10

11

12

13

14

15

16

17

18

19

20

Neural Representation for Color-selective Populations in the
Pigeon Entopallium
Authors: Qingzhi He!, Juncai Zhu'!, Xiaoke Niu!, Peng Wu!, Rupeng Zhang!, Bo Li!, Jiangtao Wang'*,
Zhizhong Wang'*
I'School of Electrical and Information Engineering, Zhengzhou University, Zhengzhou, Henan 450001,

China

ABSTRACT

Understanding how birds encode object color is fundamental to elucidating the neural
mechanisms of color vision. Although behavioral studies have demonstrated high color
discrimination accuracy in birds, it remains unclear whether higher-order visual areas
structurally encode color information. Here, we performed multi-site multi-unit activity
recordings from the pigeon entopallium while presenting multi-category images that
systematically varied in hue, luminance, and saturation. Numerous entopallium sites exhibited
robust hue selectivity that remained stable across luminance and saturation changes, with
population responses primarily gain modulation. Simultaneously, these sites demonstrated
category-invariant color selectivity within the tested object set. Population-level analyses
revealed a distinct and structured representational geometry that corresponded closely to
perceptual color axes, with color-related correlations markedly stronger than category-related

correlations. These results suggest that the pigeon entopallium exhibits population-level color
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coding, yielding a hue-related representational geometry that is broadly consistent with reports

from primate V4 under comparable stimulus manipulations.

Keywords: Pigeon; Entopallium; Hue selectivity; Neural coding; Color representation.

INTRODUCTION

Birds possess a highly developed visual system and exhibit exceptional color discrimination,
which plays a crucial role in object recognition, predator avoidance, mate choice, and social
signaling (Burley and Coopersmith, 2010; Collins et al., 1994; Zeigier and Bischoff, 1994).
This remarkable ability arises from the presence of four types of wavelength-sensitive cone
photoreceptors and associated pigmented oil droplets in the avian retina (Bowmaker et al., 1997,
Chen and Goldsmith, 1986; Kelber, 2019), providing broader spectral sampling and finer
chromatic resolution compared with the trichromatic system of most mammals(Hart and
Vorobyev, 2005; Kelber et al., 2003). Although color perception originates from differential
activation among cone types, it remains unclear how avian higher visual areas integrate and
represent color information at the cortical level. Color is determined by hue(H), saturation(S)
and luminance(L) (Conway, 2009; Endler et al., 2005; Price et al., 2019), and understanding
how these dimensions are organized in the avian brain is critical for revealing the neural
principles of color coding. Importantly, color representation involves not only local chromatic
extraction but also integration with spatial, shape, and texture information to achieve stable
recognition and adaptive behavioral responses (Bennett and Cuthill, 1994; Chang et al., 2017).

Exploring the neural mechanisms of color representation and feature integration in the avian
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higher visual system is therefore essential for understanding the foundations of avian visual
cognition.

In the avian visual system, retinal signals reach higher visual areas through two major
ascending pathways, commonly referred to as the thalamofugal and tectofugal pathways (Niu
et al.,, 2022; Pusch et al., 2023; Straight et al., 2024). The thalamofugal pathway relays
information from the retina via the dorsal lateral geniculate nucleus to the Wulst, where it has
been linked primarily to spatial vision and pattern analysis. By contrast, the tectofugal pathway
transmits visual signals through the optic tectum and associated thalamic nuclei to the
entopallium, and is thought to play a central role in the processing of complex visual features
such as color, shape, and motion (Hsiao et al., 2020). In line with this anatomical organization,
a range of behavioral and electrophysiological studies have highlighted the entopallium as a
key region for color and shape related processing and feature integration in birds (Collins et
al., 1994; Cook, 2013; Hsiao et al., 2020; Jarvis et al., 2005; Wang et al., 2025). Research on
avian color perception has so far focused on two main directions. First, behavioral studies have
shown that focal lesions of the entopallium markedly impair performance in color
discrimination tasks, suggesting its essential contribution to color-related visual cognition
(Cook, 2013; Watanabe et al., 2008). Second, electrophysiological evidence indicates that
under fixed luminance and saturation conditions, some neurons in the zebra finch entopallium
exhibit selective responses to particular hues, with the strongest activity elicited by blue stimuli
(Hsiao et al., 2020; Stacho et al., 2016). However, most studies have used simplified color-
discrimination tasks or varied only one dimension of color space, leaving the integrative coding

of hue, luminance and saturation in the avian entopallium largely uncharacterized.
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In contrast, studies in primates have achieved more substantial progress in elucidating the
neural mechanisms of color representation. Extensive evidence indicates that color-selective
neurons are distributed across multiple cortical areas, with some maintaining stable hue tuning
across different object categories(Conway et al., 2007; Xiao et al., 2003), whereas others
exhibit hue preferences that vary with object identity. Moreover, several studies have reported
neurons showing strong selectivity for a narrow range of hues (Johnson et al., 2001; Komatsu
et al., 1992). These findings suggest the presence of adjacent but functionally specialized
cortical subregions in the primate brain, responsible for encoding color, object category, and
their interactions. Research on avian visual systems remains limited in systematic analyses of
single-site and population coding across multiple object categories. In particular, little is known
about how color information is organized in representational space or how effectively it
supports color decoding in higher visual areas. It also remains unclear whether neurons in the
entopallium maintain stable hue tuning across categories and whether population activity forms
structured representations that enable reliable color decoding. Clarifying these questions will
advance understanding of hierarchical color processing and the integration of color and object
representations in the avian brain.

