lab/captive
Comparison
D. melanogaster
Lab/captive
Regression
Peromyscus
Lab/captive
Regression
leucopus
P. leucopus
Lab/captive
Regression
Percentage of morphologically normal spermatozoa*
Canis lupus baileyi Lab/captive
Regression
Equus ferus
Lab/captive
Regression
E. ferus
Lab/captive
Regression
Gazella cuvieri
Lab/captive
Regression
Gazella dama
Lab/captive
Regression
Gazella dorcas
Lab/captive
Regression
Percentage of motile sperm*
C. lupus baileyi
Lab/captive
Regression
P. leucopus
Lab/captive
Regression
E. ferus
Lab/captive
Regression
Mesocricetus
Lab/captive
Comparison
auratus
E. ferus
Lab/captive
Regression
G. cuvieri
Lab/captive
Regression
G. dama
Lab/captive
Regression
G. dorcas
Lab/captive
Regression
Myliobatis australis Lab/captive
Regression
M. australis
Lab/captive
Regression
G. cuvieri
Lab/captive
Regression
Canis lupus
Lab/captive
Comparison
Gazella dama
Lab/captive
Regression
mhorr
Lynx pardinus
Lab/captive
Regression
D. simulans
Lab/captive
Comparison
Percentage of normal sperm*
Panthera leo
Wild
Comparison
Oryctolagus
Wild
Regression
cuniculus
E. ferus
Lab/captive
Regression
G. cuvieri
Lab/captive
Regression
G. dama
Lab/captive
Regression
G. dorcas
Lab/captive
Regression
Peromyscus
Lab/captive
Regression
polionotus
G. cuvieri
Lab/captive
Regression
Percentage of oxidative DNA damage*
D. simulans
Lab/captive
Comparison
Ovies aries
Lab/captive
Comparison
Gazella spp.
Lab/captive
Regression

Inbreeding
estimation

Sample
size

Range of f

Reported
effect

B

References

Breeding design
Breeding design

194
94

0–0.5
0–0.25

0

0.53†
0.09

Janicke et al. (2013)
Ala-Honkola et al. (2013)

Breeding design
Breeding design

96
29

0–0.5
0–0.83

0
0

0.45
0.06

Ala-Honkola et al. (2013)
Michalczyk et al. (2010)

Breeding design

200

0–0.25

0.83

Okada et al. (2011)

Breeding design
Breeding design
Breeding design

1050
X
59

0.09
1.22
1.88

Pedersen et al. (2011)
Robinson et al. (2009)
Malo et al. (2010)

Breeding design

59

0.1–0.17

0.38

Malo et al. (2010)

Breeding design
Microsatellites
Pedigree
Pedigree
Pedigree
Pedigree

55
104
285
14
17
19

0.11–0.61
NA
0–0.26
0.06–0.23
0–0.31
0–0.08

Breeding design
Breeding design
Microsatellites
Microsatellites

55
59
104
20

0.11–0.61
0.09–0.17
NA
NA

Pedigree
Pedigree
Pedigree
Pedigree
Pedigree
Pedigree
Pedigree
Pedigree
Pedigree

285
14
17
19
317
398
11
18
22

0–0.26
0.06–0.23
0–0.31
0–0.08
0.01–0.11
0.01–0.13
0.06–0.23
0–0.26
0.27–0.40

0–0.79
0.02–0.25
0.09–0.17

Heterozygosity
Breeding design

20
55

NA
0–0.25

Allozymes
Microsatellites

25
91

NA
NA

Pedigree
Pedigree
Pedigree
Pedigree
Pedigree

285
14
17
19
93

0–0.26
0.06–0.23
0–0.31
0–0.08
0.1–0.5

Pedigree

11

Breeding design
Pedigree
Pedigree

200
20
49

0
0

0
0

X
NA
1.9
X
X
X

Asa et al. (2007)
Aurich et al. (2003)
van Eldik et al. (2006)
Gomendio et al. (2000)
Gomendio et al. (2000)
Gomendio et al. (2000)

0
0

X
1.66
NA
NA

Asa et al. (2007)
Malo et al. (2010)
Aurich et al. (2003)
Fritzsche et al. (2006)

0

0
0

0.44
X
X
X
X
X
X
4.01
X

van Eldik et al. (2006)
Gomendio et al. (2000)
Gomendio et al. (2000)
Gomendio et al. (2000)
Maximini et al. (2011)
Maximini et al. (2011)
Roldan et al. (1998)
Wildt et al. (1982)
pez et al. (2012)
Ruiz-Lo

0
0

NA
0.63

pez et al. (2012)
Ruiz-Lo
Okada et al. (2011)

NA
NA

Wildt et al. (1987)
Gage et al. (2006)

