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Abstract

Languages diversity is influenced by many factors, including cultural and environmental ones, as well as variation in anatomy and physiology. While recent research has focused on variation in the vocal tract and its impact on language sound systems, it remains unclear whether this applies to other aspects of language, such as language lexicons. Therefore, the first part of this PhD research focuses on the influence of perceptual variation on language lexicons, particularly in the color domain. Specifically, we explore the hypothesis that UV incidence, through its impact on eye physiology, affects the perception of blue colors, potentially explaining why populations with high UV exposure often lack a specific term for the color blue. Two methods are employed: a cross-cultural statistical analysis and a natural (quasi-)experiment comparing color perception between participants from France and the Himba ethnic group. The findings suggest that color lexicons are shaped by a combination of environmental and cultural factors, and variation in color perception may play a role in accounting for the observed diversity.

While these patterns of variation manifest at the group level, our analyses also revealed substantial variation among individuals within the same group, prompting us to ponder the extent to which language adapts to the idiosyncrasies of its speakers. Thus, the second part of this PhD aims to understand the precise mechanisms by which inter-individual variation affects language evolution. First, we conducted a laboratory experiment to study language evolution in groups of four individuals, with one participant deliberately biased. Second, we used Bayesian agent-based models to explore how a shared language emerges in heterogenous groups and how network structure contributes to language variability. The results suggest that the emergent shared language of the whole community is influenced by the language idiosyncrasies carried by a minority of biased agents, and put forward the crucial role of network structure in shaping inter-individual variation in language.

Overall, this PhD research highlights that variation in languages can only be understood in the context of their cultural, biological, and physical environments and sheds light on the processes through which inter-individual and inter-group variation affect language evolution.

Résumé

La diversité linguistique émerge due à des différences dans nos cultures et environnements. Des recherches récentes proposent également que des variations dans la physiologie et l'anatomie de notre appareil vocal influencerait les sons présents dans les langues, mais nous ne savons pas ces effets peuvent également s'étendre à d'autres aspects du langage, comme le lexique.

Ainsi, la première partie de cette recherche se concentre sur l'influence de notre perception sur le lexique, en particulier dans le domaine des couleurs. Plus précisément, nous explorons une hypothèse suggérant que l'exposition au soleil (rayonnement UV) impacterait notre perception des couleurs bleues, ce qui expliquerait en partie pourquoi les populations exposées à des niveaux élevés de rayons UV n'ont souvent pas de terme pour décrire la couleur bleue. Nous avons employé deux méthodes : une analyse statistique incluant des données de nombreuses populations dans le monde, et une expérience naturelle visant à comparer la perception des couleurs entre des participants français et himbas. Les résultats suggèrent que les vocabulaires des couleurs sont façonnés par une combinaison de facteurs environnementaux et culturels. De plus, des différences dans notre perception des couleurs pourraient également jouer un rôle pour expliquer la diversité des vocabulaires des couleurs dans le monde.

INTRODUCTION 20

To fully understand the diversification of languages, it is necessary to explore the dynamics of language change. A language does not transform into another language in the blink of an eye; instead, it is a slow and cumulative process that spans generations. As linguistic innovations are initiated and adopted by a community, they slowly accumulate within that population, gradually causing it to diverge from the original language 1 . When studying language change, researchers typically distinguish between two main processes: the emergence of a new linguistic feature, known as innovation, and the spread of that feature throughout a speech community, known as actuation [START_REF] Croft | Evolutionary Linguistics[END_REF]Dediu & Moisik, 2019;[START_REF] Solé | The Initiation of Sound Change : Perception, Production, and Social Factors[END_REF][START_REF] Stevens | The individual and the actuation of sound change[END_REF][START_REF] Yu | Origins of Sound Change : Approaches to Phonologization[END_REF]. While innovation is often seen as an individual-level process, actuation is mostly a group-level process that involves competing language variants.

At the individual level, differences in a person's characteristics may help explain why certain people are more likely to innovate. These phenomena have been extensively studied in the field of socio-linguistics. For example, [START_REF] Eckert | Linguistic Variation as a Social Practice[END_REF] and [START_REF] Labov | Principles of linguistic change[END_REF] suggested that teenagers are particularly likely to create and adopt linguistic innovations. They also point out that linguistic innovations often emerge from individuals who are part of socially marginalized groups [START_REF] Labov | The Social Stratification of English in New York City[END_REF][START_REF] Labov | Sociolinguic Patterns[END_REF]. More generally, an intricate interplay would exist among age, gender, social class, and personality [START_REF] Labov | Sociolinguic Patterns[END_REF] see Illustration 2). The recent advent of social media has given a new tool to researchers, as it can help identify the specific individuals innovating and driving language change in online social networks [START_REF] Del Tredici | The Road to Success : Assessing the Fate of Linguistic Innovations in Online Communities[END_REF][START_REF] Dietz | Unsupervised Prediction of Citation Influences[END_REF][START_REF] Eisenstein | Measuring and Modeling Language Change[END_REF][START_REF] Eisenstein | Diffusion of Lexical Change in Social Media[END_REF][START_REF] Gerow | Measuring discursive influence across scholarship[END_REF][START_REF] Gerrish | A language-based approach to measuring scholarly impact[END_REF][START_REF] Goel | The Social Dynamics of Language Change in Online Networks[END_REF][START_REF] Kooti | The Emergence of Conventions in Online Social Networks[END_REF]. 1 Determining when a linguistic variety is considered a separate language versus a dialect can be challenging as it depends on the criteria used to differentiate them [START_REF] Rooy | Language or Dialect? : The History of a Conceptual Pair[END_REF]. It is a complex issue that we will not explore further here.

Illustration 2: Aya Nakamura is a French musical artist known for her linguistic innovations. For instance, in her lyrics "J'suis pas ta catin djadja, genre en catchana baby tu dead ça", "djadja" and "catchana" are borrowed from Bambara (a language spoken in Mali), while "baby" and "dead" are loanwords from English. The entire sentence, however, is structured in French, blending traditional vocabulary like "catin" with contemporary slang such as "genre". The French language she uses strongly showcases the evolving nature of language, and supports previous theories of sociolinguistics. (Creative Commons Attribution 4.0 International license, from Wikipedia) After a linguistic innovation appears in a population, it can (or not) spread through a speech community ("actuation"). Here too, sociolinguists suggest that an individual's personal characteristics may help explain why certain individuals are more inclined to adopt and propagate innovative forms compared to others. For example, [START_REF] Labov | Principles of linguistic change[END_REF] suggested that women more often drive linguistic change, as they would be more sensitive to social norms and thus more likely to adopt and propagate 'prestige' forms of language. Also at the individual-level, the position of a person within their social circle can impact their ability to effectively spread new innovative forms. While intuitively we might think that individuals central to their community would be the most likely to propagate linguistic innovations, it has been suggested that it is actually the individuals who bridge different groups and communities who are the real propagators of innovations (J. [START_REF] Milroy | Belfast : Change and Variation in an urban vernacular[END_REF][START_REF] Hockett | Distinguished Lecture : F[END_REF][START_REF] Milroy | Language and Social Networks[END_REF][START_REF] Milroy | Social Network and Social Class : Toward an Integrated Sociolinguistic Model[END_REF].

While these factors primarily operate at the individual level, the spread and adoption of linguistic innovations within a population depend on various grouprelated factors. A common perspective in language sciences compares the evolution of language to biological evolution, where genetic mutations are likened to linguistic innovations, selected or not depending on their relevance. Just as a mutation that allows greater resistance to the sun (such as a higher melanin production) is more likely to be selected in countries near the equator than in Scandinavia, certain language traits (whether words, sounds, or grammar) are likely to be more relevant in certain cultures or environments [START_REF] Honkola | Evolution within a language : Environmental differences contribute to divergence of dialect groups[END_REF]. This relates to the idea of the communicative need proposal, which suggests that language evolves under the pressure of efficient communication [START_REF] Gao | Culture, communicative need, and the efficiency of semantic categories[END_REF][START_REF] Gibson | How Efficiency Shapes Human Language[END_REF][START_REF] Kemp | Semantic Typology and Efficient Communication[END_REF]. In this perspective, languages adopt particular forms partly due to the necessity of being both informative (to support effective communication) and at a minimal cost (to minimize cognitive load, among others). To do so, they must adapt to the culture, environment, and network structure in which they are evolving. people rely predominantly on hunting and gathering for sustenance, while the Himba people primarily engage in herding. Furthermore, recent studies suggest that due to their subsistence mode, hunter-gatherers would be particularly proficient in naming odor [START_REF] Majid | Hunter-Gatherer Olfaction Is Special[END_REF].

