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Abstract —Time cannot be directly perceived; instead, its flow is inferred from the influx of sensory information. To
prevent sensory overload, attentional mechanisms split up information into processable units. This portioning
remains imperceptible to the individual. However, the length of these units still influences the speed of perception
and the speed at which behaviors are performed. Previous studies have focused on establishing the length of these
units in various mammalian species — mainly humans — by measuring different types of behaviors, including gaze.
However, no such studies have been conducted on birds. We measured duration of ravens’ (Corvus corax) single
gazes towards selectable objects before a choice was made, and compared it with that of humans in a similar set up.
The raven gaze durations were approximately half those of humans (which fell slightly short of previously
established ranges). We hypothesize that these differences are mainly due to the much higher so-called flicker-
fusion-frequency in birds, which makes their vision faster in the sense that it picks up more information per time
unit than mammalian vision does. We further discuss that the speed of perception might influence the general speed
of cognitive processing in more complex tasks as well, and suggest that the addition of a temporal component in
comparative cognitive studies might be informative.
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As time escapes direct perception, its flow is inferred from the stream of information reaching the
perceptual systems (Gibson, 1975). Continuous and rapid influx would soon overload these systems and
cripple responses to the surrounding world; therefore, the attentional mechanisms pitch in and chop the
information into smaller portions for further processing (P6ppel, 2004). Ultimately, these portions blend
into a continuous experience, and the segmentation vanishes; like when separately shot frames are put
together and deliver a smooth motion picture.

Following this analogy, the attentional mechanisms impose a certain frame rate on perception.
Although unnoticeable in individual experience, they also impose a fixed frame rate on the consequent
sensorimotor responses. This frame rate, controlled by underlying neurobiological processes, differs
between species (Baer, 1862; Gerstner & Goldberg, 1994; Schleidt & Kien, 1997), which can be observed
in frame-by-frame analyses of videotaped behaviors. To estimate the duration of such frames, previous
studies have investigated a range of behaviors, from hugs (humans: Poppel, 2004) and sneezing (non-
primate mammals: Gerstner & Goldberg, 1994), through hammering and thatching, to making butter and
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lighting a fire (humans: Schleidt & Kien, 1997). These studies measured the average duration of sub-
behaviors within the activities to establish the rate at which mammals segment motor behaviors. Although
the findings concurred on a fixed, cross-modal and cross-cultural character of the segmentation, the actual
length has remained controversial. Whereas Poppel built his theory around what he called a three-second
window that he argued applies to all sorts of behaviors (2004), Schleidt and Kien (1997) suggested a 1-4-
second unit and showed that the length differed across behaviors.

These estimations pertain mostly to behavior segmentation in humans, the most extensively
studied mammal to date. As such, humans are a good reference species for animals whose behavioral
segmentation has never been studied before. Therefore, when investigating behavior segmentation in an
avian species, the common raven (Corvus corax), for the first time, we compared it directly to humans in
a similar set up. We also extended previous research by including a choice task: making a simple choice
between non-functional objects. We hypothesize that the length of the behavior segments, in particular
sensorial ones, may influence the speed of basic cognition in certain tasks, which in turn could affect the
speed of solving more complex tasks.

In species with vision as their primary sensory modality, such as ravens and humans, eye gazes
are arguably indicative of information gathering processes (Davidson, Butler, Fernandez-Juricic,
Thornton, & Clayton, 2014), and gaze behaviors may be a good source of data when comparing
behavioral segmentation in two such phylogenetically distant species. Therefore, to estimate a difference
in behavioral segmentation, we compared the length of the single gazes (hereafter, gaze durations for
brevity) in humans and ravens in the same task.

