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Abstract

Cluster N is a region of the visual forebrain of nocturnally migrating songbirds

that supports the geomagnetic compass of nocturnal migrants. Cluster N

expresses immediate-early genes (ZENK), indicating neuronal activation. This

neuronal activity has only been recorded at night during the migratory season.

Night-to-night variation in Cluster N activity in relation to migratory behav-

iour has not been previously examined. We tested whether Cluster N is acti-

vated only when birds are motivated to migrate and presumably engage their

magnetic compass. We measured immediate-early gene activation in Cluster N

of white-throated sparrows (Zonotrichia albicollis) in three conditions:

daytime, nighttime migratory restless and nighttime resting. Birds in the night-

time migratory restlessness group had significantly greater numbers of ZENK-

labelled cells in Cluster N compared to both the daytime and the nighttime

resting groups. Additionally, the degree of migratory restlessness was

positively correlated with the number of ZENK-labelled cells in the nighttime

migratory restless group. Our study adds to the number of species observed to

have neural activation in Cluster N and demonstrates for the first time that

immediate early gene activation in Cluster N is correlated with the amount of

active migratory behaviour displayed across sampled individuals. We conclude

that Cluster N is facultatively regulated by the motivation to migrate, together

with nocturnal activity, rather than obligatorily active during the migration

season.
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1 | INTRODUCTION

Navigation over long distances, as occurs during the
seasonal migration of animals, typically requires some
form of map and compass (Bingman & Cheng, 2005;
Kramer, 1950, 1953; Mouritsen, 2018; Mouritsen
et al., 2016). Understanding the sensory cues and spatial
cognitive processes underlaying maps and compasses has
been a central theme of animal behaviour and neu-
roethology. The geomagnetic compass in migratory birds,
first discovered in 1965 (Merkel & Wiltschko, 1965), was
later discovered to be an inclination compass
(Wiltschko & Wiltschko, 1972). Given that songbirds can
perceive and behaviourally respond to the inclination of
magnetic fields and use this information to orient pole-
ward or equator-ward during migration, it follows that
this information is being processed somewhere in the
brain, but little is known about this neural-sensory and
perceptual processing.

In migratory songbirds, a region in the anterior fore-
brain that exhibits a pattern of neural activation, named
Cluster N, is implicated in the control of the geomagnetic
compass and, by inference, perception of the inclination
of Earth’s magnetic field. The four characteristics of
Cluster N that support its presumptive role as a brain
region involved in the perceptual processing of the
magnetic compass of birds are as follows: (1) In noctur-
nally migrating birds, Cluster N displays greater activa-
tion at night (or in low-light conditions) compared to the
day (Hein et al., 2010; Liedvogel et al., 2007; Mouritsen
et al., 2005); (2) Cluster N has only been observed to be
activated in nocturnally migrating songbirds during the
migration season (Elbers et al., 2017; Rastogi et al., 2011;
Hein et al., 2010; Liedvogel et al., 2007; Mouritsen
et al., 2005; but see Zapka et al., 2010; Liedvogel
et al., 2007); (3) Cluster N receives input from the retina,
a potential site where geomagnetic inclination inputs are
transduced into a neural signal (Solov’yov et al., 2010;
Wong et al., 2021; Wu et al., 2020), via the thalamofugal
visual pathway (Heyers et al., 2007); and (4) lesions to
Cluster N disrupt geomagnetic compass orientation in
nocturnal migratory songbirds (Zapka et al., 2009).