Throughout this thesis, we take a non-judgmental stance on the world's different languages, without placing any above others. Unlike 19th-century anthropologists who believed in a single path of cultural evolution (also called unilineal evolution; [START_REF] Morgan | Ancient society : Or researches in the lines of human progress from savagery through barbarism to civilization[END_REF][START_REF] Spencer | The Principles of Sociology[END_REF]among others), stating that Western society represented the highest form of development, we strongly disagree with such a view. Instead, we embrace the concept of multilineal evolution [START_REF] Boas | Race, Language, and Culture[END_REF][START_REF] Steward | Theory of Culture Change : The Methodology of Multilinear Evolution[END_REF] which recognizes the adaptation of each human culture to diverse environments, resulting in distinct evolutionary pathways where multiple independent paths of development coexist. Thus, even if differences in complexity between languages may exist, we study these differences in a value-neutral manner, avoiding comparisons that imply notions of superiority or inferiority.

Environment. Languages also adapt to their environment. As populations reside in diverse environments such as jungles, deserts, temperate or equatorial climates, there arises a need to refer to distinct features. Consequently, it is reasonable to assume that a population's lexicon is tailored to describe its specific environment [START_REF] Wierzbicka | The meaning of color terms : Semantics, culture, and cognition[END_REF]. Even though the idea that Inuit people would have over 50 words to describe the snow has been exaggerated [START_REF] Krupnik | Franz Boas and Inuktitut Terminology for Ice and Snow : From the Emergence of the Field to the "Great Eskimo Vocabulary Hoax[END_REF], [START_REF] Regier | Languages Support Efficient Communication about the Environment : Words for Snow Revisited[END_REF] showed that languages that tend to merge "snow" and "ice" under a single term tend to be spoken in warmer climates. Similarly, [START_REF] Urban | Analyzability and semantic associations in referring expressions : A study in comparative lexicology[END_REF] found that populations living at high altitudes often use the same word to describe cloud and fog (but see [START_REF] Urban | Foggy connections, cloudy frontiers : On the (non-)adaptation of lexical structures[END_REF], for a more nuanced approach). Furthermore, there are even more surprising examples of language adapting to the environment. For instance, languages spoken in dry climates tend to have fewer tonal distinctions, presumably due to the difficulty of precisely controlling vocal cords in such environments [START_REF] Everett | Climate, vocal folds, and tonal languages : Connecting the physiological and geographic dots[END_REF]. Ejective consonants would be more prevalent in high-altitude regions due to the lower air pressure making it easier to produce them [START_REF] Everett | Evidence for Direct Geographic Influences on Linguistic Sounds : The Case of Ejectives[END_REF]. Rugged terrain and denser vegetation can reduce the acoustic propagation of consonants; thus, languages spoken in such regions would tend to have fewer consonants [START_REF] Maddieson | Human spoken language diversity and the acoustic adaptation hypothesis[END_REF]. These correlational studies illustrate how languages adapt to their environments, and some of their conclusions are also supported by experimental studies [START_REF] Nölle | Language as shaped by the environment : Linguistic construal in a collaborative spatial task[END_REF].

Network structure. Finally, there are fundamental differences in the communicative networks in which we are embedded. Throughout this thesis, we will conceptualize populations in terms of networks, where individuals are "nodes" or "agents" and their interactions (whether they communicate with each other) are defined as "links". These networks are shaped by our daily interactions and can take different forms. For instance, they may vary in size -some being big and others small. Additionally, in some networks, individuals may be really well-connected to each other, whereas in others, the density of connections tends to be more sparse. This type of variation in network type can be induced by differences in culture. For example, it has been suggested that social networks in modern societies are very large and highly structured, while huntergatherer networks are typically smaller, distinguished by more densely interconnected individuals [START_REF] Lupyan | Language Structure Is Partly Determined by Social Structure[END_REF][START_REF] Migliano | Characterization of hunter-gatherer networks and implications for cumulative culture[END_REF]. They can also be shaped by environmental factors. In a study employing portable wireless sensing technology, [START_REF] Migliano | Hunter-gatherer multilevel sociality accelerates cumulative cultural evolution[END_REF] meticulously tracked the movements of the Agta community members in the Philippines. Their findings revealed that the Agta residing in coastal camps had denser and more interconnected networks compared to their counterparts living in forest camps (see Illustration 3).

was suggested, among others, by Trudgill (2011a) and [START_REF] Wray | The consequences of talking to strangers : Evolutionary corollaries of socio-cultural influences on linguistic form[END_REF], then expanded with correlational observational data [START_REF] Lupyan | Language Structure Is Partly Determined by Social Structure[END_REF][START_REF] Nettle | Social scale and structural complexity in human languages[END_REF] and laboratory studies [START_REF] Raviv | The Role of Social Network Structure in the Emergence of Linguistic Structure[END_REF]. The latter shows that languages spoken by larger, more open populations tend to be morphologically simpler and easier to learn by adults compared to those spoken by smaller, more isolated populations.

THE EFFECTS OF ANATOMY AND PHYSIOLOGY

We saw that cultural and environmental factors, as well as factors related to network structure, can affect languages. However, another important factor that has remained largely unexplored is human anatomy and physiology.

Our anatomy and physiology are primarily influenced by genetics, although they are also shaped to some degree by the environment and culture through processes of ontogenetic/individual adaptation. Contrary to common intuition, variation is predominantly distributed between individuals rather than between populations [START_REF] Bamshad | Human Population Genetic Structure and Inference of Group Membership[END_REF][START_REF] Lewontin | The apportionment of human diversity[END_REF]. Nevertheless, patterns of variations between populations still exist. The relationship between genes and phenotypic traits involves very complex interactions, often not well understood. Additionally, the field of epigenetics has shown that gene expression can be modified during an individual's lifetime. These genetic differences, combined with environmental and cultural differences, are at the root of the phenotypic diversity observable within the world.

The variability in human anatomico-physiology is related to language in many ways. First, variability can concern the organs of our articulatory systems. Thus, each of us possesses a distinct speech production system, characterized by presumably unique attributes such as tone pitch, vocal qualities, and articulation settings. Beyond this natural variation, some individuals may also experience speech impairments or other idiosyncrasies. Stuttering is one example, among others. While most of the variation occurs between individuals, there is also a certain degree of variation across groups. As a result, some populations may differ in their average speech production or perception systems, which can potentially influence their language. This raises an intriguing question: to what extent can these physiological differences impact and shape the language of an entire group? This question has recently been addressed using various methods, including MRI scans, agent-based modeling, and statistical analyses, specifically in the context of cross-cultural variation in vocal tract anatomy. Below is a list of examples, indicating the anatomico-physiological system involved (in bold).

Hard palate. Dediu et al. (2019) examined how variations in the hard palate affect the acoustics of five vowels. The findings revealed that small biases2 in the hard palate shapes resulted in subtle variations in the acoustics of the produced vowels. Notably, the study identified distinct patterns of variation among participants belonging to four broad ethnolinguistic groups. These subtle differences in speech production were likely amplified over generations as languages were passed down, potentially contributing to cross-linguistic differences in the use of these vowels between the four groups.

Anterior vocal tract.

Producing the /r/ sound in North American English was known to involve distinct articulatory strategies, classified into two main categories relative to the shape of the tongue used ("bunched" vs "tip-up"). Using various techniques, Dediu & Moisik (2019) found that there is, in fact, a continuum of tongue shapes and that variation in the anatomy of the anterior vocal tract among individuals seems to influence the choice of articulatory strategies. Although these different articulatory strategies lead to acoustically similar sounds [START_REF] Delattre | A Dialect Study of American R's by X-ray Motion Picture[END_REF][START_REF] Tiede | A new taxonomy of American English /r/ using MRI and ultrasound[END_REF][START_REF] Zhou | A magnetic resonance imaging-based articulatory and acoustic study of "retroflex" and "bunched" American English ∕r∕[END_REF], the authors suggest that these differences may contribute to sound changes either because listeners may reinterpret subtle differences in the acoustic cues produced, or through indirect co-articulatory effects.

Palate.

