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Urbanization is a major driver of local biodiversity losses, but the traits that determine
whether species are able to tolerate urban environments remain poorly understood.
Theory suggests that a larger brain should provide higher tolerance to urbanization
by enhancing behavioral flexibility to cope with novel challenges. However, assembling
empirical evidence for a link between brain size and tolerance to urbanization has proven
to be difficult, perhaps because the effect of the brain interacts with life history to influence
persistence in urban environments. Here, we provide a global-scale assessment of
the role of brain size on urban tolerance, combining quantitative estimations of urban
tolerance with detailed information on brain size, life history and ecology for 629
avian species across 27 cities. Our analysis confirms the expected positive association
between brain size and urban tolerance, but shows that the relationship is more
complex than previously shown. While a large relative brain size generally increases urban
tolerance, species with small brains can still attain high success in urban environments
if they spread the risk of reproduction across multiple events (i.e., have a low brood
value). These alternative strategies, although uncommon in natural conditions, seem to
be favored in urban environments, fundamentally restructuring the composition of urban
communities. Thus, our results support the notion that brain size mediates tolerance
to urbanization, but also shows that there are alternative ways of exploiting urban
environments. Our findings reconcile previous conflicting results regarding the effect of
brain size on urban tolerance, and provide the basis for improved predictions of the
responses of organisms to increasing urbanization over the coming decades.
Keywords: urban ecology, anthropogenic changes, avian communities, brain mass, brood value, biodiversity,
urban exploiters, urban avoiders

INTRODUCTION
Cities are home to almost 4 billion people and over the coming decades their populations and
geographic footprint will continue to swell (Seto et al., 2011, 2012). Urbanization represents one
of the most extreme forms of environmental change for biodiversity (Sala, 2000; McKinney, 2006;
Newbold et al., 2015) and for the majority of organisms, entails severe fitness costs, with declines
in population abundances or local extinctions (Grimm et al., 2008). However, for species capable
of exploiting these novel environments, cities provide a potential cornucopia of opportunities,
allowing increases in abundance far beyond those found in natural habitats (Sol et al., 2014). These
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urban tolerant species constitute the slim fraction of biodiversity
with which most people have frequent contact and thus have a
potentially disproportionate impact on the health and well-being
of human societies. Although a number of factors have been
identified to predict urban tolerance (Sol et al., 2014), the features
that allow these animals to thrive in urban environments remain
insufficiently understood.
Among the different explanations for why some animals are
able to exploit urban environments, one that has recently received
greater attention is the cognitive buffer hypothesis (Allman et al.,
1993; Sol, 2009). According to this hypothesis, a large brain
should enhance persistence in novel environments by facilitating
the construction of behavioral responses to new challenges, an
idea supported by growing evidence (Sol et al., 2005, 2008; Sayol
et al., 2016b; Fristoe et al., 2017). Behavioral responses have been
found to be particularly important in coping with the challenges
of urban environments, being instrumental in facilitating the
exploitation of new resources, avoidance of human disturbances,
and improving communication in noisy conditions (reviewed
in Sol et al., 2013). However, whether large brain size predicts
success in urban environments remains controversial (Table 1),
with early support for this hypothesis (Møller, 2009; Maklakov
et al., 2011, 2013), challenged by later studies (Evans et al., 2011;
Sol et al., 2014; Dale et al., 2015; Møller and Erritzøe, 2015), only
to be re-affirmed by more recent analysis (Callaghan et al., 2019).
One explanation for why the effect of brain size has been
challenging to resolve, is that a large brain size is only one of a
number of traits that may influence urban tolerance (Sol et al.,
2014). For example, a broader niche is expected to facilitate
persistence in urban environments by increasing the likelihood
of finding appropriate resources (Evans et al., 2011; Sol et al.,
2014; Ducatez et al., 2018; Callaghan et al., 2019) while migratory