To establish reliable criteria for comparison, we considered differences in the visual configuration
of humans and ravens, as they may contribute to differences in gaze duration between these two groups.
Despite some similarities in eye anatomy, ravens differ from humans with respect to visual field and
flicker-fusion frequency, and these differences are crucial for our predictions. Ravens, just like humans,
have one fovea (a region of acute vision) in their retina (Martin, 2017; Wood, 1917). It is responsible for
acute vision within the binocular overlap, which is smaller in ravens (43.2 + 2.4, Troscianko, Bayern,
Chappell, Rutz, & Martin, 2012) than in humans (114 degrees). Humans’ frontal location of eyes in the
skull — as opposed to lateral in ravens — trims the rear parts of lateral visual field, restricting it to only its
frontal area. Although these parameters underpin differences in ravens’ and humans’ orientation when
attending to gaze cues, we expect that, in our task with static and proximate visual stimuli, both the ravens
and the humans will predominantly use frontal visual field (over lateral visual field in the ravens;
Maldonado, Maturana, & Varela, 1988). Moreover, while gazing at a stimulus, ravens will most likely
lock their head in one position (Maldonado et al., 1988) and humans may both lock head and change its
position in a continuous manner.

Humans and ravens most likely differ extensively in their vision’s temporal resolution, i.e., in
how much light information they can perceive in a given time unit, which is estimated by critical flicker-
fusion frequency (CFF): the highest flicker-fusion-frequency at any light intensity (Healy, McNally,
Ruxton, Cooper, & Jackson, 2013; Lisney et al., 2011). Simply put, flicker-fusion-frequency is the
frequency with which a flickering light is perceived as a continuous steady light flow. This is measured in
numbers of flickers per second and described in Hz. Although the precise rate for ravens is yet to be
established, based on studies with other songbird species (blue tit, collared flycatcher, pied flycatcher:
Bostrém, Dimitrova, Canton, Hastad, Qvarnstrom, & Odeen, 2016; European starlings: Greenwood et al.,
2004), it is likely that ravens’ CFF exceeds 100 Hz. Humans on the other hand average around 60 Hz. In
other words, when a series of light flashes is displayed to a human, s/he would notice the delays between
consecutive flashes only when fewer than 60 per second, while a songbird would need more than 100
flickers per second before the light is perceived to stop blinking. The difference in CFF results from
different adaptations in humans and ravens related to their locomotion (Jones, Pierce, & Ward, 2007).
Flight requires quick, agile responses to the changes in the optic flow, which is usually much slower in
humans’ terrestrial environment.

It is of interest to comparatively study a mammal and a bird species in a simple task with a focus
on their visual behavior. Little is known, for instance, whether and how differences in perceptual abilities
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constrain birds’ and mammals’ performance in physically similar setups. For example, comparative
memory studies often introduce a delay between encoding and retrieval of the target information, but with
the current state of knowledge, it is difficult to assess whether an objectively identical delay is
comparable between birds’ and mammals’ memory storage skills. If the time flies faster for birds, more
time would subjectively pass than it would for mammals during an identical delay. Therefore, the birds
would, in a sense, have to store the target information for a longer time before retrieval than mammals,
and, during this delay, they may hence be more susceptible to various memory distortions. Here we make
an initial study to approach the issues of potential differences in perceptual speed when engaged in a
simple choice task.

We used a forced-selection task to investigate differences in gaze duration between humans and
ravens. The task was chosen because the ravens had extensive experience of making forced selections of
objects from a board (i.e., that only one out of several may be selected; e.g., Kabadayi & Osvath, 2017;
and in several unpublished studies). This made it likely that they would pay attention to the objects before
they made a selection. Another benefit of this setup is that ravens very rarely refuse to select non-
functional objects, as they have a highly pronounced interest in interacting with them (Jacobs et al.,
2014). The humans were explicitly informed that they must choose only one of the target objects. We
therefore posited that, while engaged in the task, the subjects made a simple decision before selecting an
object. If our definition of a behavior segment was in line with those used before in humans and primates,
we expected that the gaze durations should have a right-skewed distribution; that is, fewer longer than
shorter gazes would be detected in both species (Schleidt & Kien, 1997). Furthermore, based on the
differences in visual systems, we expected that the median gaze duration in humans would be
significantly higher than in ravens, and that would reach between 1 and 4 seconds, based on Schleidt’s
and Kien’s report (1997). This relatively shorter duration for humans, compared to the other studies, is
more likely, as Schleidt and Kien (1997) measured behavioral segmentation in human
preparatory/planning behaviors preceding interactions with objects. Specifically, when subjects were
asked to group the objects according to certain physical features, their motor actions typically lasted for
2.4-2.5 seconds. Although this study was similar to ours in the sense that it involved exposure to objects,
it focused on motor and not perceptual aspects.

