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Crows pay close attention to people and can remember specific
faces for several years after a single encounter. In mammals, in-
cluding humans, faces are evaluated by an integrated neural
system involving the sensory cortex, limbic system, and striatum.
Here we test the hypothesis that birds use a similar system by
providing an imaging analysis of an awake, wild animal’s brain as
it performs an adaptive, complex cognitive task. We show that
in vivo imaging of crow brain activity during exposure to familiar
human faces previously associatedwith either capture (threatening)
or caretaking (caring) activated several brain regions that allow
birds to discriminate, associate, and remember visual stimuli, includ-
ing the rostral hyperpallium, nidopallium, mesopallium, and lateral
striatum. Perception of threatening faces activated circuitry includ-
ing amygdalar, thalamic, and brainstem regions, known in humans
and other vertebrates to be related to emotion, motivation, and
conditioned fear learning. In contrast, perception of caring faces
activated motivation and striatal regions. In our experiments and
in nature,when perceiving a threatening face, crows froze andfixed
their gaze (decreased blink rate), which was associated with activa-
tion of brain regions known in birds to regulate perception, atten-
tion, fear, and escape behavior. These findings indicate that, similar
to humans, crows use sophisticated visual sensory systems to rec-
ognize faces and modulate behavioral responses by integrating vi-
sual information with expectation and emotion. Our approach has
wide applicability and potential to improve our understanding of
the neural basis for animal behavior.
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Avariety of species are able to discriminate between human
faces (1–3), and this ability appears to be linked to neural

integration of perception, emotion, and memory. Brain imaging
studies have revealed that humans use a core recognition system
in their sensory cortex (the posterior superior temporal sulcus,
the inferior occipital gyrus, and the fusiform gyrus) networked
with two extended systems that convey the historical (anterior
paracingulate, posterior superior temporal sulcus/temporopar-
ietal junction, anterior temporal cortex, precuneus, and posterior
cingulate) and emotional (amygdala, insula, and striatum) sig-
nificance of the person (4). This network of brain regions that
perceive and analyze faces is informed by ventral and dorsal vi-
sual pathways—the ventral enabling fine discrimination and the
dorsal providing rapid, but coarse, emotional assessment (3).
Brain mapping investigations on other species capable of human
recognition are extremely limited; however, electrophysiological
recordings in the visual cortex of domestic sheep and nonhuman
primates have indicated the presence of neurons that respond to
human facial information (5).
We demonstrated previously that free-ranging American crows

(Corvus brachyrhynchos) discriminate among humans based on
facial characteristics, but we could only speculate on the neural
basis for this behavior (1, 6). Because birds and mammals share
some common sensory and motor circuits (7), we hypothesized
that recognition of humans by crows might involve a distributed
set of interactive brain regions. Here we use a neuroimaging
approach to test this hypothesis and investigate the underlying

neuronal circuitry activated in response to the sight of familiar
people whom we expect crows to recognize as either threatening
or not threatening. To accomplish this goal, 12 adult male crows
were captured by investigators wearing identical masks, a process
which we had previously demonstrated was sufficient for crows to
learn the masks as a “threatening” face (1). Over their 4-wk
captivity, crows were fed by caregivers wearing an alternative,
“caring,” mask (Fig. 1). We used positron emission tomography
(PET) combined with administration of [F-18]fluorodeoxyglucose
(FDG) to assess the brain activity of wild crows responding
adaptively to these faces. During an uptake phase when FDG
accumulates in the brain proportional to regional brain activity,
we kept the awake crow in a controlled physiologic condition and
showed it one of the following: (i) a person wearing the mask that
captured it, (ii) a person wearing the mask that fed it, or (iii) an
empty room. Once FDG was predominantly fixed in the brain, the
subject could be imaged under anesthesia. The resultant images
showed brain activity during the uptake phase. Although pre-
viously used for human brain mapping research (8), our experi-
ment adapts this technology to map the response of a bird’s brain
to a natural, visual, cognitive task and allows us to image a non-
human animal responding to a human face (9, 10).