To elucidate the neural mechanisms underlying color processing in the avian visual system,
we investigated pigeons using a color-category orthogonal stimulus set. We investigated
whether the geometry of the neural representational space is systematically modulated by
luminance and saturation and whether such modulation conforms to perceptual organization in
color space. We then tested whether hue tuning is preserved across object categories. Finally,

we asked whether population activity dissociates chromatic from categorical structure and
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quantified the relative contributions of color- and category-related information to the
population code. This study provides empirical evidence for multidimensional color
representations in the avian brain and characterizes population-level color coding in a higher
visual area. Our results can be discussed in relation to primate V4 and other color-processing
circuits, facilitating cross-species comparisons at the level of population representational

geometry under the tested stimulus conditions.

MATERIALS AND METHODS

Subjects

Fourteen adult pigeons (Columba livia; body weight 350-400 g) were used in this study. All
subjects were housed individually in stainless-steel cages maintained at 20 + 2 °C under a 12
h light/dark cycle (lights on at 08:00 and off at 20:00). Body weight was controlled at 80-85%
of the level by regulating a mixed-grain diet, and water was available. All experimental
procedures conformed to the guidelines of the National Institutes of Health (NIH, USA) for the
care and use of laboratory animals and strictly complied with the Regulations on the
Administration of Laboratory Animals of the People’s Republic of China. The study protocol
was reviewed and approved by the Ethics Committee for Animal Research at Zhengzhou

University.

Surgery

Pigeons were anesthetized with urethane (20% w/v, 1.0 ml/100 g, i.p.), chosen for its ability

to maintain exceptional physiological stability and consistent anesthetic depth throughout the
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multi-hour recording sessions without the need for supplementation (Xiao and Frost, 2009).
The subjects were secured in a stereotaxic frame (RWD Life Science Co., Ltd., Shenzhen,
China). Following a midline scalp incision, a small craniotomy was performed to expose the
brain surface. Stereotaxic coordinates for the left entopallium were determined according to
the pigeon brain atlas (Kriitzfeldt and Wild, 2005): AP 9.5-10.5 mm, ML 5.0-6.0 mm
(Appendix Figure A3). Neural signals were recorded using a 32-channel tungsten
microelectrode array (4 x 8 grid of 32 independent electrodes; 350 pm spacing in both row and
column directions; 7 mm shank length; 800 kQ impedance; KEDOU Neurotech Co., Ltd.,
Suzhou, China). After the dura was reflected with a fine needle, the array was slowly advanced
to the target depth (DV 4.0-5.0 mm; Appendix Figure A3). The reference wire was inserted
subcutaneously with the pial surface serving as the zero-depth reference. To ensure stable
monocular stimulation, the left eye was occluded, and the right eyelid was surgically removed.
All recordings were conducted under anesthesia with the head rigidly fixed. Upon completion
of the session, pigeons were euthanized via an intraperitoneal overdose of urethane (1.5 ml/100

g), in accordance with local and national ethical guidelines for animal research.

Neural Signal Recording

Neural signals were acquired, amplified, filtered, and digitized using a Cerebus multichannel
recording system (Blackrock Microsystems, Salt Lake City, UT, USA) at a sampling rate of 30
kHz. The raw signals were band-pass filtered 250-5kHz, and neuronal spiking events were
detected by threshold crossing, with thresholds set at —4 to —6 times the standard deviation of

the background noise. The extracted spike trains were not subjected to single-unit isolation but
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were analyzed as multi-unit activity sites (MUA), representing the aggregate firing of neuronal
populations in the vicinity of each recording electrode. MUA was used as a population-level
readout of local neuronal activity, providing a stable and reproducible measure of collective
firing dynamics without requiring spike sorting. This approach allowed us to quantify the
overall responsiveness and discriminability of local neuronal ensembles under different
stimulus conditions. Each recording session lasted approximately 3.5 hours under anesthesia
with the head fixed in the stereotaxic apparatus. Under these conditions, voluntary eye
movements were absent, and online eye position tracking was therefore not required. Task-
related events (e.g., stimulus onset and offset) were recorded as transistor-transistor logic (TTL)
pulses and time-locked to the neural data to ensure precise temporal alignment for subsequent

analyses (Appendix FigureAl).