0
0
X

2.88
X
X
X
X

van Eldik et al. (2006)
Gomendio et al. (2000)
Gomendio et al. (2000)
Gomendio et al. (2000)
Margulis & Walsh (2002)

0.06–0.23

X

Roldan et al. (1998)

0–0.25
0–0.25
0–0.31

0.37
4.96
X

Okada et al. (2011)
Petrovic et al. (2013)
pez et al. (2010)
Ruiz-Lo

0
0
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Table 2 (Continued)

Gametic trait/species

Conditions

Design

Inbreeding
estimation

Percentage of spermatozoa with progressive motility*
E. ferus
Lab/captive
Regression
Pedigree
G. cuvieri
Lab/captive
Regression
Pedigree
G. dama
Lab/captive
Regression
Pedigree
G. dorcas
Lab/captive
Regression
Pedigree
Proportion of offspring sired (P1 sperm defence)†
Gryllodes
Lab/captive
Comparison Breeding design
supplicans
D. melanogaster
Lab/captive
Comparison Breeding design
T. castaneum
Lab/captive
Comparison Breeding design
D. melanogaster
Lab/captive
Regression
Breeding design
Proportion of offspring sired (P2 sperm offence)†
D. melanogaster
Lab/captive
Comparison Breeding design
D. melanogaster
Lab/captive
Comparison Breeding design
Rhizoglyphus
Lab/captive
Comparison Breeding design
robini
T. castaneum
Lab/captive
Comparison Breeding design
D. melanogaster
Lab/captive
Comparison Breeding design
D. melanogaster
Lab/captive
Regression
Breeding design
Proportion of offspring sired (P1 and P2 merged)†
P. acuta
Lab/captive
Comparison Breeding design
D. melanogaster
Lab/captive
Comparison Breeding design
D. melanogaster
Lab/captive
Comparison Breeding design
Teleogryllus
Lab/captive
Comparison Breeding design
oceanicus
Poecilia reticulata
Lab/captive
Comparison Breeding design
P. reticulata
Lab/captive
Comparison Breeding design
M. auratus
Lab/captive
Comparison Microsatellites
Sperm concentration*
E. ferus
Lab/captive
Regression
Microsatellites
E. ferus
Lab/captive
Regression
Pedigree
M. australis
Lab/captive
Regression
Pedigree
C. lupus
Lab/captive
Comparison Pedigree
Sperm morphometry: total sperm length*
D. melanogaster
Lab/captive
Comparison Breeding design
Lab/captive
Comparison Breeding design
D. melanogaster
T. castaneum
Lab/captive
Comparison Breeding design
Sperm morphometry: flagellum length*
Gasterosteus
Lab/captive
Comparison Breeding design
aculeatus R.
G. cuvieri
Lab/captive
Regression
Pedigree
Sperm morphometry: head length*
G. aculeatus R.
Lab/captive
Comparison Breeding design
G. cuvieri
Lab/captive
Regression
Pedigree
Sperm morphometry: head volume*
G. aculeatus R.
Lab/captive
Comparison Breeding design
Sperm morphometry: head- or midpiece-to-flagellum ratio*
G. aculeatus R.
Lab/captive
Comparison Breeding design
G. cuvieri
Lab/captive
Regression
Pedigree
Sperm morphometry: midpiece length*
G. cuvieri
Lab/captive
Regression
Pedigree
Sperm morphometry: total sperm length*
D. melanogaster
Lab/captive
Comparison Breeding design
D. melanogaster
Lab/captive
Comparison Breeding design
T. castaneum
Lab/captive
Comparison Breeding design
G. cuvieri
Lab/captive
Regression
Pedigree

Sample
size

Range of f

285
14
17
19

0–0.26
0.06–0.23
0–0.31
0–0.08

Reported
effect

B

References

3.46
X
X
X

van Eldik et al. (2006)
Gomendio et al. (2000)
Gomendio et al. (2000)
Gomendio et al. (2000)

0–0.25

X

Stockley (1999)

X
164
X

X
0–0.83
0.02–0.25

0.29
0.32
0.67

Hughes (1997)
Michalczyk et al. (2010)
Robinson et al. (2009)

94
96
100

0–0.25
0–0.5
0–0.25

0
0.075
3.09

Ala-Honkola et al. (2013)
Ala-Honkola et al. (2013)
Konior et al. (2005)

164
X
X

0–0.83
X
0.02–0.25

0.52
0.40
0.22

Michalczyk et al. (2010)
Hughes (1997)
Robinson et al. (2009)

194
94
96
77

0–0.5
0–0.25
0–0.5
0–0.25

1.81
0
0.075
1.28

Janicke et al. (2013)
Ala-Honkola et al. (2013)
Ala-Honkola et al. (2013)
Simmons (2011)

