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The ‘expensive tissue hypothesis’ predicts a size trade-off between the brain
and other energetically costly organs. A specific version of this hypothesis, the
‘expensive sexual tissue hypothesis’, argues that selection for larger testes
under sperm competition constrains brain size evolution. We show here that
there is no general evolutionary trade-off between brain and testis mass in
mammals. The predicted negative relationship between these traits is not
found for rodents, ungulates, primates, carnivores, or across combined
mammalian orders, and neither does total brain mass vary according to the
level of sperm competition as determined by mating system classifications.
Although we are able to confirm previous reports of a negative relationship
between brain and testis mass in echolocating bats, our results suggest that
mating system may be a better predictor of brain size in this group. We
conclude that the expensive sexual tissue hypothesis accounts for little or
none of the variance in brain size in mammals, and suggest that a broader
framework is required to understand the costs of brain size evolution and how
these are met.

Introduction
Understanding the factors that influence brain size evolution is a subject of longstanding interest within evolutionary biology research, in terms of both structural and
functional considerations (Finlay & Darlington, 1995;
Barton & Harvey, 2000; Barton, 2006; Byrne & Bates,
2007; Dunbar & Shultz, 2007; Sol et al., 2007; Barrickman
et al., 2008; Gonzalez-Voyer et al., 2009). In particular,
several, not necessarily incompatible, hypotheses have
been proposed to explain selection for relatively large
brain size in certain birds and mammals, including
ecological hypotheses (Harvey et al., 1980; Barton, 1998;
Sol et al., 2005), and the social brain hypothesis (Brothers,
1990; Dunbar, 1998). Other hypotheses focus on potential evolutionary constraints on encephalization in these
groups; for example the ‘expensive tissue hypothesis’ of
Aiello & Wheeler (1995) proposes that brain size is
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constrained by an evolutionary trade-off between investment in energetically expensive brain tissue and other
costly organs (e.g. the gut in primates).
More recently, attention has focussed on the possible
role of sexual selection in brain size evolution among
birds and mammals (Madden, 2001; Garamszegi et al.,
2005; Lindenfors et al., 2007). In this context, Pitnick
et al. (2006) suggested a new ‘expensive sexual tissue
hypothesis’, whereby investment in brain tissue is proposed to trade-off specifically with investment in costly
sexually selected traits such as large testes favoured
under sperm competition. Sperm competition is a widespread phenomenon where sperm from two or more
males compete to fertilize a set of ova (Parker, 1970;
Birkhead & Møller, 1998), and is an important driving
force in the evolution of diverse male reproductive traits
that influence differential fertilization success, from
sperm morphology and ejaculate characteristics to copulatory and mate-guarding behaviour (Birkhead &
Møller, 1998). In mammals, it is well established that
average testis mass (relative to body mass) is positively
correlated with the level of sperm competition typically
experienced by males (e.g. ungulates, Ginsberg &
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Rubenstein,1990; primates, Harcourt et al., 1981, 1995;
bats, Hosken, 1997, 1998; rodents, Ramm et al., 2005).
This is because larger testes allow males to invest more
sperm in each reproductive event, thereby increasing the
probability of winning in sperm competition (Parker
et al., 1997; Wedell et al., 2002; see also Preston et al.,
2003; Schulte-Hostedde & Millar, 2004).
To date, support for the ‘expensive sexual tissue
hypothesis’ has only been presented for bats, among
which Pitnick et al. (2006) reported evidence of a negative
evolutionary relationship between brain size and testis
size as well as a larger brain (relative to body size) for
monogamous or polygynous species compared to polygynandrous species (but see Dechmann & Safi, 2009).
However, there is more widespread evidence in other
mammalian taxa to suggest an association between
mating system and brain size: monogamous species
generally have larger brains than do species where females
mate multiply (primates, Schillaci, 2006; carnivores and
ungulates, Shultz & Dunbar, 2007), suggesting that large
brain size is often found in species with relatively low
levels of sperm competition. Whereas Pitnick et al. (2006)
argued that various bat species have evolved greater levels
of investment in either brain or testis mass, but not both
because each of these tissues is energetically expensive to
produce (c.f. Aiello & Wheeler, 1995), Shultz & Dunbar
(2007) suggest instead that larger brains might be an
advantage for monogamous species to optimize mate
choice and to avoid cuckoldry. These different interpretations emphasize the importance of considering whether
or not correlations are robust to potentially confounding
variables and analysis across broader comparative datasets
(Barton, 2006; Healy & Rowe, 2007).
Here, we test for evidence of a widespread influence of
sperm competition on brain size evolution across a broad
taxonomic spectrum of mammals. We use a large dataset,
comprising rodents, bats, ungulates, primates, carnivores
and insectivores, to look for evidence of a negative
relationship between brain size and testis size, as
predicted by the expensive sexual tissue hypothesis
(Pitnick et al., 2006). Results of our analyses do not
support predictions of the expensive sexual tissue
hypothesis, and suggest that it does not provide a general
explanation for mammalian brain size evolution.

