Animal Cognition (2025) 28:39
https://doi.org/10.1007/510071-025-01957-y

ORIGINAL PAPER

®

Check for
updates

Visual numerical cognition in pigeons: conformity to the Weber-
Fechner law

Peng Wu'? . Juncai Zhu'? - Qingzhi He'? - Zhizhong Wang'? - Li Shi*?

Received: 6 December 2024 / Revised: 21 April 2025 / Accepted: 24 April 2025
© The Author(s) 2025

Abstract

As representatives of a basal bird lineage, pigeons have exhibited remarkable visual numerical cognition, comparable even
to that of monkeys. Nevertheless, whether visual numerical cognition in pigeons conforms to the Weber—Fechner law
remains unknown. To address this, we designed a fully automated apparatus tailored for pigeons and used it to train them
to perform a delayed match-to-numerosity task. The results showed that on a linear scale, pigeons represented smaller
numerosities with higher precision and larger numerosities with lower precision, exhibiting a numerical magnitude effect.
When the linear scale was compressed into a logarithmic scale, this magnitude effect was offset, resulting in similar rep-
resentational characteristics across different numerosities. This finding suggests that the mental number line of pigeons is
logarithmic rather than linear, consistent with the Weber—Fechner law. While biological brains seek precision in represent-
ing numerical information, they must also take computational load into account. This representational strategy may be
the optimal outcome of the trade-off between computational precision and computational load that biological brains have
achieved through long-term evolution.
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Introduction are best described by a logarithmically compressed num-

ber scale (Nieder 2016, 2017, 2020). Compared to pigeons,

Numerosity, that is, the number of elements in a set, is an
important aspect of animals’ perception of the external
environment (Balestrieri et al. 2019; Bengochea et al. 2023;
Benson-Amram et al. 2017; Gémez-Laplaza and Gerlai
2011; Lyon 2003; Wang et al. 2020). Behavioral studies
have shown that numerosity representations in monkeys
and corvids both conform to the Weber—Fechner law (Ditz
and Nieder 2016; Kirschhock and Nieder 2023; Nieder and
Merten 2007), i.e., their behavioral performance functions
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monkeys and corvids represent some of the most evolution-
arily advanced species within their respective phylogenetic
groups, both possessing an enlarged pallial telencephalon
and sophisticated intellectual capacities (Emery and Clay-
ton 2004; Giintiirkiin et al. 2021; von Eugen et al. 2020).
Among them, corvids, due to their higher brain neuron
density and a greater proportion of neurons located in the
pallial telencephalon, even have a comparable number of
pallial neurons to that of monkeys (Olkowicz et al. 2016),
which is thought to support their advanced behavioral and
cognitive complexity (Dicke and Roth 2016; Herculano-
Houzel 2017). Although pigeons and corvids both belong
to the avian class, pigeons represent a more basal avian
lineage, possessing significantly fewer pallial neurons and
total brain neurons (Olkowicz et al. 2016; Strockens et al.
2022), their cognitive abilities are generally considered
less advanced than those of corvids (Balakhonov and Rose
2017; Clayton and Emery 2015; Emery 2006; Giintiirkiin et
al. 2017). For certain complex tasks, pigeons exhibit signifi-
cantly poorer behavioral performance, or even fail to com-
plete them, such as concept learning (Wright et al. 2017),
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rule transfer (Wilson et al. 1985), and tool use (Call 2010).
Interestingly, in the field of numerical cognition, pigeons
exhibit remarkable numerical discrimination abilities, com-
parable even to those of monkeys (Scarf et al. 2011). How-
ever, whether numerical cognition in pigeons conforms to
the Weber—Fechner law, as observed in monkeys and cor-
vids, requires confirmation through a more targeted experi-
mental paradigm.

We modified the delayed match-to-sample task, previ-
ously used to investigate numerical cognition in monkeys
and corvids (Ditz and Nieder 2015, 2016; Nieder et al. 2002;
Nieder and Miller 2003; Viswanathan and Nieder 2013), to
better suit the behavioral characteristics of pigeons. Train-
ing pigeons to complete the behavioral task according to
predefined rules poses significant challenges, and prolonged
training also requires considerable effort from the experi-
menters. To address these challenges, we designed a fully
automated training apparatus tailored for pigeons and used
it to investigate their numerical cognitive abilities.