Given that nocturnally migrating songbirds use geo-
magnetic information as a compass to orient themselves
during migration, one potential hypothesis is that a
nocturnal migrant will engage brain regions devoted to
processing geomagnetic information only when they are
actively migrating and not, for example, during the day
or on nights when not migrating. Indeed, in species of
European songbird migrants previously studied, neural
activation in Cluster N is much greater at night than it is

in the day during the migratory season (Hein et al., 2010;
Liedvogel et al., 2007; Mouritsen et al., 2005). However,
during migration, songbirds will routinely choose to
pause their migration to stopover because of insufficient
fuel or bad weather (Schmaljohann et al., 2022) and,
therefore, be inactive on some nights. Unknown is what
effect a pause in migration may have on the nocturnal
activation of Cluster N. If activation of the geomagnetic
compass is facultatively regulated, that is, engaged on
only those nights during the migratory season when a
migratory flight occurs, then brain regions devoted to
geomagnetic field perception might not be as active, or
not active at all, on resting nights compared to nights
when birds are engaging in a migratory flight.
By contrast, another hypothesis is that Cluster N neural
activation is regulated by an underlying circadian cycle
and, consequently, active every night during a migration
season. Circadian rhythms are characteristic of
almost all physiological and behavioural processes
(Pittendrigh, 1960), including those in avian species
(Gwinner, 1996), and therefore, the regulation of Cluster
N’s neural activity may very well be under obligatory
circadian control. The core question of the current study
was to determine to what extent to which Cluster N
neuronal activation during the migratory season of a
songbird is under facultative control of migratory behav-
iour itself.

There were two objectives to the current study. First,
we investigated for the first time whether Cluster N
neuronal activity was increased during the migration of a
North American species of nocturnal, migratory songbird
and the white-throated sparrow (Z. albicollis). Of more
interest, we investigated whether the magnitude of
Cluster N neuronal activation recorded at night
correlated with the intensity of nocturnal migratory rest-
lessness (or Zugunruhe). To address this, we quantified
and compared Cluster N neuronal activity, as indicated
by immediate-early gene expression, in migratory white-
throated sparrows on nights when they were exhibiting
migratory restlessness and on nights when they were
resting. We predicted that if Cluster N neural activation
is facultatively regulated as white-throated sparrows
engage their geomagnetic compass, we would find a
higher level of neuronal activation in Cluster N on nights
birds display migratory restlessness compared to nights
birds were resting. By contrast, we predicted that if
Cluster N neural activation is under control by a circa-
dian rhythm, we would find similar levels of neuronal
activation in Cluster N on nights white-throated sparrows
were displaying migratory restlessness and on nights
birds were resting.
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2 | METHODS

We conducted this study with two cohorts of migratory
white-throated sparrows across two fall migratory
seasons to ensure the validity and reproducibility of our
results. Brain tissue from the first cohort was collected
in 2017 (cohort 1), and the second set of brain tissue
was collected in 2019 (cohort 2). Because the behavioural
and histological methods employed for the two cohorts
were very similar, with a few modifications for the
second, the methods for both experiments are presented
together.

2.1 | Subjects

We captured 18 white-throated sparrows (Z. albicollis) in
October 2017 and 19 white-throated sparrows in October
2019, near Long Point, Ontario, Canada. All birds were
caught during their southward fall migration and had
extensive body fat. This species typically breeds further
north, and winters further south, than the capture site.
Birds were immediately brought to our research facility
and housed in rooftop aviaries, under natural photope-
riod, with ad libitum access to food and water. The roof-
top aviaries are under a translucent plastic roof to protect
birds from precipitation and shielded from the wind by
side panels. Birds were thus exposed to ambient tempera-
ture and light but did not have a direct view of the sky.
That is, birds could not observe the Sun when it set, sky-
light polarization or stars overhead, but they could detect
the timing of sunset. The rooftop aviaries and testing
cages were likely exposed to electromagnetic noise from
the building’s utilities, but all birds in the study were
exposed to identical conditions.

