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birds; Natural selection is considered a major force shaping brain size evolution in
vertebrates, whereas the influence of sexual selection remains controversial.
On one hand, sexual selection could promote brain enlargement by enhancing
cognitive skills needed to compete for mates. On the other hand, sexual
selection could favour brain size reduction due to trade-offs between invest-
ing in brain tissue and in sexually selected traits. These opposed predictions
are mirrored in contradictory relationships between sexual selection proxies
and brain size relative to body size. Here, we report a phylogenetic compara-
tive analysis that highlights potential flaws in interpreting relative brain
size-mating system associations as effects of sexual selection on brain size in
shorebirds (Charadriiformes), a taxonomic group with an outstanding diver-
sity in breeding systems. Considering many ecological effects, relative brain
size was not significantly correlated with testis size. In polyandrous species,
however, relative brain sizes of males and females were smaller than in
monogamous species, and females had smaller brain size than males.
Although these findings are consistent with sexual selection reducing brain
size, they could also be due to females deserting parental care, which is a
common feature of polyandrous species. Furthermore, our analyses sug-
gested that body size evolved faster than brain size, and thus the evolution
of body size may be confounding the effect of the mating system on relative
brain size. The brain size-mating system association in shorebirds is thus not
only due to sexual selection on brain size but rather, to body size evolution
and other multiple simultaneous effects.

body size evolution;
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life histories;
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trade-off.

Introduction

Most theories of vertebrate brain evolution consider
natural selection as the main evolutionary force driving
its diversification in size (Jerison, 1973; Bennett & Har-
vey, 1985a; Pagel & Harvey, 1988; Allman et al., 1993;
Aiello & Wheeler, 1995; Lefebvre et al., 1997; Reader &
Laland, 2002; Sol et al., 2007). Although sexual selec-
tion is thought to shape brain size evolution, currently
there is no theoretical consensus on how sexual selec-
tion may affect brain size (Jacobs, 1996; Lindenfors
et al., 2007). For some authors, sexual selection should
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favour larger brains because it enhances cognitive skills
needed to obtain mates (Miller, 2000; Madden, 2001).
For example, Miller (2000) argued that sexual selection
favouring creative males lead the evolution of unusu-
ally large brains in humans. Likewise, Garamszegi et al.
(2005) argued that sexual selection favours larger
brains in birds, but in this case because of the cognitive
demands of female mate choice. These hypotheses are
based on the assumption that a large brain enhances
cognitive abilities that favour mating. In birds and
mammals, this assumption is plausible as cognitive
traits are under sexual selection (Boogert et al., 2011)
and brain size is correlated with cognition (Lefebvre &
Sol, 2008). Alternatively, other authors propose that
rather than favouring large brains, sexual selection
should favour smaller brains on the grounds that suc-
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cessfully competing for mates diverts energy available
for the brain. The expensive sexual tissue hypothesis,
for example, suggests a trade-off between allocating
energy in brain tissue or in sexually selected traits
(Pitnick et al., 2006).

Tests of these two opposing views for the role of sexual
selection on brain size evolution have yielded contradic-
tory findings. Some studies support positive relationships
between brain size and sexually selected traits (Madden,
2001; Garamszegi et al., 2005), whereas others report
negative relationships (Pitnick et al, 2006) or no rela-
tionships at all (Schillaci, 2006; Guay & Iwaniuk, 2008;
Lemaitre et al., 2009). Perhaps, the only consistent pat-
tern is that linking brain size and mating system. In birds
and mammals, polygynous species — in which sexual
selection favours males mating with multiple partners —
have small brains compared with socially monogamous
species (Bennett & Harvey, 1985b; Pitnick ef al., 2006;
Dunbar & Shultz, 2007). However, in absence of evi-
dence that selection acts differentially on female and
male brains, it remains unclear whether the brain-
mating system association is due to sexual selection or
natural selection.