Method
Subjects

Twenty adult humans (11 females) of multiple ethnical backgrounds (M = 33 years, age range: 22
— 52 years) and five adult ravens (2 males) participated in the study. The humans were tested individually
at Lund University; they were students or employees of the university and of international background,
and from different academic disciplines. The humans were familiar with the experimenter, and were not
rewarded for their participation; the motivation provided was to contribute to science. The ravens were
housed at the Lund University Corvid Cognition Station in a social group in a 400 m? space. The tests
were conducted individually in familiar facilities with free access to food and water during the
experiment. The ravens were familiar with the experimenter.

Stimuli

Gazes at familiar objects have been shown to be shorter than at non-familiar ones (e.g., in human
infants, Houston-Price & Nakai, 2004). A control for this effect was necessary, as stimuli presented in this
study could vary in degree of familiarity to subjects. Therefore, two sets of objects were used in the study:
one with familiar and easily categorized objects (e.g., a spoon for humans and a bottle cap for ravens),
and another with novel objects that arguably are difficult to immediately categorize (objects that were
manufactured only for this study). In half of trials, only familiar or only non-familiar objects were
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presented simultaneously, while in the other half, both familiar and non-familiar objects were presented
(for details see Procedure).

Because humans and ravens interact with different objects on a daily basis, they were tested with
different sets (Figures 1-2). The objects were sized for each species such that they could be held in the
beak or hands of the subjects. Each of the four sets contained 20 different objects, out of that, 18 were
randomly chosen for each subject. The level of complexity of visual characteristics of the familiar and the
non-familiar objects was similar within species. As the familiar objects for the ravens had simpler shapes
and were usually monochromatic, the non-familiar objects followed the same schema. As the familiar
objects for the humans were already more complex than the familiar objects for the ravens, i.e., had more
intricate shape details and often more than one color, the non-familiar objects for the humans were also
more visually complex than those for the ravens.

F—1cm

Figure 1. A display of sample objects from the sets for the ravens: A) familiar, B) non-familiar.

A)

Figure 2. A display of sample objects from the sets for the humans: A) familiar, B) non-familiar.
Apparatus

The apparatus consisted of a low table (120 x 30 x 23.5 cm) with a flat tray (100.5 x 30 x 1.3 cm).
Hidden underneath the table between the trials, the tray served the presentation of stimuli during the trial.
Each subject was tested in a selection procedure (humans: Figure 3, ravens: Figure 4). The objects were
equidistantly placed on the tray (humans: 30 cm between objects, ravens: 10 cm between objects). This
set of objects consisted either of only familiar or non-familiar items, or a combination of the two
categories.
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Figure 3. A display of testing procedure for the humans. A) Before each testing session, twelve sets of three objects were hidden
underneath a low table. B) During each trial, one set of objects was presented on a tray to a subject.

Figure 4. A display of testing procedure for the ravens. A) Before each testing session, twelve sets of three objects were hidden
underneath a low table. B) During each trial, one set of objects was presented on a tray to a subject.