Results and Discussion
The visual system of birds and primates is supported by perhaps
the most advanced and sophisticated neural sensory system
known (11). Much of this complexity is evident in the whole-
brain responses of crows in our visual discrimination experi-
ments. The pattern of FDG uptake during visual stimulation
revealed activation of the crows’ tectofugal visual pathway and
a diversity of other forebrain regions (Fig. 2 and Movie S1). Our
activation paradigm concentrated neural activity on the central
fovea of each retina, stimulating a strong response by the nucleus
rotundus of the thalamus and especially its target in the fore-
brain, the entopallium (Fig. 2). In lateral-eyed birds, such as the
crow, this visual network resolves distant, complex, and novel
objects, and it is important to visual discrimination tasks; pattern
recognition; concept formation that enables categories and
individuals to be recognized; and depth perception (12, 13)—all
tasks relevant to crows in our experiments.
Our results suggest that American crows recognize familiar

human faces by evaluating visual sensory information in the con-
text of learned associations. The sight of a familiar human, either
threatening or caring, consistently activated the rostral forebrain,
including the hyperpallium and a large region in the nidopallium/
mesopallium (Fig. 3). Differential activation of the hyperpallium
suggests that, in addition to the use of the tectofugal visual
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pathway, crows used their thalamofugal pathway (directly linking
thalamus and hyperpallium) to perceive humans. Activation of the
rostral nidopallium, which has strong connections with the ento-
pallium and mesopallium (14) and access to sensory information
from both the tectofugal and thalamofugal visual pathways (15),
appears important to the recognition of human faces.
Crows quickly associated negative (capture) and positive (pro-

vision of food) experiences with a human face. In our stimulation
protocol, familiar humans were seated and did not behave as
expected, neither threatening nor providing care to crows during
stimulation. This surprise, or prediction error, may account for the
activation of the crows’ lateral striatum (Fig. 3), as it does in
a variety of animals, including humans (16). The activated rostral
mesopallium, an associative forebrain area that participates in
rapid, multimodal learning and is enlarged in crows (17), may be
especially important to the association of human faces with reward
and punishment. Caudal regions of the nidopallium, mesopallium,
and hippocampus—which are important to the recognition of bi-
ologically significant conspecifics (18) and executive function
(19)—were not consistently activated by the sight of a person.
Crows activated different regions when viewing a familiar

threatening vs. a familiar caring person. Upon seeing the face
of their captor, crows activated their nidopallium/mesopallium,
arcopallium including the region containing the nucleus taeniae

of the amygdala (TnA), and nuclei in the dorsal thalamus and
brainstem (Fig. 4 A–C). This response is commonly elicited by the
emotion of fear (20, 21). Definitive identification of nuclei in the
thalamus and brainstem was not possible given our resolution and
the many small, densely packed nuclei, but likely candidates in-
clude those involved in visual pathways (nucleus dorsolateralis
posterior thalami and nucleus isthmo-opticus) (22), learning
pathways (substantia grisea centralis and locus ceruleus) (23), and
emotionalmotor pathways that control vocal andpostural responses
to predators (area surrounding tractus occipitomesencephalicus,
nucleus reticularis, and trigeminal nucleus) (21, 22). The neural
response of crows viewing a human who cared for them daily,
albeit in captivity, was distinct from the response of birds to
a threatening person. The hyperpallium, mesopallium, preoptic
area, andmedial striatumwere strongly activated (Fig. 4A andC).
These areas are known to be important to associative learning,
motivation, and autonomic functions including hunger in verte-
brates (17, 24), which suggests that crows perceived the associa-
tion established between their caretakers and food. In crows, as in
other animals including humans, it appears that both the striatum
and the amygdala are critical to associative learning, with the
former apparently broadly attuned to prediction errors and the
latter often attuned to the reliability of threatening cues (16, 20).
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Fig. 1. Experimental protocol. Different rubber masks, molded from actual people, were used to create threatening and caring faces that single crows
responded to during stimulation. During i.p. injection and induction, crow’s faces were covered to prevent them from glimpsing humans.
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The neural responses of crows to threatening and caring faces
differed in hemispheric bias, or lateralization, as hypothesized
for humans. In support of the valence theory of emotional pro-
cessing (5), crow responses to the caring (positive) face were
predominantly left-hemisphere biased, whereas responses to the
threatening face were predominantly right-hemisphere biased.
These biases were strongest in the limbic and subpallial struc-
tures (threatening, amygdalar regions; caring, preoptic area and
striatum; Fig. 4 A–C). Lateralization was less consistently right-
hemisphere biased in the upper pallium (mesopallium, nido-
pallium, and hyperpallium) to all familiar faces (Figs. 3A and
4A), perhaps reflecting specialization of the right hemisphere for
recognition of familiar social companions (25)—or, alternatively,
the tendency of subjects to perch on the right side of the
chamber and view the stimulus with their left eye.
Under both experimental conditions and in the field, crows