In addition, the controversial and sometimes bewil-
dering evidence on the effects of sexual selection on
brain size reflects our inability to readily manipulate
brain size for experimentation, which forces us to draw
conclusions based on comparative analyses (Healy &
Krebs, 1992; Garamszegi & Eens, 2004; Pérez-Barberia
et al., 2007). Although the comparative approach is a
powerful tool to investigate evolutionary patterns, its
correlative nature makes it very sensitive to confound-
ing factors (Harvey & Pagel, 1991; Martins, 2000; Ben-
nett & Owens, 2002). For example, Pitnick et al. (2006)
showed that echolocating bat species with large testes
have smaller brains than bats with small testes. How-
ever, thorough studies showed that the correlation dis-
appears when differences in the ecology of species are
accounted for in the analyses (Jones & MacLarnon,
2004; Dechmann & Safi, 2009). This example illustrates
that a number of factors may confound relationships
between proxies of sexual selection and brain size
because the whole brain is the target of multiple selec-
tion pressures (Healy & Rowe, 2007) and therefore spe-
cies’ life history deserves special attention (Sol, 2009).
For example, a relationship between brain size and
mating system may be confounded by the trade-off
between an animal’s decision to compete for mates or
to provide parental care (Trivers, 1972; Clutton-Brock,
1991; Székely et al., 2000; Olson et al., 2008). Parental
care opposes sexual selection and vice versa (Arngvist &
Rowe, 2005; Thomas & Székely, 2005; Gonzalez-Voyer
et al.,, 2008; Kokko & Jennions, 2008), and is associated
with brain size enlargement via two mechanisms. First,
the offspring of large-brained birds and mammals are
born undeveloped and vulnerable (Bennett & Harvey,
1985a; Iwaniuk & Nelson, 2003; Shultz & Dunbar,
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2010) and natural selection should favour parents that
boost offspring survival by increasing parental care
(Clutton-Brock, 1991; Garamszegi et al., 2007). Thus,
reductions in care associated with polygamy may con-
strain brain size enlargement. Second, parental care
might select for a large brain in the caring parent with
increased cognitive demands, particularly if parental
care is essential for the offspring to survive. Indeed,
studies in fish and mammals showed that the brain is
larger in the sex that provides uniparental care (Gittle-
man, 1994; Gonzalez-Voyer et al., 2009).

Another ditficulty when studying the role of sexual
selection on brain size evolution is related to allometry.
As larger animals have larger brains, to obtain biologi-
cally meaningful measures of brain size it is common
practice to remove the allometric effect of body size
(Jerison, 1973). Previous studies have shown that cog-
nitive performance increases with the extent to which
species have a larger or smaller brain than expected by
their body size (relative brain size) rather than with
absolute brain size (Lefebvre & Sol, 2008). However,
because sexual selection often has strong effects on
body size, a seldom tested but fundamental confound is
that correlations between relative brain size and proxies
of sexual selection could be due to differences in body
size rather than in brain size (Deaner & Nunn, 1999;
Lindenfors et al., 2003; Fairbairn et al.,, 2007; Fitzpatrick
et al., 2012).

Considering the above and building upon previous
studies, we combined a robust phylogenetic hypothesis
(Thomas et al., 2004) with modern phylogeny-based
statistical methods to analyse the associations between
brain size and two widely used surrogates of sexual
selection (mating system and testis size) in shorebirds
(Charadriiformes: 380 species (Gill & Donsker, 2010)
sandpipers, plovers, gulls and allies). Shorebirds are an
excellent model system to test these relationships
because they exhibit an unusual diversity in breeding
systems, ecology and life histories (Székely & Reynolds,
1995; Reynolds & Székely, 1997; Figuerola, 1999;
Bokony et al., 2003; Thomas et al., 2007). Since the
intensity of sexual selection should be sex-specific, we
measured both male and female brain sizes of 184 spe-
cies and tested whether relative brain sizes of males
and females are correlated with the two indicators of
sexual selection, by using phylogenetic linear models
(Pagel, 1997; Orme et al., 2012). Relative brain sizes of
males and females did not correlate with testis size,
however, relative brains were smaller in polyandrous
species than in monogamous ones. Second, using
model selection methods (Burnham & Anderson, 2002)
we corroborated that the brain size-mating system asso-
ciations were robust over a set of confounding effects,
such as offspring developmental mode and ecological
effects (Garamszegi & Eens, 2004; Winkler et al., 2004;
Sol et al, 2005; Dechmann & Safi, 2009). Our model
selection procedure showed that correlations between
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mating system and relative brain size were equally
explained by reductions of female care. Third, we asked
whether sexual size dimorphism in relative brain size
was correlated with mating system, as predicted by the
effect of sexual selection on brain size, and examined
the extent to which males and females are different in
body size and brain size. Multi-response phylogenetic
generalized mixed linear models, MCMCcrmm (Hadfield,
2010), showed that females had smaller relative brain
sizes than males; however, both body size and brain
size were larger in females than males. This was evi-
dence that sexual size dimorphism in relative brain size
was due to sexual dimorphism in body size rather than
in brain size, and was further supported by verifying
that body size evolved faster than brain size in polyan-
drous species (O’Meara ef al.,, 2006). Taken together,
our results highlight the need to consider body size
evolution when investigating whether sexual selection
shaped brain size evolution, and suggest that sexual
selection is not the only plausible explanation of the
mating system-brain size association in shorebirds.