Procedure

The humans were individually tested in a single session of 12 trials, and the ravens were
individually tested in 1-3 sessions, also adding up to 12 trials. Four combinations of the objects were
possible (3x familiar, 3x non-familiar, 2x familiar and 1x non-familiar, 1x familiar and 2x non-familiar),
and each combination was repeated three times within the 12 trials. The order of trials was
pseudorandomized. For the humans, the selection procedure was preceded by an instruction (Appendix 1)
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and for the ravens, it was preceded by a familiarization to the apparatus. The ravens were already familiar
with the forced choice paradigm; that is, that only one object may be selected per trial. The presentation
of the selection tray functioned as an offer to select, and they never refused to do so. Obviously, this
differs from a linguistic instruction, but based on our previous experience that they always select (and
only one item), even when the objects are not rewarded and even consist of everyday objects part of their
aviary (e.g., Kabadayi & Osvath, 2017), we assumed that this was as close as we could get to an
instruction. To ensure that the subjects’ eyes are visible throughout the testing, the humans sat on a chair
behind the table and the ravens were separated from the apparatus by a mesh, whose openings were wide
enough to allow for the object retrieval.

At the beginning of the trial, all objects were hidden from the subject. First, the experimenter
placed the objects equidistantly on the tray out of sight of the subject, then placed the tray on the table in
view of the subject, and pushed the tray within the subject’s reach. The subject could then select an object
by grasping it with hand or beak. None of the choices were reinforced. After the subject selected an
object, the tray was removed, hidden and emptied. This procedure was repeated each trial. Each session
was video recorded.

Neither the humans nor the ravens were extrinsically rewarded (monetary compensation or food)
for participating in the study. Based on previous research on the same birds (Jacobs et al., 2014), we
expected that interacting with objects would be rewarding in itself for the ravens. The humans were
always tested by a familiar experimenter and explicitly informed in the instruction that there were neither
right nor wrong choices.

Coding

Davidson and others (2014) reported that bird species, which have laterally placed eyes and a
single fovea like ravens, move their heads more than their eyes when changing the direction of gaze. This
is why gaze fixations in birds have been also described as “gaze locking” (Butler, Templeton, &
Fernandez-Juricic, 2018). Within this behavior, a bird locks the visual input for a certain period of time
with a lateral view (monocular gaze locking) or frontal view of the object (binocular gaze locking). Based
on this information, combined with Maldonado and colleagues’ report (1988), we expect that ravens
should gaze at static and proximate objects frontally, without changing head position.

The gazes on the objects were video analyzed. The criteria for defining a single gaze at an object
were:

1. The gaze of at least one eye (ravens) or both eyes (humans) were directed towards an object.

a. Ravens’ beak was directed toward the object; head position was not changing
throughout the gaze.

b. Humans’ head position did not matter as long as eyes were directed towards the
object.

2. The whole length of the gaze was observable (from onset to offset).

a. In ravens, the gaze started once head was locked and all criteria from 1a were
fulfilled. The gaze ended when head’s position changed.

b. In humans, the gaze started once eyes were fixated on the object and ended when
eyes moved away from the object.

3. Gazes were coded only when the subject was not locomoting.

The durations of gazes were coded frame-by-frame in ELAN 4.9.3. The coding started once the
tray was leveled with the top surface of the table, allowing the subject to look at all three objects. The
coding ceased with the subject’s last gaze before selecting an object. The recordings were pooled for
coding by two independent raters. Inter-observer agreement was high (0.865 in ravens, 0.828 in humans;
time-unit kappa without tolerance for 23.6% of trials, Appendix 1). A margin of mistake in coding was set
t0 0.2s.
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Statistics

Neither the raven nor the human data fit a normal distribution (Shapiro-Wilk test, p < .001). The
best fitting distributions were determined with qgp function from MASS package in R. A general linear
mixed-model (GLMM) analysis was used to determine the effect of several explanatory variables
(species, trial number, stimulus familiarity) on a response variable (gaze duration; single instances or total
gaze duration per trial, or average gaze duration per trial), controlling for an effect of a random variable
(subject ID). Functions glmer and gimmPQL were used from packages Ime4 and mimRev, respectively.
All statistical analyses were conducted in R (v.3.5.1, the R Foundation for Statistical Computing:
http://www.R-project.org). Significance level was set at .05 and Bonferroni correction was used for all p-
values for significant effects within the models.