Visual Stimulation Presentation

A series of visual stimuli were presented to probe the color responsiveness of neurons. All
stimulus paradigms were generated in MATLAB using the Psychtoolbox (PTB). Stimuli were
displayed on a 50-inch OLED monitor (AOC AG485UD, 16:9 aspect ratio) positioned 20—40
cm in front of the pigeon’s head. The monitor had a resolution of 3840 x 2160 pixels and a
refresh rate of 100 Hz, with a pixel density of 36.486 pixels/cm. Under this setup, the display
provided a maximum visual field coverage of approximately 138° x 112° at the closest viewing
distance. The viewing distance was allowed to vary within 20—40 cm to ensure that the stimuli
consistently covered the receptive-field region of neurons in the entopallium mapped for each

subject, thereby maintaining effective stimulation of the recorded sites across trials. Because
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the visual axis of one pigeon eye forms an angle of 61° with the beak-tail axis, the stereotaxic
frame was rotated by 29° to align the monitor with the frontal visual field. The line connecting
the beak tip and the center of the eye normally forms an angle of 34° with the horizontal plane,
which increased to 72° when the bird was fixed in the stereotaxic apparatus. To compensate
for this change, the monitor was tilted by 38° to match the natural viewing direction. Under
urethane anesthesia with rigid head fixation, stimulus placement was controlled based on
receptive field mapping. Before the main color experiments, we mapped the classical receptive
field for each recording site using a position-sampling procedure (small stimuli were flashed
at pseudorandom locations on a predefined screen grid, and a position-by-position response
map was computed from the mean evoked activity; see Appendix for full details). All stimuli

in the main experiment were then presented within the mapped receptive field region.

Construction of Stimulus Set

A total of 225 visual stimuli were designed, consisting of five natural object categories (cup,
food, pigeon, Rubik’s cube, and watermelon). For each category, stimuli were generated from
8 hue conditions sampled every 45° along the color wheel (1°-360°) and 5 luminance-saturation
(L-S) combinations, and additionally included a luminance-matched grayscale control
condition for each L-S combination. Thus, the dataset comprised 200 color images (5
categories X 8 hues x 5 L-S combinations) and 25 grayscale images (5 categories x5 L-S
combinations). Stimuli were generated in MATLAB using Psychtoolbox and displayed on a -
corrected monitor (y = 2.2) calibrated for chromaticity and luminance (maximum luminance:

300 cd/m?). Hue values were sampled every 45° along the color wheel (1°-360°), and grayscale
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images were mapped to hue channels to produce eight colored versions plus one luminance-
matched grayscale condition. Luminance was set to three levels (L1=50 cd/m?, L2=150 cd/m?,
L3=200 cd/m?) and saturation to three levels (S1=0.5, S2=0.8, S3=1.0). Five luminance-
saturation combinations (S1-L2, S2-L.2, S3-L.2, S3-L.3 and S3-L.1) formed a full factorial design
across hue, luminance and saturation for assessing neuronal tuning in three color dimensions.
All stimuli were centered on the receptive field, scaled to cover the main area, and presented
on a neutral gray background for 500ms. Each trial was followed by an 18s gray interval to
minimize adaptation. All color and grayscale stimuli were pooled into a single stimulus list and
presented in a pseudorandom order; the full sequence was repeated three times, with the

stimulus order randomized independently for each repetition.

Data analysis

Selection of color-selective sites: Visually responsive channels were first identified by
applying an activity threshold, excluding those with mean peak firing rates below 30 spikes/s.
The mean firing rate was calculated between 100 and 300ms after stimulus onset to compare
responses to color and luminance-matched grayscale stimuli. A site was classified as color-
selective if its maximum response to a color stimulus was at least twice that to the
corresponding grayscale image. Furthermore, for each stimulus set and repetition, responses to
the same color were averaged across the five object categories to obtain the overall color
response. One-way ANOVA was performed to assess differences among the eight hue
conditions (p <0.001). Only sites showing significant color tuning were included in subsequent

representational analyses.
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Population Representational Geometry and Multidimensional Scaling: Neural
responses were quantified as spike counts within a 50-350ms window after stimulus onset.
Responses of all sites across stimulus conditions were z-scored to achieve 0 mean and 1
variance. For analyses focusing on the neural representation of a single feature (color),
responses were averaged across the irrelevant feature dimension (category). Classical
multidimensional scaling was then performed on population response patterns using Euclidean
distance and MATLAB’s cmdscale function. For each site, responses were normalized to zero
mean and unit variance. The Euclidean distance between population responses to two stimulus
conditions was computed to quantify their neural distance. Based on the same normalized
population response, the similarity matrix of correlation coefficients was computed between
the population response vectors (across all color-selective sites, averaged over stimulus repeats)

to each of the n interested conditions.

Population statistics: To evaluate the statistical significance of population-level estimates
(e.g., correlation coefficients), a bootstrap resampling procedure was used. Neurons were
randomly resampled with replacement from the original population to generate bootstrap
samples of equal size, repeated 20,000 times. The target statistic was computed for each
iteration to form an empirical distribution, and p-values were obtained by comparing the
observed value with this distribution under the null hypothesis.

Decoding analysis: We decoded hue information employing supervised support vector
(SVM) machine classifiers following established procedures (Haynes, 2009; Hung et al., 2005).
Trials were permuted with a fixed seed (rng = 42) and split into 70% training and 30% held-

out testing. For each trial, features were the mean firing rates across recording sites in the 50-
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300ms post-stimulus window. Neighborhood component analysis was performed on the
training set only to rank features; the top 70% were retained and applied unchanged to the test
set. Multi-class classification used an error-correcting output codes one-vs-rest scheme with a
radial basis function kernel support vector machine (regularization parameter C=5, kernel scale
set to auto, feature standardization enabled). Accuracy was computed on the held-out test set;

class-wise accuracies were also computed for visualization.

