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Social animals encountering natural dangers face decisions such as whether to

freeze, flee or harass the threat. The American crow, Corvus brachyrhynchos, con-

spicuously mobs dangers. We used positron emission tomography to test the

hypothesis that distinct neuronal substrates underlie the crow’s consistent be-

havioural response to different dangers. We found that crows activated brain

regions associated with attention and arousal (nucleus isthmo-opticus/locus

coeruleus), and with motor response (arcopallium), as they fixed their gaze on

a threat. However, despite this consistent behavioural and neural response,

the sight of a person who previously captured the crow, a person holding a

dead crow and a taxidermy-mounted hawk activated distinct forebrain regions

(amygdala, hippocampus and portion of the caudal nidopallium, respectively).

We suggest that aspects of mobbing behaviour are guided by unique

neural circuits that respond to differences in mental processing—learning,

memory formation and multisensory discrimination—required to appropriately

nuance a risky behaviour to specific dangers.
1. Introduction
The behaviour of animals is profoundly shaped by encounters with danger.

Small birds utter high-pitched calls, freeze and hide at the sight of a hawk [1].

Whether hunted by sharks or wolves, grazing animals adjust their foraging

locations, eating behaviour and vigilance to the presence of predators [2]. Herd-

ing and flocking animals gather in coordinated masses as a predator closes the

chase [3]. In contrast to such self-preserving behaviours, social animals also

engage in risky behaviour at the sight of danger. Some deer and antelope con-

spicuously prance and flag their tails as they flee from a lion [4]. Vervet

monkeys inspect threats before warning their troop members with predator-

specific vocalizations [5]. Social birds known for their brashness and intellect,

such as the crow, attack would-be predators. When a crow discovers a predatory

hawk perched, it rushes headlong towards the hunter, climbing high, then diving

at the raptor who flinches just as the crow pulls up to rocket skyward and dive

again. As the crow harasses, it gives harsh scolding vocalizations that attract

other crows to join the mob [6]. The predator occasionally kills the aggressive

crow, but more often it leaves the area, affording crows time for essential beha-

viours that increase survival [7]. Other natural dangers are met with the same

crow response. The intensity varies, but not the fundamental aspects of the

behaviour [6,8]. A person who has wronged a crow in the past is instantly recog-

nized, scolded and mobbed [8,9]. Even a dead crow attracts a scolding mob

[10,11]. Antipredator behaviour, even the paradoxical risking of life by a mob-

bing crow, is understood from a behavioural, ecological and evolutionary

perspective [12–14]. However, the way in which the brain integrates diverse

sensations, context, history and emotion into a unique set of behavioural

responses, such as the mobbing behaviour of a crow, is unknown [15].
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Figure 1. Sequence of steps in the experimental protocol. Crows learned two faces during their approximately one month long tenure in captivity: the face of the
person who captured them (threatening face) and the face of the person who fed and cared for them (caring face). During stimulation, as crows metabolized a
previous interperitoneal injection of (F-18) fluorodeoxyglucose (FDG), they saw these faces, another person never seen before (novel) holding or not holding a
taxidermy-mounted crow in prone (dead) position, or a taxidermy-mounted red-tailed hawk whose head moved. Rubber masks molded from actual people
were used to create faces so that the same face could be randomly assigned as either threatening, caring or novel for each crow. Each of the 25 crows only
saw one of the six possible stimuli (n ¼ 5 threatening face, n ¼ 4 caring face, n ¼ 5 novel face, n ¼ 4 novel face holding dead crow, n ¼ 4 hawk, n ¼ 3
room without any person or taxidermy mount). After stimulation, crows were anaesthetized, and the distribution and relative concentration of FDG throughout
the whole brain was assessed. After sufficient radioactive decay (24 h), crows were returned to the wild.
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Neuroscientists have produced a general understanding of

the way in which neuronal firing patterns affect regional brain

activity, and the way distinct regions of the brain network to

evoke a great diversity of vertebrate behaviours [16]. We

know, for example, in birds that midbrain vocal centres control

scolding [17,18], and in birds and mammals that the amygdala

is involved in learned fear responses [19,20], including those of

a crow encountering a person known to be dangerous [21].