32
9
20

0–0.59
0–0.25
NA

14

104
285
317
18

0–0.26
0.01–0.11
0–0.26

0
0
0

0
0

0

0

2.36
0.37
NA

Zajitschek et al. (2009)
Zajitschek et al. (2009)
Fritzsche et al. (2006)

0
0
0

NA
0.8
X
7.45

Aurich et al. (2003)
van Eldik et al. (2006)
Maximini et al. (2011)
Wildt et al. (1982)

0

44
43
30

0–0.25
0–0.5
0–0.83

0
0
0

0.05
0.02
0.01

Ala-Honkola et al. (2013)
Ala-Honkola et al. (2013)
Michalczyk et al. (2010)

23

0–0.5

0

0.15

Mehlis et al. (2012)

11

0.06–0.23

X

Roldan et al. (1998)

23
11

0–0.5
0.06–0.23

0
0

0.09
X

Mehlis et al. (2012)
Roldan et al. (1998)

23

0–0.5

0

0.19

Mehlis et al. (2012)

23
11

0–0.5
0.06–0.23

0
0

0.15
X

Mehlis et al. (2012)
Roldan et al. (1998)

11

0.06–0.23

0

X

Roldan et al. (1998)

44
43
30
11

0–0.25
0–0.5
0–0.83
0.06–0.23

0
0
0
0

0.05
0.02
0.01
X

Ala-Honkola et al. (2013)
Ala-Honkola et al. (2013)
Michalczyk et al. (2010)
Roldan et al. (1998)
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Table 2 (Continued)

Gametic trait/species

Conditions

Design

Sperm morphometry: variability in sperm length*
T. castaneum
Lab/captive
Comparison
Sperm volume*
E. ferus
Lab/captive
Regression
E. ferus
Lab/captive
Regression
M. australis
Lab/captive
Regression
M. australis
Lab/captive
Regression
G. cuvieri
Lab/captive
Regression
C. lupus
Lab/captive
Comparison
Total sperm counts*
Callosobruchus
Lab/captive
Comparison
maculatus
G. aculeatus R.
Lab/captive
Comparison
P. reticulata
Lab/captive
Comparison

Inbreeding
estimation

Breeding design

Sample
size

30

Range of f

Reported
effect

0–0.83

Microsatellites
Pedigree
Pedigree
Pedigree
Pedigree
Pedigree

104
285
317
398
11
18

NA
0–0.26
0.01–0.11
0.13–0.14
0.06–0.23
0–0.26

Breeding design

165

0–0.25

Breeding design
Breeding design

46
61

0–0.5
0–0.25

0
+
0

0

0

B

References

0.40

Michalczyk et al. (2010)

NA
1.93
X
X
X
2.0

Aurich et al. (2003)
van Eldik et al. (2006)
Maximini et al. (2011)
Maximini et al. (2011)
Roldan et al. (1998)
Wildt et al. (1982)

1.15

Fox et al. (2012)

0.11
1.4

Mehlis et al. (2012)
Zajitschek & Brooks
(2010)
Zajitschek & Brooks
(2010)
Zajitschek & Brooks
(2010)
Zajitschek & Brooks
(2010)
Aurich et al. (2003)
Fritzsche et al. (2006)
Margulis & Walsh (2002)
Maximini et al. (2011)
Maximini et al. (2011)
Wildt et al. (1982)

P. reticulata

Lab/captive

Comparison

Breeding design

62

0–0.59

P. reticulata

Lab/captive

Comparison

Breeding design

40

0–0.38

P. reticulata

Lab/captive

Comparison

Breeding design

62

0–0.5

E. ferus
Lab/captive
M. auratus
E/lab-wild
P. polionotus
Lab/captive
M. australis
Lab/captive
M. australis
Lab/captive
C. lupus
Lab/captive
Pollen traits
Days with staminate flowers‡
Cucurbita pepo
Lab/captive
ssp. texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
Multiplicative male fitness§
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
Number of pollen grains‡
Echium vulgare
Lab/captive
Campanula
Lab/captive
rapunculoides
C. rapunculoides
Lab/captive

Regression
Comparison
Regression
Regression
Regression
Comparison

Microsatellites
Microsatellites
Pedigree
Pedigree
Pedigree
Pedigree

104
20
93
317
398
18

NA
NA
0.1–0.5
0.01–0.11
0.01–0.13
0–0.26

Comparison

Breeding design

192

0–0.25

0.21

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.5

0.06

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.75

0.38

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.875

0.2

Hayes et al. (2005b)

Comparison

Breeding design

224

0–0.5

0.4

Stephenson et al. (2004)