RESULTS

To investigate how neurons in the pigeon entopallium encode object color and category
(shape), we designed a stimulus set comprising 45 color stimuli ((8 hues +1 gray) x 5
luminance-saturation combinations) across five object categories (cup, food, pigeon, cube, and
watermelon). The stimulus set included 9 hue conditions, consisting of one gray-scale and eight
colored image conditions (All the stimulus materials are shown in Figure 1). During data
recordings, gray backgrounds alternated with color stimuli; the entire stimulus set was
presented three times in randomized order. Neuronal responses typically occurred within 50-
300ms after stimulus onset (Appendix Figure A1, raster plots), defining the response window
for subsequent analyses. Spike density functions were computed with a 1ms step using a 100ms

sliding window (Appendix Figure Al).

Fourteen acute electrophysiological recordings yielded 392 MUA sites in the pigeon
entopallium. Based on predefined criteria (see Methods), the mean firing rate within the
response window was calculated and averaged across sessions, resulting in 57.4% of sites

(225/392) identified as stimulus-responsive. One-way ANOVA further showed that 76.8% of
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these sites (173/225) exhibited significant differences in firing rates across eight hue conditions
under at least one luminance-saturation combination (p < 0.001), and were therefore defined
as color-selective sites (Appendix Figure A2). Subsequent analyses of tuning characteristics,
representational geometry, and decoding performance were based on this hue-selective

population.

HSL Color Space CIE-xy

A

Eyeflxalmn . . . . . . . .
Plgeon ........

Stimulus display Stimulus set

Stm 0.5s Break 18s  Stm 0.5s ..

Figure 1 HSL color space and generation of the image stimulus set

A: HSL color space. In this representation, hue rotates around the conical surface from 0° to 360°,
saturation increases radially from the center to the edge, and luminance varies vertically from the bottom
to the top. B: The spectral output of the display device plotted in CIE-xy chromaticity coordinates. C:
The 5 categories used in the experiments. Each image underwent a series of hue-rotation
transformations: for a fixed luminance and saturation, the hue coordinates were redistributed along the
circumference at the same radial distance as the original image. Eight hue values were selected (starting
at 0° and sampled every 45° clockwise), together with three saturation levels (S1, S2, S3) and three
luminance levels (L1, L2, L3). These manipulations yielded five luminance-saturation combinations
for each hue (S1-L2, S2-L2, S3-L2, S3-L1, and S3-L3), corresponding to conditions with fixed
saturation and varying luminance, and fixed luminance with varying saturation. D: The pigeon
maintained a fixed viewing position during stimulus presentation.

@ & &R Zoological Research



o 0~ W N

10

11

12

13

14

15

173

Sites

Stimuli

Figure 2 Responses of color-selective sites to gray and color stimuli

Average responses of color-selective sites were aligned according to preferred hue. Each row represents
a single MUA site, and the horizontal axis indexes stimulus conditions (object category x hue level,
including grayscale). Baseline activity was removed, and responses were normalized to z-scores. Sites
from all 14 recording sessions were pooled and sorted by preferred hue (not grouped by session).

After sorting by hue preference, population responses were visualized as a response matrix
(Figure 2). Under grayscale conditions, neuronal activity exhibited no apparent structure and
appeared largely random. In contrast, color stimuli elicited a continuous and orderly gradient
of responses across the neuronal population. Dashed lines mark the boundaries between the
tested object categories, the hue-related response structure did not exhibit systematic
discontinuities at these boundaries. Together, these results indicate that, within the specific
range of object categories and physical similarities tested here, color representations in the
entopallium are dominated by a continuous coding of hue across object contexts (Chang et al.,

2017; Xiao et al., 2007).
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Color tuning characteristics of color-selective sites
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Figure 3 Response characteristics of an example color-selective MUA site under different luminance

conditions

A: Mean firing rates of an example color-selective MUA site in response to eight hue stimuli under
three luminance levels (L1, L2, L3). For each hue and luminance level, responses were first averaged
across repeated trials and then averaged across object categories. Error bars indicate the standard error
of the mean (SEM) across object categories. B: Distribution of responses across three luminance
conditions (L1, L2, L.3). Violin plots with overlaid data points (15 points) are used to show the response
distribution, with pairwise statistical comparisons shown above the plots (n.s., not significant; *: p <
0.05; **: p<0.01).