responded to perception of a threatening face with a fixed gaze
(quantified as decreased blink rate). In nature, crows blinked less
when they looked at threatening people than when they fed in
conspecific flocks (Fig. 5B). During our experiments, crows froze,
stared at the person, and flashed their conspicuous white nicti-
tating membrane on average 29 times per min (SE = 4.4) upon
seeing the threatening face. In contrast, when viewing the caring
person, crows stared, blinked 41 times per min (SE = 3.4), and
often swallowed (caring, two of four birds; threatening, one of
five birds) and even defecated (caring, three of four birds;
threatening, two of five birds). Reduced blinking at the sight of
the threatening person relative to the caring person was as
expected from field observations [Mann–Whitney U = 2.0; P =
0.03 (one-tailed)], but there was substantial variation.
Individual variation in blink rate was associated with distinct

brain activity in the crows that viewed human faces. Increased
blinking was correlated with increased activity in the hyper-
pallium and the lateral striatum near the nidopallium (Fig. 5 A
and C). This finding is consistent with processing of visual in-
formation by both tectofugal and thalamofugal pathways and
integration with expectation from learned associations (15).
Reduction in blinking was correlated with increased activity in
the brainstem (Fig. 5 A and D). Blinking and associated neural
activity varied continuously among individual crows, suggesting
that the birds varied in their perception of, or reaction to, risk
and rewards associated with human faces.

The greater overall area of activation, including subthreshold
pixels in the nidopallium and mesopallium in the group viewing
the threatening vs. that viewing the caring face (Fig. 4), may
represent heightened arousal and greater involvement of the
crow forebrain to resolve negative vs. positive stimuli. Greater
consistency in neural responses to the threatening face suggests
differential arousal or attention, but the equal number of sig-
nificant activation peaks between treatments and the similar
demeanor of all crows during testing suggest that crows actually
used a larger forebrain area to resolve threatening faces com-
pared with caring faces. During stimulation, crows oriented to-
ward the stimulus and did not fly, vocalize, or flick their wings or
tails as is typical in agitated birds. This subdued response across
treatments was likely due to the confining nature of the small
cage we used. All but one bird moved occasionally during the
stimulation protocol, either jumping between the cage floor and
perch (n = 5) or shifting its head from side to side (n = 7). Most
of these birds moved only once. However, a single bird in each
treatment frequently moved between perch and floor (threat-
ening, 19 movements; caring, 6 movements), and five birds
shifted their heads frequently (threatening: mean = 55.5 shifts
during stimulation, SD = 43.1, n = 2; caring: mean = 71.3, SD =
31.7, n = 3).