For larger numerosities, if biological brains are to main-
tain encoding precision similar to that of smaller numerosi-
ties, they must perform more neural computation, thereby
consuming more energy (Jamadar et al. 2025; Lennie 2003).
Therefore, biological brains must make a trade-off between
encoding precision and energy consumption (Sengupta and
Stemmler 2014). If pigeons, as representatives of a basal
bird lineage, employ a similar strategy to monkeys and
corvids in representing numerical information, it would
suggest that this representation strategy offers advantages
in biological computation. This may represent the optimal
result of the trade-off between computational precision and
energy consumption during the long-term evolution of bio-
logical brains, consistent with their real-time and efficient
information processing characteristics. In-depth research
into this encoding strategy will aid in the development of
novel biologically inspired algorithms characterized by low
power consumption. Additionally, it will provide biological
insights into balancing computational precision and compu-
tational load in the field of artificial intelligence.

Through long-term evolution, biological brains of dif-
ferent species may select the optimal encoding strategy via
convergent evolutionary mechanisms (Nieder 2016, 2017).
Therefore, we hypothesized that, even though pigeons
belong to the basal bird lineage, their numerical cogni-
tion also conforms to the Weber—Fechner law. To test this
hypothesis, we trained pigeons to perform the designed
delayed match-to-numerosity task. To control for the influ-
ence of low-level non-numerical visual features, both stan-
dard stimuli and control stimuli were used in each session,
with the control group consisting of three sets of stimuli:
“Density-fixed” stimuli, “Area-fixed” stimuli, and “Perim-
eter-fixed” stimuli. Subsequently, we used Gaussian fitting
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functions to assess the response characteristics of pigeons’
behavioral performance functions across different numeri-
cal scales. If the hypothesis was supported, pigeons’ behav-
ioral performance functions would exhibit better symmetry
and stability on the logarithmic scale.

Materials and methods
Animals

We trained two pigeons to perform the delayed match-
to-sample task with the number of items in stimuli as the
criterion for discrimination. During the training and test-
ing phases, the pigeons were maintained on a controlled
feeding protocol and received food as a reward only after
completing the correct experimental trials. Following each
session, the pigeons received a measured amount of spe-
cialized grit (1.2 g), automatically dispensed by the quanti-
tative filling machine (see Table S1), to promote digestion
and provide essential minerals, especially calcium, thereby
helping them maintain health and nutritional balance.
Pigeons lived in the experimental animal switching module
of the fully automated apparatus. The main structure of the
module is a customized, rotatable stainless steel cylinder
(diameter: 120 cm, height: 55 cm), with each pigeon living
independently in a sector-shaped area (central angle: 60°).
The diameter, height, and sector angle of the cylinder were
designed based on the pigeons’ body size and behavioral
characteristics, such as wing-spreading, ensuring that each
pigeon is provided with suitable living space. Water was
provided ad libitum. The experimental environment was
maintained under a constant light-dark cycle, with 14 h of
light and 10 h of darkness.

Delayed match-to-numerosity task and training

In the delayed match-to-numerosity task (Fig. 1a), a pigeon
pecked at the small circle on the screen to start a trial. After an
800 ms presample period, a sample stimulus was displayed
on the screen and remained for 800 ms (sample period). The
pigeon had to extract the numerical feature from the sample
stimulus and retain it for 600 ms (delay period) after the
sample stimulus disappeared, for subsequent behavioral
choice. During the choice period, a test stimulus contain-
ing a specific number of items and a purple triangle stimu-
lus were simultaneously displayed on the screen. If the test
stimulus contained the same number of items as the sample
stimulus (match, 50% probability), the pigeon had to select
the test stimulus to receive a food reward. Otherwise (non-
match, 50% probability), the pigeon had to select the purple
triangle stimulus to receive a food reward. The pigeon was
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Fig. 1 Behavioral protocol and example stimuli. (a) Delayed match-to-
numerosity task. In matching trials (probability=50%), a test stimulus
containing the same number of items as the sample stimulus and a pur-
ple triangle were simultaneously displayed during the choice period,
and the pigeon had to select the test stimulus to obtain a food reward.
In non-matching trials (probability =50%), the test stimulus contained

required to make a choice within 1800 ms; an incorrect
choice or failure to choose led to a variable 10—15 s timeout.