However, because a great variety of stimuli elicit the same

diving, calling and rallying behaviour during mobbing, the

crow’s stereotypical actions are the final message from a

neural network that must guide innate reflexive responses,

enable rapid associative and spatial learning, and weigh the

costs and benefits of risky actions.

Functional imaging studies complement more traditional

cell recording, stimulation, lesion, gene expression and tracing

studies to increase our understanding of how animal brains

work [22]. Imaging enables researchers to visualize the brain’s

activity during the performance of a task, but its application

to animals other than humans has been limited by the need

to restrain or sedate subjects during scanning [22,23]. We have

overcome this with the relatively non-invasive F-18 fluoro-

deoxyglucose positron emission tomography (FDG-PET [24];

figure 1) and have begun to image the brains of wild crows as

they assess natural challenges [21].
Applying the principles of neuroecology—contrasting the

neural responses of a diversity of animals in ecologically salient

situations [25]—we are beginning to extend what is known

from mammals, including humans, to birds. The amygdala,

specifically within the brain’s right hemisphere, has thus

been implicated as playing a central role in the acquisition of lear-

ned fear [26]. By imaging the whole brain of the fearful crow, we

revealed a neural network involving telencephalic pallial regions

(e.g. nidopallium and mesopallium), subpallial emotional

regions (e.g. nucleus taeniae of the amygdala) and premotor

regions (e.g. arcopallium), as well as nuclei in the dorsal thala-

mus and brainstem [21]. Here, we ask how activity within this

neural network varies as crows encounter other potential dan-

gers—a predator (red-tailed hawk, Buteo jamaciensis) and a

novel person holding a dead crow (figure 1)—that, like the

sight of a threatening person, also trigger mobbing and scold-

ing. We expand the use of FDG-PET imaging to test the

hypothesis that distinct neuronal substrates underlie the

crow’s consistent behavioural response to different dangers.
2. Material and methods
We captured 25 adult, probably male crows (based on body size,

moult and mouth colour [27]) from large winter roosting
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aggregations. Capture, handling, housing, diet and general

experimental protocols were in accordance with IACUC protocol

3077-01, Washington scientific collection permit 11-359 and US

scientific collection permit MB761139-1. Each of these phases of

our research is fully described elsewhere ([21], including the

associated electronic supplementary material).

Exposure of birds to people was minimal during captivity

(holding cages are atop a building accessed only by research

staff ). At the time of first capture, and when captured from the

holding cage for transport to the imaging laboratory, each bird

was exposed to a person wearing a particular mask (the threaten-

ing face). Daily one person, wearing a different mask (the caring

face) fed the birds and washed their cages. During experiments,

some crows saw for the first time a person wearing a third, new

(novel) face. Because multiple groups of crows were captured

over the course of the study, we counter-balanced the masks

used: for example, the mask that was learned as threatening by

some crows was learned as caring or novel by others.

On the evening prior to an experiment, a single crow was cap-

tured from its holding cage by a person wearing the threatening

face, placed in a sock to calm it and carried across campus to a

small (0.5� 0.5 � 1 m), wire cage in a fume hood of the imaging

laboratory. Water was available, but no food. We draped a blanket

across the front of the cage to prevent the bird from seeing out into

the laboratory and to keep it calm as it acclimated overnight.