Fig. 2. Exemplar of FDG uptake by a crow. (Upper) In this nonquantitative
depiction, the FDG-PET brain image has been contrast-enhanced to highlight
the fact that the visual network is activated during stimulation following the
injection of FDG. (Lower) A similar regional distribution of tracer was not ob-
served in the crow brain that was under anesthesia during the uptake period.

Fig. 3. Differences in brain activation patterns of crows shown familiar
human faces vs. no human face. (A) The activation pattern of crows viewing
a familiar face (either threatening or caring; n = 9) compared with a group
shown an empty room (n = 3) indicated as voxel-wise subtractions converted
to group-wise z-scores that have been superimposed onto the MRI template
for better anatomical localization. Coronal slices (from anterior to posterior;
coordinates refer to Japanese jungle crow atlas; ref. 31) illustrate peak acti-
vations (voxels with Z > 1.64 are colored; those with Z > 3.8 are considered
significant with associated structures as indicated). (B) Individual values for
normalized (global) uptake in each structure that met the threshold for
statistical significance on z-score voxel-wise mapping. Horizontal lines in-
dicate group mean. Z values indicated are from peaks in voxel-wise mapping,
and P values were derived from one-tailed t tests of volumes of interest (VOIs)
centered on peak activation coordinates. Activated structures: N/M: nido-
pallium/mesopallium, 12.2% increased, Z = 4.25, P = 0.0000142; LSt: lateral
striatum, 8.1% increased, Z = 3.99, P = 0.000044; H: hyperpallium, 11.6%
increased, Z = 3.80, P = 0.000091.

15914 | www.pnas.org/cgi/doi/10.1073/pnas.1206109109 Marzluff et al.

www.pnas.org/cgi/doi/10.1073/pnas.1206109109


It is unlikely that differences in brain activity were due to
extraneous factors. We eliminated variation in environmental
factors known to affect brain activity by holding lighting, noise,
time of day, room composition, position of observers, handling,
and housing before and after treatment constant across trials.
The blinking, swallowing, and defecating behavior of crows dis-
cussed above suggested that they perceived the difference in stim-
uli and that they were attentive to both threatening and caring
faces. Documenting the neural responses of birds to a variety of
threats and rewards could resolve the relative influence of the
stimulus on the extent of forebrain activity.
Our results demonstrate how crows use a diversity of regions

from the brainstem to the forebrain to distinguish and adjust their
response to individual human faces. This finding is consistent with
established and emerging views of how the subpallial limbic net-
work interacts with the integrative forebrain to shape memory-
based social behavior in vertebrates (17, 18, 26), including humans

(27, 28). The use of cortical sensory processing, the striatum, and
the limbic system suggests strong analogy and possible homology
between avian and mammalian facial recognition and associative
learning systems. Further studies are needed to determine whether
the forebrain regions used by crows in our study are functionally
analogous to facial recognition regions in humans and other
mammals.
Our approach that partners neuroscientists with ecologists

could be used to better understand the neural bases of cognition in
widely diverse animals (29). Current knowledge comes primarily
from a few, well-studied, often domesticated species. Neuro-
imaging of wild animals to assess whole brain activity during
complex behaviors, although presently limited to activities that can
be elicited in a temporary captive setting, add substantially to
traditional lesion, stimulation, and tracing studies (9). In vivo
imaging and voxel-wise analyses of brain responses can be re-
peated longitudinally in the same animals, and when experiments