Sites in entopallium exhibited orderly and stable hue preferences across luminance
conditions. As shown in Figure 3A, from left to right are neural response distributions under
low (L1), medium (L2), and high (L3) luminance levels. The representative site displayed a
consistent preference for blue (H6) across all three luminance conditions, indicating that
changes in luminance did not alter its hue selectivity. Rank-order analysis further confirmed

the robustness of hue tuning, yielding an Order Similarity Index (OSI) of 0.76 and Kendall’s

@ & & Zoological Research



10
11
12
13
14
15
16

17

18

coefficient of concordance (W) of 0.83. Statistical comparisons of the response distributions
revealed stronger at L3, differing significantly from those at L1 and L2, whereas L1 and L2 did
not differ significantly (Figure 3B), following a modulation trend of L2 <L1<L3. Collectively,
these findings indicate that hue preference remains highly stable across luminance changes,

while luminance exerts a consistent, gain modulation on response strength(Hermann et al.,

2022).
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Figure 4 Response characteristics of an example color-selective MUA site under different
saturation conditions

A: Mean firing rates of an example color-selective MUA site in response to eight hue stimuli across
different saturation levels (S1, S2, S3). For each hue and saturation level, responses were first averaged
across repeated trials and then averaged across object categories. Error bars indicate the standard error
of the mean (SEM) across object categories. B: Distribution of responses across three saturation
conditions (S1, S2, S3). Violin plots with overlaid data points (15 points) are used to show the response
distribution, with pairwise statistical comparisons shown above the plots (n.s., not significant; *: p <
0.05; **: p<0.01).

After confirming that luminance modulates hue tuning through gain modulation, we

examined how saturation affects hue selectivity. As shown in Figure 4A, the responses under
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low (S1), medium (S2), and high (S3) saturation conditions are presented from left to right.
The site consistently preferred green (H4) across all saturation levels, indicating that saturation
changes did not affect hue selectivity(Stoughton and Conway, 2008). Rank-order analysis
further demonstrated strong consistency of hue tuning, yielding an Order Similarity Index (OSI)
of 0.80 and Kendall’s coefficient of concordance (W) of 0.89. Statistical comparisons of the
response distributions showed that responses at S1 were significantly stronger than those at S2
and S3, while no significant difference was found between S2 and S3 (Figure 4B), following a
modulation trend of S1 > S2 > S3. These results indicate that hue preference remains robust
across saturation changes, with saturation mainly influencing response strength rather than the

hue selectivity (Bohon et al., 2016).

Together, these findings demonstrate that across variations in luminance and saturation,
color-selective sites exhibit changes mainly in response gain rather than in hue tuning. Hue
representations thus remain highly robust along intensity-related dimensions, supporting stable
color coding under dynamic illumination and environmental conditions. Moreover, luminance
and saturation jointly modulate neural activity via gain mechanisms, providing physiological
evidence that entopallium population activity supports stable hue-centered representations

under varying luminance and saturation (Hanazawa et al., 2000).
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Color representation of color-selective populations
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Figure 5 Color representation structure of color-selective populations

A: Neural response matrix showing the mean responses of all color-selective sites to 8 hues. Each
column represents a object, and each row corresponds to one of 5 luminance-saturation. B: Color
representation space: based on cross-object averaged neural responses, the 8 hues were projected into a
2-dimensional space using MDS. Gray dots denote the geometric center of each hue, illustrating the
clustering structure and relative arrangement under different luminance-saturation. C: Neural distance
between hues and gray: average neural distances between each hue and the gray stimulus, with error
bars indicating standard deviations estimated from 20,000 bootstrap samples.

To further examine how luminance and saturation modulate the overall structure of color
representation at the population level, we analyzed the response patterns of color-selective sites
in Figure 5 (Conway and Stoughton, 2009; Schrader and Wachtler, 2023; Tanabe, 2013).

Figure 5A shows population responses of color-selective sites to color stimuli, with sites
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ordered by hue preference (rows) and hues by columns. Correlation analyses revealed strong
cross-category consistency (mean similarity = 0.68) and moderate consistency across
luminance-saturation conditions (0.44), indicating a stronger color tuning stability by
categorical influence. Figure 5B shows hue representational spaces derived from averaged
responses. Under low saturation (S1-L2), purple hues were overrepresented, whereas higher
luminance and saturation (S3-L3) produced a more uniform, near-circular distribution
resembling the CIE color space. Despite slight global deviations from CIE ordering, adjacent
hue pairs (H1 and H2, H3 and H4, H5 and H6, H7 and HS8) remained consistently close,
indicating strong local continuity in hue representation. Figure 5C quantitatively evaluates hue
arrangement in neural space. Under S1-L2, hue distances were uneven, with only a few hue
pairs showing clear separation; in contrast, under S3-L3 conditions, hue distances became more
uniform, indicating enhanced separability and isotropy of hue representations (Rosenthal et al.,

2019).

Overall, the neural population in entopallium encoded hue consistently across object
categories yet reconfigured with changes in luminance and saturation, yielding a more balanced
and continuous inter-hue geometry. This pattern implies that color-selective entopallium sites
preserve stable hue preferences across shape categories, while responses along intensity
dimensions are modulated via gain modulation. Together, these findings delineate a dynamic
stability-plasticity balance in avian color coding: robust hue representation is maintained
alongside flexible adaptation to visual intensity. This advances understanding of color
representation in the avian visual system and provides empirical support for organizational

principles underlying multidimensional sensory integration.
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Figure 6 Comparative analysis of color and category representations in the color-selective
population (n = 173 MUA sites)