Materials and methods
Dataset
We collected data on total brain mass, testis mass, body
mass and mating system. When data for continuous
variables were available from multiple sources in the
literature for the same biological trait in the same species,
we used the mean of these data weighted by the sample
size provided by each study. Because the different data
sources often do not provide information on the sex of
each animal measured, previous studies, including Pit-

nick et al. (2006), have used combined measures. We
have therefore followed the same procedure here, such
that brain and body masses should be considered as an
average size for males and females. All data are provided
in the Supporting Information.
Data on total brain masses come principally from
published reviews [e.g. see Mace et al. (1981) and McNab
& Eisenberg (1989) for rodents and insectivores, Pitnick
et al. (2006) for bats, Harvey et al. (1980) for primates,
Shultz & Dunbar (2006) for ungulates and Gittleman
(1986) for carnivores]. This dataset was then supplemented using primary sources identified from Zoological
Record and the Mammalian Species series (see Supporting
Information for a complete reference list).
For testis mass, the data utilized in our study come
mainly from published reviews [e.g. Kenagy & Trombulak (1986) for rodents, insectivores and carnivores;
Pitnick et al. (2006) for bats; Harcourt et al. (1981) for
primates and Ginsberg & Rubenstein (1990) for ungulates]. Again, this dataset was supplemented using
information from primary sources identified from Zoological Record and the Mammalian Species series (see Supporting Information). For each species, combined testis mass
(hereafter testis mass) is the average mass of both (right
and left) testes, measured from multiple adult males in
reproductive condition.
For each species, we attempted to utilize body mass
data obtained from the same study as brain mass. When
this source did not provide information on body mass, we
used information from testis mass sources to complete
our dataset. In bats, body mass values are the same as
those collated by Pitnick et al. (2006) and summarized in
their electronic Appendix S1. However, these authors
provide two body masses for each species, one based on
the source from where they obtained brain mass data and
one from the source where they obtained testis mass
data. As these two body masses were strongly correlated
(r = 0.96; P < 0.001) and because there was no significant difference between them for each species (t74 =
)1.61, P = 0.11), we here present results only for
analyses using the body mass data which originates from
the same sources as the brain mass data. This choice is
more appropriate for our analysis as brain mass is always
included as the dependent variable in all tests of the
expensive sexual tissue hypothesis. Unless otherwise
stated, all of our results remain qualitatively unchanged
if the alternative body mass measure is used instead.
For mating system, we employed a dichotomous
classification to distinguish between species that are
likely to experience relatively high vs. relatively low
levels of sperm competition. Our classification was based
on the number of males with which a female typically
mates within a single reproductive bout. Thus, species in
which females typically mate with more than one male
per reproductive attempt were classified as ‘high sperm
competition’ (including species with polyandrous, polygynandrous and promiscuous mating systems) and those
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in which females typically mate with only one male per
reproductive attempt were classified as ‘low sperm
competition’ (including species with polygynous and
monogamous mating systems). This classification allows
us to test the hypothesis of an evolutionary correlation
between level of sperm competition and brain mass
across all mammals in our dataset for which mating
system data were collated (165 species) in a single model.
Sources used to identify the level of sperm competition of
each species are provided in the Supporting Information.
Comparative methods
To control for nonindependence between species due to
shared ancestry (Harvey & Pagel, 1991), data were
analysed using the phylogenetic general linear model
(PGLM) procedure described by Gage & Freckleton
(2003), using a variance–covariance matrix extracted
using APE (Paradis et al., 2004). The main principle of
this method is the employment of maximum likelihood
to estimate an index of phylogenetic dependence, k,
which assesses the degree to which shared ancestry
explains the data (see Freckleton et al., 2002), and then
incorporation of this into the analysis to control for the
phylogenetic effect (Gage & Freckleton, 2003). We used
information from published supertrees to construct phylogenies for bats (Jones et al., 2002), primates (Purvis,