On the day of an experiment, the acclimated crow received an

interperitoneal injection of approximately 1 mCi (F-18) FDG

(volume range 0.050–0.100 ml). To do so, we removed the crow

from the covered cage while covering its face with a hood. All

crows remained passive and relaxed during this procedure with

no visible signs of stress or struggle. We returned the crow back

into the blanket-draped cage and played recorded crow calls (con-

tact kaws, no alarm calls) for 2 min to distract and calm the recently

handled subject. We then exposed the crow to one of five stimuli:

(i) a person wearing the threatening face, (ii) a person wearing

the caring face, (iii) a person wearing the novel face, (iv) a taxi-

dermy-mounted red-tailed hawk that was motorized to enable

head movement, and (v) the experimental room without any

person or taxidermy mount. Each crow viewed a stimulus during

a series of seven, 1 min duration exposures. Between exposures,

the blanket was replaced on the cage and the crow allowed to

relax out of view of the stimulus for 1 min (our initial tests of the

threatening and caring face, and associated empty room control)

or 30 s (all tests of hawks, dead conspecifics, novel people and

associated controls).

To expose the crow to each stimulus, two researchers were in

the laboratory. During exposure to threating and caring human

faces, one researcher sat 0.5 m from the cage facing the crow,

whereas the second researcher removed the blanket and kneeled

next to the sitting person. During exposure to the novel face with

and without the dead crow, one masked researcher sat 0.5 m

from the cage facing the crow, whereas the second researcher

removed the blanket and remained out of sight behind it. During

exposure to the taxidermy-mounted red-tailed hawk, the hawk

sat 0.5 m from the cage, in the same chair used by masked research-

ers in all previous tests. As one researcher controlled the blanket to

expose the hawk to the crow, the second researcher moved the

hawk’s head via remote control. The head of the hawk swivelled

towards the crow’s cage after 15 s and remained fixed on the

cage for the rest of the exposure. Between exposures, the hawk

was swivelled to initially face to the right or to the left of the

crow. During exposures to the hawk, both researchers were out

of view of the crow. After seven exposures to a stimulus and associ-

ated breaks, we again took the crow out of the cage by reaching

under the blanket, covered its eyes with a hood and induced seda-

tion with 3–3.5% isoflurane before placing it in the scanner.

Scanning details [21] are based upon an initial 120 min ima-

ging study we did to determine the time (about 25 min after
injection) that FDG activity peaked in the crow brain. Accord-

ingly, we imaged the crow’s head using a Siemens Inveon PET

system for 16–20 min after exposure to each experimental stimu-

lus. This was followed by an approximately 13 min attenuation

scan and then reconstructed using 3D OSEM/MAP (ordered

subsets expectation maximization/maximum a posteriori) to an

isotropic spatial resolution of 2.5 mm full width at half maximum

(FWHM). Finally, an emission image of the crow’s torso was

taken to verify that there was a clean intraperitoneal injection.

Images were reconstructed for the 10 min time frame starting

27 min after the time of injection. The images were reconstructed

using the vendor-supplied 3D OSEM/MAP algorithm with

attenuation and scatter correction applied to the data. The

image matrix was 128 � 28 � 159. A zoom factor of 1.302 and

a beta of 0.25 were used for the MAP smoothing parameter.

After the images were reconstructed, they were exported using

DICOM for the statistical parametric analysis software.

We obtained structural MRIs of four crow brains using a 3 T

MR scanner (Philips Achieva, Philips Healthcare, Andover, MA,

USA) and a commercial coil (Philips Healthcare) with T1-weighted

magnetization-prepared rapid gradient-echo (TR/TE ¼ 10.8/

5.1 ms; Ti¼ 1000 ms; FA ¼ 98 acquired matrix 512 � 512 mm

over 110 slices, voxel 0.2 � 0.2� 0.6 mm interpolated to 0.1 �
0.1 � 0.3 mm). These MR images were co-registered and averaged

to create an anatomical template, which was aligned to a jungle

crow (Corvus macrorhynchos) atlas [28].

