Downloaded from https://royal societypublishing.org/ on 29 January 2025 by Andreas Nieder

PROCEEDINGS B

royalsocietypublishing.org/journal/rspb

L)

Research Check for

Cite this article: Hahner L, Nieder A. 2025
Volitional spatial attention is lateralized in crows.
Proc. R. Soc. B292: 20242540.
https://doi.org/10.1098/rspb.2024.2540

Received: 5 August 2024
Accepted: 19 December 2024

Subject Category:
Neuroscience and cognition

Subject Area:
cognition

Keywords:
volitional, spatial, attention, lateralized, crows

Author for correspondence:
Andreas Nieder
e-mail: andreas.nieder@uni-tuebingen.de

THE ROYAL SOCIETY

PUBLISHING

Volitional spatial attention is lateralized
in Crows

Linus Hahner and Andreas Nieder

Animal Physiology Unit, Institute of Neurobiology, University of Tiibingen, Auf der Morgenstelle 28, Tiibingen
72076, Germany

) LH, 0000-0002-8065-5132; AN, 0000-0001-6381-0375

Like humans and many other animal species, birds exhibit left-right
asymmetries in certain behaviours due to differences in hemispheric brain
functions. While the lateralization of sensory and motor functions is well
established in birds, the potential lateralization of high-level executive
control functions, such as volitional attention, remains unknown. Here,
we demonstrate that carrion crows exhibit more pronounced volitional
(endogenous) attention for stimuli monocularly viewed with the left eye
and thus in the left visual hemifield. We trained four crows on Posner-like
spatial cueing tasks using informative cues to evaluate their volitional
top-down attention. The crows detected cued targets using either the left or
right eye. As a measure of volitional attention, we calculated reaction time
differences for detecting targets that were correctly (validly) and incorrectly
(invalidly) cued, separately for the left and right visual hemifields. We
found that cued targets were detected more quickly and efficiently in the
left visual field compared with the right visual field. Because the left-eye
system of the crow’s brain processes information primarily from the left
visual hemifield, these findings suggest that crows, like humans, exhibit
superior executive control of attention in the left-eye/right hemisphere
system of their brains.

1. Introduction

Brain lateralization captures the finding that specific tasks and abilities are
more efficiently managed by either the left- or right-eye system of the brain.
Lateralization phenomena are common in diverse species, from insects to
humans [1]. In humans, for instance, the left hemisphere is typically associ-
ated with language skills, whereas the right hemisphere is generally linked
to spatial attentional abilities [2]. It is thought that the division of functions
between the eye systems can enhance overall cognitive capacity to handle
more information simultaneously [3].

Bird species have been among the first animals in which prominent brain
lateralization had been shown in vision, song production and sleep [1,3].
In vision, information primarily reaches the contralateral side of the brain;
thus, differences in lateralization can be identified by comparing perform-
ance between the left and right eye in birds with laterally placed eyes. For
instance, when chicks and pigeons were free to orient and peck at grains
spread evenly in front of them, they displayed a notable leftward bias [4,5].
Because such spontaneous foraging tasks involve complex behaviours that
integrate sensorimotor components —such as detecting a grain, orienting
towards it and pecking for it—they do not allow one to discriminate the
precise behavioural mechanisms responsible for side biases.

To distinguish between different types of attention in visuospatial
processing, several bird species [6-9] have recently been tested using variants
of Posner’s spatial cueing task [10]. In such tasks, the more rapid and
precise detection of a validly cued target compared with an invalidly cued
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target provides evidence for spatial attention. The type of cue preceding target presentation allows differentiation between [ 2 |

two fundamental types of attention: stimulus-driven, exogenous (reflexive) attention and top-down, endogenous (volitional)
attention [11]. A spatial cue that does not predict the target location examines the effects of automatic exogenous attention. In
contrast, an informative cue that predicts the target location allows a subject to cognitively and covertly control their focus of
attention, making it suitable for testing endogenous attention effects [12].