Comparison

Breeding design

250

0–0.75

0.75

Hayes et al. (2005a)

Comparison

Breeding design

192

0–0.25

0.65

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.5

0.66

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.75

0.87

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.875

0.66

Hayes et al. (2005b)

Comparison
Comparison

Breeding design
Breeding design

10
186

0–0.5
0–0.25

X
0.42

Comparison

Breeding design

153

0–0.5

0.95

Comparison

Breeding design

129

0–0.75

1.33

Melser et al. (1999)
Good-Avila &
Stephenson (2003)
Good-Avila &
Stephenson (2003)
Good-Avila &
Stephenson (2003)

C. rapunculoides

Lab/captive

1.34
0

0.69
1.7

0
0

0

NA
NA
X
X
X
6.4
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Table 2 (Continued)

Gametic trait/species

Conditions

Number of pollen tubes per flower‡
Eichhornia
Lab/captive
paniculata
E. vulgare
Lab/captive
Aquilegia caerulea
Wild
Amsinckia
Lab/captive
grandiflora
Quercus ilex
Wild
Dianthus chinensis Lab/captive
L.
Mimulus guttatus
Lab/captive
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
Lab/captive
C. pepo ssp.
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
Number of staminate flowers per plant‡
Collinsia
Lab/captive
heterophylla
Silene latifolia
Lab/captive
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
C. pepo ssp.
Lab/captive
texana
Percentage of pollen germinating‡
S. latifolia
Wild

Design

Inbreeding
estimation

Comparison

Breeding design

Comparison
Comparison
Comparison

Sample
size

Range of f

Reported
effect

B

References

X

0–0.5

0

X

Cruzan & Barrett (1993)

Breeding design
Breeding design
Breeding design

10
132
58

0–0.5
0–0.5
0–0.5

0
0

X
0.04
2.74

Melser et al. (1999)
Montalvo (1992)
Weller & Ornduff (1991)

Comparison
Comparison

Breeding design
Breeding design

14
160

0–0.5
0–0.5

0.8
0.26

Yacine & Bouras (1997)
Aizen et al. (1990)

Comparison
Regression

Breeding design
Breeding design

161
174

0–0.5
0–0.875

0.56
0.14

Carr & Dudash (1995)
Hayes et al. (2004)

Comparison

Breeding design

250

0–0.75

0.14

Hayes et al. (2005a)

Comparison

Breeding design

250

0–0.75

0.3

Comparison

Breeding design

225

0–0.5

0.06

Nelson Hayes et al.
(2005)
Stephenson et al. (2004)

Comparison

Breeding design

192

0–0.25

0.21

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.5

0.15

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.75

0.22

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.875

0.16

Hayes et al. (2005b)

Comparison

Breeding design

174

0–0.5

0.37

Comparison
Comparison

Breeding design
Breeding design

20
272

0–0.25
0–0.5

0.24
0.8

Lankinen & Armbruster
(2007)
Teixeira et al. (2008)
hannsson et al. (1998)
Jo

Comparison

Breeding design

X

0–0.25

0.68

Stephenson et al. (2001)

Comparison

Breeding design

X

0–0.5

0.55

Stephenson et al. (2001)

Comparison

Breeding design

X

0–0.75

0.59

Stephenson et al. (2001)

Regression

Breeding design

238

0–0.875

0.33

Hayes et al. (2004)

Comparison

Breeding design

250

0–0.75

0.44

Hayes et al. (2005a)

Comparison

Breeding design

192

0–0.25

0.25

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.5

0.15

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.75

0.37

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.875

0.24

Hayes et al. (2005b)

Comparison

Breeding design

250

0–0.75

0

0.48

Nelson Hayes et al.
(2005)

Comparison

Breeding design

342

0–0.5

0

0.19

Austerlitz et al. (2012)

0

0
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Table 2 (Continued)

Gametic trait/species

Conditions

Design

Inbreeding
estimation

Lab/captive

Regression

Breeding design

Lab/captive

Comparison

Lab/captive

Sample
size

Range of f

Reported
effect

B

References

174

0–0.875

0

0.02

Hayes et al. (2004)

Breeding design

192

0–0.25

0

0

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.5

0

0.02

Hayes et al. (2005b)

Lab/captive

Comparison

Breeding design

192

0–0.75

0

0.01

Hayes et al. (2005b)

Lab/captive

Comparison

Breeding design

192

0–0.875

0

0.01

Hayes et al. (2005b)

Lab/captive

Comparison

Breeding design

250

0–0.75

0

0

0

0.06

Nelson Hayes et al.
(2005)
Stephenson et al. (2004)

Pollen diameter‡
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. rapunculoides