1995), carnivores (Bininda-Emonds et al., 1999), insectivores (Grenyer & Purvis, 2003) and rodents (BinindaEmonds et al., 2007). For ungulates, we used the tree
compiled by Shultz & Dunbar (2006) based on three
different sources (Gatesy et al., 1997; Flagstad et al., 2001;
Murphy et al., 2001). Branch lengths were largely
unknown, so unit branch lengths were assumed
throughout (Freckleton et al., 2002). In all cases, brain
mass and testis mass were log-transformed prior to
analysis, and log-transformed body mass was included
in all analyses as a covariate (Harvey & Krebs, 1990).
We constructed a series of models to investigate
potential effects of testis mass and sperm competition
level on brain size evolution. In a general model
including species from the full range of taxa investigated
(bats, rodents, ungulates, primates, carnivores and insectivores), we looked for an influence of sperm competition
(based on relative testis mass or sperm competition level)
on total brain mass. We then conducted the same test for
each taxon separately, except for insectivores due to the
small number of species (n = 7) available for this group in
our dataset. Finally, because of differences between
groups reported by Pitnick et al. (2006), we also reanalysed these data to test the expensive hypothesis
separately in echolocating (formerly Microchiroptera)
and nonecholocating (formerly Megachiroptera) bats.
In each analysis, brain mass was entered into the
PGLM as the dependent variable, with body mass plus
testis mass or mating system as the independent variables. We confirmed that testis mass is related to sperm
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competition level as expected (see Introduction), by
conducting further tests with testis mass as the dependent variable and body mass and sperm competition level
as the independent variables. We also conducted tests
with only body mass as an independent variable to
compare the Akaike’s Information Criterion (AIC) of
these models with the AIC of the model described above.
If an investigated variable (testis mass or mating system)
has a significant effect on brain size evolution, we expect
the AIC of these models to be smaller that the AIC of the
model with only body mass as the independent variable.
Again, these analyses were conducted both within each
mammalian group for which sufficient data were available and across the dataset as a whole.

Results
No significant negative relationship was found between
testis mass and total brain mass, either across all species
in the dataset, or within each of the mammalian orders
tested separately (Table 1a). Indeed, in rodents, we found
a marginally nonsignificant positive relationship between
testis mass and brain mass (n = 89, t = 1.86, P = 0.07).
Overall then, our analysis provides no evidence for the
evolutionary trade-off between testis size and brain size
predicted by the expensive sexual tissue hypothesis.
Next, we looked for evidence that brain size differs
between species according to whether they typically
experience ‘high’ or ‘low’ levels of sperm competition,
where sperm competition levels were assessed on the
basis of mating system classifications rather than testis
size per se (see Methods). Here, as expected, species
classed as having a ‘high’ sperm competition level had
significantly larger relative testis mass compared to those
classed as having a ‘low’ sperm competition level, both
across the dataset as a whole (n = 141, t = 6.17,
P < 0.0001) and within four of the five taxonomic
groups investigated separately (bats: n = 28, t = 5.45,
P < 0.0001; rodents: n = 21, t = 3.69, P = <0.01; ungulates: n = 28, t = 2.47, P = 0.02; primates: n = 41, t =
0.27, P < 0.01; carnivores: n = 23, t = 1.67, P = 0.11; for
a possible explanation of the carnivore result, see
Iossa et al., 2008). However, consistent with our
results for testis mass, we found no significant difference
in total brain mass between species with contrasting
levels of sperm competition based on mating system
classifications, either across all the mammalian species in
our dataset or within each of the groups analysed
separately (Table 1b). Bats were the only exception to
this pattern; as previously reported by Pitnick et al.
(2006), for this group we found that high levels of
sperm competition are associated with smaller brains
(Table 1b).
Further analyses for bats reveal that the relationship
between brain and testis mass is significant and negative
for echolocating species (Table 1a), and ‘low’ sperm
competition species in this group have larger brains than
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Table 1 Phylogenetic general linear model analysis of total brain mass in relation to (a) testis mass and (b) sperm competition level
classification (SCL), a dichotomous variable based on the degree of female promiscuity.
(a) Testis mass
Taxon