Recently, we demonstrated that carrion crows meet the standard criteria for endogenous selective attention [13], an indicator
of subjective, conscious experience [14-17]. When presented with predictive spatial cues in a Posner-like task design, they
covertly and continuously attend to the cued side at the expense of other locations, resulting in faster reaction times (RTs)
and improved performance for valid cues [13,18]. In the current study, the analyses of spatial cueing effects in four carrion
crows were extended by comparing their responses to left versus right visual targets. We tested crows using two related
protocols: a peripheral cueing task and a central cueing task. In the peripheral cueing task, the predictive cues and potential
target positions coincided. In contrast, the central task presented predictive cues spatially separated from the potential target
positions, requiring the crows to volitionally orient their attention away from the cue and towards the target. This latter design
allowed us to exclude confounding factors such as exogenous attention or visual masking related to cue onset. Ultimately, this
approach aimed to investigate the potential lateralization of volitional attention in crows.

2. Methods

(a) Animals

Behavioural data were recorded in four carrion crows (Corvus corone), three males (Crows 1-3, 2.5-6 years) and one female
(Crow 4, 1.5 years) from the university’s facilities. All the crows tested were bred naturally by their biological parents in their
self-constructed nests, hatched in those original nests, and were initially reared by their parents in large outdoor aviaries at
the university’s facilities. The crows were kept in social groups in spacious aviaries. During training, crows were kept on a
controlled feeding protocol, and food was used as a reward. The crows always had ad libitum access to water. All procedures
were carried out according to the guidelines for animal experimentation of, and approved by, the responsible authority under
national legislation, the Regierungsprasidium Tiibingen, Germany.

(b) Experimental setup

Training and data acquisition took place in a closed conditioning chamber (102 x 100 x 76 cm) with a side door. The crows sat
on a wooden perch 14 cm in front of a touch screen (3M. Microtouch, 15", 60 Hz refresh rate). On the side walls, two additional
screens (Joy-it RB-LCD10-2, 10.1", 60 Hz refresh rate) were mounted at a 35 cm viewing distance each (figure 1a). Below the
front screen, the crows could retrieve food rewards from a custom-made automatic feeder. The task flow was controlled online
using the CORTEX program (National Institute of Mental Health). Visual stimuli were presented on the front and side screens,
and auditory feedback was given by a speaker mounted behind the front screen. The crow’s head position was tracked using
a custom-written tracking program in MATLAB. This program used the live feed of two infrared-vision cameras (Body: FLIR
CM3-U3-13y3M, Lens: Fujinon DF6HA-1B, IR-Emitter: Kingbright BL0106-15-28, 940 nm) in the chamber. One camera was
mounted on the side wall left to the front screen and tracked the vertical plane, the other was mounted on the top wall and
tracked the horizontal plane. The crows had to fixate head position throughout the task by keeping a small reflector attached
to the top of their head inside of a predetermined area centred between the two side screens. The allowed area for the reflector
measured 2.7 x 2.7 x 2.5 cm, and the head angle had to remain within + 20° of a straight-forward orientation in the horizontal
plane. With these constraints, stimuli presented on either side screen could only be perceived monocularly, whereas stimuli
presented in front were within the binocular visual-field range of the carrion crows [19]. To indicate detection of the target
stimulus, the crows had to break fixation by moving their head outside of the tracking area, whereupon the feeder briefly lit up
and delivered a reward.

(c) Behavioural task

This article constitutes a detailed analysis of behavioural data that were collected from our crows in two previous Posner-like
endogenous spatial cueing studies [13,18]. Crows 1-4 participated in a cueing task with peripheral predictive cues [13]. Crows 3
and 4 additionally participated in a cueing task with central predictive cues [18].