behavior can promote the colonization of urban areas (Evans
et al., 2012). Because brain size correlates with these traits, failure
to properly account for such additional drivers may mask the
effect of brain size on urban tolerance. For example, if a large
brain affects tolerance to urbanization by facilitating broader
niches (Ducatez et al., 2015; Sol et al., 2016), including a measure
of niche generalism in the model can block the effect of the
brain on urban tolerance. Given that migratory species tend
to have smaller relative brains than resident species (see Sayol
et al., 2016b, and references therein), including migration in
the model may also reduce the effect of the brain on urban
tolerance. An additional, less appreciated issue, is that brain size
may interact with species life history in potentially complex ways
to determine urban tolerance. For instance, previous work has
shown that avian species that distribute their reproductive effort
across a higher number of events—and hence give less value to
any single event—are more likely to establish themselves in novel
environments, including urban settlements (Sol et al., 2012, 2014;
Maspons et al., 2019). By having a life history that prioritizes
future over present reproduction, these species can spread the
risk of reproductive failure over several breeding attempts and, if
conditions become unfavorable, may skip reproduction entirely,
thus saving energy for future reproduction. However, a low brood
value can be achieved through a longer lifespan, but also by
reproducing several times in a same breeding season. For these
latter species—which have high reproductive efforts with a low
brood value—investing in a large brain and enhanced behavioral
flexibility may bring more costs than benefits (Maspons et al.,
2019). However, their life history can still buffer individuals
against the risks associated with an urban life. Because it is likely
that there is no single strategy to become an urban dweller, life
history and brain size should be studied together in order to
understand how they interact to influence urban tolerance.
Here, we revisit the role of brain size on urban tolerance by
combining quantitative estimates of tolerance to urbanization
with measurements of brain size, life history, and ecology for
629 avian species. Our approach consists of two stages. In the
first stage, we estimate urban tolerance of species by comparing
the relative abundance of species in urban vs. surrounding
wild habitats, using data from well-characterized communities
(Sol et al., 2017). We then conduct phylogenetic-based analyses
to explore how relative brain size interacts with life history
and ecological traits previously linked to urban tolerance. In
the second stage, we conduct a community-level analysis to
explore how trait-dependent responses to urbanization alter the
structure of urban assemblages. Our global analysis supports
the hypothesis that a large brain promotes urban tolerance, but
also reveals that the relationship is more complex than generally
thought, depending critically on the interaction with species
life history.

TABLE 1 | Summary of studies that have investigated the association between
behavioral flexibility and urban tolerance in birds, in chronological order.
Sample
size

Location

Response metric

Effect

References

31 species

Jerusalem

Presence inside the
city (0/1)

n.s.

Kark et al., 2007

39 species
pairs

W. Palearctic Urban species (0/1)*

+

Møller, 2009

82 species

Europe

Breeds in city center
(0/1)

+

Maklakov et al.,
2011

88 species

UK

Relative density
(continuous)

n.s.

Evans et al., 2011

108 species Global

Urban species (0/1)*

n.s.

Møller and
Erritzøe, 2015

358 species Global

Relative abundance
(continuous)

n.s.

Sol et al., 2014

90 species

Relative frequency
(continuous)

n.s.

Dale et al., 2015

Average night-time
light (Continuous)

+

Callaghan et al.,
2019

Oslo

477 species Australia

MATERIALS AND METHODS
Species Abundance Data

n.s., Not significant. +, significant positive effect. *Defined based on monographs.
The sample size and location of the study are shown, as well as the metric used to quantify
urban responses and the reported effect of brain size. All studies used brain size as a
proxy for behavioral flexibility, except Møller (2009), that used the frequency of behavioral
innovations and Kark et al. (2007), that used both brain size and behavioral innovations.
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We used a previously compiled dataset on bird abundances in
27 cities for which intensive surveys are available (Sol et al.,
2017). We restricted our analysis to studies where abundance
was measured in both well-defined urban settlements as well as
2
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brain regions responsible for general-domain cognition, and
hence is a good proxy for general behavioral flexibility (Lefebvre
and Sol, 2008; Sayol et al., 2016a). As a measure of species
life history, we used brood value, which measures the relative
value of each reproductive event. To estimate brood value, we
first collected information on the number of broods per year
and maximum recorded lifespan (years) from various published
sources (See Supplementary Table 1). With this information,
we were able to obtain the potential total number of broods
over the life of an individual, as the product of the maximum
lifespan and the number of annual breeding attempts (broods).
We then calculated the brood value as the logarithm of 1/total
number of breeding attempts. Therefore, species that have fewer
reproductive attempts over their lifetime, will have high brood
values (i.e., each breeding attempt has a higher value), whereas
species with many breeding attempts have low brood values (i.e.,
each attempt have a relatively smaller value). Although average
life expectancy could be a more accurate metric to calculate
the average number of breeding attempts per species, we used
maximum lifespan instead because this metric has been recorded
for a much larger sample of species. As a metric of niche
breadth we used an index of habitat generalism based on the
co-occurrence of species among different habitat types, which is
available for all bird species (Ducatez et al., 2014). Global maps
of species distributions (Birdlife International NatureServe, 2012)
were used to identify migratory species as those that have some
part of the population in different regions during reproductive
and non-reproductive seasons. We also used these maps to
classify the species in each city as exotic or native. In total,
we obtained traits for 629 species, resulting in a final database
consisting of 1,036 species per city records across 27 different
cities (Figure 1, Supplementary Data 1, 2). When excluding all
trait missing values (e.g., to run models with all factors at a time),
our dataset contains 436 species and 816 observations.