n

ML k

Mammals

277

0.999

Bats*

75

0.997

Echolocating
bats
Nonecholocating
bats
Rodents

61

0.896

14

< 0.001

89

0.937

Ungulates

28

0.999

Primates

43

0.739

Carnivores

35

0.999

(b) SCL
Variables

Estimate ± SE

t-value

P

n

ML k

Body mass
Testis mass
Body mass
Testis mass
Body mass
Testis mass
Body mass
Testis mass
Body mass
Testis mass
Body mass
Testis mass
Body mass
Testis mass
Body mass
Testis mass

0.50 ± 0.02
0.03 ± 0.02
0.70 ± 0.03
)0.04 ± 0.02
0.74 ± 0.04
)0.07 ± 0.03
0.61 ± 0.03
0.09 ± 0.03
0.38 ± 0.02
0.05 ± 0.03
0.52 ± 0.06
)0.06 ± 0.07
0.63 ± 0.05
)0.001 ± 0.004
0.56 ± 0.06
0.05 ± 0.08

24.22
1.32
22.12
)1.60
19.76
)2.69
18.78
2.8
14.19
1.86
7.64
)0.71
11.71
)0.26
9.84
0.63

< 0.001
0.186
< 0.001
0.112
< 0.001
0.009
< 0.001
0.017
< 0.001
0.07
< 0.001
0.48
< 0.001
0.80
< 0.001
0.53

165

0.999

38

0.906

32

< 0.001

6

< 0.001

21

0.999

28

0.999

41

0.800

36

0.651

Variables

Estimate ± SE

t-value

P

Body
SCL
Body
SCL
Body
SCL
Body
SCL
Body
SCL
Body
SCL
Body
SCL
Body
SCL

0.56 ± 0.02
)0.02 ± 0.06
0.73 ± 0.03
)0.19 ± 0.07
0.77 ± 0.04
)0.31 ± 0.08
0.69 ± 0.02
)0.30 ± 0.08
0.42 ± 0.04
0.19 ± 0.12
0.45 ± 0.05
0.14 ± 0.12
0.60 ± 0.049
)0.27 ± 0.20
0.58 ± 0.03
0.02 ± 0.13

43.22
)0.35
20.91
)2.39
19.87
)3.90
27.11
)3.72
10.36
1.60
8.26
1.19
12.08
)1.36
16.87
0.18

< 0.001
0.72
< 0.001
0.02
< 0.001
< 0.001
< 0.001
0.03
< 0.001
0.13
< 0.001
0.24
< 0.001
0.18
< 0.001
0.86

mass
mass
mass
mass
mass
mass
mass
mass

The group ‘mammals’ is composed of bats, rodents, ungulates, primates, carnivores and insectivores. In each model, body mass is included as a
covariate.
*Note that the results for bats differ slightly from Pitnick et al. (2006). The relationship between testis mass and brain mass was negative for bats,
but did not reach statistical significance in our analysis, either in the model presented or with k set to 0 or 1, or with branch lengths set
according to Jones et al. (2005). The most likely explanation for this difference is the way in which the two different methods handle
polytomies. In particular, owing to a poorly resolved phylogeny, the family Vespertillionidae contributes five independent contrasts to the
analysis of Pitnick et al. (2006), despite the fact that 18 species from this family are included in the analysis; there is no obvious correlation
between brain mass and testis mass in Vespertillionidae, a result which has a proportionately greater influence on our overall result.