Lab/captive

Comparison

Breeding design

225

0–0.5

Lab/captive

Comparison

Breeding design

186

0–0.25

0.29

C. rapunculoides

Lab/captive

Comparison

Breeding design

153

0–0.5

0.02

C. rapunculoides

Lab/captive

Comparison

Breeding design

129

0–0.75

0.23

Lab/captive
Lab/captive

Comparison
Comparison

Breeding design
Breeding design

10
X

0–0.5
0–0.25

1.21
0.27

Melser et al. (1999)
Stephenson et al. (2001)

Lab/captive

Comparison

Breeding design

X

0–0.5

0.09

Stephenson et al. (2001)

Lab/captive

Comparison

Breeding design

X

0–0.75

0.17

Stephenson et al. (2001)

Lab/captive

Comparison

Breeding design

174

0–0.5

0.33

Calluna vulgaris

Lab/captive

Comparison

Breeding design

41

0–0.5

C. pepo ssp.
texana
D. chinensis L.
C. rapunculoides

Lab/captive

Comparison

Breeding design

100

0–0.5

0.8

Lankinen & Armbruster
(2007)
Mahy & Jacquemart
(1999)
Stephenson et al. (2004)

Lab/captive
Lab/captive

Comparison
Comparison

Breeding design
Breeding design

160
134

0–0.5
0–0.25

0.48
0.56

C. rapunculoides

Lab/captive

Comparison

Breeding design

139

0–0.5

0.26

C. rapunculoides

Lab/captive

Comparison

Breeding design

121

0–0.75

0.66

E. paniculata
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana

Lab/captive
Lab/captive

Comparison
Regression

Breeding design
Breeding design

X
114

0–0.5
0–0.875

Lab/captive

Comparison

Breeding design

250

Lab/captive

Comparison

Breeding design

Lab/captive

Comparison

Lab/captive

Pollen tube length‡
E. vulgare
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
C. heterophylla

0

0

Good-Avila &
Stephenson (2003)
Good-Avila &
Stephenson (2003)
Good-Avila &
Stephenson (2003)

X
0.10

Aizen et al. (1990)
Good-Avila &
Stephenson (2003)
Good-Avila &
Stephenson (2003)
Good-Avila &
Stephenson (2003)
Cruzan & Barrett (1993)
Hayes et al. (2004)

0–0.75

0.15

Hayes et al. (2005a)

192

0–0.25

0.25

Hayes et al. (2005b)

Breeding design

192

0–0.5

0.37

Hayes et al. (2005b)

Comparison

Breeding design

192

0–0.75

0.28

Hayes et al. (2005b)

Lab/captive

Comparison

Breeding design

192

0–0.875

0.27

Hayes et al. (2005b)

Lab/captive

Comparison

Breeding design

250

0–0.75

0.32

Nelson Hayes et al.
(2005)

0
0
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Table 2 (Continued)

Gametic trait/species
C. pepo ssp.
texana
Q. ilex
E. vulgare
C. pepo ssp.
texana
C. pepo ssp.
texana
C. pepo ssp.
texana
Pollen viability‡
E. vulgare
Siring success§
S. latifolia

Conditions

Design

Inbreeding
estimation

Sample
size

Lab/captive

Comparison

Breeding design

272

Wild
Lab/captive
Lab/captive

Comparison
Comparison
Comparison

Breeding design
Breeding design
Breeding design

Lab/captive

Comparison

Lab/captive

Range of f

Reported
effect

B

References

0–0.5

0.13

hannsson et al. (1998)
Jo

14
10
X

0–0.5
0–0.5
0–0.25

X
1.21
0.27

Yacine & Bouras (1997)
Melser et al. (1999)
Stephenson et al. (2001)

Breeding design

X

0–0.5

0.09

Stephenson et al. (2001)

Comparison

Breeding design

X

0–0.75

0.17

Stephenson et al. (2001)

Lab/captive

Comparison

Breeding design

10

0–0.5

0.07

Melser et al. (1999)

Lab/captive

Comparison

Breeding design

X

0–0.5

0.79

Hauser & Siegismund
(2000)
Montalvo (1992)
Cruzan & Barrett (1993)
Austerlitz et al. (2012)
hannsson et al. (1998)
Jo

A. caerulea
E. paniculata
S. latifolia
C. pepo ssp.
texana
C. vulgaris

Wild
Lab/captive
Wild
Lab/captive

Comparison
Comparison
Comparison
Comparison

Breeding
Breeding
Breeding
Breeding

design
design
design
design

132
X
342
272

0–0.5
0–0.5
0–0.5
0–0.5

0

X
X
0.94
0.81

Lab/captive

Comparison

Breeding design

49

0–0.5

2.85

E. vulgare
S. latifolia

Lab/captive
Lab/captive

Comparison
Comparison

Breeding design
Breeding design

10
20

0–0.5
0–0.25

1.63
1.14

Mahy & Jacquemart
(1999)
Melser et al. (1999)
Teixeira et al. (2008)