Illustrating another example, palates with no alveolar ridge prominence (see Illustration 4) have been found to potentially facilitate the production of click sounds [START_REF] Dediu | Anatomical Biasing Of Click Learning And Production : An MRI And 3d Palate Imaging Study[END_REF][START_REF] Kirchner | An Effort-Based Approach to Consonant Lenition[END_REF][START_REF] Napoli | On the linguistic effects of articulatory ease, with a focus on sign languages[END_REF]. Languages of populations where this particular palate type is on average more common are more likely to feature click sounds.

Illustration 4: Mid-sagittal palate profiles: (a) an example of a !Xóõ speaker's palate (retracing of Fig. 24 from Traill, 1985: 107) and (b) the palate of author SRM. While the !Xóõ language traditionally features clicks, the author's native language does not. [START_REF] Dediu | Anatomical Biasing Of Click Learning And Production : An MRI And 3d Palate Imaging Study[END_REF] propose that the absence of alveolar ridge prominence would make the production of clicks slightly easier, thus promoting the presence of clicks in the language. Indeed, the absence of alveolar ridge seems more frequent in populations speaking click languages than in other populations. Extracted from [START_REF] Dediu | Anatomical Biasing Of Click Learning And Production : An MRI And 3d Palate Imaging Study[END_REF].

Dentition. Additionally, evidence suggests that culture, through its impact on anatomy, may also indirectly influence language. [START_REF] Blasi | Human sound systems are shaped by post-Neolithic changes in bite configuration[END_REF] provide strong support for the theory that the increased usage of labiodentals (such as sounds like "f" and "v") coincided with the transition to agriculture [START_REF] Hockett | Distinguished Lecture : F[END_REF]. The shift in diet resulted in the bite configuration commonly observed today (see Illustration 5,left). Conversely, the bite configuration of huntergatherers (see Illustration 5,right) due to the consumption of harder foods, also made the production of labiodental sounds more challenging, making these sounds less likely to occur in hunter-gatherer languages.

Illustration 5: Biomechanical modeling shows that labiodental sounds like "f" are easier to produce (and to accidentally arise) under overbite and overjet (A) than under the edge-toedge bite (B) that prevailed before the Neolithic. Middle ear. A large proportion of the Australian Aboriginal population used to develop chronic otitis media, a chronic ear infection that often causes partial hearing loss. This means that many speakers have lifelong changes in their ability to hear sounds, especially in the high or low frequencies. [START_REF] Butcher | Australian aboriginal languages : Consonant-Salient Phonologies and the « Place-of-Articulation Imperative[END_REF]2018) suggested that this altered hearing sensitivity might provide an explanation for why most Aboriginal languages tend to possess a centralized vowel system and often lack fricative sounds, among other typologically rare characteristics.

A cultural evolution perspective provides a lens through which we can understand the mechanisms underlying these examples. Indeed, one noteworthy aspect of cultural evolution is its ability to amplify very weak biases (S. [START_REF] Kirby | Innateness and culture in the evolution of language[END_REF]. Many characteristics of a given language emerge from its repeated usage, learning, and processing in various social contexts. Thus, even a very weak bias (such as a small deviation in the production of a vowel acoustic) can be greatly amplified as language is repeatedly used and transmitted within a population. Because patterns of variation are not randomly distributed across populations (due to genetic, environmental, or cultural disparities), it is plausible to suggest that these subtle inter-individual differences may play a role in explaining cross-linguistic differences [START_REF] Dediu | Language is not isolated from its wider environment : Vocal tract influences on the evolution of speech and language[END_REF]Dediu & Moisik, 2019).

Inner ear. While the previous examples highlight how small biases shared by many people could influence language at the group level, it is also likely that strong differences shared by few people can also impact language. An example of how a minority with significant physiological differences can influence a group's language lies in the emergence of newly born sign languages. In the Al-Sayyid Bedouin community, a small community of approximately 3,000 people in Israel, around 4% of the population is born deaf [START_REF] Fox | Talking Hands : What Sign Language Reveals About the Mind[END_REF]. Despite their small size and relative isolation, the Al-Sayyid Bedouin community has developed a unique sign language. The language is used by both deaf and hearing members of the community, and is taught in schools alongside spoken Arabic. It is a complex and sophisticated language, with its own grammar, syntax, and vocabulary. The language is not based on any existing sign language, and appears to have developed spontaneously within the community over generations through interactions between deaf and hearing members [START_REF] Sandler | The emergence of grammar : Systematic structure in a new language[END_REF]. This is relatively similar to the Kata Kolok community, in which 2.2% of the population is born congenitally deaf, corresponding to approximately 50 individuals in a village of 2000 individuals. The sign language that emerged in this community is used by both deaf and hearing individuals, and is believed to be relatively recent [START_REF] De Vos | A signers' village in Bali, Indonesia[END_REF].

Taken together, these examples demonstrate how differences in anatomy and physiology can influence the evolution of language, potentially explaining several dimensions of variation between languages. This research is fascinating but relatively new, leaving ample room for further investigation and exploration of various dimensions. All of the previous examples primarily focus on interindividual differences in anatomy and physiology and their impact on the sound systems of language. But does inter-individual variation in anatomy and physiology solely influence sound systems? What about other aspects of language, such as a language's lexicon? While the previous examples discuss the existing studies, I will now turn to the background and research questions of my Ph.D. dissertation.

FIRST PART: THE LINK BETWEEN COLOR PERCEPTION AND LEXICON

One exciting avenue for further investigation involves studying how interindividual variation impacts other aspects of language than phonetics and phonology, such as semantics. Specifically, is it likely that small biases in our perception, when collectively shared, can result in cross-linguistic differences in our lexicons. Our focus is on the color domain, and we seek to comprehend how variations in color perception can influence our color vocabulary.

While we could have investigated numerous other areas of perception and semantics, we chose to concentrate on the color domain for several reasons. First, color lexicons have long fascinated researchers in cognitive science, leading to a lot of available data. One notable example is the World Color Survey [START_REF] Kay | The world color survey[END_REF], initiated in the 1970s, which has continued to gather valuable information ever since. Additionally, linguists commonly describe the color systems of the languages they study, available in many online databases, like CLICS [START_REF] Rzymski | The Database of Cross-Linguistic Colexifications, reproducible analysis of crosslinguistic polysemies[END_REF] and Lexibank [START_REF] List | Lexibank, a public repository of standardized wordlists with computed phonological and lexical features[END_REF]. Second, our understanding of the eye physiology and the genetics of color perception is wellestablished and extensively documented, which allows us to explore the genetic aspects of color perception. Third, the relation between eye physiology, color perception, and color lexicon has already been documented, which makes it possible to deepen hypotheses related to the impact of physiology on language (a more detailed explanation of this hypothesis will be provided later on).

Here too, we aim to understand patterns of diversity across languages, particularly in relation to colors. Indeed, color lexicons across the world show great diversity, both in the number of color terms3 used (ranging from just two to up to twelve -but see Witzel, 2019 for a more nuanced approach) or in the way they divide the color spectrum. Notably, numerous languages lack a specific term to talk about blue colors (285 out of a subset of 834 languages, as reported by [START_REF] Dediu | Ultraviolet light affects the color vocabulary : Evidence from 834 languages[END_REF]; see Illustration 6), instead combining them under a more generic term encompassing other colors. As an example, many languages use a single word to talk about blue and green colors, called "grue" by linguists.

Illustration 6: Map of the languages in the dataset, showing, for each, if there is a specific term for "blue" in the languages (dark blue dots) or not (yellow dots). When looking at color lexicons around the world, researchers are traditionally divided into two big categories. The first category consists of universalists who focus on the similarities among languages rather than the differences, suggesting that what may appear as diversity actually follows a structured universalist pattern. They argue that there exists a universal repertoire of thoughts and perceptions that influences all languages. [START_REF] Berlin | Basic Color Terms, Their Universality and Evolution[END_REF] provided compelling evidence in support of the universalist position by identifying two key regularities. First, languages tend to follow a predetermined pattern where colors are learned in successive stages. For example, languages with only two color terms have words for dark and light, while those with three terms have dark, light, and reddish colors; and so on. Secondly, the foci (most representative color of each color term) of different languages are located in similar specific regions. Several studies support this universalist claim using computer simulations [START_REF] Lindsey | Universality of color names[END_REF], data analysis [START_REF] Lindsey | World Color Survey color naming reveals universal motifs and their within-language diversity[END_REF], or experiments [START_REF] Heider | The structure of the color space in naming and memory for two languages[END_REF].