‘high’ sperm competition species (Table 1b). For each
model where the relationship between brain mass and
testis mass or mating system was significant (Table 1a,b),
the AIC increased when the tested variable was removed
from the model (not shown) which confirms the importance of testis mass or mating system to explain variation
in brain size. (As expected, the AIC decreased when we
removed the tested variable in the models where they do
not have a significant effect.) For the 26 echolocating
species for which data on both testis mass and mating
system are available, both trends are still apparent when
the two explanatory variables are analysed separately
(testis mass: n = 26, t = )2.00, P = 0.06; sperm competition level: n = 26, t = )2.82, P < 0.01). However, when
both are combined in the same model, only sperm
competition level (based on mating system classifications) approaches significance (Table 2). These patterns
are strengthened if the alternative body mass measure

(based on testis mass data sources – see methods) is used,
resulting in a significant effect of sperm competition level
(P = 0.03, not shown). The nonecholocating species also
differ in brain size according to mating system classification (Table 1b), but in contrast to echolocating species
there is a significant positive relationship between brain
and testis mass.

Discussion
No significant negative relationship was found between
testis and brain mass across mammals in our dataset, or
within any mammalian order investigated separately
(bats, rodents, ungulates, primates and carnivores).
Hence, we find no general evidence in support of the
expensive sexual tissue hypothesis as applied to mammalian taxa. As similarly argued by Hladik et al. (1999) in
relation to the expensive tissue hypothesis of Aiello &

n

ML k

Variables

Estimate ± SE

t-value

P

26

< 0.001

Body mass
Testis mass
SCL

0.845 ± 0.065
)0.021 ± 0.06
)0.240 ± 0.131

12.94
)0.35
)1.834

< 0.001
0.729
0.080

Table 2 Phylogenetic general linear model
analysis for echolocating bats of total brain
mass in relation to body mass, testis mass and
sperm competition level classification (SCL),
a dichotomous variable based on the degree
of female promiscuity.