Studies that used pedigrees or breeding designs to estimate coefficients of inbreeding (f) or to create individuals of known f are shown without
shading whereas studies that used other proxy methods to estimate inbreeding are shown in grey shading. ‘Conditions’ specifies whether a
study was conducted in laboratory/captive conditions or in the wild. ‘Design’ specifies the use of two groups with distinct f values (‘comparison’), or a range of individual f values (‘regression’). ‘Inbreeding estimation’ refers to the method used to quantify inbreeding levels; estimation of f using pedigrees, homozygosity as a proxy (e.g. allozymes, microsatellites) or breeding designs to create individuals of known f.
‘Sample size’ is the number of individuals considered for a given study trait. ‘Range of f’ refers to the range of f, or to the values for inbred
and outbred groups. For example, offspring produced by outbred full siblings will be f = 0.25. ‘Reported effect’ refers to the direction of the
(significant) effect of inbreeding on the gametic trait as reported in the original article. 0 denotes an effect that was not significantly different
from zero. ‘ B’ is the inbreeding load (see main text for details). ‘X’ denotes data that could not be obtained. ‘NA’ denotes not applicable.
For illustrative purposes (see Fig. 2b), traits are classified into four categories as denoted by the symbols: *sperm quality or quantity trait,
†sperm competition trait, ‡pollen quality or quantity trait and §pollen competition trait.

We calculated values of inbreeding load B, which provide a standard and comparable estimate of the change in
the trait value with inbreeding, allowing quantitative
comparisons across studies. From each original article, we
extracted f and mean gametic trait values or requested
them from the authors if the required data were not
explicitly presented. We then calculated the inbreeding
load (B) for each gametic trait measured in each study
(hereafter ‘study trait’) as B = ln(outbred-trait-mean/
inbred-trait-mean)/f for experimental studies with discrete inbred and outbred groups, as minus the slope of a
regression of ln(trait) on f for studies with a range of f
values, or as B = ln(1 d)/f for studies where the genetic
load d was provided (Charlesworth & Charlesworth,
1987; Keller & Waller, 2002). For ease of interpretation,
we present B rather than B so that negative values
describe negative effects (Figs 1 and 2; Table 2).
Four animal studies (grey shading, Table 2) were
excluded from quantitative analyses of B because they

used molecular genetic proxies (typically microsatellite
marker heterozygosity) to estimate inbreeding, which
may not accurately predict f (Balloux et al., 2004;
Pemberton, 2004; Slate et al., 2004), or used population-level rather than individual-level data. These four
animal studies (11 study traits) are, however, retained
in Table 2 for inspection of qualitative effects.
Considering all 183 study traits irrespective of the
method used to estimate inbreeding (Table 2), the
effect of inbreeding was reported (in the original paper)
to be significantly negative for 115 study traits, not
significantly different from zero for 66 study traits,
significantly positive for one study trait (van Eldik et al.,
2006). The direction of the effect could not be obtained
for one published study trait (Maximini et al., 2011).
All 21 plant studies and 26 of the 30 animal studies
(172 study traits in total) specified or estimated f using
artificial breeding designs or natural pedigrees (black
font, Table 2). Values of f ranged from 0 to 0.875 and
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10.0

(a)

0.0

(a)

–1.0

–0.5

Number of studies

7.5

5.0

2.5

*

–1.5

Change in mean gametic trait value per study

1004

(b)

–6

–4

–2

0

0.0

50

2

(b)
Trait category

–0.5

40

Sperm competition

–1.0

Number of study-traits

Pollen competition

–1.5

Change in gametic study-trait value

0.5

0.0

Sperm quality or quantity
Pollen quality or quantity

30

20

10

0.0

0.2

0.4

0.6

0.8

Male's coefficient of inbreeding f
Fig. 1 Change in sperm (dotted lines) and pollen (solid lines)
gametic trait values (log-transformed) in relation to the focal
male’s coefficient of inbreeding f. Each line represents (a) one
study (n = 35) or (b) one study trait (n = 126), and each slope
corresponds to (a) mean B across the set of traits within each
study and (b) B for each study trait. Line lengths show the range
of f considered in the published study. Outbred gametic trait
values (f = 0) are centred to 0. For example, in the plant study
marked with an asterisk (*), the mean difference in pollen traits
between inbred (f = 0.5) and outbred individuals resulted in an
inbreeding load ( B) equating to 1.43.