Before the formal training on the delayed match-to-
numerosity task, the two pigeons underwent only pre-train-
ing and did not participate in any other tasks. Pre-training
followed the same protocol as shown in Fig. 1a, except that
the stimulus set consisted of four images, each representing
a different object with large appearance differences (dog,
chair, banana, and cup). After 47 days of pre-training, with
one session per day, each session lasting 3.5 h, their behav-
ioral accuracy stabilized at over 90%, indicating that they
had become highly familiar with the task protocol. In the
initial sessions of the pre-training, in order to encourage the
pigeons to actively complete the task, a reward of three food
pellets was given each time, which was gradually reduced
to a single food pellet in the later sessions. After the pre-
training, we trained the pigeons to complete the delayed
match-to-numerosity task (Fig. 1a) with one session per day.
The session duration initially lasted 4.5 h but was gradually
reduced to 3.5 h, depending on whether the pigeons stopped
performing the task throughout the final part of the session.

Standard

Density-fixed

Area-fixed

Perimeter-fixed

a different number of items from the sample stimulus, and the pigeon
had to select the purple triangle stimulus to obtain a food reward. (b)
Examples of standard stimuli and control stimuli, with the control
group including three types of stimuli: “Density-fixed,” “Area-fixed,”
and “Perimeter-fixed”

After 92 and 105 days of training, respectively, with an aver-
age of 526 and 591 trials per day, the behavioral accuracy
of Pigeon B5 and Pigeon C3 reached a stable level (Fig.
S2). Specifically, their accuracy no longer increased, and
for each standard-control stimulus set combination, accu-
racy fluctuated within 5% across three consecutive sessions
of the same combination. Subsequently, the testing phase
began.

Numerical stimuli

The numerosity stimuli consisting of one to five red dots
were generated using a custom-written Matlab script
(Fig. 1b), with dot diameters on the stimulus screen rang-
ing from 1 mm to 7 mm. To ensure that the pigeons made
behavioral choices based on the number of items rather than
low-level visual features that may covary with numeros-
ity, we followed previous research by using both standard
stimuli and control stimuli in each training and testing ses-
sion (Ditz and Nieder 2015, 2016; Kobylkov et al. 2022).
In the standard stimuli, dots with pseudo-random diameters
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were arranged pseudo-randomly but did not overlap on a
black square background. The control group consisted of
three sets of stimuli: “Density-fixed” stimuli, “Area-fixed”
stimuli, and “Perimeter-fixed” stimuli. The average density
was determined by calculating the mean distance between
all dots in a numerosity stimulus. In the standard stimuli, the
average density, total area, and total perimeter of the dots all
increase with numerosity. In comparison, “Density-fixed”
stimuli keep average density constant across all numer-
osities, while total area and total perimeter increase with
numerosity. “Area-fixed” stimuli maintain a constant total
area, while average density and total perimeter increase with
numerosity. ‘“Perimeter-fixed” stimuli maintain a constant
total perimeter, while total area decreases with numerosity.
Additionally, to prevent the pigeons from solving the task
by memorizing visual patterns, each session used 60 newly
generated numerosity stimuli, with 30 standard stimuli and
30 control stimuli. Each numerosity stimulus could serve as
both the sample stimulus and the test stimulus, and the phys-
ical appearance of the sample and the test stimulus in each
trial was never identical, including in the matching trials.
Each session used a specific set of control stimuli, with the
three control sets alternating across sessions. In each trial,
numerosity, match vs. non-match, and standard vs. control
were all randomized and unpredictable.

Fully automated training apparatus

We designed a fully automated apparatus based on the
behavioral characteristics of pigeons and used it to train
them to perform the delayed match-to-sample task (Fig. 2).
The apparatus, controlled by a custom-written Python script,
consisted primarily of four components: the main control
module, the stimulus display and choice feedback module,
the reward reinforcement module, and the experimental ani-
mal switching module.

Main control module was responsible for receiving data
from various sensors, issuing corresponding control com-
mands, managing the overall operation of the apparatus, and
simultaneously recording the pigeons’ behavioral data.

Stimulus display and choice feedback module was respon-
sible for displaying stimulus images and providing feedback
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on the pigeons’ behavioral choices via a customized infrared
sensing frame.