Compared to results described in Table 1, body mass, testis mass and SCL are here tested
simultaneously in the same model.
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Wheeler (1995), it is not immediately obvious why the
energetic costs of any two specific costly organs should
impact directly on one another, instead of producing
more diffuse effects on investment in a range of other
costly organs or activities (Barton, 2006). Aiello &
Wheeler’s (1995) expensive tissue hypothesis has also
received mixed support beyond their original analyses for
anthropoid primates. For example, Jones & MacLarnon
(2004) reported evidence of a positive relationship
between relative brain size and intestine length in bats,
rather than the negative evolutionary relationship predicted, and Isler & van Schaik (2006) found no compelling evidence that the size of other energetically
expensive organs (e.g. heart, lungs, gut) is systematically
traded off against brain size in birds. Moreover, the
mammalian brain is a highly complex organ with a large
number of components and neuronal connections
involved in many functions (Laughlin et al., 1998); thus,
a simple energetic trade-off between any organ and
overall brain mass may be unlikely (Hladik & Pasquet,
2003).
Consistent with the results for relative testis mass, we
find no evidence that total brain mass differs according to
level of sperm competition based on our mating system
classification across all mammals tested, or within each
group tested separately except for bats (see below).
Similarly, Schillaci (2006) found no interspecific differences in brain size of primates according to levels of
female promiscuity. Here, it is important to note that our
‘level of sperm competition’ classification, like the mating
system classification of Schillaci (2006), is based on levels
of female promiscuity, whereas earlier studies have
placed greater emphasis on aspects of social organization.
In primates for example, bigger brains are found in
harem and multi-male species compared to solitary and
pair-bonded species (Shultz & Dunbar, 2007), whereas
sperm competition is high only in multi-male species
(Harcourt et al., 1995). Consequently, primate brain size
appears to correlate more closely with sociality than with
sperm competition (see also Shultz & Dunbar, 2007).
The only mammalian group for which we find evidence
of a negative relationship between testis mass and brain
mass was the echolocating bats (see also Pitnick et al.,
2006). Might the expensive sexual tissue hypothesis then
be applied as a special case to this group? Echolocating
bats (which are typically insectivorous) are smaller
compared to nonecholocating bats (which feed primarily
on fruit) and so small body size could be one source
of energetic constraint. This seems unlikely, however,
because the other group in our analysis with small body
size, rodents, actually exhibited a positive trend in the
relationship between testis mass and brain mass. Alternatively, the energetic costs of flight and echolocation are
also substantial (Arita & Fenton, 1997; Winter & von
Helversen, 1998) and so might act as a specific constraint
in echolocating bats (Pitnick et al., 2006). However,
although perhaps not directly comparable to bats (Winter
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& von Helversen, 1998), evidence for birds tends not to
support the idea that flight constrains investment in
encephalization (Iwaniuk et al., 2004). Moreover, our
results for echolocating bats suggest that mating system
may be a better predictor of brain size than testis size per se
(see also Shultz & Dunbar, 2007). That is, when we tested
simultaneously for an effect of both testis size and mating
system classification on brain size in echolocating bats,
only mating system approached significance. Hence on
the basis of this analysis, we find limited support for the
expensive sexual tissue hypothesis even in echolocating
bats. Similarly, Dechmann & Safi (2009) reported that
brain mass and testis mass in bats are no longer correlated
after accounting for foraging strategy.
More broadly, there are a number of difficulties
associated with applying the comparative method to
understand patterns of brain size evolution, particularly
in relation to hypotheses about sexual selection (Healy &
Rowe, 2007). Importantly, specific parts of the brain may
vary independently of whole brain size (the ‘mosaic brain
evolution’ hypothesis; Barton & Harvey, 2000), and
studies which seek to explain variation in the size of
specific parts of the brain may often be more informative
than those which focus on total brain size, particularly if
such parts can be assigned a reasonably discrete function
(Krebs, 1990; Barton, 1998, 2004; Healy & Rowe, 2007).
Secondly, comparative analyses of brain components
measured separately in males and females are also
relevant to understanding potential effects of sexual
selection on encephalization (Lindenfors et al., 2007), as
sex differences in brain structure have already been
established (Jacobs et al., 1990; Gahr et al., 2008). In
zebra finches and canaries for example, the high vocal
centre and the robust nucleus of the archistriatum,
which are two subregions of the brain involved in
singing, are larger in males than in females (MacDougallShackleton & Ball, 1999). Therefore, it seems likely that
natural or sexual selection may influence male and
female brains differently (Garamszegi et al., 2005), and if
sexual selection favours a larger overall brain size in
males than in females, the effect of sperm competition on
encephalization might be underestimated when using an
average measure. Hence, to be tested rigorously, hypotheses involving a putative role of sexual selection in brain
size evolution should be tested with sex-specific data on
brains or brain components.

Conclusions
We conclude that there is no general trade-off between
testis mass and brain mass in mammals, and consequently that there is no evidence that the expensive
sexual tissue hypothesis can provide a general explanation for the evolution of mammalian brain size. Moreover, as noted by Dunbar & Shultz (2007), energetic or
developmental explanations are mainly aimed at identifying constraints on brain size evolution, rather than the
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selection pressures through which individuals might
benefit from larger brains. Although the energetic costs
of large brains must indeed be somehow accommodated,
there is perhaps no reason to assume that this is achieved
through a simple and invariant mechanism, such as a
trade-off against the size of another organ. Instead, there
may be a variety of complex and varying trade-offs
among body size, life histories, energy acquisition rates,
and energy allocation to a range of organs of which the
brain is just one (Isler & van Schaik, 2006; Barrickman
et al., 2008). We suggest, therefore, that understanding
the costs of brain size evolution requires a broader
approach to these trade-offs than has commonly been
used in the past.
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