A: MDS embeddings of population responses under each luminance—saturation (L-S) condition (S1-L2
to S3-L1). Each point represents one stimulus condition (5 objects x 8 hues) and is shown as an object
icon (category) colored by its hue. Distances reflect dissimilarities between population response vectors
(n = 173 MUA sites; averaged across repetitions), computed using Euclidean distance. Responses
cluster primarily by hue; this hue-based grouping is less pronounced under S1-L2. Original stimulus
images are omitted for visual clarity. B: Hue representational similarity matrix (RSM). Each matrix
shows Pearson correlations (r) between population response vectors for the 40 stimuli (5 objects x 8
hues) under the corresponding L-S condition. Rows/columns are ordered by hue and then by object
category. High similarity is observed for identical hues across different objects. C: Category
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representational similarity matrix (RSM). Pearson correlations (r) were computed as in (b) for the same
set of 40 stimuli, with rows/columns grouped by object category (blocks) and ordered by hue. Compared
with the hue RSM, cross-category similarity is lower, indicating more distinct and less overlapping
category representations in this color-selective population. D: Quantitative comparison of hue and
category information. Mean within-category correlations across hues (‘“hue information”) and within-
hue correlations across categories (“category information”) were computed. Error bars show standard
deviations from 20,000 bootstrap samples. Across all conditions, hue information was significantly
higher than category information (*: p < 0.05; **: p <0.01; ***: p <0.001). E. Temporal dynamics of
representation. Mean correlation coefficients were calculated using a 50 ms sliding window within the
first 500 ms after stimulus onset. The x-axis indicates time, the y-axis the mean correlation, and the
shaded area shows standard deviations from 20,000 bootstrap samples.

To visualize the neural representational space of object color and category in the pigeon
entopallium, we applied MDS to population responses across luminance-saturation conditions
(Figure 6A). Each stimulus (hue X category) was projected into a two-dimensional space,
where stimuli sharing the same hue clustered together regardless of category, indicating that
hue forms the principal axis of color-selective representation. Under high saturation, hue
clusters were more compact and well separated (silhouette = 0.623 for S3-L2; 0.665 for S3-
L3), reflecting enhanced color discriminability. In contrast, low saturation yielded diffuse and
overlapping clusters (silhouette = 0.446 for S1-L2), indicating weakened hue representation.
With saturation fixed at S3, increasing luminance produced only a minor, nonsignificant rise
in clustering strength, suggesting gain modulation rather than structural reorganization. Object
categories did not form distinct clusters, reinforcing that hue is the dominant representational

dimension in this population.

We further examined population response similarities across all hue-category combinations
under different luminance conditions. Under high saturation (S3), responses to objects sharing
the same hue exhibited a clearer and more distinct structure, reflecting enhanced

discriminability and stability. In contrast, at lower luminance levels (S1, S2), matrix boundaries
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became diffuse, and correlations between adjacent hues (e.g., H3 and H4, H5 and H6) remained
high, indicating reduced separability and stronger local continuity (Figure 6B). Meanwhile,
same-category correlations across hues remained low, suggesting that category coding is
distributed rather than clustered, consistent with the MDS results (Figure 6C). Together, these
findings demonstrate that hue provides a stable and continuous framework for color

representation across objects and viewing conditions.

Within the color-selective population, we compared hue and category information to assess
representational consistency. Hue information was significantly higher across all luminance-
saturation conditions (paired t-test; Figure 6D), indicating more stable and selective responses.
Time-resolved analysis (Figure 6E) showed a rapid rise in hue information 100-200ms after
stimulus onset, peaking at 300-400ms, while category information remained lower. These
results indicate that sites rapidly encode hue, establishing it as the dominant coding dimension
(Azizi et al., 2019). At the population level, color representation in the entopallium is primarily
organized along the hue axis. Hue representations remain stable across categories, while
category information does not form distinct clusters. Luminance and saturation modulate
representational geometry mainly through gain modulation: high values enhance hue
separability and uniformity, making neural geometry resemble physical color space, whereas
low saturation weakens it. Overall, these findings highlight the robustness and adaptive

flexibility of hue coding in the entopallium. (Chang et al., 2017).
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Neural decoding

To further assess the informational content of neural population activity in the pigeon
entopallium during color encoding, we applied a supervised SVM classifier to decode color
identity from neural responses evoked by color stimuli presented across multiple object shapes
in Figure7. The experimental design followed a full factorial combination of eight hues and
five object categories, enabling the decoding performance to reflect the stability of color
discrimination across category contexts. The results revealed that the average decoding
accuracy across the eight hues reached 65%, which was significantly above the theoretical
chance level of 12.5%. Among these, hue H4 yielded the highest classification accuracy of
84.8%, indicating that entopallium population activity carries reliable and discriminable
information about color identity as shown Figure 7A. Moreover, decoding accuracy increased
steadily with the number of MUA sites included and plateaued at approximately 60-80 MUA
sites, suggesting that color discrimination in the entopallium depends on a population-level

cooperative coding mechanism rather than on independent single-site responses in Figure 7B.

This observation aligns with previous studies that have quantified the linearly decodable
information content of neural populations using linear classifiers, supporting the notion that
SVM decoding effectively captures the independent representational dimensions of color
information in this region. In combination with representational similarity analyses, we further
found that color-selective MUA sites in the entopallium maintained stable hue representations
across variations in object shape, exhibiting pronounced category (shape) invariance.