(d) Task 1: peripheral predictive cueing

The general task layout is shown in figure 1b. The crows had to detect a visual target on the side screens after being cued
about its probable location (left or right) in each trial. The beginning of a trial was indicated by two white circles of 4 mm
diameter (0.7° visual angle), the go-stimulus, presented at the two possible target locations. To initiate a trial, the crows had
to fixate their head position in the tracking area within 30 s of go-stimulus onset. To complete a trial successfully, they had to
maintain fixation up to the response phase. Upon fixation, the go-stimulus disappeared, and all screens remained dark for a
precue phase of 200-400 ms. Next, a spatial cue was shown in 90% of all trials. The cue stimulus was a white square outline
of 1 mm width covering a 2.95° visual angle. It was presented either on the left- or the right-side screen at the potential target
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Figure 1. Endogenous cueing task. (a) Experimental set-up seen from above. Crows responded to stimuli presented on a frontal and two lateral screens. (b) Peripheral
cueing task. Cue and target stimuli appeared on the left and right-side screen, separated by a variable delay. Crows had to respond to the target within 550 ms.
(c) Central cueing task. Identical set-up as in (b), except the cue appeared on the front screen. A cue displaced by 6.5 cm to the left relative to the centre of the front
screen signified the occurrence of the target on the left-side screen, whereas a cue displaced to the right predicted the appearance of the target on the right-side
screen. (d) Stimulus combinations in the peripheral task. Cue and target side were balanced across conditions. Valid cues appeared on the side of the upcoming target,
invalid cues on the opposite side. Spatial cues were 89% valid. In 10% of all trials, no cue was shown. (e) Stimulus combinations in the central task. Valid cues were
shifted to the side of the upcoming target, invalid cues to the opposite side. Spatial cues were 87.5% valid. In 20% of all trials, a neutral cue was shown in the middle of
the screen.

location. In 89% of cued trials, a valid cue was presented on the side of the impending target, predicting its location. In 11%
of cued trials, an invalid cue was presented on the side opposite to the impending target. Cue and target sides were balanced
across conditions. In 10% of all trials, no cue was shown. The cue phase lasted for 50 ms, followed by a variable delay period.
During the delay period, all screens remained dark. Five delay lengths of 50-1550 ms were presented fully balanced. Together
with the cue period, this defined five different stimulus-onset asynchronies (SOAs) of 100, 200, 400, 800 and 1600 ms. After the
delay, the target stimulus, a grey-filled square of 0.7 mm width (1.15° visual angle), was presented on either side screen. The
target had one of three different intensities: 10.2, 3.1 or 0.43 cd m™ from highest to lowest. Target side and intensity were fully
balanced across conditions. The crows had to report target onset by leaving fixation within 550 ms, usually via a ‘nodding’
movement. Correct responses were rewarded with food and a reward sound, and the RT was measured. If the crows did not
respond within 550 ms, the trial was counted as an error and all screens briefly lit up yellow, followed by a 2000 ms timeout
before a new trial began. If the crows broke fixation at any time before or within 150 ms after target onset, the trial was aborted
and not analysed. In this case, all screens briefly lit up green, followed by a 2000 ms timeout. In all cases, an inter-trial interval
of 300 ms with dark screens was followed before the next trial began. Cue type, delay, target intensity and target side were
balanced across conditions. Conditions were presented in a pseudo-randomized way. An automated delayed-retry protocol was
used so that trials answered incorrectly would be drawn again later until all conditions were answered correctly once, and a
new block was initiated. After 60 correct trials, the crows had short breaks with access to water. The task went on until the crows
did not initiate any more trials or until 2 h had passed.

The task layout is shown in figure 1c. Task flow was the same as in task 1, with the following differences: the precue phase
always lasted 300 ms. In the cue phase, all cue stimuli were presented on the front screen. In total, 80% of all trials had a spatial
cue, and 20% of all trials had a non-spatial, neutral cue. In 87.5% of spatially cued trials, a valid cue was presented 6.5 cm shifted
from the centre of the screen towards the side of the upcoming target, predicting its location. In 12.5% of spatially cued trials, an
invalid cue was presented 6.5 cm shifted to the side opposite to the upcoming target. Neutral cues were identical to spatial cues
but appeared in the centre of the screen and did not convey spatial information. Target stimuli appeared on either side of the
screen and always had a fixed intensity of 0.43 cd m™.
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() Data acquisition and analysis

We measured performance (% correct) and RT (ms) for all crows in both tasks. We recorded 25, 25, 28 and 26 sessions from
Crows 1 to 4 in task 1, respectively. In addition, we recorded 25 sessions from both Crows 3 and 4 in task 2. Crows 3 and 4 had
completed task 1 before being trained on task 2. Behavioural data were analysed in MaTtLas (MathWorks Inc., R2021b) using
custom-written software.