Materials and methods

Brain size

Two major criticisms of the comparative analyses on
brain size are the use of brain measurements collected
by different authors using different methodologies, and
that brain size may vary within the life time of an indi-
vidual (Healy & Rowe, 2007). To account for these
potential problems in our study, one researcher (ANI)
estimated adult brain volumes using a single technique,
the endocast method, which estimates brain volumes
by filling the skulls of museum specimens with lead
shot. Although this is an indirect measure of brain size,
endocranial measures yield unbiased and highly repeat-
able estimates of brain volumes and they bear the
advantage that the endocranial cavity in birds does not
change with age as long as the skull has completed
development (Iwaniuk & Nelson, 2002). To account for
the potential problem that brain size may vary within
taxa, endocranial volumes were measured separately
for males and females for 1346 specimens representing
184 shorebird species (median per species: 4 males
(range = 1-9), and 4 females (range = 1-8)) (Appendix
S1). We corroborated that there was no bias in the
precision of the brain size estimates due to sample size,
by establishing that standard errors in brain size
estimates were not correlated with the sample sizes
used (Males: 7pearsons = —0.093, P = 0.259; Females:
TPearson’s = —0.098, P = 0.227).

Body size

Fresh body masses were rarely available for museum
specimens, and individual body masses can be skewed

due to reproductive condition, migration and other
seasonal effects. To account for body mass in an unbi-
ased fashion, sex-specific averages of body masses were
obtained from published sources (Appendix S1).

Sexual selection proxies

We analysed the associations between male and female
brain sizes and two indicators of sexual selection: testis
size and the social mating system (Reynolds & Székely,
1997; Bennett & Owens, 2002; Székely et al., 2006;
Thomas et al., 2007). Extra-pair paternity is rare (4.3%,
range = 0-15.4, n = 9 species) in socially monogamous
shorebirds (Thomas et al., 2007). Nevertheless, testis
size is a proxy of sperm competition and it is an aspect
of sexual selection that may be hidden from mating
behaviour (Birkhead & Moller, 1998). The expensive
sexual tissue hypothesis predicts a trade-off between
male brain size and testis size, whereas brain size
enlargement favoured by sexual selection predicts posi-
tive correlations between testis size and male brain size,
and female brain size (Garamszegi et al., 2005). For our
study, measurements of testis mass (g) were obtained
from the literature and transformed to natural loga-
rithms for analyses (Dunn et al.,, 2001).

The extent of male and female polygamy for each spe-
cies was obtained from previous studies and scored in
an ordinal scale (Liker & Székely, 2005; Thomas et al.,
2007; Olson et al.,, 2008): 0 = no polygamy is reported
in the species, 1 = polygamy is anecdotal (1%),
2 = polygamy is 1-5%, 3 = polygamy is 6-20%, or
4 = polygamy > 20%. However, the majority of species
in our dataset have either monogamy or polygamy and
very few species have intermediate scores. We therefore
classified the social mating system as follows: (i) social
monogamy, (ii) polyandry (monogamous males and
polygamous females in the populations > 1%), (iii)
polygyny (polygamous males in the population > 1%
and monogamous females) and (iv) promiscuous
(polygamy > 1% in both males and females). Results
did not change in quality when considering either the
mating system as a factor or the ordinal scores of male
and female polygamy (Appendices S2 and S3).

Confounding variables

To test the consistency of correlations between brain
size and proxies of sexual selection, we considered all
possible candidate models given by a set of confounding
variables that are correlated with brain size: parental
care system, offspring developmental mode and ecologi-
cal effects. As explained previously, parental care is
associated with both brain size and proxies of sexual
selection, and may be a potentially confounding factor
(Olson et al., 2008). The duration of parental care by
either or both sexes varies among shorebirds (Reynolds
& Székely, 1997; Garcia-Pena et al., 2009). Although an
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ordinal scale ranging from 0 to 7 was used by Székely
& Reynolds (1995), very little variation in parental care
was observed among the species in our data set; the
majority of species exhibited either biparental care until
the offspring hatches, or desertion by one of the par-
ents before hatching. We therefore scored parental care
as follows: (i) female care if the female alone cares for
the offspring after eggs hatch; (ii) male care if the male
alone cares for the offspring after eggs hatch; and (iii)
biparental care if both parents care for the young after
eggs hatch. The presented results did not change quali-
tatively when considering the original scores of male
and female parental care as predictors of brain size
(Appendices S2 and S3). The offspring’s stage of devel-
opment at hatching is also a significant explanatory
variable of brain size (Starck & Ricklefs, 1998). Hence,
we differentiate two types of development based on
Thomas & Székely (2005). Each species was scored as ‘0’
if the offspring is self-fed at hatching or ‘1’ if the off-
spring is fed by the parents. These scores approximate
precocial and semi-precocial developmental modes,
respectively (Iwaniuk & Nelson, 2003), which are asso-
ciated with the stage of development at hatching,
growth rate (Tjorve et al, 2009) and the amount and
quality of parental care in shorebirds (Thomas &
Székely, 2005).