inbreeding load ( B) ranged from 7.45 to 1.21, across
35 studies and 126 study traits (Figs 1 and 2, B and/or
f could not be recovered for 46 study traits). The
grand mean of B across these studies was negative
(mean  SE: 0.98  0.21, Figs 1a and 2a) and differed significantly from zero according to a one-sample

0
–8

–6

–4

–2

0

2

Inbreeding load (–B)
Fig. 2 Frequency distributions of inbreeding load ( B) across (a)
studies and (b) study traits. In (b), gametic study traits are
classified into four different categories: sperm quality/quantity
traits, sperm competition traits, pollen quality/quantity traits and
pollen competition traits.

t-test (t34 = 4.76, P < 0.001). We also used a mixedeffect model (nlme package in R software, R Core
Team, 2013) to test whether estimated B differed
between sperm and pollen study traits. Random study
identity effects were fitted to account for nonindependence of B across multiple gametic traits considered in
a single study. There was a nonsignificant tendency
(F1,33 = 3.27, P = 0.08) for sperm study traits to show
more negative values than pollen study traits ( B:
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mean  SE: 1.29  0.40 and 0.58  0.11, respectively), and both these effects differed from zero.
In studies that used more than one discrete inbred
group, some study traits (37 in total) only differed in f
(e.g. Good-Avila & Stephenson, 2003; see Table 2),
therefore potentially creating some pseudo-replication.
However, models fitted to data sets that comprised
mean B across each set of study traits that differed only
in f yielded similar results (not shown). The estimated
magnitude of B did not vary with sample size across
studies (Fig. S1). Furthermore, B did not increase significantly with maximum f (Fig. S2).