Reward reinforcement module was responsible for pre-
cisely dispensing a single food pellet as a reward, with an
average of 0.037 g per reward.

Experimental animal switching module was responsible for
switching the experimental animals once the preset condi-
tions were met.

The main contributions of this apparatus included: (1) fully
automated training, with daily automatic activation and
deactivation, automated training of experimental animals,
automated recording of behavioral data, and automated
switching of experimental animals, which did not require
any involvement from the experimenters throughout the
entire process; (2) precise dispensing of a single food pel-
let for each reward, which significantly increased the total
number of behavioral trials completed in each session.

Data analysis

To investigate whether numerical cognition in pigeons con-
forms to the Weber—Fechner law, we first calculated the
probability that pigeons judged the test stimulus as con-
taining the same numerical feature as the sample stimu-
lus. That is, the probability of making the correct choice in
match trials and the incorrect choice in non-match trials.
The resulting behavioral performance functions were then
plotted on four different scales: linear, a power function
with an exponent of 0.5, a power function with an exponent
of 0.33, and a logarithmic (log2) scale. These scales were
selected because Fechner suggested that the just noticeable
difference is constant on a logarithmic scale of stimulus
magnitude (Fechner 1860), i.e., the perceived magnitude
is logarithmically related to the actual stimulus magnitude.
In contrast, Stevens proposed that the just noticeable dif-
ference remains constant on a power scale (Stevens 1961),
i.e., the perceived magnitude follows a power law in rela-
tion to the actual stimulus magnitude. Among these, power
functions with exponents of 0.5 and 0.33 are the most rep-
resentative scaling models of the mental number line, each
reflecting a different degree of nonlinear compression (Ditz
and Nieder 2016; Kobylkov et al. 2022; Nieder and Merten
2007). To further evaluate the symmetry and stability of the
behavioral performance functions, we fitted Gaussian func-
tions to the behavioral performance curves plotted on the
aforementioned scales. The Gaussian function is defined as:

4 _ _(n—ﬂ)z 1
Ry (n) = A eap(~"_50) (1)
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Reward reinforcement module

Main control module

Fig.2 Fully automated training apparatus. On the left side of the figure
is a stainless steel frame (40 cm x 50 cm x 145 ¢cm), which is divided
into three layers. The bottom layer contains the apparatus’ main con-
trol module, while the first and second layers house the reward rein-
forcement module. On the right side of the figure are the stimulus dis-

In this equation, A represents the peak height of the Gauss-
ian fitted curve, p represents the center position, and o
represents the width. The total sum of squares (SS}.¢) of
the observed values was calculated as follows:

_ 2
SStot = Z il(Robs (nz) - Robs) (2)

Where ;Eobswas the mean of the target fitted data:

_ 1 N
Rovs = NZ ¢=1R0b5 (nz) (3)

Stimulus display and choice
feedback module
Experimental animal
switching module

d ‘i \

play and choice feedback module, as well as the experimental animal
switching module. The apparatus automatically trained pigeons to
complete the experimental task, and by accurately dispensing a single
food pellet for each correct trial, it significantly increased the number
of trials completed in each session

The sum of squared residuals (SS,..s) was calculated as
follows:

SSres = Z i]il

(Rops (i) — Ryie(ni))? 4

Finally, the goodness-of-fit ( R?) value of the Gaussian
function was calculated as:

Ssres

2
= ]_ R ————
R St

)

R? values were used as a quantitative measure of the sym-
metry of the behavioral performance curves, while o
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values were used to assess the stability across the behavioral
performance curves.

Results
Behavioral accuracy

During the testing phase, Pigeon BS was recorded for 54
sessions, with an average of 543 trials per session and an
average accuracy of 73.98% + 0.23. Pigeon C3 was recorded
for 60 sessions, with an average of 585 trials per session and
an average accuracy of 72.79% + 0.21 (Fig. S2). The behav-
ioral accuracy of pigeon BS5 for the standard stimuli and the
three sets of control stimuli is shown in Fig. 3a, with no sig-
nificant differences across the four stimulus sets (p=0.287,
Kruskal-Wallis test). The behavioral accuracy of pigeon
C3, as shown in Fig. 3b, was consistent with that of pigeon
BS5 and also exhibited no significant differences across the
four stimulus sets (p=0.523, Kruskal-Wallis test). Pigeons
exhibited similar behavioral performance for the standard
stimuli and the three sets of control stimuli, indicating that
they relied on numerosity rather than covarying low-level
visual features such as average density, total area, and total
perimeter to solve the delayed match-to-sample task.