Attentional cueing effects on RT were calculated by subtracting the median RT of all valid trials from the median RT of all
invalid trials per SOA for each session. A positive difference indicates faster RTs for valid over invalid cues. To assess potential
lateralization, we compared these cueing effects between left and right target trials in both tasks. In the peripheral predictive
cueing task, we pooled SOAs of 2001600 ms for each session. We excluded the shortest SOA of 100 ms to remove potential
masking effects. We then split each session into three blocks containing all conditions. Because the previously reported RT
effects did not depend on target intensity [13], we used intensity as a random grouping variable for each session. Median RTs
for left and right targets with valid and invalid cues were calculated from these subsets and paired by intensity. This resulted in
a distribution of cueing effects across sessions and intensities for both sides.

To test for differences between sides across birds, we applied a linear mixed model (LMM) to these distributions with target
side as a fixed effect and bird, session and intensity as random effects (fitlme function in Matlab). The factors bird and intensity
only have four and three levels, respectively. A low number of levels per random effect can distort the estimation of the effect’s
variance, leading to recommendations for using random effects only when there is a sufficient number of levels, e.g. at least
five [20]. However, recent simulation studies indicate that having fewer random effect levels does not necessarily degrade the
estimation of fixed effects coefficients [21,22]. We were primarily interested in making inferences about the fixed effect of the
target side while controlling for group dependencies caused by confounding background factors. Thus, following Gomes' [21]
suggestion, we report the results of a full mixed model. Additionally, we controlled for the number of effect levels by comparing
our results to a model with Bird and Intensity as fixed effects and Session as a random effect. This model aligned well with our
initial results and did not alter our main conclusions.

For the peripheral task, a main effect of Side emerged (t = -3.56, d.f. = 618, p < 0.001), with no effects observed for either Bird
(t=-1.89, d.f. = 618, p = 0.059) or Intensity (¢ = 0.42, d.f. = 618, p = 0.67). The Side coefficient estimates aligned well between
models (ﬁ1=—8 16+3.92s.e., 62=—823+231 s.e).

For the central task, a main effect of Side was observed (t = -2.43, d.f. =97, p = 0.017), along with an additional effect of Bird
(t=213, d.f. = 97, p = 0.035), indicating that Crow 3 generally showed weaker attentional modulation than Crow 4 (figure 3c).
Again, the coefficient estimates were consistent between models (51 =-5.62+2.31s.e, ,62 =-5.62+2.34 s.e.).

Model parameters were fitted using maximum likelihood estimation. We further investigated the main effect of target side
by comparing left and right RT effects within each crow with a paired ¢-test.

A similar analysis was applied for the second task, the central cueing task. We pooled all SOAs and applied a LMM with
target side as a fixed effect and bird and session as random effects. Cueing effects were compared within crows using a paired
t-test. All statistical tests had an alpha level of 5%.

3. Results

We conducted an experiment with four crows using two versions of a Posner-like spatial attention task. These tasks were
designed with predictive cues to investigate endogenous (volitional) attention (figure 1). In this task, the crows were required
to detect a faint visual target, represented by a square, as soon as it appeared on one of two side screens positioned to the left
and right of the crows' centrally located head (figure 1a). A highly predictive cue that the crows learnt was informative and
was presented before the target with a variable delay (SOA) ranging from 100 to 1600 ms, indicating the most likely location of
the upcoming target. In the peripheral cueing task conducted with four crows, where the cues appeared at the same location
as the impending targets, the cue accurately predicted the future target location in 89% of the trials (89% cue validity) (figure
1b). In the central cueing task conducted with two of the four crows, where cues appeared on a front screen and therefore at a
different location than the impending target, the cue accurately predicted the target location in 87.5% of cases (figure 1c). The six
cue-target combinations for both tasks are shown in figure 1d,e. They resulted in valid cues (cue points to the congruent target
side), invalid cues (cue points to the incongruent side, opposite to where the target will appear) and neutral conditions (no cue
or ambiguous cue).