Discussion
Inbreeding depression in fitness-related traits is commonplace in normally outbreeding organisms (Charlesworth & Charlesworth, 1987; Keller & Waller, 2002;
Charlesworth & Willis, 2009). However, as inbreeding
depression is thought to result from homozygosity and
therefore to be a property of diploid entities where
genetic dominance effects are expressed, it is not
immediately clear whether inbreeding depression in fitness components that stem from the performance of
haploid gametes should be expected or what the magnitude could be. Although inbreeding depression in
male fertilizing ability has been documented in some
captive endangered species (Fitzpatrick & Evans, 2009;
Roldan & Gomendio, 2009), there is no previous
overview of the degree to which such effects span taxa,
species, sperm and pollen traits or reproductive systems, even though the existence of substantial gametic
inbreeding depression could affect sexual selection and
mating system evolution and impact conservation
management.
Together, the published studies summarized in our
literature review showed a general negative effect of
inbreeding on male gametic performance. The grand
mean haploid inbreeding load reported across all studies
( B = 0.98) is within the range of estimated inbreeding loads in major fitness components such as survival
or longevity ( B ranges from 0 to ca. 7.5 across multiple species, Keller & Waller, 2002; Laws & Jamieson,
2011) and in secondary sexual traits (Prokop et al.,
2010). For example, haploid inbreeding load in
ornamental and courtship traits ranged from ca. 0.1
to 3.6 in guppies Poecilia reticulata (Van Oosterhout
et al., 2003). Inbreeding depression in male reproductive success could then be at least partially explained by
inbreeding depression in male gametic performance
occurring at the post-mating or post-pollination stage
(i.e. ‘post-copulatory’ sexual selection).
However, our quantitative conclusions regarding the
magnitude of inbreeding depression in male gametic
performance should be interpreted with some caution.
First, because more published studies reported significant inbreeding depression than did not, we cannot
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exclude the possibility of publication bias against nonsignificant results (Osenberg et al., 1999; see also Supporting Information). Second, almost all published
studies were conducted in laboratory or captive conditions. Although some studies used individuals collected or captured directly from wild populations, no
study has quantified inbreeding depression in male
gametic performance in free-living populations using
an explicit measure of f. Effects occurring in wild populations may differ considerably from those estimated
in laboratory and captive populations because captivity
can substantially reduce inbreeding depression (Meagher et al., 2000; Joron & Brakefield, 2003). The lack
of estimates from wild populations probably reflects
the challenge of simultaneously estimating both individual f and male gametic performance with adequate
accuracy and precision. Populations with long-term
pedigrees, and/or species with substantial genomic
resources, and/or experimentally crossed plants further
translocated into natural conditions offer the best
opportunities to estimate inbreeding depression in
aspects of male gametic performance in nature.
Inbreeding loads tended to be larger in sperm (i.e.
animal) traits compared with pollen (i.e. plant) traits
( B = 1.29 and 0.58, respectively). Given such a
difference, plants could potentially inbreed more than
animals with less severe fitness consequences. Such differential inbreeding depression across kingdoms might
be expected to stem from increased expression of
haploid gametic genomes in plants vs. animals. The
haploid pollen genome is known to be expressed from
meiosis until the pollen tube enters the ovule and to
facilitate pollen grain development, germination,
growth and performance (Mascarenhas, 1993; SariGorla & Frova, 1997; Stephenson et al., 2001). There
might therefore be less scope for inbreeding depression
in pollen performance compared with sperm where the
expression of haploid genes is generally thought to be
more limited (Pizzari & Parker, 2009), and phenotype
might consequently be more affected by diploid gene
expression in males. However, recent studies suggest
that haploid sperm genes might be expressed and drive
sperm function (Joseph & Kirkpatrick, 2004; Immler,
2008; Pizzari & Foster, 2008). Overall, the relative
influences of sperm and pollen haploid gene expression
vs. diploid male gene expression on gamete development and subsequent performance remain poorly
known and require further investigation. A generally
smaller inbreeding load in pollen performance than in
sperm performance might also be expected because
most plant species included in our review can selffertilize whereas the animal species cannot. Repeated
self-fertilization leads to high levels of inbreeding, and
therefore, purging of inbreeding load might be stronger
and more effective in plants (Barrett & Charlesworth,
1991; Byers & Waller, 1999; Crnokrak & Barrett,
2002).
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In general, the magnitude of inbreeding depression
can be environment dependent and is often (but not
always) greater in harsher environments (Armbruster &
Reed, 2005; Waller et al., 2008; Fox & Reed, 2011).
Inbreeding might therefore be expected to affect male
fertilization success to a greater degree in competitive
contexts where gamete competition for fertilization success is high (Meagher et al., 2000; Pizzari & Parker,
2009). Inbreeding could then substantially affect a
male’s fertilization success and fitness. We could not
formally test whether estimated inbreeding loads in
gametic performance were indeed greater under competitive vs. noncompetitive conditions because there
are not yet sufficient studies that span both contexts.
However, to qualitatively explore variation in estimated
magnitudes of inbreeding depression among different
types of traits, we classified gametic traits into four categories, comprising the quantity or quality of individual
sperm or pollen, and the competitiveness of sperm or
pollen in terms of fertilization success (Table 2, Fig. 2b).
This categorization did not reveal any overwhelming
differences in inbreeding depression between traits pertaining to gamete quantity or quality and traits pertaining to gamete competitiveness (Fig. 2b). However, in
some species such as Tribolium castaneum (Michalczyk
et al., 2010), Mesocricetus auratus (Fritzsche et al., 2006)
and Silene latifolia (Austerlitz et al., 2012), sperm or pollen traits related to gametic competition showed strong
inbreeding depression in competitive contexts, but this
was not accompanied by significant inbreeding depression in sperm quality or quantity traits measured independent of competitive outcomes (Table 2). This suggests
that inbreeding, without (visibly) affecting gametic traits,
can still decrease fertilization success in a competitive
context. Future studies that measure both intrinsic
gamete phenotype and competitiveness (i.e. fertilization
success in a competitive context) are required to fully
assess such effects and understand the implications for
the evolution of mating systems including polyandry.
While our current review focussed on male gametic
performance, female gametic performance might also
show inbreeding depression, with further implications
for evolution, population ecology and conservation.
There is some evidence of inbreeding depression in the
number of gametes produced by female plants (Carr &
Dudash, 1995; Gargano et al., 2011) and animals (Sewalem et al., 1999; Janicke et al., 2013). However, as female
and male gametic traits are (by definition) different,
future studies will need to consider different suites of
traits in the context of female vs. male gametic inbreeding depression. Traits to be considered include physiological components of eggs and ovules, such as antioxidant,
nutritive and hormonal constituents, which can greatly
affect offspring growth and fitness (giving rise to maternal effects, Mousseau & Fox, 1998), and ovarian fluid,
whose characteristics can influence female and male fertility (e.g. Gasparini & Pilastro, 2011).

Conclusion
Our review of published studies suggests that inbreeding can reduce male gametic performance, potentially
reducing male reproductive success and hence fitness.
Such inbreeding depression would not necessarily be
expected given that gametes are haploid. However, due
to the high diversity of gametic traits considered but
low replication within traits, and the paucity of studies
performed in the wild population, further studies are
clearly required before the evolutionary or population
dynamic consequences of inbreeding through male
gametic performance can be fully understood. Future
objectives should be to quantify inbreeding loads in
wild populations, compare inbreeding depression in
measures of intrinsic male gametic quantity or quality
vs. fertilization success under competitive conditions,
and quantify the relative roles of haploid vs. diploid
gene expression on gamete performance.
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