2.2 | Behavioural monitoring

We divided birds into three groups: daytime (cohort
1, n = 5; cohort, 2 n = 6), nighttime migratory restless-
ness (cohort 1, n = 7; cohort 2, n = 8) and nighttime
resting (cohort 1, n = 6; cohort 2, n = 5). Subjects were
randomly chosen to be behaviourally observed during the
day or night, but whether nighttime-observed birds were
in the migratory restlessness or resting groups was oppor-
tunistically determined from each bird’s behaviour. At
least 4 h before observation began, birds were transferred
from free-flight aviaries to smaller individual cages
(metal hardware cloth; 18 cm by 14 cm by 16.5 cm). Each
night, four birds were transferred to the individual cages

that were, in turn, within one of the outdoor aviaries.
These four birds were remotely monitored in real time
using a camera equipped with infrared emitters. For
cohort 1, observer notes were taken on behaviour, simply
noting if a bird was continually active or not (when active
birds paused it would only be for a few minutes). For
cohort 2, observation of the birds’ behaviour was video
recorded with the same camera for later scoring of migra-
tory restlessness. Observations took place from October
to November in 2017 and 2019. There was no difference
between groups in the date of testing (Kruskal–Wallis
test, p = .11).

Daytime birds were monitored for approximately
45 min between midmorning to the early afternoon.
Active daytime behaviour was defined as hopping
between perches, eating and drinking. For both night-
time groups, the birds’ behaviour was recorded for
45 min starting approximately 2 h after sunset, well after
white-throated sparrows typically begin to display migra-
tory restlessness (Bingman & Able, 1979). Here, migra-
tory restlessness was defined by frequent wing whirring
and perch hopping. Birds that were observed to consis-
tently exhibit migratory restlessness during the 45-min
period, with only brief pauses, were assigned to the
nighttime migratory restlessness group. Birds that were
observed to be sitting completely still but could be blink-
ing or moving their heads, continually during a 45-min
period were assigned to the nighttime resting group.
Birds that were continuously inactive for long periods
(10 or more minutes) of the 45-min period were not
included and tested again on a later night or day or
excluded from the study. From the video recordings of
the cohort 2 migratory restless group, we quantified the
amount of movement for each bird in this group using
Behavioral Observation Research Interactive Software
(BORIS; Friard & Gamba, 2016). The migratory restless-
ness occurred throughout the observation period, but
birds occasionally paused restlessness for a few seconds
and sometimes up to a few minutes, resulting in variation
in the total amount of activity displayed by the nighttime
active group. We thus quantified migratory restlessness
in this group as the percentage of time moving during the
observation period.

For all groups, following the monitoring period, we
quickly captured each restless, resting or daytime bird
from its cage; placed it in a cloth bag; and immediately
transported it to an adjacent room for brain collection.
Data and brain collection of one to three of the four birds
was carried out per night, with the remainder being used
on a later day or night, or excluded. All brains were
collected within a month of capture.

BRODBECK ET AL. 1781
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2.3 | Brain preparation and
immunohistochemistry

A subject was held in an opaque cloth bag from capture
to brain collection. The time from the end of monitoring
to anaesthesia ranged from 15 to 45 min, resulting in a
total range of 60 to 90 min from the onset of behavioural
observation to brain collection. This allowed for transla-
tion of immediate early gene expression to protein
products in the brain at approximately the time when
migratory activity began in the restless group.

For brain collection, we deeply anaesthetized a bird
via inhalation of isoflurane and perfused it transcardially
with 0.1 M phosphate-buffered saline (PBS), followed by
4% paraformaldehyde. Next, we removed the brain from
the skull and placed it in a vial containing 4% parafor-
maldehyde for 24 h. Then, the brain was transferred to
30% sucrose for cryoprotection. Once a brain was fully
saturated and sunk (24–48 h), it was frozen on pulverized
dry ice and stored in a �80�C freezer.