Collectively, these results demonstrate that color encoding in the entopallium is not only highly
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discriminative and generalizable but also reflects an intermediate-level integration of color
information, providing compelling evidence for the neural basis of color constancy in the avian

visual system.
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Figure 7 Decoding performance of color information in the color-selective population

A: SVM decoding accuracy. Classification accuracy for eight hues averaged across-object conditions.
The black dashed line indicates the theoretical chance level (12.5%), and the red dashed line marks the
mean decoding accuracy (=~65%). B: Population size and decoding performance. Effect of the number
of MUA sites on classification accuracy, illustrating the cooperative nature of color encoding.

DISCUSSION

This study elucidates the neural representational characteristics of color-selective
populations in the pigeon entopallium. Across luminance and saturation manipulations, signals
recorded at MUA sites showed orderly hue tuning, with hue preferences remaining consistent
across the tested object categories. Hue preferences are broadly and continuously distributed
across the color space, forming an approximately uniform tuning pattern. At the population
level, the representational geometry reorganizes globally with changes in luminance and

saturation while preserving local hue relationships, reflecting a species-specific but
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topologically stable coding scheme. Together, these findings show that the avian entopallium
implements a robust and adaptive hue-centered architecture that maintains representational
continuity under varying sensory conditions. Notably, across the tested conditions, color-
related structure (and decoding) consistently exceeded category-related structure, indicating
that entopallium population activity is more strongly organized by hue than by object category

under the present stimulus set.

The stability of hue representation across luminance and saturation conditions observed in
this study parallels findings from primate higher visual areas. In V4 and IT cortices, neurons
preserve stable hue tuning across changes in luminance and saturation, while high-saturation
stimuli markedly enhance population separability as well as decoding performance (Bichot et
al., 2005; Conway and Tsao, 2009; Seymour et al., 2016; Zaidi and Conway, 2019). Likewise,
the neural representations in entopallium remain structurally stable, with representational
resolution scaling systematically with luminance and saturation—supporting a conserved
computational principle whereby color constancy emerges through geometric continuity within
representational space coupled with gain modulation. While excessive luminance differences
can disrupt hue decoding in primates (Bohon et al., 2016; Brouwer and Heeger, 2009), the
color-selective sites within the entopallium preserve coherent topological organization even
under high-luminance/ high-saturation conditions, underscoring their structural resilience
rather than geometric distortion. The “multidimensional feature co-tuning” identified in
primate V4 and IT (Bohon et al., 2016; Lafer Sousa and Conway, 2013; Li et al., 2014)
embodies a conserved computational principle across species, whereby hue, luminance, and

saturation are jointly integrated through gain control to achieve stable neural encoding. Despite
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pronounced anatomical divergence, avian and primate visual systems may converge on a
conserved computational principle that supports perceptual constancy through color

representations that are both stable and flexible.

Recent anatomical and imaging studies indicate that the avian brain, unlike the laminated
primate neocortex, is organized into discrete nuclei with specialized functions (Briscoe and
Ragsdale, 2018; Clark and Colombo, 2020; Stacho et al., 2020). Despite an early divergence
in amniote evolution, birds and primates appear to have independently evolved effective color-
guided behaviors under strong ecological pressures, including foraging and social signaling
(Bennett and Théry, 2007; Osorio and Vorobyev, 2008). At the sensory periphery, avian color
vision is supported by multiple cone photoreceptor classes, often including short-wavelength
cones tuned to violet and, in some species, ultraviolet ranges, together with cone oil droplets
that sharpen spectral tuning and enhance chromatic discrimination (Toomey et al., 2015). At
the circuit level, the tectofugal pathway provides a major route to the forebrain and has been
implicated in stimulus identification and chromatic processing, culminating in the entopallium.
Comparative anatomical work has proposed parallels between avian pallial circuits and primate
cortical processing streams, although direct functional equivalence remains unresolved (Stacho
et al., 2020). Building on this comparative perspective, we used an orthogonal color and shape
stimulus design to test how hue-related population structure in the entopallium is modulated
by luminance and saturation. Our results support a role for the entopallium in population-level,
multidimensional color representation under the tested conditions. We interpret the
resemblance to primate V4 at the level of population representational geometry under

comparable stimulus manipulations as reflecting shared computational tendencies for
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organizing chromatic space, rather than evidence of structural homology or functional
equivalence. Importantly, because the present study did not examine higher-order form
processing or attentional modulation, which are strongly associated with primate V4, no
conclusion can be drawn regarding whether the entopallium supports these broader integrative

functions.