We also considered a number of ecological variables
that could potentially explain variation in brain size.
First, we consider migratory distance and breeding lati-
tude of each species. Bird species that breed at northern
latitudes exhibit remarkably different life histories than
species in the tropics (Moreau, 1944; Lack, 1968; Mar-
tin, 1996; Russell, 2000; Garcra-Pena et al., 2009), and
relative brain size is negatively correlated with migra-
tory distance (Winkler ef al, 2004; Sol et al., 2005,
2010). For each species, breeding and nonbreeding lati-
tudes were measured as the latitudes of its breeding
and nonbreeding range centroids, respectively (del-
Hoyo et al., 1996; Riede, 2004), and the migratory
distance was estimated as the distance between cent-
roids measured over an earth model (WGS84 ellipsoid).
Second, we considered the associations between forag-
ing behaviour and brain size (Dechmann & Safi, 2009;
Gonzdlez-Voyer et al, 2009). We included male and
female bill lengths (mm) transformed to natural loga-
rithms in our analyses because bill length reflects forag-
ing behaviour in shorebirds (Nebel et al, 2005).
Additionally, we considered the diversity of dietary
habitats by adding four independent binary variables in
our multivariate analyses. In fishes, species that feed on
motile prey have smaller brains than species that feed
on sessile prey (Gonzalez-Voyer et al., 2009). Therefore,
we used the descriptions from del-Hoyo et al. (1996) to
differentiate whether a species: (i) hunts fast prey such
as fish, squid, terrestrial vertebrates (e.g. mice and
birds) and flying insects; (ii) forages for slow prey
such as insect larvae and intertidal invertebrates; (iii) it
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forages for sessile prey such as seeds, carrion and/or
zooplankton; and (iv) whether the species dives or not.
Note that all these binary variables are independent
such that species that eat zooplankton, intertidal inver-
tebrates and fish but does not dive, will be scored as:
fast prey = 1, slow prey =1, sessile prey =1, dives =0
(Appendix S1). Finally, we differentiated between nest
types: (0) species that nest on the ground and (1) spe-
cies that nest on less accessible habitats such as trees,
cliffs or floating vegetation. Bird species breeding in
closed habitats have longer nestling periods than species
breeding in open habitats (Martin & Li, 1992), and this
may also confound the relationships between brain size
and proxies of sexual selection.

Phylogeny

The phylogeny used in our analyses was the one pro-
posed by Thomas et al. (2004), with branch lengths
dated in million years and polytomies solved by ran-
domly assigning branch lengths of 1000 years (Paradis
et al., 2004). Currently, it is the most complete phyloge-
netic hypothesis of shorebirds available.

Data analyses

We used phylogenetic generalized linear
models (PGLM) (Grafen, 1989; Pagel, 1997; Freckleton
et al, 2002) to represent sex-specific brain size
(In-transformed) as a function of proxies of sexual
selection (either mating system or testis size) while con-
trolling for sex-specific body masses (In-transformed) as
covariates. PGLM parameters were estimated while
accounting for the nonindependence of interspecific
data by modifying the structure of the covariance
matrix according to the phylogenetic distance between
taxa (Harvey & Pagel, 1991; Martins, 2000). Phyloge-
netic distance was estimated from the shorebird super-
tree (Thomas et al., 2004); and we improved the fit of
each PGLM to the data by estimating and fitting the
maximum likelihood value of (/1) a parameter that
scales the covariance matrix to maximize the fit of the
data to a Brownian model of evolution (Pagel, 1999;
Freckleton et al., 2002). To test how robust the relation-
ships were between brain size and surrogates of sexual
selection, we used AIC (Akaike, 1974) to perform a
model selection procedure (Burnham & Anderson,
2002). We examined the best PGLMs on In brain size
(response) among candidate models given by combina-
tions of the variables: In body size, parental care, off-
spring development, ecological variables and a sexual
selection proxy (either testis size or mating system).
Note that all candidate models included body size as a
predictor of brain size because the interest of these
analyses was on relative brain size. If a relationship
between brain size and a sexual selection proxy is
robust, models with an AIC difference Ai < 2 must
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contain the sexual selection proxy (A; = AIC; — AICyn,
for model i), otherwise evidence would suggest that
there is an equivalent model that explains brain size
without implying a sexual selection hypotheses. AIC is
a useful criteria to compare the fit of these models
because it accounts for the number of parameters in
each model, and the fit of a model can be assessed in
relation with the other candidate models by using the
Akaike weight (Kullback & Leibler, 1951; Burnham &
Anderson, 2002). Models must be fitted on the same
data to be compared with the AIC, and thus, we only
considered data for which we had information on all
variables (N = 87).

Parental care and social mating system are correlated
(4> =147.7, df. = 6, P < 0.001) such that monogamous
species tend to have biparental care, polyandrous spe-
cies male care and polygynous species female care
(Appendix S4). Thus, including both variables in the
same model may generate multi-collinearity. In princi-
ple, however, models with multi-collinearity are
expected to have higher AICs than simpler models with
no multi-collinearity, and thus these should not be
among the best candidate models (Ai < 2).