in the surrounding non-urbanized wild habitats. In total, this
dataset contained 1,036 observations of species in different cities
(38.4 ± 3.5 SE species per city). Following Sol et al. (2014),
we calculated an urban tolerance index for each species as the
differences in log-abundances between urban and wild habitats
[i.e., log(Urban abundance)-log(Wild abundance)]. A positive
urban tolerance index indicates that a species is more common in
urban compared to wild habitats while a negative urban tolerance
index indicates that a species is more common in wild habitats.
We calculated the urban tolerance index for each species × city
combination. The raw abundance data for a given city could be
recorded as either the number of individuals per unit of survey
area or time. This, however, does not affect the calculation of
the urban tolerance index, because this metric was computed for
each city relative to the matched wild habitat sampled using the
same methodology.

Species Traits Data
For the species present in our dataset we collected data on brain
size as well as a number of ecological and life-history traits
that could affect urban tolerance. Although the trait values of a
given species may vary between locations (e.g., urban vs. wild
habitats) and cities, information on such intraspecific variation
in traits is generally lacking. However, evidence indicated that
variation across species was substantially higher than within
species, and so we gathered information at the species level.
We were able to collate published data on brain volume
for 524 of the bird species present in our avian assemblage
dataset (See Supplementary Data 2, Supplementary Table 1 to
see source for each species). For 95% of these species, brain
volume was estimated using the endocast method, which has
been shown to give reliable estimates of brain size (Iwaniuk
and Nelson, 2002). This method consists of filling an empty
skull with lead shot or plastic microspheres, which are then
weighed to infer the volume of the skull. For the remaining
species (n = 34), brain size was measured as fresh brain
weight and converted to volume using the density of fresh
brain tissue (1.036 g/ml) (Iwaniuk and Nelson, 2002). We
complemented these data with new skull measurements for 105
additional species from 51 families, measured at the Natural
History Museum, Tring (UK), following the endocast method.
Where possible, the values of measurements for male and
female specimens were averaged to obtain an average brain
size of each species (specimen measurements are available
in Supplementary Data 3). In birds, the ability to construct
novel behavioral responses is not related to brain size per se,
but the extent to which the brain is either larger or smaller
relative to body size (Lefebvre et al., 1997; Overington et al.,
2009). We obtained body mass data from the same museum
specimens, when available, complemented with estimates from
the Handbook of the Birds of the World (Del Hoyo et al., 2018)
and the Handbook of avian body masses (Dunning, 2007). We
then estimated relative brain size as the residual from a loglog phylogenetic Generalized Least Square regression [using the
“phyl.resid” function from R package phytools (Revell, 2012)]
of absolute brain size against body mass. This relative brain
size measure is strongly correlated with the sizes of pallial
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Modeling the Predictors of Urban
Tolerance
All of our analyses were based on Bayesian Phylogenetic Mixed
Models (BPMMs) combined with Markov chain Monte Carlo
approximations, as implemented in the MCMCglmm R package
v2.20 (Hadfield, 2010). Prior to any analysis, all continuous traits
were Z-transformed (Mean centered to 0). We first explored
the association between urban tolerance index and brain size
by constructing a BPMM with the urban tolerance index as
our response variable (Gaussian error distribution) and relative
brain size as the unique predictor. To control for phylogenetic
effects, we used a maximum clade credibility tree (MCC) from
the posterior sample of 10,000 trees with the Ericsson tree
backbone (Jetz et al., 2012). We note that using the Hackett
tree backbone led to quantitatively almost identical results and
so is not reported further. Phylogeny, species and city were
included as random factors, and we used an inverse-Wishart
prior (V = 1, ν = 0.002) to facilitate model convergence.
We then ran additional models including several life-history
and ecological variables as predictors of urban tolerance index.
First, we ran models including relative brain size with either