We sectioned left and right hemispheres separately in
the sagittal plane at �20�C, with a 40 μm thickness,
using a cryostat. For each hemisphere, brain sections
were collected in 24-well tissue culture trays containing
0.1 M PBS. Sections were collected beginning around
1.20–2.20 mm lateral to the midline (i.e., the 30th–54th
section lateral to the midline) and ended around 4.08–
5.08 mm lateral to the midline (i.e., the 102nd–126th
section lateral to the midline). We collected every third
brain section to process with immunohistochemistry to
label ZENK. In addition, we collected an additional series
of every third section to aid in the anatomical localization
of Cluster N. For cohort 1, we used Nissl staining to serve
as an anatomical reference, but this provided gross
anatomical features only, as Cluster N cannot be
distinguished from surrounding brain tissue by cytoarchi-
tectonic features. For cohort 2, we used immunohisto-
chemistry to label glutamate receptor 1 (GluR-1) in eight
brains, opportunistically selected across groups to label
the dorsal nucleus of the hyperpallium (DNH), a
structure useful for locating Cluster N (Hein et al., 2010;
Mouritsen et al., 2005; Zapka et al., 2010).

Immunohistochemistry was completed in runs of one
to two brains at a time, in a pseudorandom order
balanced across the three groups to remove processing
order as a confounding factor in staining intensity. All
brain processing was conducted while blind to treatment
group. For immunohistochemistry, we washed free-
floating sections two times, 5 min per wash, in 0.1 M
phosphate buffered saline (PBS). Sections were incubated
for 15 min at room temperature with agitation in 0.5%
H2O2. Sections were washed again three times (5 min
each) in 0.1 M PBS and then incubated for 1 h at room

temperature with agitation in 10% normal goat serum
diluted with 0.3% Triton-X PBS (PBS-T). In cohort 1,
sections were then incubated at room temperature for
�24 h with anti-ZENK (RRID:AB_2231020, antibody
SC-189, Santa Cruz Biotechnology, diluted 1:1,000)
antibody. In cohort 2, sections were incubated at room
temperature for �24 h with either anti-ZENK (SC-189,
Santa Cruz Biotechnology, diluted 1:1,000) or anti-
GluR-1 (RRID:AB_2113602, AB1504, EMD Millipore
Corp, diluted 1:250). Sections were washed three times
and then incubated for 1 h at room temperature with agi-
tation in biotinylated goat anti-rabbit secondary antibody
(BA-1000, Vector, diluted 1:250). Sections were again
washed three time and then incubated for 1 h at room
temperature with agitation in avidin-biotin horseradish-
peroxidase complex (Vectastain ABC, Elite Kit, diluted
1:200). Sections were washed a final two times and then

F I GURE 1 Top panel: photomicrograph of a representative

GluR-1-labelled brain section from cohort 2. The black arrow

indicates the DNH (dorsal nucleus of the hyperpallium), which is a

neurochemical landmark used to localize Cluster N. Scale bar,

1.5 mm. Bottom panel: line drawing of a brain section showing

sampling boxes for counting ZENK-labelled neurons from the

Cluster N images. The outlined shaded area indicates Cluster N’s
location. The dark ellipse indicates the location of the DNH. Boxes

indicate fields of view for which we took photomicrographs to

quantify ZENK immunoreactivity. Scale bar, 1.5 mm.
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visualized with the glucose-oxidase-DAB method.
Sections were exposed to the DAB reaction for 5 min
before being rinsed four times and float-mounted on
Superfrost Plus Excel slides (Fisherbrand) and left to dry
at room temperature for approximately 24 h. Sections
were dehydrated in a sequence of increasing alcohol
concentrations and then cleaned in a xylene substitute
for �24 h before being cover-slipped.

2.4 | Cluster N visualization and cell
counting

All photomicrographs and cell counts were collected by
an observer blind to the experimental group of the ani-
mals. To locate Cluster N in cohort 1, we used a combina-
tion of ZENK immunoreactivity and gross anatomical
landmarks in Nissl-stained adjacent sections. From
previous work in similar sized European species (Elbers
et al., 2017; Hein et al., 2010; Liedvogel et al., 2007;
Mouritsen et al., 2005; Zapka et al., 2009, 2010), we
observed that Cluster N was present lateral to the hippo-
campus (about 1,700 μm lateral to the midline). Thus,
photomicrographs (510 μm � 381 μm) were taken of
10 sequential brain sections per hemisphere moving
laterally through the brain, starting with the first
section in which the hippocampus was no longer visible.
For each brain section, one image was taken in two
different anterior–posterior levels, one more rostral and
one more caudal (Figures 1 and 2). ZENK expression