Fig. 4. Brain activation patterns from crows shown human faces that have previously threatened or cared for them. (A) As in Fig. 3, voxel-wise subtractions
converted to z-score maps are superimposed to a structural MRI template of the crow brain for better anatomical localization. (Top) The activation pattern of
crows viewing a threatening face (n = 5) compared with a group shown an empty room (n = 3). (Middle) The activation pattern of crows shown a caring face
(n = 4) compared with the empty room group. (Bottom) Voxel-wise direct comparison of the group shown a threatening face with those shown the caring
face (the areas activated by threatening and not caring faces are indicated). Coronal slices (from anterior to posterior; coordinates refer to Japanese jungle
crow atlas; ref. 31) illustrate peak activations in one or more group subtractions (voxels with Z > 1.64 are colored; those with Z > 3.8 are considered significant
with associated structures as indicated). (B–D) Individual values for normalized (global) uptake in each structure that met the threshold for statistical sig-
nificance on z-score voxel-wise mapping. Horizontal lines indicate group mean. Z values indicated are from peaks in voxel-wise mapping, and P values were
derived from one-tailed t test of VOIs centered on peak activation coordinates. (B) Activated structures for threatening face vs. empty room. A/TnA: arco-
pallium/nucleus taeniae of the amygdala, 11% increased, Z = 4.42, P = 0.00000425; BS: brainstem nuclei surrounding tractus occipitomesencephalicus in-
cluding nucleus isthmo-opticus, locus coeruleus, and substantia grisea centralis, 5.9% increased, Z = 4.26, P = 0.0000084; N/M: nidopallium/mesopallium,
12.9% increased, Z = 4.14, P = 0.000020; N: nidopallium, 10.6% increased, Z = 3.93, P = 0.000052. (C) Activated structures for caring face vs. empty room. POA:
preoptic area, 7.6% increased, Z = 3.99, P = 0.000011; MSt: medial striatum, 5.9% increased Z = 3.94, P = 0.000052; M: mesopallium, 5.9% increased, Z = 3.87,
P = 0.000091; H: hyperpallium, 8.3% increased, Z = 3.81, P = 0.000055. (D) Activated structures for threatening face vs. caring face. THL: dorsal thalamus
including dorsolateralis posterior thalami, 11.6% increased, Z = 4.18, P = 0.000019; TnA: nucleus taeniae of the amygdala, 6.5% increased, Z = 4.02, P =
0.000033; Cb: cerebellum, 12.9% increased, Z = 3.99, P = 0.000043.
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are completed, the animals can be returned to the wild. Under-
standing how wild animals integrate perception, memory, and
emotion to behave adaptively may allow researchers to generalize
important findings across species and sensory modalities, develop
strategies to lower stress in captive animals, shape animal actions
to reduce human–wildlife conflicts, and engage the public to ap-
preciate the cognitive capacity of other species.

Methods
We captured crows lured from large roosting and foraging groups on three
separate occasions using a netlauncher and selected only large (likely male),
black-mouthed (adult) birds to bring into captivity (30). None of the birds had
previously been captured, and there was no evidence (presence of previously
banded birds) that any of the birds resided in study sites that we have
previously used for research. Because multiple groups of crows were cap-
tured over the course of the study, we counterbalanced the masks used: The
mask that was learned as threatening by some crows was learned as caring
by others.

After capture, crows were housed for 4 wk in individual 1 × 2 × 2-m cages
in accordance with Institutional Animal Care and Use Committee Protocol
3077-01, Washington Scientific Collection Permit 11-359, and US Scientific
Collection Permit MB761139-1 (SI Methods). During this time, crows learned

a new caring face, the mask worn at all times by the person feeding them
and cleaning their cages. The threatening face was the mask used during the
initial capture and when they were caught and moved to the PET laboratory.
All masks were faces of actual people with neutral expressions; valence was
conferred by our behavior, not by facial features.

The evening before imaging, the test subject was moved to a covered 0.5 ×
0.5 × 1-m cage in the imaging facility to acclimate, undisturbed, overnight
(Fig. 1 and SI Methods). In the morning, crows were blindfolded, removed
from the covered cage, administered 1 mCi of FDG via i.p. injection, returned
to the cage for a 2-min rest, and then shown the masked investigators in
1-min on/off blocks for 14 min. After the activation protocol, blindfolded
crows were anesthetized with 3% isoflurane in oxygen with a flow rate of
300-800 mL/min and imaged. Activation and image acquisition timing were
based on our data from dynamic imaging of an anesthetized crow (SI
Methods), which indicated much faster brain FDG uptake and washout than
is seen in mammals, including mice (31). Each crow was assigned a treatment
at random and scanned only once, precluding within-subject analyses but
eliminating possible confounding effects of prior experience with injection
and anesthesia.