Results
Gaze Durations

Log-normal distribution best fitted the gaze durations in both the ravens and the humans. GLMM
analysis with the gaze durations with a response variable and three explanatory variables — species, object
familiarity and trial number, with subject ID as a random variable — revealed significant main effects of
species (x%(1) = 54.95, p < .001) and object familiarity (x%(1) = 22.49, p < .001) on the gaze durations, and
a significant interaction effect (2(3) = 80.59, p < .001). Overall, the ravens cast shorter gazes at the
familiar (z = 5.24, p < .001) and the non-familiar (z = 6.66, p < .001) objects than the humans.
Furthermore, in the ravens there was no difference in the gaze durations for familiar and non-familiar
objects (z = 0.02, p = 1), but there was a significant difference in the humans (z = -4.85, p < .001; Figure
5).
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Figure 5. The effect of species and object type on gaze durations.
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Therefore, the ravens’ and the humans’ the gaze durations were calculated separately for the
familiar objects (ravens: Mdn = 0.38, median absolute deviation (MAD) = 0.148, interquartile range (IQR)
= 0.282-0.488; humans: Mdn = 0.74, MAD = 0.474, IQR = 0.47-1.19) and for the non-familiar objects
(ravens: Mdn = 0.384, MAD = 0.142, IQR = 0.29-0.49; humans: Mdn = 0.87, MAD = 0.652, IQR = 0.5-
1.52; Figure 6).
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Figure 6. A histogram of gaze durations for each species and each object type: A) for the ravens and the familiar objects, B) for
the ravens and the nonfamiliar objects, C) for the humans and the familiar objects, and D) for the humans and the nonfamiliar
objects.

Number of Single Gazes

Log-normal distribution best fitted the number of gaze durations per trial in both the ravens and
the humans.

Based on GLMM analysis with the number of gaze durations per trial as a response variable,
species and trial number as explanatory variables, and subject ID as a random variable, a main effect of
species was not significant (y2(1) = 0.468, p = .494). However, both a main effect of trial (¥*(11) =
126.949, p < .001; Figure 7) and an interaction effect for species and trial (y*(11) = 43.709, p < .001) were
significant. Overall, the individuals of both species cast the lowest number of gazes before grabbing one
of the objects in the 8™, 11" and in the 12" trial and the highest number of gazes in the 4™ trial. The
number of gazes in the 8" trial was significantly lower than in the 1% (z = -355, p = .018), the 2" (z = -
361, p = .015), the 4" (z = -5.15, p < .01), the 5" (z = -4.07, p < .01) and the 7" trial (z = -3.68, p = .012);
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it was also significantly higher in the 4" trial than in the 3 (z = 3.96, p < .01), the 6" (z = -4.6, p < .01),
the 9" (z = -3.73, p < .01), the 10" (z = -4.26, p < .01), the 11" (z = -4.69, p < .01) and the 12" trial (z = -
4.88, p < .01). Some significant differences were also detected between trials for each species separately.
In the ravens, there was a significantly higher number of gazes in the 1% trial than in the 2" (z = -4.16, p <
.01), the 3 (z = -3.54, p = .46), the 5" (z = -4.2, p < .01), the 6" (z = -4.27, p < .01), the 7" (z = -4.21, p <
.01), the 8" (z = -4.08, p < .01), the 9" (z = -3.85, p = .016), the 10" (z = -3.93, p = .011) and the 11" trial
(z=-4.12, p < .01). In the humans, there was a significantly higher number of gazes in the 4™ trial than in
the 3 (z = 3.96, p = 0.011), the 6th (z = -4.6, p < .01), the 8" (z = -5.15, p < .01), the 9" (z = -3.72, p =
.025), the 10" (z = -4.26, p < .01), the 11" (z = -4.69, p <.01) and the 12" trial (z = -4.88, p < .01).
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Figure 7. An effect of trial on the number of gazes per trial. As there was no main effect of species, this is a display for both the
ravens’ and the humans’ gazes combined.