This study provides the systematic evidence populations of recording sites in the pigeon
entopallium exhibit strong hue selectivity with minimal modulation by the tested object
categories, consistent with category-invariant hue tuning. This finding advances our
understanding of color processing in the avian visual system. While previous research in
primates has established the V4 as central to color selectivity, hue invariance, and color
constancy (Conway et al., 2007; Nigam et al., 2021; Tanigawa et al., 2010; Welbourne et al.,
2023; Zeki, 1983), the neural basis of color selectivity in birds has remained largely unexplored
despite behavioral evidence linking entopallium to color discrimination (Cook, 2013; Verhaal
et al., 2012). Here, we show that entopallium MUA sites maintain consistent preferences for
specific hues (e.g., red, green, blue) across object categories, a representational pattern
consistent with stable chromatic coding under the tested conditions (Chang et al., 2017,
Rosenthal et al., 2018; Wang et al., 2024). Using a comprehensive color-space design, we
further demonstrate that entopallium sites exhibit continuous and broadly distributed hue
tuning, reflecting a higher-order representational process that preserves stable color encoding
across changes in object identity—positioning entopallium as a core region for color constancy

and invariant object representation in the avian brain.
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From an ecological perspective, the category-invariant hue structure observed here suggests
that chromatic information can serve as a salient organizing dimension of entopallium
population activity under the present stimulus set and recording approach (Scarf et al., 2016).
In natural environments, color can convey behaviorally relevant information that generalizes
across object identity and shape, including cues related to ripeness, social signaling, and
learned discriminations The color representation that remains relatively tolerant to category
variation could therefore promote stable and efficient use of color cues when object form is
variable, degraded or partially occluded (Caves et al., 2018; Ham and Osorio, 2007).
Importantly, whether the representational organization reported here confers measurable
functional advantages in real-world tasks remains to be determined and will require direct
behavioral validation. At the representational level, color-related representational structure and
decoding performance in our data reliably exceeded category-related metrics, indicating that
population activity is organized primarily along chromatic dimensions, whereas category
information contributed comparatively less under the present stimulus set and recording
approach. This population-level dominance of chromatic organization does not preclude
category selectivity at the level of single neurons, but rather suggests that hue constitutes a

principal axis of the recorded responses.

The physiological state of the animals should be considered when interpreting these results.
Although urethane anesthesia supports stable recordings, it can alter response gain and the
temporal dynamics of spiking relative to awake preparations. Moreover, our analyses are based
on multi-unit activity at each recording site, which pools spikes from a small and potentially

heterogeneous ensemble near the electrode contact (Buzsaki, 2004). As a result, the apparent
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tuning at a site may reflect the activity of a dominant subset of units, mixtures of distinct
subpopulations, or condition-dependent shifts in their relative contributions. Such pooling can
make hue preferences appear more stable when contributing neurons share similar chromatic
selectivity, while obscuring finer-scale mechanisms that require single-unit resolution. We
therefore interpret our findings at the recording-site level, concluding that hue-related structure
is robustly expressed in entopallium MUA and that local hue relationships within the
representational geometry are preserved across luminance and saturation manipulations. Future
studies using richer stimulus sets in awake, task-engaged animals, together with improved
spike sorting or high-density recordings, will be important for linking these population-level
signatures to underlying single-neuron diversity and circuit interactions under ethologically

relevant conditions (Steinmetz et al., 2021).

Although the circuit basis of hue selectivity in the entopallium remains unresolved, the
representational patterns observed here are consistent with convergent evolution of
computational solutions for chromatic vision. The narrow hue tuning suggests that, along the
avian visual pathway, chromatic information may be transformed from predominantly linear
cone-opponent encoding at early thalamic relay stages, including the dorsolateral geniculate
nucleus, into a more nonlinear and selective representation in the entopallium, mirroring
hierarchical refinement in primate color processing (Bohon et al., 2016). The preservation of
population-level structure across changes in luminance and saturation further indicates that
robustness may be supported by neuronal heterogeneity, whereby neurons with diverse
receptive-field profiles jointly encode chromatic information and attenuate the influence of

input variability, a principle also advanced for macaque V4 (Nigam et al., 2021). From this
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evolutionary perspective, these properties support the view that distantly related vertebrate
lineages can converge on closely related population-coding strategies under shared ecological
and physical constraints, including the requirement to maintain reliable chromatic signals

despite substantial variation in illumination and contrast (Chang et al., 2017).

In conclusion, this study defines the organizational principles of color representation in the
avian high-order visual system, revealing a striking functional similarity with primates in
coding strategies. The entopallium exhibits stable hue tuning, category invariance, and adaptive
modulation to physical color attributes. Together, these properties suggest that, despite the
absence of a laminated cortical architecture, the avian brain achieves color constancy through
geometric stability and gain modulation within its representation space. This finding refines
our understanding of the functional organization of non-primate visual systems, indicating that
color constancy may stem from an evolutionarily conserved computational principle—one that
preserves geometric stability within high-dimensional representational space to maintain
perceptual invariance. Collectively, these results uncover a distinct yet convergent neural
strategy for color processing in birds, offering deeper insight into how visual systems evolve

stable and efficient representations of sensory information.

CONCLUSION

Our findings demonstrate that the avian entopallium encodes color through stable hue tuning,
category invariance, and adaptive gain modulation, forming a robust representational geometry.
Despite lacking a layered cortex, birds achieve color constancy via a conserved computational

strategy that stabilizes high-dimensional neural spaces. These results reveal a convergent
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solution to color processing across birds and primates, underscoring shared organizational

principles in visual system evolution.
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