As reported in a previous study [13], all four crows consistently exhibited significantly faster RTs for valid cues compared
to invalid cues across all SOAs in the peripheral cueing task (figure 24, n = 25, 25, 28, 26, p < 0.05, Wilcoxon signed-rank
test), except for Crow 1 at the shortest SOA. A positive difference indicates faster RTs for valid over invalid cues. Average
RT advantages of up to 30 ms were observed (figure 2b). These findings demonstrate that peripheral predictive cues reliably
capture endogenous attention in crows. Next, we investigated potential lateralization effects on attention by comparing RT
differences, calculated as the difference between RTs during invalid trials and RTs during valid trials, for targets on both the left
side (left eye) and right side (right eye).

In the peripheral cueing task, RT differences (i.e. advantages) were consistently larger by about 10 ms for left targets than for
right targets across all crows (figure 2c). We applied a LMM to the distributions of left RT differences versus right RT differences
(§2). We found a significant main effect of target side on RT differences across the crows, sessions and intensities (n = 624, t =
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Figure 2. Lateralization of peripheral cueing effects. (a) Endogenous peripheral cueing task. (b) RT effects of valid versus invalid cueing across SOAs. Data from Quest
etal. [13]. Mean RTs across sessions were significantly faster for valid than for invalid cues for all crows and SOAs (Wilcoxon signed-rank test). The black line illustrates
the average RT differences for data pooled across the crows. n = 25, 25, 28, 26 sessions for Crows 1—4, respectively (intensities pooled). Asterisks indicate significant RT
differences between valid and invalid cue trials for each individual SOA per crow. Error bars indicate the s.e.m. (c) Mean RT difference caused by endogenous attention
for targets in the left (L) and right (R) monocular visual hemifield. SOAs of 200—1600 ms were pooled and each session was split into three blocks according to target
intensity. RT effects were larger for left-hemifield targets in all four crows and reached significance in Crows 2, 3 and 4 (paired t-test; p = 0.3; 0.048; 0.047; 0.019).n =
75,75, 84, 78 for Crows 1—4, respectively. Error bars indicate the s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001.

2.08, d.f. = 622, p = 0.038). RT difference was, on average, 4.0, 7.7, 12.8 and 7.9 ms larger for the left eye compared with the right
eye in Crow 1-4, respectively. Thus, across all four crows, RT differences were larger for the left side compared with the right
side, indicating that cue validity had a stronger effect in the left visual field. We tested this effect individually for each crow and
found a significant RT difference between left and right sides for Crows 2—4 (n = 75; 84; 78, p = 0.048; 0.047; 0.019, paired t-test).
Crow 1 showed a RT difference effect in the same direction which did not reach significance (n = 75, p = 0.339, paired t-test). In
summary, RT advantages between valid and invalid cueing in the peripheral cueing task, based on endogenous attention, were
more pronounced for the left visual field, indicating left lateralization.

In the central cueing task, cue and target locations were separated (figure 3a). This set-up has the advantage of excluding
both potential visual masking effects and potential overlying exogenous orienting effects at short SOAs. Similar to the periph-
eral task, both crows tested in the central cueing task showed endogenous RT effects across SOAs (figure 3b). As reported in
Hahner & Nieder [18], the median RTs were consistently faster for valid than for invalid cues (n = 25; 25, p < 0.05, Wilcoxon
test), except for 800 ms SOA in Crow 3. On average, RTs differed by 15-25 ms across SOAs (figure 3b). Thus, endogenous cueing
effects are preserved when the sensory appearance of the cue is separated from the target.