Behavioral performance functions

The behavioral performance functions of pigeon B5 and
pigeon C3 are shown in Fig. 3¢ and d, respectively (see
Fig. S3 for further details). The different colored lines rep-
resent different sample numerosities, and each point on the
lines corresponds to the average probability that the pigeons
judged the test stimulus as containing the same number of
items as the sample stimulus. As shown in the figures, the
greater the numerical difference between the test stimulus
and the sample stimulus, the lower the probability that the
pigeons chose the test stimulus, exhibiting the numerical
distance effect. At the same numerical distance, the larger
the number of items in the sample stimulus, the higher the
probability that the pigeons chose the test stimulus. Accord-
ingly, the behavioral performance curves became wider,
indicating that the pigeons’ numerical cognition also aligns
with the numerical magnitude effect.

To further investigate pigeons’ numerical cognition, we
conducted a statistical analysis on the behavioral data col-
lected from all 114 sessions during the testing phase (54 ses-
sions from Pigeon B5 and 60 from Pigeon C3; see Fig. S2),
with the results shown in Fig. 4b. The figure includes the
pigeons’ average behavioral performance across all combi-
nations of sample and test numerosities, where darker colors
indicate smaller numerical distances. Pigeons’ behavioral
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performance was evaluated based on numerical distance,
as shown in Fig. 4a. The results further reflect the numeri-
cal distance effect and suggest that pigeons encode numeri-
cal information in a manner similar to band-pass filtering.
The behavioral performance curves obtained across all ses-
sions were separately plotted on a linear scale (Fig. 4c) and
a logarithmically compressed scale (Fig. 4d). The curves
appeared noticeably steeper on the left side under the lin-
ear scale, whereas they exhibited better symmetry under the
logarithmically compressed scale. Under the linear scale,
the behavioral performance curves exhibited the numerical
magnitude effect, the essence of which is higher representa-
tion precision for smaller numerosities and lower representa-
tion precision for larger numerosities. In contrast, under the
logarithmic scale, the larger the numerosity, the greater the
degree of compression on the number line, which resulted in
behavioral performance curves for different sample numer-
osities exhibiting similar response widths (see also Fig. 5d),
thereby offsetting the numerical magnitude effect.

Scale of the mental number line

Gaussian fitting was used to quantitatively describe the
symmetry and stability of behavioral performance func-
tions under different numerical scales. Examples of the
fitting results for the linear scale and the logarithmically
compressed scale are shown in Fig. 5a and b, respectively,
where the different-colored lines represent the performance
functions for different sample numerosities, and the red
curves represent the Gaussian fitting results. Under a given
numerical scale, the closer the performance function is to
the fitted curve, the better its symmetry; that is, the response
characteristics to numerosities at equal distances on both
sides of the sample numerosity become more consistent.
Additionally, the smaller the variation in the widths of the
fitted curves, the higher the stability across the performance
functions; that is, the performance functions for different
sample numerosities become more similar.

The goodness-of-fit ( R?) values of the Gaussian func-
tions were used to evaluate the symmetry of the behavioral
performance functions under different numerical scales, as
shown in Fig. 5c. The mean R? values for the linear scale,
the power function with an exponent of 0.5, the power func-
tion with an exponent of 0.33, and the logarithmic scale
were 0.70+0.01, 0.80+0.01, 0.83+0.01, and 0.85+0.01,
respectively. The R? values on the four numerical scales
were significantly different (p<0.001, Friedman test,
n=114), with post-hoc pairwise comparisons using the Wil-
coxon signed-rank test showing significant differences in all
pairs (all p<0.001, n=114). Furthermore, the sigma values
of the Gaussian functions were used to evaluate the stability
across the performance functions, with the results shown in
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Fig. 5d. The linear fit slopes for sigma on the linear scale,
the power 0.5 scale, the power 0.33 scale, and the logarith-
mic scale were 0.262, 0.044, 0.018, and 0.008, respectively.