occurs throughout all major pallial compartments of the
Cluster N region, with some variation in density (Heyers
et al., 2022). It was not the intent of this study to examine
the regional variation in Cluster N activation, as we could
not carry out the necessary regional, anatomical parti-
tioning. We used a systematic sampling of two locations
within the Cluster N region (Figure 1) similar to what
has been done in previous studies (auditory control refs).
That is, we collected images (fields of view) at the same
anatomical location across groups to facilitate between
group comparisons but did not quantify regional varia-
tion within individuals. A total of 40 images per brain
were taken (i.e., 2 hemispheres � 10 sections � 2 areas
per section).

For cohort 2, we used GluR-1 staining to facilitate
locating the DNH, a structure with intense GluR-1
staining located within Cluster N (Figures 1 and 2; Elbers
et al., 2017; Hein et al., 2010; Heyers et al., 2022;
Liedvogel et al., 2007; Mouritsen et al., 2005; Zapka
et al., 2009, 2010). The GluR-1 stain confirmed that the
DNH is visible just lateral to the most anterior point of
the hippocampus, validating our method of locating Clus-
ter N for cohort 1. Because the boundaries of Cluster N
were easier to delineate in the cohort 2 birds, images at
the same locations as in cohort 1 were taken from five
concurrent brain sections per hemisphere, as opposed to
10 with cohort 1.

Counts of ZENK-labelled cells were performed using
an automated macro instruction written for ImageJ
(Schneider et al., 2012). Parameters for labelled cell size

F I GURE 2 Representative

photomicrographs of GluR-1 and ZENK

immunoreactivity from each

experimental group. Left column images

indicate GluR-1 immunoreactivity with

the DNH visible. Centre column images

indicate low-magnification images of

ZENK immunoreactivity in Cluster N

with squares indicating the locations of

fields of view where we collected higher

magnification images (right column) to

quantify ZENK immunoreactivity. Low-

power image scale bars, 1.5 mm; high-

power image scale bars, 150 μm.
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were calculated by obtaining measures from a random
set of 60 photomicrographs. The parameters for a labelled
cell to be counted based on size were set to one standard
deviation above and below the mean of this subset of
cells (mean = 25.21 μm2; SD = 9.35 μm2). Parameters for
circularity were calculated by running cell counts on all
images with the set size parameters (15.86–34.57) and no
circularity limits (i.e., .00–1.00). This determined the
distribution of circularity of all particles in all images.
From this, the parameters for a labelled cell to be
counted based on circularity were set to .4–1.00
(2 standard deviations above and below the mean, with
1.0 as a cut-off). All labelled cells in each photomicro-
graph (field of view) were counted. For each bird, we
calculated the average number of cells per field of view
and used the overall average per bird for statistical
comparisons between groups.

2.5 | Statistical analyses

Tests of significance were conducted at α = .05, using
Graphpad Prism version 9. Brains from two subjects in
the restless group were excluded from the study due to
damage during histological processing. We determined if
there were any left–right hemispheric difference in the
number of ZENK-labelled cells in Cluster N of the night-
time migratory restless birds using paired t tests. Brains
from three additional subjects were excluded from this
analysis because of damage to one hemisphere that pre-
cluded histological processing. Because the brains from
the two cohorts were processed in separate batches
2 years apart, the labelled cell counts from each cohort
were normalized by conversion to z scores, enabling us to
pool the data across the two cohorts. A one-way analysis
of variance was conducted on the z scores to determine
any differences in the number of ZENK-labelled cells
across the groups, followed by Tukey’s post-hoc tests to
determine pairwise group differences. Lastly, to further
test the apparent facultative nature of Cluster N activa-
tion, we examined the relation between amount of migra-
tory restlessness displayed and the number of ZENK-
labelled cells in Cluster N for cohort 2, video-recorded
migratory restless birds using Pearson’s correlation.

