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Long-distance migratory birds have relatively smaller brains than short-
distance migrants or residents. Here, we test whether reduction in brain size
with migration distance can be generalized across the different brain regions
suggested to play key roles in orientation during migration. Based on
152 bird species, belonging to 61 avian families from six continents, we
show that the sizes of both the telencephalon and the whole brain decrease,
and the relative size of the optic lobe increases, while cerebellum size does
not change with increasing migration distance. Body mass, whole brain size,
optic lobe size and wing aspect ratio together account for a remarkable 46%
of interspecific variation in average migration distance across bird species.
These results indicate that visual acuity might be a primary neural adaptation
to the ecological challenge of migration.

1. Introduction

Long-distance migration in birds requires acquisition and processing of infor-
mation to enable geo-positioning (map), orientation (compass) and the
recognition of familiar sites [1,2]. To successfully migrate, birds use a combi-
nation of visual cues (i.e. spatial landmarks, sun, stars, colour, luminance,
motion), magnetic cues and proprioceptive information [1,2]. Information pro-
cessing efficiency can be achieved by an increase in the number of neurons,
which would result in increased neural structure volumes, structural complex-
ities and/or their increased neuron densities [3]. Therefore, relative enlargement
of brain regions responsible for processing this information has been predicted
in animals with greater need for orientation, such as migrants [1]. Here, we
investigate how migration distance is associated with relative sizes of different
brain regions across birds.

The regions of the avian brain that might be relevant for migration include
the telencephalon, the cerebellum and the optic lobe [2—4]. Diverse information
relevant for migration projects to nuclei of the telencephalon processing spatial
cues (hippocampus), magnetoreception and night vision (cluster N), audition
(auditory cortex), olfaction (olfactory bulb), visual cues (visual Wulst, entopal-
lium) and putative non-compass magnetic map information (trigeminal nerve
recipient hindbrain nuclei) [4-12]. The telencephalon serves various functions,
and navigation and sensory information processing constitute only a fraction of
these. Therefore, given the high energy demands of large brains, an overall
increase in telencephalon or whole brain size can hardly be expected [13],
and especially not in species with demanding life-histories, such as migrants.
Indeed, the telencephalon is smaller in migratory than resident bats [14], in
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Table 1. Results of multivariate PGLS models explaining variation in migration distance across 91 species of birds.

full model

predictor

(intercept) —0.50 (4.58) 0.11 0.9138

body mass 1.02 (0.94) 1.09 0.2780
aspect ratio M908 542 <0000
wing area 0.32 (0.88) 037 0.7156

brain mass C 15070903 166 01004

size of telencephalon 7.29 (6.46) 113 0.2623

o ofopt|c o 369(165) o oo
size of cerebellum 1.44 (2.03)

Pagel's A = 0.76, n = 91, R = 0.47

15 closely related songbirds [4], as well as in the migratory
subspecies of dark-eyed junco (Junco hyemalis) [15].

The cerebellum of birds and mammals is relatively large
and well developed compared with other vertebrates [16]. It
coordinates skeletal muscles, and hence a well-developed cer-
ebellum would imply fine motor dexterity, higher motion
precision, and better coordination and timing during flight
[17]. However, increased structural complexity and not cerebel-
lar volume correlates with tool use and nest complexity in birds
[3,18]. Additionally, the relative size of the cerebellum does not
differ between sedentary and migratory bats [14]. Whether
an enlarged cerebellum in birds serves as an evolutionary
adaptation to long-distance flight is an open question.

The optic lobe is part of the midbrain and is well devel-
oped in birds [16,19]; it processes visual, auditory and
somatosensory information. The optic tectum, the elabora-
tely laminated supraventricular part of the lobe, is a mainly
retinorecipient brain region (part of the primary visual path-
way) and receives up to 90% of visual information in birds
[20]. The roles of the optic tectum also include head and
eye orientation towards visual and auditory stimuli, visual
discrimination, spatial positioning of stimuli and motion pro-
cessing [16,19,21]. Therefore, the optic lobe may play an
important role in navigation, although such an association
lacks evidence.

Here, we hypothesize that the size of different avian brain
regions has coevolved with migration distance. We predict
that longer migration distance will be associated with
decreased whole brain and telencephalon size due to ener-
getic limitations [4,22,23] and increased cerebellum and
optic lobe size, because the amount of motor, visual and pos-
itional information to be processed increases with migration
distance. We test these predictions using brain component
sizes and migration distance for birds of six continents from
a wide taxonomic range.