Relativists, on the other hand, argue that the division of the color spectrum is influenced by our environment and culture, and put forward the absence of physical or natural distinctions in the spectrum. Furthermore, they believe that our language can influence the way we perceive and think about the world, in line with the Sapir-Whorf hypothesis [START_REF] Sapir | Language : An Introduction to the Study of Speech[END_REF][START_REF] Whorf | Science and linguistics[END_REF]. Providing evidence for the latter, many cross-cultural studies are dedicated to observing whether different ways of naming color affect their perceived similarities, memorization, or development with time [START_REF] Davidoff | Colour categories in a stone-age tribe[END_REF][START_REF] Kay | What Is the Sapir-Whorf Hypothesis[END_REF][START_REF] Roberson | The Development of Color Categories in Two Languages : A Longitudinal Study[END_REF]. Also, studies on hemispheric lateralization have shown that language influences color perception in the right visual field, highlighting the presence of interference related to language [START_REF] Gilbert | Whorf hypothesis is supported in the right visual field but not the left[END_REF].

Of course, the truth probably lies between universalism and relativism [START_REF] Regier | Language, thought, and color : Whorf was half right[END_REF]. While language does affect color perception to a certain extent, there are also universal constraints that shape color vocabulary [START_REF] Lindsey | Lexical Color Categories[END_REF]. Recent view on color lexicon suggests that color categorization may be independent of language [START_REF] Siuda-Krzywicka | Color Categorization Independent of Color Naming[END_REF], and that color lexicons are shaped by perceptual structure (as has traditionally been suggested), but also by patterns of communicative need [START_REF] Gibson | Color naming across languages reflects color use[END_REF][START_REF] Zaslavsky | Efficient compression in color naming and its evolution[END_REF][START_REF] Zaslavsky | Color Naming Reflects Both Perceptual Structure and Communicative Need[END_REF]. Thus, color lexicons across the world would exhibit a quasi-optimal trade-off between complexity and accuracy [START_REF] Zaslavsky | Efficient compression in color naming and its evolution[END_REF]. In this Ph.D. thesis, we recognize the importance of universalist constraints and the potential influence of language on perception. However, we will not explore the Sapir-Whorf direction of causation (language → perception) but rather the opposite one (perception → language). Specifically, we aim to investigate another important factor: variations in the eye physiology and their impact on color perception.

Traditionally, it has been assumed that given the shared architecture of their perceptual system, humans all perceive the world in a uniform manner. However, it is now recognized that variations in our color perceptual abilities do exist [START_REF] Bosten | Do You See What I See? Diversity in Human Color Perception[END_REF]. To better grasp the relationship between color perceptual abilities and color lexicons, let us first look at the processes underlying typical and atypical color perception. Color perception is a complex process involving the interaction between light, the eye, and the brain. When light strikes an object, certain wavelengths are reflected, enter the eye, pass through the lens, and focus on the retina. The retina contains specialized cells called cones, responsible for converting incoming light into electrical signals that the brain processes. Within these cones are pigments known as opsins, which are molecules that respond to specific wavelengths of light. Three types of cones (see Illustration 7) exhibit sensitivity to different wavelengths: opsins absorbing short wavelength (blue light) are coded on chromosome 7, while those absorbing middle (green light) and long wavelength (red light) are located on chromosome X. This means that males, who have one X chromosome, only possess one allele of the gene coding for red and green cones, and thus, are much more likely to develop genetic abnormal color perception. abnormal color perception between deuteranopia and normal color vision exists, and is called deuteranomaly. In this case, green cones exist but absorb almost the same wavelength as red cones [START_REF] Deeb | The molecular basis of variation in human color vision[END_REF]. Protanopia and protanomaly are slightly less frequent conditions caused by variations in the red-pigment gene. Overall, deuteranomaly, deuteranopia, protanomaly, and protanopia are pretty frequent (around 8% of Caucasian males; [START_REF] Birch | Worldwide prevalence of red-green color deficiency[END_REF] and lead to similar atypical color perception, affecting the distinction between red and green colors: throughout this Ph.D. dissertation, we will refer to them as red-green abnormal color perception.

Atypical color perception can also be acquired through various factors; here, we will focus only on the potential effect of UV incidence. It is well-established in the literature that UV-B causes damage to the lens [START_REF] Hammond | The Visual Effects of Intraocular Colored Filters[END_REF][START_REF] Javitt | Cataract and latitude[END_REF][START_REF] Pokorny | Aging of the human lens[END_REF][START_REF] Remington | Clinical anatomy and physiology of the visual system[END_REF][START_REF] Remington | Clinical anatomy and physiology of the visual system[END_REF][START_REF] Werner | Light, vision, and aging[END_REF][START_REF] Young | Age-related cataract[END_REF], which occurs through two mechanisms: an increase in the lens opacity [START_REF] Duncan | The aging human lens : Structure, growth, and physiological behaviour[END_REF][START_REF] Hightower | The role of the lens epithelium in development of UV cataract[END_REF][START_REF] West | Sunlight exposure and risk of lens opacities in a population-based study : The Salisbury Eye Evaluation project[END_REF] and an increase in the concentration of yellow pigments [START_REF] Young | The Family of Sunlight-Related Eye[END_REF] that leads to a continuous darkening process known as lens brunescence. Although we know that UV incidence is strongly associated with lens brunescence, its impact on color perception is still yet not fully understood, and more data is needed to confirm the hypothesis of a causal pathway. [START_REF] Werner | Optics and vision of the aging eye[END_REF] found that an infant's lens allows 25 times more blue light transmission compared to the lens of an average 70-year-old. [START_REF] Delahunt | Long-term renormalization of chromatic mechanisms following cataract surgery[END_REF] further suggest that the presence of yellow pigments in the lens can influence blue color perception, although compensation mechanisms might mask the effects. Their study shows that cataract4 removal leads to a noticeable improvement in color perception, particularly in the blue range. Furthermore, other studies suggest that color vision deficiencies in the blue range become more common as people age [START_REF] Beirne | The effect of age-related lens yellowing on Farnsworth-Munsell 100 hue error score[END_REF][START_REF] Cooper | The use of the Lanthony New Color Test in determining the effects of aging on color vision[END_REF][START_REF] Kline | Visual and auditory aging[END_REF][START_REF] Kinnear | New Farnsworth-Munsell 100 hue test norms of normal observers for each year of age 5-22 and for age decades 30-70[END_REF][START_REF] Knoblauch | Age and illuminance effects in the Farnsworth-Munsell 100-hue test[END_REF][START_REF] Smith | Color-Axis Determination on the Farnsworth-Munsell 100-Hue Test[END_REF][START_REF] Verriest | Further Studies on Acquired Deficiency of Color Discrimination[END_REF][START_REF] Wijk | Color discrimination, color naming and color preferences in 80-year olds[END_REF], and in populations living in high UV incidence regions [START_REF] Wa Kaimbo | The Farnsworth-Munsell 100 Hue test in the Bantu population. Preliminary results[END_REF][START_REF] Nacer | Color vision testing in an area with high levels of ambient illumination[END_REF]. For example, [START_REF] Davies | Cross-cultural differences in colour vision : Acquired 'colour-blindness' in Africa[END_REF] studied color perception in 597 participants from Africa (Botswana, Malawi, and South Africa) and Europe (Greece, Spain, Ireland, and the UK), and found that African participants, and Greeks to a lesser extent, made more errors in the blue range than the other participants they tested. In addition, they found that the pattern of errors made by African participants resembled those exhibited by older British participants, suggesting that this is due to lens brunescence.