We additionally explored potentially lateralized attention effects in the central cueing task using the methodology described
above for the peripheral cueing task. Again, RT differences were larger for left-eye than for right-eye targets (figure 3c). We
tested for an overall side effect by applying a LMM to the distributions of left and right RT differences. There was a significant
effect of target side on RT difference across crows and sessions (1 = 100, t = -2.04, d.f. = 98, p = 0.018). RT difference was, on
average, 5.0 and 6.2 ms larger for the left eye compared with the right eye in Crows 3 and 4, respectively. We tested this effect
within crows and found a significant difference between sides for Crow 4 (1 = 25, p = 0.048, paired t-test). Crow 3 showed a
non-significant difference in the same direction (n = 25, p = 0.16, paired t-test). Overall, endogenous cueing effects were again
left-lateralized in the central cueing task. We controlled for the low number of effect levels by comparing our results in both the
peripheral cueing and central cueing tasks to a model with Bird as fixed effect and Session as random effect (§2). This control
produced comparable results, confirming our main conclusions.

4. Discussion

Building on previous findings that crows possess robust endogenous attention [13,18], we demonstrate that their volitional
attention is lateralized. In all tested crows, both the peripheral and central predictive cueing tasks revealed a systematic RT
advantage for valid spatial cues when processed by the left eye (i.e. the left monocular visual field) compared with the right eye.
Translated to brain processing, this suggests that the left-eye system exerts more control over volitional attention compared with
the right-eye system.

We can exclude several alternative explanations for this finding. First, the observed lateralized attention effects are not
influenced by basic visual factors, such as differences in how quickly crows respond to stimuli on the left versus the right or
differences in the brightness of the computer displays. This is because we calculated the RT differences for valid versus invalid
cues separately for each side, ensuring that any differences are due to lateralized attention and not to other variables. Second,
we excluded a potential confound of overt orienting to upcoming targets by thoroughly controlling the crows’ head posture.
Third, the preservation of the left-side attention advantage even with frontally placed cues in the central cueing task argues
against anatomical asymmetries in the sensory organs—as observed in starlings and cockatoos [23,24] —as an explanation for
the results. Therefore, our results represent a genuine side bias in top-down attention in crows.
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Figure 3. Lateralization of central cueing effects. (a) Endogenous central cueing task. (b) RT effects of valid versus invalid cueing across SOAs. Data from Hahner &
Nieder [18]. Mean RTs across sessions were significantly faster for valid than for invalid cues for all crows and SOAs except SOA 800 ms in Crow 3 (Wilcoxon signed-rank
test). The black line illustrates the average RT differences for data pooled across the crows. n = 25 sessions per crow. Asterisks indicate significant RT differences
between valid and invalid cue trials for each individual SOA per crow. Error bars indicate the s.e.m. (c) Mean RT difference caused by endogenous attention for targets in
the left (L) and right (R) monocular visual hemifield. All SOAs pooled. RT effects were larger for left-hemifield targets in both crows and reached significance in Crow 4
(paired t-test, p =0.16; 0.048). n = 25. Error bars indicate the s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001.

We have direct evidence that our crows engaged in endogenous attention. In the first task, our crows demonstrated valid—
invalid RT effects for peripheral predictive cues. The standard method for differentiating between endogenous and exogenous
orienting typically involves contrasting central predictive cues with peripheral non-predictive cues. However, the effects of
peripheral cueing can be influenced by cue predictiveness and, thus, volition. For instance, in humans, when peripheral cues are
made predictive of the target, inhibition of return is abolished, indicating an endogenous modulation of the automatic orienting
process [25,26]. Similar findings have been reported in monkeys using both types of peripheral cues [27].