We stereotaxically aligned PET images to the brain atlas MR

template. Nine affine parameters were estimated and applied to

images, for consistent stereotactic transformation [29,30]. Alignment

precision was estimated to be 1–2 pixels. After normalizing to global

values, significant regional differences in cerebral metabolic rate

(CMR) were determined using observer-independent voxel-wise

subtraction and Z-statistic mapping (NEUROSTAT [24]; program

available for download at http://128.95.65.28/~Download/).

The statistical threshold for a given comparison is estimated

automatically during processing by algorithms implemented

in our software and based on Worsley et al. [31] (hereafter ‘Worsley’)

and our three-dimensional version of Friston et al. [32] (hereafter

‘Friston’). We used the following basis for the statistical threshold

estimation. The acquired images had a voxel size of 0.667 �
0.667 � 0.796 mm after OSEM reconstruction, which was interp-

olated to a 0.3488 mm isotropic voxel size after co-registration to

the standardized MR atlas template. A three-dimensional Gaussian

filter with three-pixel FWHM was applied to reduce small regional

variations from standardization to the stereotactic coordinate

system. The algorithm then applied a cortical threshold to eliminate

voxels associated with white matter, cerebrospinal fluid and extra-

cranial activities. Using the remaining number of voxels (approx.

10 K voxels) and assuming spatial dependence between adjacent

voxels with smoothness estimated by the partial derivative of the

three-dimensional smoothed surface described earlier [31], the

algorithms using both Worsley et al. [31] and Friston et al. [32]

equations (two algorithms use different approaches, but results

are typically in approximate agreement) estimated that a Z
threshold of 3.8 provided a less than 5% probability of making a

type 1 statistical error adjusted for multiple voxel comparisons. In

addition, we had a strong a priori hypothesis for the activation of

the hippocampus, arcopallium (premotor) and amygdala in our

stimulation paradigms, so these structures were included at slightly

below threshold (lowest Z ¼ 3.63 is Hp). To show the distribution of

individual data points (see the electronic supplementary material,

table S1) and check for outliers, we applied spherical (r ¼
0.3488 mm) volumes of interest (VOIs) centred at the coordinates

of significant peaks to individual images and report effect size as

the percentage increase in activation during stimulation relative to

the appropriate baseline condition.

To evaluate the association of blink rate in response to a stimu-

lation with cortical metabolism, we used individual blink rates

http://128.95.65.28/~Download/
http://128.95.65.28/~Download/
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Figure 2. A fixed stare (reduced blinking), one behavioural response to dangerous situations observed in nature and in the laboratory, was associated with activation
of three brain regions. (a) Voxel-wise correlations converted to Z-score maps are superimposed to a composite (n ¼ 4 birds) structural MRI of the crow brain. Voxels
with Z . 1.64 are coloured; those with Z . 3.8 (3.6 for small structures hypothesized a priori to be activated by stimulus) are considered significant with associ-
ated structures as indicated (BS: dorsal brainstem area possibly, including nucleus isthmo-opticus and locus coeruleus, Z ¼ 4.3; N/M: nidopallium/mesopallium, Z ¼
3.8; A: arcopallium, Z ¼ 3.7). (b – d) Individual values for normalized (global) uptake in each structure that met the threshold for statistical significance on Z-score
voxel-wise mapping. The scatterplots we present describe the individual covariation between neural activity and blinking by all individual crows. Symbol type further
describes covariation within and between treatments. Correlation coefficients describe the magnitude of covariation (effect size) between neural activity and be-
haviour at the brain location where the effect was greatest. (b) Differential activation of the brainstem (BS, r ¼ 20.82) related to subject rate of blinking in each
experiment (type is indicated by symbol) where blinking could be observed. (c) Differential activation of the nidopallium/mesopallium (N/M, r ¼ 20.76) in
relation to blinking by individual crows. (d ) Differential activation of the arcopallium (A, r ¼ 20.74) in relation to blinking by individual crows.
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obtained at the time of PET study in a voxel-wise correlation