The question of the impact of eye physiology on color lexicons was discussed over a century ago. Early observations by [START_REF] Gladstone | Studies on Homer and the Homeric Age : Prolegomena. Achaeis or, The Ethnology of the Greek races[END_REF] and later [START_REF] Geiger | Contributions to the History of the Development of the Human Race[END_REF] noted the confusion between green and blue in ancient texts, and are among the first to link this fact with a possible eye deficit linked to color perception. [START_REF] Rivers | Primitive color vision[END_REF] conducted color blindness tests on diverse native populations -mostly in Papua New Guinea and Australia -and found imperfect color discrimination in the green-blue-purple range in many of them. Supporting evidence emerged much later when [START_REF] Bornstein | Color vision and color naming : A psychophysiological hypothesis of cultural difference[END_REF] found that the proximity with the equator is correlated with the frequency of a composite color category "grue" and with the thickness of blue-absorbing intraocular pigment. He linked those two facts with the intensity and annual amount of UV that tends to be higher near the equator, and concluded that the use of a composite category including both blue and green colors is the result of increasing density of intraocular pigment [START_REF] Ratliff | On the Psychophysiological Bases of Universal Color Terms[END_REF]. More recently, [START_REF] Lindsey | Color naming and the phototoxic effects of sunlight on the eye[END_REF] proposed the lens brunescence hypothesis (see Illustration 8). To support this hypothesis, they asked young participants to classify color stimuli while wearing filtering glasses simulating different "lens-aging" conditions. They found that when participants were wearing the simulated aging condition, they used the term "blue" less often and tended to use a categorization pattern that could match a "grue" categorization schema.

that lens brunescence may not significantly impact color perception in the long term, especially since there are no inherent differences in eye physiology at birth. Furthermore, [START_REF] Hardy | Color Naming, Lens Aging, and Grue : What the Optics of the Aging Eye Can Teach Us About Color Language[END_REF] conducted a study with both young and older participants, contradicting the findings of [START_REF] Lindsey | Color naming and the phototoxic effects of sunlight on the eye[END_REF]. They found that older individuals, despite experiencing lens aging, could still accurately identify different colors. Third, technological development and latitude are often correlated [START_REF] Ember | Size of color lexicon : Interaction of cultural and biological factors[END_REF][START_REF] Regier | Color Naming and Sunlight : Commentary on Lindsey and Brown (2002)[END_REF]; thus, technological development could be seen as a confound for exposure to UV incidence. Finally, [START_REF] Regier | Color Naming and Sunlight : Commentary on Lindsey and Brown (2002)[END_REF] showed that the actual focus for "grue" tends to align with either the English "blue" or "green" focus rather than being positioned in the middle of the green-blue range, as initially suggested.

Given the existence of arguments both in favor and against this theory, the first objective of this Ph.D. thesis was to reevaluate it using two additional approaches: a cross-cultural statistical analysis, and a natural experiment with the Himba population (these methods will be introduced in the Methods part). This will be the focus of the first part of the dissertation; more details will be provided in the Plan part of this Introduction.

SECOND PART: INTER-INDIVIDUAL VARIATION AND LANGUAGE CHANGE

In the example of "blue" developed above, differences in color perception are subtle, and shared by most people who have been exposed to the sun. Along with other examples related to variations in the vocal tract, it demonstrates how weak biases in the anatomy and physiology of a large proportion of the group can influence language. However, evidence also shows that strong biases shared by a minority can also affect the language of the entire group (e.g., the emergence of new sign languages in Israel or Indonesia). These real-world examples suggest that both small biases shared by many people and strong biases held by a few can affect language. Nevertheless, the precise processes underlying these mechanisms remain to be understood.

How strong? Additionally, one may wonder how this interacts with the strength of the bias. How strong should a bias be in order to spread within a population? For example, if people have a bias that is so strong it cannot be overcome (like in the case of deaf people in the Al-sayyid community), would a very small percentage of the population be enough to drive language changes within the group? Similarly, when it comes to color perception, what would the color lexicon look like if some Himba people were completely unable to see the difference between blue and green colors?

Who? Sociolinguistic work has helped us understand how individual differences affect the likelihood of innovating. Then, one could hypothesize that if the individuals carrying a bias are not popular or influential enough, their biases may not spread through the population. This aspect can be linked to various individual characteristics like gender, age, or social class, as mentioned earlier. For instance, let us consider the scenario where the chief of a Himba village (who is assumed to be popular and someone whom others would want to imitate or resemble) has a slight difficulty distinguishing between closely related shades of blue and green, leading to a consistent usage of the term "grue": it is likely to imagine that he would potentially influence the population to avoid adopting two separate terms for "blue" and "green".

Where in the network? This question is closely related to the previous one, but here we are not examining popularity as defined in previous sociolinguistic theory. Instead, we focus on an individual's position within a network. Regardless of the number of friends or social prestige, some individuals may be positioned within a network in a way that enhances their propensity to effectively spread linguistic innovations. Previous research has suggested that individuals with weak ties, who serve as bridges between different communities, are more likely to facilitate the spread of innovation (J. [START_REF] Milroy | Belfast : Change and Variation in an urban vernacular[END_REF][START_REF] Hockett | Distinguished Lecture : F[END_REF][START_REF] Milroy | Language and Social Networks[END_REF][START_REF] Milroy | Social Network and Social Class : Toward an Integrated Sociolinguistic Model[END_REF]. Returning to color perception, we can imagine that a Himba person with a significant lens brunescence condition, whose family is spread across multiple villages (and who regularly travels between these villages), would be more likely to slow down the spread of a "blue/green" linguistic innovation.

For how long? Finally, we saw that, because these biases can be subtle and occur over extended periods, it is also necessary for individuals to interact for a sufficiently long time. This raises an interesting question: how long is it needed for a language to change and adapt to the idiosyncrasies of its speakers?

It is important to raise these questions, especially since many examples exist where a language has not (yet) adapted to the peculiarities of its speakers. A striking example is the "trill" sound. The trill sound (which corresponds to the rolled "r" in Spanish, among other languages), is relatively common in Romance languages like Spanish or Romanian [START_REF] Anselme | What's in the r? A review of the usage of the r symbol in the Illustrations of the IPA[END_REF]. However, it seems that a few percent of the native population cannot produce this sound due to physiological factors that remain to be determined (D. Dediu, p.c). These individuals have to employ alternative strategies and often face negative judgment from others. Interestingly, despite the existence of these biased individuals, these languages still feature trills in their sound systems. Therefore, a language does not always adapt to the specificity of its speakers, as coping with variability is the essence of human communication.

Certainly, addressing these questions individually is intriguing, but it is also crucial to consider them together, as they may interact with one another. These questions have rarely been addressed in the previous literature, because there is traditionally a strong focus on studying homogenous groups and universal biases. While widespread variations across various dimensions (such as speech perception and production) exist, these patterns of variation often go unnoticed or are overlooked due to their inherent nature. Here, we argue that variation may hold valuable insight into the mechanisms of language adaptation and change. Thus, we aim to investigate these questions, namely to what extent and how individual-level variations impact language evolution. This will be the focus of the second part of this Ph.D. dissertation, which we will discuss in more detail in the Plan part of this Introduction.

METHODS

In general, studying language evolution poses significant challenges due to a number of factors. First, there is a lack of direct evidence from the past as we (very sadly) do not have a time machine to go back in time and observe how language emerged and changed over time. This scarcity of historical data makes it difficult to precisely understand the mechanisms and specific changes that occurred over time. Additionally, language is a complex system influenced by multiple interacting factors, such as culture, cognition, anatomy, physiology, and social dynamics, and disentangling the intricate interplay between these variables can be challenging. Furthermore, language change operates on a timescale spanning thousands of years, making it arduous to accurately track and measure its gradual transformations. Needless to say, the historical data we have about languages is limited to a very small number of languages, and also to a very short period of time. While evidence suggests that written systems date back to around 3200 BCE (as discussed in [START_REF] Robinson | Story Of Writing (Second Edition: Alphabets Hieroglyphs And Pictograms)[END_REF], among other sources), it is widely acknowledged that humans had developed forms of communication long before this period. Researchers in language sciences have ingeniously devised strategies to overcome this challenge and employ various innovative methods, which I have used throughout my Ph.D. research.

(1) Statistical analysis. One approach involves examining current language data and conducting cross-cultural statistical analyses to draw inferences. This approach provides generalizable results about language evolution that can be applied to a wide range of populations, thanks to the large sample sizes and controls over various factors. However, this approach has potential flaws [START_REF] Roberts | Social Structure and Language Structure : The New Nomothetic Approach[END_REF]. First, it heavily depends on data quality, which can be challenging as it involves large-scale datasets encompassing a wide range of languages, making it impossible for any researcher to be an expert on all of them. Another concern is temporal resolution, as the data used for studying language evolution over time are often drawn from only one period in time. Also, some caution should be taken to avoid overgeneralizing findings and overlooking contextual variation. Finally, a significant risk is the presence of spurious correlations, where large datasets with multiple variables may exhibit correlations misinterpreted as direct causal links.