3 | RESULTS

Paired t tests showed no evidence for interhemispheric
differences in the average number of ZENK-labelled cells
(cohort 1, t15 = .43, p = .67; left hemisphere x̄ = 38.00,
SEM = 6.10; right hemisphere x̄ = 34.36, SEM = 8.13;
cohort 2, t15 = .51, p = .62; left hemisphere x̄ = 108.60,

SEM = 9.85; right hemisphere x̄ = 106.60, SEM = 10.53).
For the analyses described below, data from both
hemispheres were averaged resulting in one value per
subject. There were significant differences in the number
of ZENK-labelled neurons in Cluster N across the three
treatment groups (Figure 3; one-way ANOVA on
z scores: F [2, 32] = 5.22, p = .011). Tukey’s multiple
comparison showed there were significantly more ZENK-
labelled cells in the nighttime migratory restless group
compared to both the daytime group (p = .021) and rest-
ing group (p = .031). There were no differences between
the nighttime resting and daytime group (p = .99).
Additionally, in the nighttime restless group of cohort
2, there was a significant, positive correlation between
the percentage of time in migratory restless and average
number of ZENK-labelled cells (Figure 4; Pearson
r = .85; p = .016).

4 | DISCUSSION

Our primary objective was to determine whether the
activity of Cluster N in white-throated sparrows is facul-
tatively regulated on a night-to-night basis in association
with migratory restlessness or more obligately regulated
perhaps by some underlying circadian rhythm. Addition-
ally, the relationship among Cluster N and the nocturnal

F I GURE 3 ZENK-labelled cells per field of view in Cluster N

of white-throated sparrows from each of the three groups. Data

from cohorts 1 and 2 are pooled. Box plots indicate the 25th, 50th

and 75th percentiles, and whiskers indicate the range for each

group. Asterisks indicate significant differences between groups

(Tukey’s post hoc test).
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migratory restlessness of migratory birds has to date only
been investigated in European songbirds (Elbers
et al., 2017; Hein et al., 2010; Heyers et al., 2007;
Liedvogel et al., 2007; Mouritsen et al., 2005; Zapka
et al., 2009, 2010). Our study thus expands the species
known to exhibit Cluster N activity during migration to a
new taxon of songbirds (Passerellidae) and new
geographic region (North America).

Previous research on Cluster N has principally
explored its activation without considering individual
variation in the nocturnal behaviour of migrants (Elbers
et al., 2017; Hein et al., 2010; Heyers et al., 2007;
Liedvogel et al., 2007; Mouritsen et al., 2005; Zapka
et al., 2009, 2010). Our data, however, compellingly dem-
onstrate that Cluster N activation is under facultative
behavioural control. That is, neurons in Cluster N appear
to only be active on nights when birds are motivated to
engage in a migratory flight. We compared the number of
ZENK-labelled cells in Cluster N, as a proxy for neuronal
activation, in nocturnal migrants on nights when they
were exhibiting migratory restlessness compared to other
birds that rested during the night (as well as during the
daytime). Like previous findings, we found a greater
number of ZENK-labelled cells in the nighttime migra-
tory restless group than in the daytime group (Hein
et al., 2010; Liedvogel et al., 2007; Mouritsen et al., 2005).

However, we also found significantly more ZENK-
labelled cells in the nighttime migratory restless group
compared to the nighttime group that displayed no, or
little, migratory restlessness. Indeed, ZENK immunoreac-
tivity was similar between daytime birds and nighttime
resting birds, suggesting that Cluster N was only active in
birds expressing nocturnal migratory restlessness.