In our previous study, we compared predictive and non-predictive peripheral cues within a controlled protocol and observed
significant differences [13]. Our results showed a strong, slow and long-lasting RT effect for predictive cues, indicative of
endogenous attention, compared to minimal, fast and short-lived RT effects for non-predictive cues (see fig. 5 in [13]). Further-
more, by retesting two crows in the central cue task in the current study, we were able to isolate endogenous orienting from
exogenous orienting triggered by cue onset and potential visual masking of the target by the preceding stimulus at short SOAs.
Although the central cues were shifted to the left or right of the frontal screen, they were always presented within the crows’
binocular field of vision, a condition ensured by our head-tracking procedure. This set-up effectively eliminated the possibility
of asymmetric activation of only one eye system. In summary, the behavioural evidence confirms that our protocol effectively
tested endogenous, top-down attention while controlling for other non-attentional confounds.

Lateralization phenomena can occur at both individual and population levels [28]. At the individual level, each individual
of a species might show a preference for using either the left or right side. At the population level, the same side preference is
consistent across many individuals within a species. In our study, the left-eye advantage in volitional attention was observed
consistently across all four tested crows. While this pattern suggests a potential bias at the population level in crows, our sample
size is too small to draw definitive conclusions. A different example of population-level bias is seen in New Caledonian crows.
These crows demonstrate a consistent right-side preference in tool making, as evidenced by the discarded leaf tools showing a
right bias across individuals [29]. In contrast, tool use in New Caledonian crows is individually lateralized, with an almost equal
number showing preferences for the right or left side [30,31]. This indicates that even within the same species and behaviour,
such as tool use, lateralization patterns can vary between population-level and individual-level biases.

Our finding that crows display a leftward spatial bias aligns with previously observed orientation biases in birds. Chicks
and pigeons show a population-level bias for food-pecking behaviour towards the left side [4,5], and this side bias in these two
bird species has been replicated ([32,33] but see Clary et al. [34] for indifferent side usage of black-billed magpies and Clark’s
nutcrackers in the same task).

In contrast to the aforementioned overt food choice task, which does not require birds to orient based on endogenous
goals as food is freely available across the test array [4,5,32], our task design specifically tests for volitional spatial attention to
arbitrary stimuli based on associative cues. We therefore provide a mechanism for orientation biases in birds by showing that
the executive control of attention is lateralized. This adds a top-down explanation to attentional lateralization in animals such as
corvids, beyond the exogenous attention required for the food-pecking task.

In humans, the unbalanced allocation of attention across the two visual hemifields during visuospatial tasks has been known
for over 40 years. In general, a similar left visual hemifield advantage (left-eye system dominance) for orienting of attention
is found. Healthy humans show a phenomenon called pseudoneglect, a spontaneous tendency to attend to the left side of the
visual field [35-37]. In addition, unilateral hemispatial neglect, often caused by a lesion to the right parietal cortex or underlying
white matter, results in patients ignoring the left side of space [38]. More direct evidence for similar left-hemifield lateralization
of endogenous spatial attention comes from a study where younger adults performed a modified Posner spatial-attentional task,
similar to our task with crows [37]. This study found that younger adults responded more quickly to left-sided than right-sided
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cued target stimuli, demonstrating a leftward attentional bias that correlates with findings in pseudoneglect. Together, these
results suggest a left-eye-system superiority for executive control of attention in humans [39].

Since both crows and humans show left-eye-system superiority for executive control, it is tempting to speculate that
right-hemispheric dominance for controlling visuospatial functions might be phylogenetically conserved across species [4,40].
However, lateralization phenomena, particularly in birds, are strongly influenced by developmental effects, especially ontoge-
netic light experiences [41]. Visual asymmetry in birds is triggered by left-right differences in exposure of the embryo’s eyes to
light in the egg, which in turn shapes visual pathways in a lateralized manner [42]. Our crows were bred and initially raised
by their biological parents without manipulation, making their early ontogeny comparable to that of wild crows. Therefore,
the attentional bias we observed cannot be attributed to specific rearing conditions. Moreover, the extent to which lateralized
behaviour is influenced by ontogenetic light exposure in birds remains unclear. For example, a recent study found preserved
lateralization of egocentric orientation in dark-incubated chicks during a spatial navigation task [43]. The precise factors
underlying the lateralized executive control of attention in crows and other animals have yet to be determined.
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