(2) Natural experiment. In natural experiments, researchers observe and analyze naturally occurring events in a real-world context, without deliberate manipulation [START_REF] Dinardo | Natural Experiments and Quasi-Natural Experiments[END_REF][START_REF] Dunning | Natural Experiments in the Social Sciences : A Design-Based Approach[END_REF]. Unlike traditional controlled experiments, natural experiments take advantage of naturally existing variations or circumstances acting as quasi-experimental conditions. Unlike controlled laboratory experiments, natural experiments have high real-world relevance, as they occur in natural settings and might generalize well to real-world contexts. However, they lack the ability to control or manipulate variables, making it difficult to establish causal relationships. Furthermore, there are a lot of various confounding factors that may influence the observed outcomes and lead to inaccurate conclusions.

(3) Laboratory experiments. In the field of language evolution, laboratory experiments are often based on a key paradigm: iterated learning. Iterated learning designates the process by which individuals learn from and then transmit information to others, who, in turn, learn and transmit it to subsequent "Social scientists tend to be sceptical that very simple models can tell us anything useful about something as immensely complex as human culture. But the clear lesson from biology is that models are extremely useful in precisely this situation. Biologists face similarly immense complexity in the natural world. Despite this, models are useful. Population genetics models of the early 20th century helped to reconcile new findings in genetics with Darwin's theory of evolution.

Ecological models helped understand interactions between species, such as predator-prey cycles. These models are hugely simplified: population genetics models typically make ridiculous assumptions like infinitely large populations and random mating. But they are useful because they precisely specify each part of a complex system, improving understanding of reality."

Modeling can take a wide range of forms, but here, we focus on agent-based models, which take the general form of a population of artificial agents communicating with each other. These models make it possible to formulate hypotheses on aspects that other methods cannot investigate, as they allow researchers to study language evolution over very long periods, in large populations and various network structures [START_REF] Ke | Language change in social networks[END_REF]. Also, modeling can take into account the complexity of language evolution dynamics and study the causal roles of specific factors and interactions. However, finding a good compromise between simplicity and specificity is not always an easy task [START_REF] Gong | Computer simulation as a scientific approach in evolutionary linguistics[END_REF]): these models are often criticized for oversimplifying reality, but excessive simplicity can be problematic as certain features only emerge at higher levels of complexity. Also, some scientists propose that they only function as exploration tools [START_REF] Fagiolo | A Critical Guide to Empirical Validation of Agent-Based Models in Economics : Methodologies, Procedures, and Open Problems[END_REF]. Indeed, the results of agent-based simulations rely on the settings chosen by users, and specific values assigned to these settings most often influence the model's results.

The above methods offer researchers means to overcome the challenges encountered in the study of language evolution, and they might help us answer our research questions. During this Ph.D. thesis, we explored the effect of interindividual variation in color perception and its impact on color naming (Part 1) using Method 1 and Method 2. The results raised intriguing questions about the exact mechanisms underlying the impact of inter-individual variation on language evolution, such as the proportion of biased individuals, the strength of their biases, their position in the network, and how these individuals influence language. To address these questions, we used two other methods in Part 2: a laboratory experiment (Method 3) and an agent-based model (Method 4). The use of several different methods, also called "triangulation" practice, can help us strengthen the reliability of the findings by corroborating results obtained through different methods [START_REF] Motamedi | From improvisation to learning : How naturalness and systematicity shape language evolution[END_REF], and allows to gain a more nuanced understanding of our research question.

PLAN

Illustration 10: Summary of the plan of the Ph.D. dissertation. This doctoral dissertation is divided into two parts (see Illustration 10). The first part adopts a transversal view of the evolution of languages, particularly delving into the relationship between perception and language in the domain of colors.

Specifically, Chapter 1 addresses this issue through a cross-cultural statistical study (Method 1) involving 142 populations for which we gathered data on color vocabulary, environmental (including UV incidence rates), and cultural factors. We aimed to determine if the influence of UV incidence remains significant when considering other cultural and environmental factors. By applying several statistical tests, the study highlights the multifactorial nature of color vocabularies, shaped by a combination of cultural and environmental influences. Moreover, the significance of the impact of UV incidence on vocabularies was still present after controlling for multiple confounding factors, supporting the lens brunescence hypothesis. This study was published in Scientific Reports. Additionally, we present a debate that emerged following the publication of this article, in which other researchers raise concerns about the relevance of the lens brunescence hypothesis, and to which we had the opportunity to answer. This interaction was made public and available in "Matters Arising", a section of the Scientific Reports journal.

Chapter 2 aims to investigate the same hypothesis using a natural experiment (Method 2). We conducted two fieldworks in 2021 and 2022 in a remote region of northern Namibia with the Himba population (see Illustrations 3 and 11). The Himba people are a cultural group which has been relatively isolated from the industrialized world until recent years, but which is increasingly gaining access to education, technology, and urban exposure. The Himba population is particularly relevant to study our hypothesis because it is exposed to high levels of UV radiation, which, added to the mostly outdoor lifestyle of the Himba, might strongly impact their eye physiology. Furthermore, the Himba people initially lacked a distinct term to differentiate between blue and green colors, and they only acquired such term relatively recently due to exposure to schooling [START_REF] Mylonas | Augmenting a colour lexicon[END_REF]. We conducted numerous color perception and color naming tests, comparing their results with those of a French group. We found significant differences in color perception, with the Himba people performing less accurately on average. However, these differences apply to both red and blue colors, challenging the processes underlying the lens brunescence hypothesis. Nevertheless, since differences in perception exist, they may still be responsible for variations in color vocabulary. These findings will be supplemented by future modeling work before being submitted for publication. Therefore, the findings presented in this Chapter 2 should be considered preliminary.

The second part of the thesis adopts an interactive view of language evolution and explores the mechanisms that explain how inter-individual variation can impact language evolution. Chapter 3 presents a controlled laboratory experiment (Method 3) conducted during a research exchange at the Max Planck Institute for Psycholinguistics in Nijmegen (the Netherlands). The laboratory experiment we used builds upon the work of Raviv et al. (2019a[START_REF] Raviv | Larger communities create more systematic languages[END_REF], who examined language evolution using closed micro-societies. In our experiment, we deliberately introduce a bias by restricting one participant's keyboard to prevent the production of certain letters (the biased letters). This aims to simulate a speech idiosyncrasy that individuals may experience in real life, similar to examples observed in vocal tract variation. While we could have explored a perceptual impairment related to color perception, we chose to keep the design as simple as possible to start with, leaving this idea for future research. During the experiment, all participants are briefly exposed to a fake miniature language represented by unique images of aliens. One participant acts as the producer and is tasked with describing the image they are shown, while their partner, the guesser, tries to identify the correct image out of a set of eight options. Both participants are instructed to communicate as effectively as possible and receive feedback on the success of their interaction. They interact successively in pairs and switch their partner every round. We compare two types of groups: the control groups, in which no participant is biased, and the heterogeneous groups, in which one person is deliberately biased. Specifically, we aim to understand whether participants converge on a shared language featuring the biased letters. The preliminary findings suggest that introducing some variation within a group slightly changes the group's language, especially for groups that struggle to learn the initial language. They also highlight the presence of a significant adaptation observed during interactions between pairs. The Chapter 3 experiment gives us valuable insight into how groups with variation behave. However, the groups contain only four people, with only one biased individual at a time, with a fixed biased and a fixed network structure. Aiming to complement this approach, the last studies used a multi-agent model (Method 4) based on Bayesian communication [START_REF] Griffiths | Language Evolution by Iterated Learning With Bayesian Agents[END_REF]. In this model, language is represented by abstract features (binary, multinomial, or continuous) that are expressed in each individual's utterances. The latter features can represent various linguistic aspects, such as the use of different sounds, word order preferences, etc. Each agent possesses an internal representation of their language, with agents being born with unbiased priors (no prior expectations towards the language) or biased priors (inclined towards a particular language value). These agents "speak" by sampling an utterance from their internal representation of the language. They also "listen" to the utterances of their neighbors and adjust their internal language representation based on what they hear. We create populations of agents in specific network structures and allow them to interact over an extended period, which helped us understand how language evolves and adapts within heterogeneous social groups.