analysis of the FDG-PET images over conditions in which we

were able to assess the rate (all except hawk). Correlation coeffi-

cients for each voxel were converted to Z-scores (Fisher

transformation) and peak locations of significant correlations

were mapped over the entire brain (raw data in electronic sup-

plementary material, table S2). We directly observed blinking at

close range during experiments. We derived a single blink rate

per crow by averaging the number of flashes of the bird’s white

nictitating membrane that we counted during each minute of

stimulation. We video-recorded laboratory trials, but resolution

was insufficient to count blinking. All blink rates (see the elec-

tronic supplementary material, table S2) were counted by J.M.M.

and I.P. to reduce the effect of variation among observers.
3. Results
In nature, crows fix their gaze as they scold and mob danger-

ous stimuli [21]. Within the confined space of the small cage

used for our experiments, solitary crows cannot fly and, lack-

ing flock mates, they do not vocalize. They do, however,

reduce blinking to fix a gaze upon a possible danger. Thus,

while we are unable to replicate all aspects of mobbing in

the laboratory, we are able to investigate the mental processes

associated with one aspect of this behaviour. This behaviour-

al component of mobbing was correlated with peak activity

in a small medial region of the rostral nidopallium/mesopal-

lium, the arcopallium and the dorsal brainstem region

around the nucleus isthmo-opticus and locus coeruleus (see

figure 2a; electronic supplementary material, figure S5).
Regional brain activity and infrequent blinking were consist-

ent in crows that viewed two mob-eliciting stimuli: the

person who previously captured them and a new person

holding a dead crow (figure 2b–d, filled symbols; we could

not observe blinking rates during hawk trials). Blinking at

the sight of danger was significantly less frequent than

when crows viewed the novel person without a dead crow

or the face of the person that had cared for them while in cap-

tivity (n ¼ 9 threat þ dead crow: mean ¼ 26.7 blinks per

minute, s.e. ¼ 2.2; n ¼ 9 caring þ novel face: mean ¼ 36.3

blinks per minute, s.e. ¼ 2.9; t17d.f. ¼ 2.68, p ¼ 0.02; filled

versus open symbols in figure 2b–d). The neural response

held in common by crows facing danger probably reflects

increased attention (activity in rostral nidopallium/mesopal-

lium and nucleus isthmo-opticus/locus coeruleus) and

premotor signalling (arcopallium) [33].

Scolding and mobbing the many dangers encountered by

crows in nature is thought to involve learning and assessment

of situations with distinctly different costs and benefits [10,11].

Thus, despite a consistent neural response that includes fixing

the mobber’s gaze, different dangers should activate distinct

emotional and cognitive pathways. The sight of a hawk, for

example, which is innately feared [34] and consistently

dangerous (unlike people), should not activate fear learning

(e.g. amygdala), memory or higher order sensory regions of

the brain. As expected, and in stark contrast to the pattern of

neural activation by crows viewing a person they learned to

fear (figure 3a,b), crows that viewed the red-tailed hawk acti-

vated their medial hyperpallium, a small lateral portion of

the nidopallium/mesopallium, but especially the ventrolateral
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portion of the caudal nidopallium, which also extended dorso-

laterally to encroach the caudolateral nidopallium (NCL;

figure 3a,c; electronic supplementary material, tables S3, S5

and figures S2, S4). The strong activity in the ventrolateral por-

tion of the caudal nidopallium, which is well developed in

corvids [28] and reported to show a high level of immediate

early-gene expression following an exposure to familiar con-

specifics [35], suggests that the area may also be involved in

discriminating among individuals of other species. This role

may further extend to include the dorosolateral portion of

the caudal nidopallium, possibly including a multisensory

NCL that manages decision-making [36]. There was some evi-

dence of lateralization in response, a bias towards activity in

the right hemisphere as in response to the threatening

person, although further systematic analysis is warranted to

reveal specific roles for each hemisphere.