High-resolution FDG-PET images were acquired using a Siemens Inveon PET
system for 10 min from 27- to 37-min post-FDG administration (Fig. S1) fol-
lowed by an ∼13-min attenuation scan and then reconstructed by using 3D
ordered subsets expectation maximization/maximum a posteriori to a spatial
resolution of 2.5 mm.

Fig. 5. Brain activation patterns associated with individual blinking behavior. (A) Voxel-wise linear regression with blink rates in crows shown a familiar face
(threatening + neutral; n = 9; recorded during experiments) where the derived correlation coefficients were converted to z-score maps and superimposed to
a structural MRI template of the crow brain for better anatomical localization. (Upper) Regions that were correlated positively with blink rates. (Lower)
Regions where increased activation was associated with decreased blinking. Coronal slices (from anterior to posterior; coordinates refer to Japanese jungle
crow atlas; ref. 31) illustrate peak activation in linear regression (voxels with Z > 1.64 are colored; those with Z > 3.8 are considered significant with associated
structures as indicated). (B) Reduced blinking in nature by crows viewing threatening people (social, 19 crows averaged 29 blinks per min, SE = 2.0, while
foraging with conspecifics; scold, 11 others averaged 16 blinks per min, SE = 1.1, as they scolded a threatening person; caught, 11 crows averaged 19 blinks per
min, SE = 3.6, as we held them during capture; Kruskal–Wallis H(2) = 17.2, P < 0.001). (C) Positive relationships between significant peak activation and
blinking. Blinking rates were greatest for birds viewing the caring face (circles). All r > 0.93, P < 0.0001). (D) Negative relationship between significant peak
activation and blinking. Blinking rates were least among crows viewing the threatening face (squares ). All r = −0.96, P < 0.00001. H, hyperpallium; LSt, lateral
striatum; BS, brainstem nuclei surrounding tractus occipitomesencephalicus, including locus coeruleus.
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We stereotaxically aligned images to a jungle crow (Corvus macro-
rhynchos) atlas (32), facilitated by structural MRI of one American crow. Nine
affine parameters were estimated and applied to images, for consistent
stereotactic transformation of scans from the same subject (33, 34). Align-
ment precision was estimated to be 2–3 mm. After normalizing to global
values, significant regional differences in cerebral metabolic rate were de-
termined by using automated voxel-wise subtraction and Z-statistic mapping
(NEUROSTAT) (8). Correlation with blink rate was obtained by a voxel-wise
linear regression across all subjects exposed to face stimulation (35). We
considered Z values that were >3.8 statistically significant, controlling the
type I error rate approximately at P = 0.05 for multiple comparisons in
a modified Bonferroni correction commonly used in imaging research (36).
Volumes-of-interest (VOIs) for structures with a Z score of >3.8 were applied
to individual images, and values were compared across groups by using
a t test.

We directly observed blinking at close range during experiments and with
the aid of 10× binoculars in the field. In the laboratory, we counted each

flash of the white nictitating membrane during each minute of stimulation
and calculated the average of these as n = 7 counts per subject as the blink
rate. We video-recorded laboratory trials, but resolution was insufficient to
count blinking. From August 15 to 22, 2011, in the Seattle area or on nearby
Vashon Island, we obtained up to five 1-min counts of individual wild crows
blinking under three social settings: (i) as we held them during capture, (ii)
eating food within a group of conspecifics and heterospecifics, and (iii)
scolding a person who was close to the focal crow’s offspring. As in the
laboratory, we averaged all blink counts obtained on a single bird to de-
termine the subject’s blink rate. All blink rates were counted by J.M.M. to
eliminate possible variation among observers.
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