In Chapter 4, we used this multi-agent model to understand how different parameters affect language, such as varying percentages of biased individuals and different bias strengths, in diverse network types. The results, published in Frontiers in Psychology, show that even unbiased agents, even when belonging to the majority, do adapt their language to the biased agents. Thus, the emergent shared language of the whole community is influenced by the bias of a minority. Furthermore, we observed that biased individuals retain traces of their biases even after interacting with the unbiased majority (in scale-free networks), and inter-individual variation promotes the emergence of linguistic communities in certain types of networks. Ultimately, we found substantial differences in our results among various network types (small-world, scale-free, random). These findings pushed us to explore in greater detail how these networks can facilitate or generate variation from the beginning. Thus, Chapter 5 is based on the same type of agent-based models as Chapter 4 but investigates how different network structures influence the emergence of inter-and intra-individual variation. The research was conducted during a research exchange at the Artificial Intelligence Lab in Brussels (Belgium), and is currently being reviewed for publication in the Cognitive Science journal. The chapter highlights the significant role of global network structure in shaping interindividual language variation (but not intra-individual variation), suggesting that inter-individual language variation is more likely to emerge in networks with high average path length and a network structure characterized by the presence of many sub-groups.

Finally, I will summarize the main findings from all the Chapters in the general Discussion and contextualize them within the context of my personal scientific journey during the Ph.D. I will present a general conclusion, acknowledge specific limitations, and propose potential directions for future research.

In summary, through this Ph.D. research, our aim is to enhance our comprehension of how human physiology influences semantics and to explore the effects of inter-individual variation on language evolution, using a variety of methodologies. We believe it may provide valuable insights into the mechanisms underlying language evolution within heterogeneous populations, and it may help us develop a comprehensive understanding of how to effectively incorporate patterns of variation into the study of language evolution. 

CONTEXT

This research was conducted in Lyon (France) and near Opuwo (Namibia). This Chapter was written in collaboration with François Pellegrino, Dan Dediu, and Serge Caparos. Serge Caparos, an expert on the Himba population, provided supervision during the fieldwork in Namibia. This Chapter is a draft for an upcoming paper. Please note that this is the only chapter for which we are not openly sharing the data. We will make the data available as soon as we publish the results. However, the code used to conduct the analysis (RMarkdown) and the corresponding HTML file from the Supplementary Materials are accessible on my GitHub repository at: https://github.com/mathjoss/Chapter2. fieldworks. Our acknowledgements also go to our guides and translators, Chinho Lopez, Fanny Kavari, Hilde Simon, and Cancy Luise, who played a pivotal role in this research. We express our sincere appreciation to the French participants who willingly took part in our study, often without any financial compensation. Last but not least, we strongly thank the Himba participants and the Namibian people in general for their warm welcome in Namibia, embracing our project with openness, benevolence, and generosity.

ABSTRACT

While variations in color lexicons are primarily attributed to differences in communicative needs, conversely, universal features in color lexicons were often attributed to shared perceptual systems among humans. In this research, we challenge the notion of a uniform perceptual structure by conducting a comparative analysis of color perception in two distinct populations: the French and the Himba people. These two groups exhibit markedly different color lexicons, paralleled by exposure to distinct environmental conditions. Notably, Himba participants are exposed to significantly more UV radiation, a factor known to impact color perception through its effects on the eye physiology. This study employs a comprehensive battery of tasks designed to measure color perception while controlling for multiple confounding variables that might bias inter-group comparisons, including factors related to task reliability for crosscultural comparison, patterns of color naming, and potential other confounds related to color perception. Our findings reveal a direct effect of age, which interacts with population: color perception deteriorates more significantly with age in the Himba sample of participants compared to the French sample. While the precise causal mechanisms behind this difference require further investigation, increased UV exposure emerges as a likely contributing factor. In light of these differences in color perception between the two populations, we suggest that variations in color perception could contribute to shaping color naming. Thus, while communicative need is an important factor in shaping color lexicon, perceptual structure may serve a dual role, contributing to both commonalities and differences in color lexicons. This research advances our understanding of the intricate relationship between perception and language, shedding new light on the factors that may shape our perception of colors.

INTRODUCTION

Despite the continuous nature of the color spectrum, all languages classify it into a finite number of color categories. These color vocabularies reflect remarkable diversity, especially in terms of the number of color terms used. For example, while the Dani language uses only two words to describe colors [START_REF] Heider | Probabilities, Sampling, and Ethnographic Method : The Case of Dani Colour Names[END_REF], the Russian language encompasses as many as twelve distinct terms to describe colors [START_REF] Paramei | Singing the Russian Blues : An Argument for Culturally Basic Color Terms[END_REF]. This cross-cultural diversity in the number of color terms is believed to stem from differences in communicative needs [START_REF] Gibson | Color naming across languages reflects color use[END_REF][START_REF] Kemp | Semantic Typology and Efficient Communication[END_REF][START_REF] Kemp | Kinship Categories Across Languages Reflect General Communicative Principles[END_REF]. Defining precisely what these communication needs encompass remains a subject of ongoing discussion [START_REF] Zaslavsky | Communicative need in colour naming[END_REF]. While some have proposed cultural factors like dyeing techniques and exposure to colored manufactured items as key contributors [START_REF] Berlin | Basic Color Terms, Their Universality and Evolution[END_REF], color technology would not be the only driver of communicative need [START_REF] Wnuk | Color technology is not necessary for rich and efficient color language[END_REF], and the distribution of colors present in the natural environment could also contribute to differences in the communicative need people have to refer to some colors [START_REF] Twomey | What we talk about when we talk about colors[END_REF]Yendrikhovskij, 2001).

Beyond the cross-cultural differences in color lexicons, common patterns in color vocabularies across languages also exist [START_REF] Berlin | Basic Color Terms, Their Universality and Evolution[END_REF][START_REF] Heider | The structure of the color space in naming and memory for two languages[END_REF][START_REF] Lindsey | Universality of color names[END_REF]. For example, languages with only two color terms usually distinguish between 'light' and 'dark,' while those with three color terms often also include a separate term for 'red'; those with four color terms typically incorporate a distinct term for 'green' or 'yellow,' and so forth. Since all humans tend to share a similar perceptive system, these similarities in color lexicons in the world's populations were attributed to shared perceptual structure (K. [START_REF] Jameson | It's not really red, green, yellow, blue : An inquiry into perceptual color space[END_REF][START_REF] Kay | The Linguistic Significance of the Meanings of Basic Color Terms[END_REF][START_REF] Loreto | On the origin of the hierarchy of color names[END_REF][START_REF] Regier | Color naming reflects optimal partitions of color space[END_REF]. Thus, the current consensus in the field of color research tends to support the idea that, even though differences in color vocabularies may be influenced by differences in communication needs, the commonalities seem to be rooted in a universal perceptual structure [START_REF] Regier | Word Meanings across Languages Support Efficient Communication[END_REF][START_REF] Zaslavsky | Efficient compression in color naming and its evolution[END_REF][START_REF] Zaslavsky | Color Naming Reflects Both Perceptual Structure and Communicative Need[END_REF].

However, do we indeed all share a similar perceptual structure? Existing literature hints at differences in our color vision systems, including variations in photoreceptors, ocular filters, and even the neural processing of light (see Bosten, 2022 for a review), which can result in individual differences in color discrimination. A straightforward illustration relates to the prevalence of males with genetically abnormal color perception in Europe [START_REF] Deeb | The molecular basis of variation in human color vision[END_REF], and who struggle to differentiate between red and green colors. Age is also known to affect color discrimination: the ability to discriminate colors tends to decrease gradually with age [START_REF] Barbur | Color vision changes in normal aging[END_REF][START_REF] Kinnear | New Farnsworth-Munsell 100 hue test norms of normal observers for each year of age 5-22 and for age decades 30-70[END_REF][START_REF] Knoblauch | Variation of chromatic sensitivity across the life span[END_REF][START_REF] Paramei | Variation of color discrimination across the life span[END_REF][START_REF] Shinomori | Discrimination thresholds of normal and anomalous trichromats : Model of senescent changes in ocular media density on the Cambridge Colour Test[END_REF]. The decrease in color perception with age is partially due to lens brunescence [START_REF] Schefrin | Sites of age-related sensitivity loss in a short-wave cone pathway[END_REF][START_REF] Shinomori | Discrimination thresholds of normal and anomalous trichromats : Model of senescent changes in ocular media density on the Cambridge Colour Test[END_REF], a darkening process of the lens due mostly to the impact of UV incidence [START_REF] Duncan | The aging human lens : Structure, growth, and physiological behaviour[END_REF][START_REF] Hightower | The role of the lens epithelium in development of UV cataract[END_REF][START_REF] West | Sunlight exposure and risk of lens opacities in a population-based study : The Salisbury Eye Evaluation project[END_REF][START_REF] Young | The Family of Sunlight-Related Eye[END_REF]. Thus, people who live in places with high levels of UV incidence might exhibit lower color discrimination abilities [START_REF] Davies | Cross-cultural differences in colour vision : Acquired 'colour-blindness' in Africa[END_REF][START_REF] Wa Kaimbo | The Farnsworth-Munsell 100 Hue test in the Bantu population. Preliminary results[END_REF][START_REF] Nacer | Color vision testing in an area with high levels of ambient illumination[END_REF]. For example, [START_REF] Davies | Cross-cultural differences in colour vision : Acquired 'colour-blindness' in Africa[END_REF] used a simple color vision task in 597 participants from Africa (Botswana, Malawi, and South Africa) and many participants in Europe (Greece, Spain, Ireland, and the UK). They found that African participants (and, to a lesser extent, Greek participants) had a higher frequency of errors, especially in the blue range, which resembled the pattern exhibited by the elderly in the British sample.