3
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FIGURE 1 | Geographical and taxonomic coverage of the data. Our study includes abundance data from 27 cities from all the continents (A). Abundance and brain
size data was available for 629 species from 23 orders of birds including 1,036 unique city × species records. In (B) the distribution across cities of species from each
taxonomic order are represented in a network, where the width of the links indicates the number of species from each order occurring in each city and the width of the
bars indicates the total number of species in each city (top) and order (bottom). Silhouettes for each order are available at phylopic.org under a public domain license.

identified in previous models. Because the establishment success
of introduced species—which are abundant in cities—is known to
increase with brain size (Sol et al., 2005, 2008; Amiel et al., 2011),
in this model, we also included whether the species was native
or exotic to ensure that our results were not due to the effect

habitat breadth, migratory behavior and brood value to test for
interactions between brain size and each of these traits. We
ran three separate models with each variable in turn in order
to maximize sample size. Finally, we ran a model including all
variables as additive effects along with the significant interactions
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RESULTS

of introduced species. We re-ran this final model after excluding
species for which brain size was measured as fresh brain weight
to check that the use of different methods did not affect our
conclusions. Models were run for 1010,000 iterations, with a
burn-in of 10,000 and a thinning interval of 1,000, resulting
in a posterior distribution of 1,000 samples. We checked that
the autocorrelation of samples was <0.1 and ran each model
twice, assessing proper convergence using the Gelman-Rubin
statistic, requiring models to have a scaling reduction factor
below 1.1 (Gelman and Rubin, 1992). We report the posterior
mean and the 95% credible intervals (CIs) for each variable, and
assess significance according to pMCMC, which is the proportion
of samples in the posterior distribution non-overlapping with
zero. Because preliminary results suggested that species with
different combinations of brain sizes and brood values have
contrasting tolerances to urbanization, we examined how these
two traits are related two each other at the species level. With
this objective, we ran an additional BPMM with relative brain
size as the response variable (Gaussian error distribution) and
brood value as a predictor. We used identical prior and sampling
options as for models of urban tolerance index, but in this case
only phylogenetic structure was included as a random factor
(the analysis is done at the species level, with a single value
per species).

We found that relative brain size is positively related to urban
tolerance (Posterior mean or ß, with 95% confidence intervals =
0.450 [0.115–0.818], pMCMC = 0.012), when included as a single
predictor. In addition, we found that brood value and habitat
breadth —but not migratory behavior— were also associated
with urban tolerance when added to the previous model (See
Supplementary Tables 2–4 for more details). In particular, we
found that a lower brood value (ß = −0.382 [−0.595 to −0.112],
pMCMC < 0.001) and a broader habitat breadth (ß = 0.29808
[0.106–0.473], pMCMC = 0.002) were associated with increased
tolerance to urbanization.
In the model including brood value, the main effect of
relative brain size was no longer a significant predictor of urban
tolerance. This in part reflects the existence of a weak negative
association between brain size and brood value, so that species
with relatively large brains were generally associated with low
brood values (ß = −0.083 [−0.129 to −0.033], pMCMC <
0.001). However, there was a significant interaction between
brood value and relative brain size (ß brain size∗ brood value =
0.272 [0.028–0.530], pMCMC = 0.028; Supplementary Table 2):
Tolerance to urbanization was higher for species with relatively
larger brains and low brood values, but the relationship between
urban tolerance and brain size changed in species with high
brood values (Figure 2). Thus, species with a high brood value
(i.e., concentrating most reproductive effort in few events) have
lower abundance in urban habitats when they have relatively
small brains but have higher abundance when they have relatively
larger brains.
The interaction between relative brain size and brood value
was not due to the frequent presence of exotic species in
cities (ß = 0.293 [0.044–0.542], pMCMC =0.024, Table 2,
Supplementary Table 5). Similarly, the interaction between
brain size and brood value was still significant when including the
other ecological predictors (e.g., habitat breadth and migratory
behavior) in the model (Table 2, Supplementary Table 5).
The previous analysis suggests that a species may become
an urban dweller with different combinations of brain size and
life history. However, what are the consequences for urban
communities? We found that while the average brain size (mean
weighted by abundance) of wild and urban communities were
largely overlapping when all species were considered together
(Wild community: −0.07 ± 0.71 SE; Urban community: −0.25
± 0.85 SE), a clear shift in assemblage structure was evident
when species with low and high brood values were examined
separately. For wild habitats, the community-weighted average
brain size was similar for both low and high brood-value
strategies, whereas in urban environments, communities shift
toward big-brained species with few breeding attempts over
their lifetime and small-brained species with a high number
of reproductive events (Figure 3). These shifts were primarily
driven by the increase in abundance in cities of species with larger
brains and high brood value or small brains and low brood value,
but also to a lesser extent by the decrease in abundance or local
extinction of species with small brains and high brood values
(Supplementary Figure 1).