The higher the R? values, the better the fit of the Gauss-
ian functions. Therefore, under the logarithmically com-
pressed scale, the behavioral performance functions were
closest to symmetrical Gaussian bell curves (p<0.001,
Wilcoxon signed-rank test, n=114). The closer the linear
fit slope for sigma is to zero, the smaller the variation in the
widths of the Gaussian fitted curves. Thus, the performance
functions for numerosities of different magnitudes exhib-
ited the highest stability under the logarithmic scale. These
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Test numerosity (log)

the right axis represents the numerosity of the test stimulus. The data
correspond to the average probability of pigeons choosing the test
stimulus. (¢) Behavioral performance functions under a linear scale.
(d) Behavioral performance functions under a logarithmic scale. Error
bars correspond to SEM

findings indicate that the performance functions of pigeons
are best described by a logarithmic number scale, consistent
with the Weber—Fechner law.

Discussion

The results indicated that the pigeons relied on the number
of items rather than covarying low-level visual features such
as average density, total area, and total perimeter to com-
plete the delayed match-to-sample task. Further analysis
revealed that under the linear scale, the pigeons’ behavioral
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performance functions gradually widened as the numeros-
ity increased, exhibiting the numerical magnitude effect.
When the linear scale was compressed into a logarithmic
scale, this magnitude effect was offset, with similar response
characteristics observed across different numerosities. The
Gaussian fitting results also indicated that, on the logarith-
mically compressed scale, the pigeons’ behavioral perfor-
mance functions exhibited the best symmetry and stability.
This finding suggests that the mental number line of pigeons
is logarithmic, consistent with the Weber—Fechner law.

Logarithmic mental number line

In this study, we trained two pigeons to perform a delayed
match-to-numerosity task. Despite the relatively small sam-
ple size, we strictly controlled the number of food pellets
given in each correct trial, which enabled us to collect a
large number of experimental trials for each pigeon (Pigeon
BS5: 29,338 trials; Pigeon C3: 35,127 trials). This facili-
tated a comprehensive and precise assessment of pigeons’
numerical cognition, ensuring the reliability of the results.
The experimental results also indicate a high degree of con-
sistency in their behavioral performance functions (Fig. 3
and Fig. S3), suggesting that the observed numerical cogni-
tion pattern is robust. Further analysis results indicate that
pigeons’ numerical cognition conforms to the Weber—Fech-
ner law, consistent with findings observed in monkeys and
corvids.

Monkeys and corvids represent some of the most evo-
lutionarily advanced species within their respective phy-
logenetic groups, both possessing an enlarged pallial
telencephalon and advanced intelligence (Giintiirkiin et al.
2021; Nieder et al. 2020). In contrast, pigeons, represent-
ing a more basal bird lineage, show significant differences
from them in both the number of pallial neurons and cer-
tain aspects of cognitive abilities (Emery and Clayton 2005;
Olkowicz et al. 2016). Species with such vast evolutionary
differences employ the same strategy to represent numerical
information, suggesting that this encoding strategy offers
advantages in biological computation. The essence of this
encoding strategy is higher precision for smaller numerosi-
ties and lower precision for larger numerosities. For larger
numerosities, biological brains reduce computational load
by sacrificing encoding precision, thereby exhibiting the
numerical magnitude effect. Meanwhile, the inherent scaling
effect of the logarithmic number line counteracts this magni-
tude effect, resulting in similar representational characteris-
tics for numerosities of different magnitudes. This encoding
strategy may represent the optimal outcome of the trade-off
between computational precision and computational load in
biological brains. Similarly, in terminal devices with limited
computational resources and engineering applications that
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require real-time processing, there is often a need to bal-
ance computational precision and computational load. The
aforementioned encoding strategy provides a biological ref-
erence for addressing this challenge.