Gamma distribution best fitted the number of gaze durations per object type (familiar vs. non-
familiar) both in the ravens and in the humans.

Based on GLMM analysis with the number of gaze durations per object type as a response
variable, species and object type as explanatory variables, and subject ID as a random variable, a main
effect of object type was significant (y*(1) = 7.14, p = .008; Figure 8). A main effect of species (¥*(1) =
0.62, p = .432) and an interaction effect of species and object type (y*(1) = 0.56, p = .455) were not
significant. Specifically, the individuals of both species cast higher number of gazes at non-familiar than
for the familiar objects (z = 2.72, p = .006). For the familiar objects, the ravens cast 40.4 gazes on average
(SD = 14.05) and the humans cast 35 gazes on average (SD = 17.13). For the non-familiar objects, the
ravens cast 48 gazes on average (SD = 34.36) and the humans cast 41.45 gazes on average (SD = 25.48).
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Figure 8. An effect of object type and species on the number of gazes per object type.

Total Gaze Duration

Log-normal distribution best fitted total gaze duration in both the ravens and the humans.

Based on GLMM analysis with total gaze duration as a response variable, species and trial
number as explanatory variables, and subject ID as a random variable, a significant main effect of trial
number (y*(11) = 136.317, p < 0.001) on total gaze duration per trial was found, but the main effect of
species (y*(1) = 4.08, p = 0.08) and the interaction effect for these variables (y?(11) = 11.93, p = 0.369)
were not significant. Specifically, there was a statistically significant effect of trial on total gaze duration
in both the ravens (y?(11) = 34.54, p < 0.001; Figure 9Aa), and the humans (*(11) = 117.27, p < 0.001;
Figure 9BDb).
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Figure 9. An effect of trial on total gaze duration: A) in the ravens, B) in the humans.

Average Gaze Duration per Trial

Gamma distribution best fitted average gaze duration per trial in both the ravens and the humans.
Based on GLMM analysis with average gaze duration as a response variable, species and trial number as
explanatory variables, and subject ID as a random variable, only a main effect of species was significant
(A1) = 122.991, p < .001), contrary to a main effect of trial (y*(11) = 14.45, p = .21); no interaction effect
was detected (y%(11) = 8.71, p = .65). The average gaze duration in the humans was significantly higher
than in the ravens (z = -11.03, p < .001), with a mean of 1.09 s for the humans (SD = 0.478) and a mean of
0.411 for the ravens (SD = 0.094; Figure 10).
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Cumulative Gaze Duration
Cumulative distributions of gaze durations for the ravens and for the humans are presented in

Figures 11 and 12. Overall, the distributions both for the ravens and for the humans had a similar shape:
quite flat, with a steady increase across the trials.
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Discussion

In line with our expectations, the ravens gazed at both the familiar and the non-familiar objects
for approximately half of the duration compared to the humans, and the durations followed the right-
skewed distribution in both groups. However, we detected a shorter unit in the humans than reported in
previous studies (0.74 and 0.87 s vs. 1-4 s). Those studies predominantly investigated motor rather than
perceptual patterns, which may differ in timing. Motor patterns have perhaps a slower timing due to
neurological processes that ensue perception and precede action, or due to engaging more muscle units
and larger body parts as compared to eye movements.

Furthermore, we detected a difference in the gaze durations between the familiar and the non-
familiar objects in the humans, but no such difference in the ravens. The human results are consistent with
previous reports of the effect of novelty on visual perception (Houston-Price & Nakai, 2004). The
perception of the non-familiar objects likely required additional cognitive processing which increased
gaze duration in the humans. We did not detect this effect in the ravens, which may have resulted from
the lack of the habituation to any of the objects before testing, and/or the lack of cost associated with the
choice — the task was a rather simple one. Therefore, any potential categorization time in the ravens could
not be detected. As we detected a novelty effect only in the humans, we compared the gaze durations
between the species for each object type separately.