Once we established that relative brain size in males
and females was smaller in polyandrous species than
in monogamous ones (see Results), we performed two
tests: (i) whether sexual dimorphism in relative brain
size is correlated with mating system, and (ii) whether
sexual size dimorphism in relative brain size is due to
brain size or to body size. To perform these tests, we
used a Markov Chain Monte Carlo (MCMCcGLmm) pro-
cedure that estimated the parameters of a generalized
linear mixed model while accounting for the phyloge-
netic distance between taxa, as a random variable,
and two predictors the mating system and sex. The
latter was a factor describing whether the measure-
ments were of a male or a female (Hadfield, 2010).
For these analyses, we transformed brain size and
body size to the same scale (y =In y; — In Y), where
i denotes a given observation of trait y and Y is the
average of all observed values of y (males and females
pooled). To test whether polyandrous species exhibit
sexual size dimorphism in relative brain size, we
tested the correlation between brain size (response
variable) and the interaction between mating system
and sex, with body size as a covariate. Then, we
examined the extent to which males and females are
different in body and brain size by analysing the rela-
tionships between mating system (predictor) and both
body and brain sizes (multivariate response), while
considering the covariation between brain size and
body size (Appendix S5). MCMCcrmm used an inverse
Wishart prior for the covariances, and for fixed effects
we used diffuse normal priors centred around zero
with very large (10'°) variance (Hadfield, 2010). Each
linear predictor was allowed to have unique residuals,
and we let the MCMC algorithm ran for 120 000 000

iterations, with a burn in period of 1 000 000 and
sampling interval of 10 000 that generated 11 900
independent samples of the model parameters. Sup-
port for estimated parameters was assessed by the
highest posterior density (HPD) intervals for the
parameters in the in the Markov chain (Plummer
et al., 2006), and the independency of samples in the
Markov chain was assessed by graphic diagnostics
and testing for autocorrelation between samples
(Appendix S6).

Finally, we asked whether brain size sexual dimor-
phism in polyandrous species is the result of brain size
evolving faster than body size. We performed 1000
reconstructions of the most likely transitions in mating
systems during the evolutionary history of shorebirds
(Appendix S7), by implementing stochastic character
mapping, SIMMAP (Huelsenbeck et al., 2003; Bollback,
2006), and then used a restricted maximum likelihood
approach to fit Brownian rate variation (noncensored)
models (O’Meara et al., 2006) to female and male brain
sizes and body sizes (each sex was analysed separately,
and data were scaled as in MCMCcrmm analyses). The
estimated rate of Brownian variation associated with
the evolution of polyandry was used to assess the rate
of evolutionary change in brain size and body size
within polyandrous species. If sexual selection for poly-
andry affects female brain size, we would expect faster
rates of evolution in female brain size than in female
body size.

Phylogenetic and geographical analyses were
performed in ® 2.15.1 (R, 2011) using the packages:
APE 2.8 (Paradis et al, 2004), ceiger 1.3-1 (Harmon
et al.,, 2009), oce (Kelley, 2011), MCMCqcrmm (Hadfield,
2010), copa (Plummer et al., 2006) caper (Orme et al.,
2012) and phytools (Revell, 2012). Geographical coor-
dinates were estimated in ArcGIS and R when maps
were available in literature (Riede, 2004; BirdLifeInter-
national & NatureServe, 2011).

Results

Controlling for sex-specific body masses in the models,
testis size was not correlated with male brain size
(t=-1.56, P=0.113, N =68; overall fit of PGLM:
R*=0.91) or female brain size (t= —0.73, P = 0.462,
N = 68; overall fit of PGLM: R* = 0.91). Mating system,
however, was correlated with relative brain size in both
males (F;104 = 3.24, P =0.025; overall fit of PGLM:
R? = 0.93) and females (F3,106 = 4.60, P = 0.005; overall
fit of PGLM: R? = 0.93). After accounting for the effect of
body mass, brain size was smaller in polyandrous species
than in monogamous ones (males: t = —2.43, P = 0.016;
females: r= —2.9, P =0.008), whereas brain size of
polygynous (male: t=1.6, P = 0.112; female: r=1.9,
P=0.671) and promiscuous species (male: ¢= 0.55,
P =0.579; female: t = 0.91, P = 0.363) were not different
from that of monogamous species (Fig. 1). Remarkably,
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Fig. 1 Female brain size (white box) and male brain size (grey
box) relative to female and male body masses (respectively), and
their relationships with the social mating system (upper panel)
and parental care system (lower panel). For visualization, relative
brain sizes were calculated as [y = In brain size*(average In body
mass across species/In species’ specific body mass) °°]. The mating
and parental care systems were correlated (3> = 147.7, d.f. = 6,

P < 0.0001). In polyandrous species usually the males care for the
offspring after hatching, in polygynous species usually the females,
and both parents tend to care for the offspring in monogamous
species. A promiscuous mating system comprehends males and
females exhibiting polygamy in which care after hatching can be
provided by the male, the female or both.

absolute values of body size and brain size were not sig-
nificantly different between mating systems (Fig. 2).