Unlike the sight of a person who has threatened a crow in

the past, or a hawk, who poses a constant threat, the sight of a
dead conspecific associated for the first time with a novel

unconditioned stimulus should activate higher-order sensory

areas (e.g. nidopallium and mesopallium), associative and

spatial learning pathways (e.g. basal ganglia and hippo-

campus), and, perhaps, if the dead conspecific alone

stimulates a change in emotional state, the subpallial limbic

network (e.g. amygdala). Consistent with the hypothesized

importance of cognition and spatial learning in the response

[37,38], the dorsomedial portion of the hippocampus and

part of the cerebellum were activated in response to seeing

a new person holding a dead crow (figures 3a,d,4; electronic

supplementary material, table S4 and figure S3). In contrast

to a hypothesized role of emotion [19], the activation of the

amygdala was not seen consistently (see the electronic sup-

plementary material, table S3); however, there was distinct

hemispheric bias in the response that was parallel to the pro-

cessing of the threatening face [21]; significant peaks occurred

only in the right brain.
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4. Discussion
In the face of danger, despite consistent behaviour and premotor

aspects of neural activity (figure 2), crows are not of a like mind.

The neural networks activated by dangers that differed in

requiring memory (dangerous human), learning (unknown

person holding a dead crow) or innate response to a predator

that in nature presents multisensory information (the sight

and vocalizations of a red-tailed hawk) were distinct in their

reliance upon emotional and cognitive pathways (figure 3).

Our results did not provide information about the exact

routes through which visual input reached different brain

structures to trigger metabolic activity. However, based on

the neuroanatomical data on pigeons and songbirds [39], we

can speculate about possible visual flows associated with the

metabolically active areas (figures 2–4) in the crow brain.

These flows travel from the retina to the telencephalon via

the tectum (the tectofugal pathway) or via the dorsal thalamus

(the thalamofugal pathway; figure 5). The involvement of both

visual pathways and the hippocampus increases the complex-

ity of information flow in the brains of crows that viewed a

novel person holding the dead crow (figure 5b). Considering

the flow of information into the telencephalon and the results

from our observation of blinking behaviour, we suggest that

visual information associated with sighting a threatening

person or a dead crow is sent to the brain stem nuclei control-

ling muscular responses via two routes: from the entopallium

to the brain stem via the arcopallium or the basal ganglia. It is

possible that motor output to the brain stem in response to

seeing the hawk involved the same pathways or direct

output from the hyperpallium to the brain stem (no route is

suggested in figure 5c because in this study we were unable

to observe crow behavioural responses to hawks).

Differences in the activation of the amygdala and hippo-

campus may result from differences in the brain’s activity

while storing versus recalling fearful information and from

differences in the spatial relevance of an observed danger.

Lack of significant amygdalar or hippocampal activity

(relative to baseline conditions) in response to seeing the

innately recognized hawk is consistent with the critical role

these structures play in learning and memory. Apparently,

the amygdala was activated significantly by stimuli that

have previously been learned to be dangerous [40] (electronic
supplementary material, table S1). Our results suggest that the

amygdala, while critical to the memory of a learned fear, is not

critical to the storage of this information, as presumably

occurred when crows viewed a new person holding a dead

crow. In contrast, it is the hippocampus that is activated

during the storage of the learned fears we studied (see the

electronic supplementary material, table S2). Additional

observation is needed to confirm the limited role of the amyg-

dala in the acquisition of fears that we know to be learned (the

identity of a crow’s captor), and its limited response to the

sight of a dead conspecific. This could be accomplished by

imaging FDG uptake by a crow as it is captured or as it

views only a dead conspecific, and will be investigated in a

future study.