The observed differences could be explained in at least four ways: (1) the visual characteristics of
the objects presented to the humans were more complex than of those presented to the ravens; (2) the
humans could have been more eager to perform “well” in the task and paid more attention to the
presented objects; (3) both species suffered from a decrease in attention over trials, but the humans
suffered from a smaller decrease in attention than the ravens; decrease in attention could lead to shorter
gaze durations, and if such a decrease was larger in the ravens, their gazes should be significantly shorter
than the humans; (4) the humans needed more time to collect relevant visual information than the ravens
before selecting an object.

If the first explanation is correct, one would expect that the humans should have cast (1a) longer
single gazes than the ravens, and (1b) had a higher number of single gazes than the ravens before making
a choice, and (1c) that a difference in gaze duration for the object types, or a lack of such difference,
should be the same in both species. More visually complex objects would require acquiring more visual
information and more processing of this information before making the decision; therefore, one would
expect that the humans would maximize their intake of visual information by longer gazes and a higher
number of gazes as opposed to the ravens, exposed to less visually complex objects. Besides, if one
assumes that both familiar and nonfamiliar objects were similar in the level of visual complexity for each
species, and that visual complexity had an effect on gaze duration, one would also expect in both species
either a difference in gaze duration between the object types in both species or a lack of such difference.
Only the first expectation (1a) was consistent with our results.

If the second explanation is correct, one would have expected that the humans should have cast
(2a) longer single gazes than the ravens, (2b) and more gazes than the ravens before making the selection.
If one were more motivated to perform “well”, one would be eager to acquire more visual information
than if one was less motivated, in order to make the best possible choice; acquiring of additional visual
information would in turn require longer and more gazes from the humans than from the ravens before
making the selection. Although the first expectation (2a) was consistent with our results, the ravens in fact
(2b) cast more gazes on the objects regardless of the object type than the humans.

If the third explanation is correct, one would expect that (3a) the number of gazes per trial should
have decreased over trials, but significantly more in the humans than in the ravens, (3b) total gaze
duration per trial should have decreased over consecutive trials, but significantly more in the humans than
in the ravens, and (3c) average gaze duration per trial should have also decreased over consecutive trials,
but significantly more in the humans than in the ravens. If one was forced to select a visually distinctive
item at as low attention costs as possible, one should minimize effort of acquiring visual information.
This means that loss in attention should result in reducing the duration and the number of single gazes,
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and as a result, also the total gaze duration per trial. When the task was still new, that is in the first few
trials, one could assume that the subjects would pay more attention to the objects than in the following
trials, when the novelty of the task would have faded away. All subjects, regardless of the species, could
have suffered from this effect; however, the ravens’ gazes tended to be shorter than the humans’ and so
one could assume that the decrease in attention was higher in the ravens than in the humans. Whereas the
first two expectations (3a and 3b) were supported by our results, the third one (3c) was not: in fact, there
was no effect of trial number on average gaze duration per trial in the two tested species. Therefore, it
seems that the subjects, regardless of the species, attempted to speed up the object selection, but did so by
reducing the number of gazes, not their duration. They might not have been able to control, and therefore
reduce, their gaze duration.

The fourth explanation accommodates all of the above findings, as it states that the humans
needed more time to collect relevant visual information than the ravens before selecting an object. We
suggest that this difference has neurobiological and sensory system causes. Ravens have a higher
neuronal density of pallial neurons than humans (Olkowicz et al., 2016), which might increase processing
speed in simple perceptually based decisions. Like other passerines, ravens also most likely have a
notably higher temporal resolution in their vision compared to humans, which probably reduces the time
to collect relevant information before a decision is made. This is highly adaptive for a flying diurnal
species, as the high temporal resolution allows for rapid perception of fast-moving objects and quick
responses to ever-changing optic flow. In slow-paced conditions, such adaptations may be observed as
more quickly executed behaviors, compared to a terrestrial species.