Exploring Brain Size Distributions in Urban
and Wild Assemblages
Because brain size and life history were found to interact to
predict urban tolerance, we performed additional analysis to
further examine how the distribution of brain size changes
between wild and urban assemblages and according to different
life-history strategies. We calculated the mean urban and wild
abundance of each species across all cities globally and classified
each species as having either a high or low brood value, defined
using the median brood value as the breakpoint (See resulting
species averages in Supplementary Data 4). Then, we calculated
the weighted mean and weighted standard deviation of brain
size for both the global urban and global wild assemblage for
each brood value group. To test for statistical differences in
brain size between brood value groups we performed twosample Weighted T-Tests (i.e., Welch tests) for each comparison,
without significance-level correction for multiple testing. In
addition, we also examined the relative extent to which
differences in the weighted-mean brain size of wild and urban
bird assemblages are driven by changes in species composition
(loss or gain of species from wild habitats to cities) or changes in
relative abundance of species that are found both in and outside
cities (Supplementary Figure 1). To illustrate the types of species
that are favored in urban communities, and how the brain
size distribution is altered compared to natural assemblages, we
ordered all bird families according to their mean tolerance to
urbanization (using the mean urban tolerance index across their
species). Then, we separately plotted the brain size distribution
of urban exploiters (species from the 10 families with the highest
tolerance) and avoiders (species from the 10 families with the
lowest tolerance).
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FIGURE 2 | Brain size interacts with brood value to predict urban tolerance. (A) Either species with lower brood values and small brains (bottom-left) or species with
high brood values and big brains (up-right) are able to tolerate urban environments. (B) Splitting species into those investing in few breeding attempts (High brood
value) or many attempts (Low brood value), helps to visualize the interaction: Brain size increases urban tolerance in species with high brood value but not in species
with low brood value.

TABLE 2 | The effects of each predictor (Posterior mean with 95% credible
interval) on the urban tolerance index, from a Phylogenetic Bayesian mixed model
which includes the phylogenetic structure, species identity and city as random
effects.
Model
Model parameter
structure

Posterior Mean (with
95% C.I.)

pMCMC

Fixed
effects

−1.53 (−3.88 to 0.48)

0.164

(Intercept)
Relative brain size

0.33 (−0.11 to 0.78)

0.118

–0.25 (–0.49 to –0.08)

0.042

0.29 (0.04 to 0.54)

0.024

Status (exotic)

1.45 (0.69 to 2.30)

<0.001

Habitat breadth

0.17 (−0.03 to 0.36)

0.094

−0.29 (−0.85 to 0.24)

0.240

Brood value
Relative brain size * Brood
value

Migratory behavior
Random
effects

Animal (Phylogenetic structure)

5.78 (2.82 to 8.81)

Species

0.28 (0.00 to 1.22)

City

0.28 (0.00 to 0.69)

The full model was run with 816 observations from 436 species. Significant factors
(pMCMC < 0.05) are shown in bold.

FIGURE 3 | Changes in the relative brain size of wild and urban bird
communities. The community-weighted mean relative brain size of wild and
urban communities is shown for both high (blue) and low (yellow) brood-value
strategies, using the median of the brood value distribution as the breakpoint.
P-values indicate the significance level from two-sample Weighted T-Tests
(i.e., Welch tests).