The relationships between testis size and relative
brain sizes of males and females did not improve when
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Fig. 2 Female (white boxes) and male (grey boxes) brain sizes and
body masses in relation with the social mating system. Brain and
body sizes were standarized. On average, brain size and body size
are not different between mating systems. PGLMs: male brain
(Fs,55 = 2.13, P = 0.103); female brain (F55; = 1.71, P = 0.171);
male body (F; g3 = 0.94, P = 0.425); female body (F; 53 = 1.08,

P = 0.364).

models (A7 < 2) included testis size as a significant pre-
dictor of male or female brain size. However, when we
assessed how robust were the relationships between
brain sizes and mating systems, each of the best candi-
date models (A; < 2) contained either mating system,
parental care or both as predictors of brain size
(Tables 1 and 2, Fig. 2). In males and females, there
was no evidence that models including mating system
fit the data better than those including parental care.
Note that among the best models (Table 2), only one
included mating system, parental care and female body
mass as predictors of female brain size. In this particular
model, the parameter for parental care was nonsignifi-
cant (F,go = 1.87, P =0.161), whereas the mating sys-
tem was still a significant predictor of female brain size

considering other effects. Neither of the best candidate

(F380 = 5.92, P=0.001). Models including parental

Table 1 Phylogenetic comparative models on In male brain size (response) with A; < 2, among 2047 candidate models. Models including
mating system are presented in bold font. Residual sum of squares (RSSQ), number of parameters (k), Akaike’s information index (AIC),

A; = (AIC — AIC,y;,) and weight (w;).

RSSQ k AIC A w; Model

0.02 6 —112.74 0.00 0.024 In male body mass + parental care + nest type

0.02 5 —-111.80 0.94 0.015 In male body mass + parental care

0.02 7 -111.72 1.02 0.014 In male body mass + mating system + nest type

0.02 6 -111.50 1.24 0.013 In male body mass + mating system

0.02 7 —111.39 1.35 0.012 In male body mass + parental care + fast prey + nest type

0.02 7 -111.15 1.59 0.011 In male body mass + mating system + slow prey

0.02 6 —111.10 1.64 0.011 In male body mass + parental care + sessile prey + nest type

0.02 7 -110.94 1.80 0.010 In male body mass + mating system + offspring development
0.02 7 —110.92 1.82 0.010 In male body mass + parental care + slow prey + nest type

0.02 8 -110.90 1.84 0.010 In male body mass + mating system + offspring development + slow prey
0.02 8 -110.87 1.87 0.009 In male body mass + mating system + fast prey + nest type
0.02 6 -110.79 1.94 0.009 In male body mass + parental care + slow prey
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Table 2 Phylogenetic comparative models on In female brain size (response) with A; < 2, among 2047 candidate models. Models including
mating system are presented in bold font. Residual sum of squares (RSSQ), number of parameters (k), Akaike’s information index (AIC),

A; = (AIC — AIC,,;,) and weight (w;).

RSSQ k AIC A w; Model

0.02 6 —127.32 0.00 0.032 In female body mass + mating system

0.02 7 —127.21 0.12 0.030 In female body mass + mating system + fast prey

0.02 7 —-127.07 0.25 0.028 In female body mass + mating system + offspring development

0.02 8 —126.81 0.51 0.025 In female body mass + mating system + offspring development + fast prey
0.02 9 —126.36 0.97 0.020 In female body mass + mating system + parental care

0.02 5 —125.61 1.72 0.013 In female body mass + parental care

0.02 6 —125.33 1.99 0.012 In female body mass + parental care + offspring development

care and body mass as predictors of brain size indicated
that in species where the female deserts and only the
male provides care, males and females have smaller rel-
ative brains than in species with biparental care (male
brain: R* = 0.94, F,g; = 419.01, t=—3.57, P < 0.001;
female brain: R*=0.94, Fyg3 =392.23, t= —3.53,
P < 0.001). In contrast, relative brain size was not sig-
nificantly different between species with female-only
care and species with biparental care (male brain:
t=-0.607, P=0.545, female brain: t=—-0.21,
P =0.832, Fig. 1).

Finally, we examined whether sexual dimorphism
in relative brain size was correlated with mating sys-
tem. MCMCcrmm suggested that relative brain size
was smaller in females than in males in polyandrous
species (Table 3, Fig. 3), as would be expected if sex-
ual selection promotes brain size reductions. However,
we found no sexual dimorphism in polygynous
species.  Furthermore, a multivariate response
MCMCcimm (Materials and methods) showed that, in
polyandrous species, females were larger in body size
and had larger brains than males (Table 4, Fig. 3).
Additionally, examining the evolutionary rates of
brain and body sizes in polyandrous species, body size
evolved faster than brain size in both males and
females (Table 5).