The speed of temporal perception most likely has a matching speed of cognitive processing
(Shaw & Bransford, 1977). One could speculate that if such speed is combined with a complex brain with
high neuronal numbers, it might give an additional cognitive effect not dictated by the numbers alone.
Ravens are often found to parallel apes in their cognitive abilities (Guntlrkin & Bugnyar, 2016).
Although many cognitive studies are interested in a binary outcome rather than temporal aspects of the
performance, such aspects could provide additional information about how a task is solved, and how
proficiently, and allow for comparisons between species. Temporal aspects of performance may
contribute to a more exhaustive analysis of a variety of cognitive tasks, such as detour tasks, causal
cognition tasks and other.

The results may have implications for comparative memory research, as it often involves a delay
between the encoding and the retrieval of stimuli. As attentional mechanisms enforce different frame rates
on the perception of the actual stimuli between the species, they might also, indirectly, affect performance
of the tested species after a fixed delay. Although such delay between the initial exposure and testing may
be identical for the external observer, it is non-identical from the perspective of the tested individual.
Animals that process more information per a fixed time interval might be more cognitively taxed than
animals processing less because, arguably, more has to be encoded in their memories; and in a sense, the
subjective time that has passed becomes longer. That is, an identical absolute time interval duration may
be relatively longer for animals that process more information than for those that process less. Moreover,
it has previously been shown that birds, like mammals (rats: Kraemer, Brown, & Randall, 1995; humans;
Sucala, Scheckner, & David, 2010), make decisions based on relative rather than absolute interval
durations (pigeons: Zentall, Weaver, & Clement, 2004). As a result, the same delay between exposure and
testing might, in effect, be experienced differently in birds and mammals, which in comparative studies
between these groups calls for controls of such factors.
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Appendix 1

Procedure: instruction

For the humans, the procedure was preceded by the following instruction:

“Hello, thank you very much for your time. | will present you with a set of three objects and you will have
only one task: to select one and keep it till the end of the session. We will repeat this twelve times, and every time
you are welcome to choose one object and keep it. Once you make your choice, | will present you with the next set.
We are recording the session for coding purposes. You remain anonymous and our research team will be the only
one to have access to the videos. We are not supposed to communicate during the session, but | will be happy to

answer any questions afterwards. Is everything clear?”

Coding: Inter-observer agreement

We aimed to determine the duration of single gazes based on the visual behaviors of the subjects. Thus, we
formulated a definition of the single gaze for two independent raters to obey in coding. For each rater, a series of
time intervals was generated, and then the inter-observer agreement was determined. Although Cohen’s kappa is a
common index in such cases, it could not have been applied here. We needed a tool that would estimate the accuracy
of the overlap between two interval patterns, generated by the raters for the same recording. This is why we used
time-unit kappa, which seemed to serve our purposes best (Bakeman et al., 2009).

It is intuitive that the interval patterns should be quite similar (if the definition is conservative enough), but
also the onsets and offsets of the intervals may slightly differ between the raters. Time-unit kappa succeeds in
“giving credit for near misses and increasing the magnitude of k™ (1, p. 139), and consequently may provide a more
accurate picture of the agreement in our case. Each recording was divided into consecutive one-second intervals, and
for each interval a 0-1 response was determined. Occurrence of coding on the rater’s part was counted as 1, and its
lack was counted as 0. The 0-1 responses for each interval were subsequently assembled into a rater-specific pattern,
and finally, an inter-rater kappa coefficient was calculated between these two patterns. There was substantial
agreement, with a 0.865 coefficient for the ravens and slightly lower 0.828 for the humans.

All statistical analyses were conducted in R (v.3.3.2, the R Foundation for Statistical Computing:

http://www.R-project.org). Significance level was set at 0.05.
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