Approximate number system

The object file system (OFS) and the approximate number
system (ANS) are two distinct non-symbolic numerical rep-
resentation systems, originally proposed within the field of
human cognitive and developmental psychology (Kahne-
man etal. 1992; Xu and Spelke 2000). They have been exten-
sively studied in infants (Feigenson et al. 2002; Xu 2003),
children (Bugden and Ansari 2016; Kwon and Kim 2023),
and adults (Barth et al. 2003; Siegler and Opfer 2003), and
have also been extended to non-human animals, including
monkeys and corvids (Ditz and Nieder 2016; Kirschhock
and Nieder 2023; Nieder and Miller 2004), offering valuable
insights into numerical cognition across species (Feigenson
et al. 2004; Seguin and Gerlai 2017). Of these two systems,
the OFS provides precise numerical representations by
assigning markers to individual items in a set, but it has a
strict capacity limit, typically representing up to four items.
In contrast, the ANS does not have a fixed upper limit and
derives numerical information through approximate estima-
tion; therefore, accuracy decreases as the number of items
increases. We explored the numerical cognition of pigeons
within the range from one to five. The results indicated that
on a linear scale, the widths of the behavioral performance
functions gradually increased with numerosity, meaning
that at the same numerical distance, the larger the numer-
osity, the lower the discrimination accuracy. Additionally,
when the linear scale was compressed into a logarithmic
scale, the width of the performance function for numerosity
five remained consistent with the widths for numerosities
one to four (Fig. 5d), indicating that pigeons exhibited simi-
lar band-pass filtering performance for numerosity five and
numerosities one to four under this scale. Thus, we infer that
the ANS underlies pigeons’ numerical representation.

It remains to be seen whether the mental number line of
pigeons remains logarithmic across a larger numerical range
(e.g., 1-30). Previous research has demonstrated that both
monkeys and corvids represent numerical magnitudes in a
manner consistent with the ANS, and they exhibit a similar
numerical cognition pattern across numerical ranges of dif-
ferent magnitudes (Ditz and Nieder 2015, 2016; Kirschhock
and Nieder 2023; Nieder and Merten 2007; Nieder and
Miller 2003). Since the ANS is not constrained by set size,
we infer that pigeons’ numerical cognition pattern is likely
unaffected by numerical range.
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Advantages of fully automated training apparatus

Training pigeons to complete the delayed match-to-numer-
osity task according to predefined rules is challenging;
it requires prolonged and extensive effort. Conventional
training apparatuses require manual assistance to replace
experimental animals. This process not only consumes the
experimenters’ energy but also causes stress and fear in the
animals, which could potentially affect the experimental
results. Moreover, compared to species like crows and mon-
keys, pigeons require a significantly smaller total amount
of food intake. Therefore, to ensure that pigeons complete
enough trials in each session, the amount of food reward
given in each trial must be strictly controlled. In light of
these challenges, we specifically designed a fully automated
training apparatus for pigeons, which automatically acti-
vated and deactivated each day, automatically trained the
experimental animals to complete the behavioral task, and
automatically replaced experimental animals according to
preset conditions, all without the need for any involvement
from the experimenters. It not only significantly reduced the
experimenters’ workload but also avoided causing stress
and fear in the pigeons, thereby eliminating the potential
impact of these factors on the experimental results. Addi-
tionally, the apparatus, through the precise coordination of
its components, accurately dispensed a single food pellet as
a reward whenever a pigeon made the correct choice. This
design not only significantly increased the number of trials
completed, thereby accelerating the task learning process,
but also ensured the collection of sufficient experimental
data in each session, allowing for a more comprehensive
and precise analysis of the pigeons’ numerical cognitive
abilities.

The fully automated training apparatus is also well-
suited for investigating pigeons’ cognitive abilities in other
domains, such as working memory (Diekamp et al. 2002),
category discrimination (Asen and Cook 2012), stimulus
ordering (Johnston et al. 2020), global versus local feature
encoding (Clark and Colombo 2022), and causal mecha-
nisms (Taylor et al. 2012). Additionally, it may provide
valuable insights for exploring the cognitive abilities of
other animals.

Conclusions

In this study, we developed a fully automated training appa-
ratus tailored for pigeons and used it to investigate their
numerical cognitive abilities. The results suggest that the
mental number line of pigeons is logarithmic rather than
linear, consistent with the Weber—Fechner law. As repre-
sentatives of a basal bird lineage, pigeons employ the same

strategy as monkeys and corvids in representing numerical
information, indicating that this representational strategy
offers advantages in biological computation. This may be
the optimal outcome that biological brains have achieved
through long-term evolution, and it can provide biological
insights into balancing the trade-off between computational
precision and computational load in relevant engineering
fields.
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