Table 3 MCMCacrmm on sexual dimorphism in relative brain size,
within mating systems. The model compares the female brain size
against the male brain size, within each mating system, while
accounting for sex specific body size as a covariate. We present
posterior means of parameters (f), highest posterior density
intervals at 95% (HPD), effective sample size (ESS) and bold fonts
remarking support that f # 0. Brain and body sizes are
standardized (Materials and methods).

Lower Upper
B HPD HPD ESS
Body size 0.564 0.530 0.599 3967
Monogamy —0.020 —0.035 —0.005 3967
Polyandry -0.109 —0.147 —0.071 4329
Polygyny —0.002 —0.043 0.040 3770
Promiscuous —0.004 —0.054 0.053 4197

Discussion

Ours results yield little evidence for the expensive sex-
ual tissue hypothesis because testis size was not corre-
lated with male relative brain size in any of the
analyses. Likewise, the lack of a significant correlation
between testis size and female relative brain size does
not support the idea that cognitive demands of female
choice selects for larger brains (Garamszegi et al., 2005).
However, our results do suggest that relative brain size
is associated with mating system. Although monoga-
mous and polygynous species did not ditfer in relative
brain size, as previous studies in mammals found (Ben-
nett & Harvey, 1985b; Pitnick ef al, 2006; Dunbar &
Shultz, 2007), polyandrous shorebirds have smaller rel-
ative brains than socially monogamous ones. As sexual
selection is an important driver of polyandrous mating
systems (Bennett & Owens, 2002), and because body
size does not vary among mating systems, this result
could be interpreted as sexual selection driving dispro-
portional reductions of brain size in polyandrous
species.
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Fig. 3 Probability densities on the fit (AIC) of 2047 candidate
phylogenetic linear models (PGLM) on female brain size (upper
panel) and male brain size (lower panel) given by the mating
system (solid line), parental care system (dashed line), both,
mating and parental care systems (dot-dashed line) and null
models (grey polygon). Null models include offspring development
and ecological variables as predictors of brain size (see Materials
and methods).
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Table 4 MCMCacLmm testing sexual size dimorphism within
mating systems. The model compares the response variables (brain
and body sizes) of the female against those of the male, within
each mating system. We present posterior means of parameters
(p), highest posterior density intervals at 95% (HPD), effective
sample size (ESS) and bold fonts remarking support that  # 0.
Brain and body sizes are standardized (Materials and methods).

Lower Upper
B HPD HPD ESS
Brain:monogamy —0.021 —0.036 —0.005 3967
Body:monogamy —0.003 —0.034 0.032 3967
Brain:polyandry 0.055 0.018 0.092 3844
Body:polyandry 0.283 0.206 0.368 3967
Brain:polygyny —0.039 —0.082 0.004 3967
Body:polygyny —-0.062 —0.146 0.031 3865
Brain:promiscuous —0.004 —0.055 0.056 3967
Body:promiscuous —0.009 -0.123 0.109 3967

Table 5 Evolutionary rates of scaled measurements of brain and
body sizes in polyandrous species. The fit of Brownian rate
variation models was performed over 1000 SIMMAP
reconstructions of evolutionary transitions in mating systems.
Median (rate) and confidence intervals (95% CI) are given.
Estimated rates of all mating systems are available in Appendix S8.

Rate 95% CI (lower, upper) Convergence %
Female brain 0.0194 0.0193-0.0194 69.6
Female body 0.0455 0.0453-0.0456 91.2
Male brain 0.0264 0.0263-0.0265 73.3
Male body 0.0457 0.0455-0.0458 93.8

Nevertheless, before concluding that sexual selection
is responsible for the relationship between polyandry
and brain size in shorebirds, we first need to examine
alternative mechanisms. First, the social brain hypothesis
(Byrne & Whiten, 1988; Dunbar, 1998), interprets the
larger brain of socially monogamous breeding species of
mammals and birds as evidence that selection favouring
pair bonding has triggered brain size enlargement (Dun-
bar & Shultz, 2007). This is a potential explanation for
why polyandrous species have relatively smaller brains
than monogamous species. However, the social brain
hypothesis may not be the only explanation of the brain
size-mating system association because relative brain
size of monogamous species was not significantly larger
than relative brain size of polygynous species.