Additionally, among the birds in the nighttime
migratory restless group of cohort 2, we found a positive
correlation between the intensity of migratory restless-
ness and the number of ZENK-labelled neurons. This
correlation could be explained in three ways: (1) More
time spent active with migratory restlessness causes
greater neuronal activation in Cluster N; (2) greater
activation in Cluster N increases time spent active in
migratory restlessness; or (3) greater activation of a third
behavioural/physiological variable increases both time
spent active as part of migratory restlessness and Cluster
N activation. Although not their main finding, Zapka
et al. (2009) noted that birds exhibited substantial migra-
tory restlessness behaviour, though not oriented in the
appropriate direction, even when Cluster N was lesioned,
providing evidence against hypothesis 2 above. While the
finding of Zapka et al. (2009) does not completely refute
these two hypotheses, it does demonstrate that an intact
Cluster N is not necessary for migratory restlessness to

F I GURE 4 Significant, positive

correlation (Pearson r = .85; p = .016)

between the average number of ZENK-

labelled cells per field of view and

migratory restlessness (time moving)

across a sample of six migratory restless

birds from cohort 2.
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occur. We therefore consider the third scenario most
likely and propose that a third variable reflects the moti-
vation to migrate based on some interaction between the
level of fat deposition to fuel a migration and weather
that would be favourable or unfavourable for a migratory
flight. Therefore, a strong motivation to migrate/display
migratory restlessness would lead to active engagement
of the geomagnetic compass (Bingman & MacDougall-
Shackleton, 2017; Pakhomov & Chernetsov, 2014) and
the resulting increased activation of Cluster N.

Further work would be required to determine how
weather cues and fat deposition might influence migra-
tory motivation and Cluster N activity. One speculative
hypothesis is that Cluster N activity is in part controlled
by brain regions that regulate the motivation to migrate
on a given night. Cluster N receives afferent projections
from the visual thalamus (Heyers et al., 2007). In
addition, there are several telencephalic regions that are
connected to the visual Wulst in pigeons (Shimizu et al.,
1995), and similar connections in songbirds could poten-
tially provide input to Cluster N on the motivational state
of a migratory bird. Another route by which a migratory
bird’s motivational state might influence Cluster N
activity is via reciprocal connections between the visual
Wulst and the hippocampus (Atoji et al., 2002; Casini
et al., 1986; Heyers et al., 2022), which is more strongly
connected to limbic regions that could mediate the moti-
vation to migrate. Again, further work would be required
to test these hypotheses.

The importance of Cluster N for the behaviour of
nocturnally migrating songbirds is that it is suspected to
participate in the neural control of the geomagnetic
compass (Mouritsen, 2018). A geomagnetic compass has
not been investigated in white-throated sparrows, but it
has been found in the related Savannah sparrow
(Passerculus sandwichensis; Bingman, 1983) and virtually
every other nocturnal songbird migrant species studied to
date. However, because we did not record the orientation
of the birds in this study nor did we manipulate the
ambient magnetic field, our data do not directly link
Cluster N in white-throated sparrows and the geomag-
netic compass. Nonetheless, our study informs hypothe-
ses regarding brain lateralization and the geomagnetic
compass and whether the compass is primarily right-eye
lateralized (Wiltschko et al., 2002) or integrates input
from both eyes (Hein et al., 2011). Our finding that
Cluster N is similarly activated in both brain hemispheres
when white-throated sparrows display nocturnal
migratory restlessness is more consistent with bilateral
control of the geomagnetic compass as argued by Hein
et al. (2011).

5 | CONCLUSION

Our results describe for the first time Cluster N and its
neuronal activation during migratory restlessness in noc-
turnally migrating white-throated sparrows. We conclude
that Cluster N activation is facultatively regulated and
that its neuronal activation is upregulated in birds that
display migratory restlessness. The motivation to migrate
on any given night likely drives both nocturnal restless-
ness and neural processing related to the geomagnetic
compass. Future research should address how motivation
to use the geomagnetic compass during migration, or
during other geomagnetically guided behaviour, may dif-
ferentially regulate activation of this brain region.
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