DISCUSSION
Using a global dataset combining brain size and urbanization
measures across cities, we show that relative brain size is an
important predictor of species tolerance to urban habitats.
However, our analysis shows that the direction of the effect
of brain size is dependent on species life history, resulting in
two alternative strategies for thriving in cities. In particular,
species that invest in a high number of breeding attempts over
their life (i.e., have a low brood value) are more tolerant of
urbanization, even when having a small brain size. In contrast,
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for species that invest in few reproductive events, a brain that
is larger than expected by their body size is key to provide
urban tolerance. Although relatively uncommon in nature, these
trait combinations seem to be favored in urban environments,
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urbanization pressures requires having a more plastic behavior,
allowing them to respond to altered conditions (Lowry et al.,
2013; Sol et al., 2013). There is ample evidence that urban bird
populations tend to have greater innovation and problem-solving
abilities (Liker and Bokony, 2009; Sol et al., 2011; Audet et al.,
2016; Cook et al., 2017; Griffin et al., 2017; Kozlovsky et al.,
2017)—traits that are closely linked to a relatively larger brain
(Lefebvre et al., 1997; Overington et al., 2009; Benson-Amram
et al., 2016)—and that this could potentially help animals to
deal with novel challenges (Sol et al., 2007; Sol, 2009). These
ideas are consistent with evidence that large-brained species
tend to live in more variable environments (Sayol et al., 2016b,
2018; Vincze, 2016; Fristoe et al., 2017), and are more likely to
establish when introduced to novel environments (Sol et al., 2005,
2008; Amiel et al., 2011). Although the exact mechanism linking
brain size and urban success is not known, increased behavioral
plasticity is likely useful in a variety of domains, including
feeding innovations (Ducatez et al., 2015), recognizition of
novel predation threats (Levey et al., 2009) and choice of the
appropriate habitat (Clergeau and Quenot, 2007).
Our work reaffirms the importance of brain size in
determining species responses to changing environments (Sol
et al., 2005; Sayol et al., 2016b; Fristoe et al., 2017), but also
highlights the need to consider behavioral flexibility in the
context of life history (Sol et al., 2016; Fristoe and Botero, 2019;
Maspons et al., 2019). These two factors must therefore be studied
together in order to fully understand how organisms respond
to current anthropogenic impacts. In this context, an important
avenue for further work will be to explore how the interaction
between brain size and life history affects the response of
organisms to other kinds of anthropogenic threats such as habitat
alterations (Shultz et al., 2005) and the potential consequences
for global extinction risk (Gonzalez-Voyer et al., 2016; Tobias
and Pigot, 2019). In the face of increasing urbanization,
our findings can be used to predict those species that will
better respond to the coming challenges as well-identify those
species of greater sensitivity where conservation efforts should
be concentrated.

FIGURE 4 | Relative brain size distribution among urban exploiters and
avoiders. Shown is the distribution of relative brain size across species from
the ten families with the highest (urban exploiters) and ten families with lowest
(urban avoiders) urban tolerance (see Supplementary Figure 2 for results
with additional families). Silhouettes provide examples of some of the families,
ordered by brain size, from left to right: Apodidae, Columbidaee, Zosteropidae,
Reguliidae, Coerebidae, Dicruridae, Meliphagidae, Laridae, Passeridae,
Corvidae (available at phylopic.org under a public domain license). Gray
dashed line shows the distribution of relative brain size for all the species
contained in the dataset.

leading to a striking restructuring of avian assemblages in urban
environments. These findings help reconcile previous conflicting
results regarding the effect of brain size on urban tolerance
and resolve the long-standing conundrum that urban exploiters
(i.e., species that thrive in cities) include examples of both small
brained (e.g., pigeons and swifts) and large-brained (e.g., crows,
gulls, and starlings) species (Figure 4). The existence of multiple
strategies to tolerate urban environments may also explain why
recent work on mammals (Santini et al., 2019) found that a larger
brain size promotes tolerance to urban habitat in some groups
(e.g., carnivores and bats) but not in others (e.g., ungulates).
In our study, we found that larger brains are generally
correlated (albeit weakly) with low brood values. However, we
found that the few species that depart from this relationship
are disproportionally represented in cities, revealing two trait
combinations to tolerate urban environments: larger brains with
high brood values and small brains with low brood values. These
two alternative strategies could be seen as a choice between
investing either in enhanced behavioral plasticity or in multiple
reproductive events. There is indeed increasing evidence, both
empirical (Sol et al., 2012, 2014) and theoretical (Maspons et al.,
2019) that spreading the reproductive effort across many events
can enhance the establishment success of populations in novel
environments. Under these conditions, having multiple breeding
opportunities can allow individuals to spread the risk through
bet-hedging (Stearns, 2000) or to skip reproduction in favor of
future events (Forcada et al., 2008), diminishing the costs of
reproductive failure. In this case, having a large brain may entail
net fitness costs due to the greater energy requirements and time
constrains of spreading annual reproduction in several events
(Sol et al., 2016).
In contrast, for species with fewer reproductive opportunities
(i.e., with a high brood value for each attempt), dealing with
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