The avian hippocampus is considered to be a homologue

of the mammalian counterpart and involved in the formation

of spatial memory [41,42]. Our results suggest that the hippo-

campus may also be involved in fear learning generally, or

learning of specific fearful locations where crows encounter

reliable indicators of a dangerous place (a dead crow). In con-

trast, we hypothesize that while the observation of freely

moving dangers (a threatening person, a hawk) may also

indicate dangerous areas to be avoided, this information is

less precise than the location where a kill has occurred, and

therefore it may not be overly stimulating to the hippo-

campus. Imaging crows as they respond to other direct and

indirect locational cues could test this idea.

There was strong activation of the rostromedial portion of

the hyperpallium, mesopallium and nidopallium at the sight

of a person previously learned as threatening, and at the sight

of a novel person holding a dead crow (figure 3). This has

important implications for understanding the roles of these

avian brain areas in the face of different ecological situations.

The neural connections of the rostral pallial regions that were

activated by the threatening human or unknown person

holding a dead crow are not unequivocally known. Part of

this region has been suggested to be important to behavioural

flexibility [43]. The specific areas activated in our experiments

are unlikely to be involved in the sensory processing of any

specific modality since they are located far medial to trigem-

inal or visual regions (e.g. the basorostral pallial nucleus or

entopallium) and rostral to auditory regions (e.g. field L).

Rather, their column-like organization appears to correspond

to the extensive metabolic activity found in zebra finches

(Taeniopygia guttata) that were aroused by being chased [44].

Thus, it is possible that the activity of the pallial areas in

crows that viewed the association of a novel person with a

dead crow, and especially the person whom they had learned

was dangerous, is correlated with the general arousal level or

specifically heightened attention paid to the sensory environ-

ment associated with danger. That the rostral pallial areas

were not activated significantly by the sight of the hawk

may suggest that the general arousal level in these regions

is raised when birds need to learn new information or to

use the learned information to initiate immediate and fast

reactions, such as assembling a mob around novel dangers.

That the sight of a hawk activated forebrain regions pro-

posed to be critical in decision-making informed by multiple

sensory modalities (NCL [36]) was surprising. Perhaps in

nature, crows typically attend to the sights and sounds pro-

duced by this deadly predator, and adjust their behaviour

(to flee or to mob) to the hawk’s behaviour (hunting versus

perching or eating). Imaging the uptake of FDG by crows
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attending to visual and vocal stimuli, and a variety of predator

actions, would test this hypothesis.

Functional imaging studies, such as the unique application

of micro-PET techniques in our study, hold great potential to

advance our understanding of the neural basis of animal be-

haviour because they are amenable to longitudinal studies

on the same individuals in distinct situations. We did not

take advantage of this strength. Rather, we used a conservative

approach that exposed each subject to a single stimulus,

thereby minimizing the amount of FDG and anaesthesia

each bird received, and eliminating possible carry-over and

order effects of dangerous encounters from prior trials. The

rapid recovery following testing, consistent responses of indi-

viduals and distinct responses of each small experimental

group bodes well for the development of future longitudinal

studies. In addition, the image-processing and statistical analy-

sis will require further study. For example, although both

Worsley and Friston equations (two algorithms that use differ-

ent approaches, but typically provide results in approximate

agreement [31,32]) gave an estimated the Z threshold of 3.8,

verification of our estimates for smoothing and grey/white
matter ratio in avian brains will require further study to

increase robustness of the analysis by including more subjects

and a possible within subject design. Crow grey matter in the

cortex is thin, and, because of the boundary issue in the sto-

chastic field, the exact type 1 error rate may be higher than

the Worsley/Friston estimates.

Our study does facilitate comparative studies across dis-

tantly related animals. Comparison, especially as it includes

wild animals reacting to natural challenges, enables develop-

ment of general neuroecological principles and exposure of

the evolutionary roots of neural function [25]. Understanding

how animals process fear in natural settings increases our

understanding of fear’s role in structuring vertebrate ecologi-

cal communities [2], and informs efforts to discourage

conflicts between humans and wildlife, as well as conflicts

among common and rare species [10].
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