A second alternative to the above hypotheses is that
the brain size-mating system association is driven by the
parental care system. The examination of a wide spec-
trum of candidate models, including potentially con-
founding effects, provides important insight into this
possibility. Candidate models that included parental care
instead of the social mating explained a similar amount
of variation in male and female brain sizes than models
considering the social mating system as a predictor. In
fact, parental care system is strongly tied to the social
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mating system such that the male alone cares for the off-
spring in polyandrous species, the female alone cares for
the offspring in polygynous species, and biparental care
is common in socially monogamous species (Lack, 1968;
Thomas et al., 2007). The models that included parental
care suggest that relative brain size is smaller in species
with male care than in species with either biparental care
or female care. The fact that in polyandrous shorebirds
the males care for the offspring and have larger relative
brain size than females is consistent with other studies
that suggested that the cognitive demands of post-zygotic
parental care favour an increase in brain size in the sex
that cares for the offspring alone (Gittleman, 1994;
Gonzdlez-Voyer et al., 2009). However, this interpreta-
tion is not consistent across mating systems because the
female brain was not larger than the male brain in polyg-
ynous species. Furthermore, positive effects of post-zygo-
tic care on male brain size cannot explain why brain size
of polyandrous species is relatively small in both males
and females, compared with monogamous species.

Finally, a third possibility is that the brain size-mating
system association reflects life-history constraints on the
evolution of large brains in polyandrous species. For
example, growing a larger brain and learning the skills
needed for survival require a longer developmental per-
iod (Bennett & Harvey, 1985a; Iwaniuk & Nelson, 2003;
Shultz & Dunbar, 2010), which suggests that develop-
ment of a large brain is constrained in precocial lineages.
In shorebirds, a precocial offspring can leave the nest,
feed by itself and reach independence faster than semi-
precocial offspring, and the parents of precocial offspring
can maximize reproduction by reducing parental care
and pursuing new mating opportunities. In polyandrous
species, precocial development and female desertion of
care are common features and may constrain brain
enlargement (Thomas & Székely, 2005). Moreover,
there are other subtle ways by which the life history of
the species may influence the brain size-mating system
association. In polyandrous shorebirds, the females do
not invest in costly sexually selected traits, but instead
produce small eggs that facilitate producing multiple
clutches (Liker et al, 2001; Andersson, 2004, 2005).
Reductions of prezygotic parental care may oppose the
development of large brains that require longer embry-
onic periods (Iwaniuk & Nelson, 2003) and high quality
eggs to offset the large energetic requirements of
embryos (Garamszegi et al.,, 2007; Martin, 2008).

In general, a strong test that sexual selection is acting
on brain size evolution would be to detect correlations
between sexual size dimorphism in brain size and surro-
gates of sexual selection. In polyandrous shorebirds, the
females have a smaller relative brain size than males.
However, in polyandrous species, the females are also
larger than males, and thus the sexual size dimorphism
in polyandrous species may be due to the evolution of
body size rather than brain size. As suggested by Deaner
& Nunn (1999), there are instances in which body size
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enlargement evolves faster and brain size lags behind to
catch up allometrically with body size. Our finding that
body size evolved at a faster rate than brain size in
polyandrous species supports the view that sex-specific
differences in relative brain size in polyandrous species
may be due to changes in body size rather than on brain
size. Thus, in this case, the sexual size dimorphism in
brain size cannot be interpreted as evidence of the
effects of sexual selection on brain size only.

To sum up, we may not infer the importance of sexual
selection on brain size evolution from a correlation
between brain size and the social mating system. How-
ever, our study highlights that a scientific framework of
brain size studies (Lefebvre, 2011) must consider the
effects of body size evolution and other competing
explanations. Given the complexity of the whole brain,
pleiotropy and selection acting on different parts of it,
may have slowed down the evolutionary rates of change
of overall brain size (Wilson, 1975). Thus, it is not sur-
prising that the effects of sexual selection on brain size
are masked by the evolution of body size. Our study is
consistent with other studies showing that using relative
brain size as a measurement of behavioural complexity
may entail problems of interpretation if, for example,
the evolution of body size is not taken into account
(Deaner & Nunn, 1999; Fitzpatrick et al., 2012).

We should not neglect, however, that relative brain
size is strongly correlated with complex behaviours
(Lefebvre & Sol, 2008; Lefebvre, 2011). Thus, hypothe-
ses predicting changes in relative brain size due to
selection on some behaviour can be justified after other
lite history confounds and the evolution of body size
are also considered. The methodological framework
used here to test competing explanations also gave
some insights into the many effects that can affect brain
size-mating system relationships. Indeed, as an alterna-
tive to the sexual selection hypotheses, egg size reduc-
tion and female desertion in polyandrous species may
explain why these species have smaller relative brain
sizes than monogamous species, without any need to
assume a trade-off between brain size and a sexually
selected trait (Pitnick et al, 2006) or that mating
requires sophisticated cognitive abilities (Dunbar &
Shultz, 2007). Hence, thorough and novel analyses that
integrate and compare the different aspects that affect
brain size (or parts of it) are needed to understand
what factors drive the evolution of the brain.
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