2. Material and methods

We extracted brain size (whole brain, telencephalon, cerebellum,
optic lobe) and body mass data for 152 species of birds (elec-
tronic supplementary material, appendix S1). We calculated
species-specific migration distances using distribution map
shape files [24]. Wing morphology has been suggested to explain
variation in migration distance [25], and, therefore, the potential

0.71 0.4799

minimal model

predictor

(intercept) —4.89 (2.20) 222 0.0290
body mass 0.96 (0.80) 1.20 0.2333
aspect ratio 11.05 (1.89) 5.85 <<0.0001
brain mass —-4.83 (1.15) 421 0.0001
size of optic lobe 2.69 (1.25) 2.15 0.0345

confounding effects of wing area and aspect ratio (available for
91 species) were controlled in multivariate models. We built
phylogenetic generalized least squares (PGLS) models with
body mass, brain region sizes, and wing morphology as explana-
tory variables and migration distance as the dependent variable
(electronic supplementary material, appendix S1).

3. Results

Migration distance in 152 bird species ranged from 0 to
8466 km and was strongly positively correlated with wing
aspect ratio across 91 species (table 1). Relative brain mass
strongly decreased, while the relative size of the optic lobe
increased with increasing migration distance (table 1 and
figure 1). Telencephalon size decreased with migration dis-
tance in models only containing body mass and the size
of telencephalon (PGLS, n =152, B (s.e.)= -3.67 (0.79),
t = -4.62, p <0.0001), although this association disappeared
when mass of the entire brain was included (PGLS, n = 152,
B (s.e.) = -3.24 (3.59), t = —0.90, p = 0.3685). The size of the
cerebellum was not related to migration distance (table 1; elec-
tronic supplementary material, table S1). Aspect ratio, brain
mass and size of the optic lobe explained 46% of total variance
in average migration distance of 91 species. These results
were robust regardless of how we controlled for brain allo-
metry, and whether we controlled for wing architecture
(table 1; electronic supplementary material, table S1). Results
were very similar when considering passerines only, which
represent a phylogenetically, morphologically and behaviour-
ally more uniform taxonomic group than our complete dataset
(electronic supplementary material, table S1).

4. Discussion

Using data on 152 bird species from six continents and
61 families, we provide evidence of a positive association
between optic lobe size and migration distance. Additionally,
migration distance has a non-uniform association with differ-
ent brain regions with increasing migration distance. Whole
brain and telencephalon sizes decreased, while cerebellum
size did not change with increasing migration distance.

The importance of high visual abilities in navigation has
long been proposed [1,2]. The increase in optic lobe size
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Figure 1. Residual migration distance extracted from the minimal model presented in table 1 after excluding (a) brain mass or (b) optic lobe, in relation to body
mass-adjusted (a) brain mass or (b) optic lobe of different bird species. Slopes were obtained from a linear regression between the plotted variables.

with longer migration distance suggests that visual cues play
a crucial role in migration. Visual cues from the environment
are projected to the superficial layers of the optic tectum in
the form of a topographic map (retinotopic map; [26]),
while the deeper layers are motoric, guiding eye and head
movement and spatial attention to salient environmental
stimuli, without the need of cortical processing [19,26]. Our
result indicates that the ecological challenge imposed by
orientation during migration might favour the evolution of
an efficient neural substrate responsible for the above
capacities. Sun compass, surface reflections, motion relative
to flock-mates and stabilizing visual stimuli during flight
may all select for larger optic lobe in migrants, for a better
visual perception and for quick flight manoeuvres. Alterna-
tively, long-distance migrants encounter a diverse set of
habitats during migration, where developed visual proces-
sing may allow for faster survey of the new environment
and, therefore, better predator avoidance [27]. Note however
that (i) the optic lobe is multisensory, also processing audi-
tory and somatosensory information, which might explain
the association found and (ii) apart from the tectofugal
visual pathway, the thalamofugal and accessory optic
pathways may also be relevant for migrants.

Both whole brain and telencephalon size decreased with
migration distance, although the latter effect disappeared
when whole brain size was controlled statistically. This
result indicates that increasing migration distance selects for
decreased whole brain size, and that the decrease in the
size of telencephalon accounts for most of this overall brain
size reduction. Decrease in brain size and/or telencephalon
with migration has repeatedly been shown in diverse taxa
[5,14,23,28]. The energy trade-off hypothesis suggests that
the energetically demanding brain and migration compete
for resources, which leads to a compromise in brain size.
The behavioural plasticity hypothesis states that resident
species experience selection for large brains because better
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