Could these variations in color perception across different populations potentially impact their color lexicons? [START_REF] Lindsey | Color naming and the phototoxic effects of sunlight on the eye[END_REF], following [START_REF] Bornstein | Color vision and color naming : A psychophysiological hypothesis of cultural difference[END_REF], proposed the lens brunescence hypothesis. This hypothesis suggests that the uneven distribution of UV incidence across populations in the world -which leads to group-level differences in color perception, especially in the blue range -may explain why many populations living in high UV incidence places often lack a specific term to talk about the blue color. This hypothesis gains further support through subsequent studies that have replicated its findings (S. [START_REF] Walter | Perceiving "grue" : Filter simulations of aged lenses support the Lens-Brunescence hypothesis and reveal individual categorization types[END_REF] and comprehensive data analyses [START_REF] Dediu | Ultraviolet light affects the color vocabulary : Evidence from 834 languages[END_REF][START_REF] Josserand | Environment and culture shape both the colour lexicon and the genetics of colour perception[END_REF]. However, an ongoing debate still questions whether the effect of lens brunescence is strong enough to be one of the factors shaping color lexicons, especially given the presence of color compensation mechanisms [START_REF] Hardy | Color Naming, Lens Aging, and Grue : What the Optics of the Aging Eye Can Teach Us About Color Language[END_REF][START_REF] Hardy | Sunlight exposure cannot explain "grue" languages[END_REF][START_REF] Josserand | Reply to : Sunlight exposure cannot explain[END_REF][START_REF] Regier | Color Naming and Sunlight : Commentary on Lindsey and Brown (2002)[END_REF][START_REF] Walter | Perceiving "grue" : Filter simulations of aged lenses support the Lens-Brunescence hypothesis and reveal individual categorization types[END_REF].

Thus, to address this issue, it is crucial to understand whether differences in color perception exist between populations exposed to varying levels of UV incidence and, if so, to assess the magnitude of these differences. Hence, this study aims to thoroughly examine color perception in two very distinct groups: the French and the Himba people 5 . On the one hand, the French group experiences relatively low UV exposure due to an average UV incidence of 171 mW/m² in this region (using erythemal UV incidence data from NASA data averaged from the periods 1978-1993 and 1996-2003), coupled with predominantly indoor lifestyles. Conversely, the Himba people, a semi-nomadic group residing in the arid northern region of Namibia, inhabit a desert area closer to the equator. In addition to a high average UV incidence of 226 mW/m², they also live predominantly outdoors. To give an order of magnitude, the lowest UV incidence found for the latitude and longitude of languages present in the Glottolog database [START_REF] Hammarström | Glottolog 3.2[END_REF] is of 71 mW/m² (Nganasan, spoken in northern Siberia), while the highest spoken UV incidence is of 241 mW/m² (Cusco Quechua, spoken in Peru). Thus, we assume that if lens brunescence indeed results in a notable decline in color perception, this should be reflected when comparing these two populations.

Comparing French and Himba populations is also particularly relevant since the language spoken by the Himba people historically had fewer color terms than the one spoken by French people. Analogous to the English language, French people consistently employ eleven terms to describe colors, with words for black, white, red, yellow, green, blue, brown, pink, purple, orange, and grey. Conversely, Himba people historically had five color terms [START_REF] Roberson | The Development of Color Categories in Two Languages : A Longitudinal Study[END_REF], including words that could refer to the English dark, light, reddish colors, yellowish colors, and a term encompassing blue and green hues, which aligns with the lens brunescence theory. Additionally, the Himba population is particularly interesting to study because this population has had in recent years increased exposure to urban areas and English schooling, which has pushed the population to add new color terms to their lexicon, similarly to what happened in the Nafaanra language in Ghana [START_REF] Zaslavsky | The evolution of color naming reflects pressure for efficiency : Evidence from the recent past[END_REF]. Thus, 16 years after the original study from [START_REF] Roberson | The Development of Color Categories in Two Languages : A Longitudinal Study[END_REF], [START_REF] Mylonas | Augmenting a colour lexicon[END_REF] reported the use of seven color terms in OtjiHimba, the language spoken by Himba people, and a part of their population now employs distinct terms to name blue and green colors [START_REF] Mylonas | Augmenting a colour lexicon[END_REF]. The substantial variability present within their population when it comes to naming colors offers a valuable opportunity to investigate the relationship between color perception and the patterns of color naming.

their color perception and vocabularies relative to differences in exposure to UV incidence. Further information about the participants in both groups is provided in the Method and Supplementary Materials sections.

While this Chapter mainly focuses on the lens brunescence hypothesis, and thus, on the environmental effect of UV incidence, we acknowledge the presence of many other confounding factors between the French and Himba populations that may lead to group-level differences in color perception, such as genetics or differences in the statistical distribution of the color environment.

Using data on the allele frequency of common DNA variants in several human populations (ALFRED Database; [START_REF] Rajeevan | ALFRED : An allele frequency resource for research and teaching[END_REF], we found that the fixation index (i.e., a measure used to quantify the genetic differences between two populations) between French and Bantu speakers is 0.24, which indicates the presence of quite strong group-level differences. For comparison, the fixation index between French and German people is of 0.005, and the highest fixation index in this database is of 0.74 (between Mongolian and Afro-Caribbeans people). Such group-level genetic differences may be relevant because genetics partly predict nonpathological lens brunescence [START_REF] Shiels | Molecular Genetics of Cataract[END_REF] and macular pigment density [START_REF] Borel | Genetic variants in BCMO1 and CD36 are associated with plasma lutein concentrations and macular pigment optical density in humans[END_REF][START_REF] Meyers | Genetic Determinants of Macular Pigments in Women of the Carotenoids in Age-Related Eye Disease Study[END_REF], which may explain why people from different ethnicities but inhabiting the same country have different macular pigment densities on average [START_REF] Davey | Differences in macular pigment optical density across four ethnicities : A comparative study[END_REF]. In turn, macular pigment significantly affects color vision, especially in the blue range [START_REF] Moreland | Macular pigment contributes to variance in 100 hue tests[END_REF][START_REF] Woo | Are ethnic differences in the F-M 100 scores related to macular pigmentation?[END_REF].

Additionally, French and Himba participants are not exposed to the same colors during their lives [START_REF] Juricevic | Variations in normal color vision. V. Simulations of adaptation to natural color environments[END_REF]. Exposure to different color environments could lead to long-term differences in color perception. [START_REF] Laeng | Latitude-of-birth and season-of-birth effects on human color vision in the Arctic[END_REF] found an interaction between season of birth and latitude on color discrimination: People born in the autumn within the Arctic Circle had lower performance in color discrimination tests than those born outside of it, with the opposite pattern for people born in the summer. Additionally, [START_REF] Webster | Variations in normal color vision. III. Unique hues in Indian and United States observers[END_REF] conducted a comparison between American participants and multiple groups from India exposed to diverse environmental contexts, and observed differences in the way these groups situated focal colors. While they mainly focus on the influence of the environment's color statistics on color naming, they also consider the possibility that long-term contextual influences may lead by grouplevel differences in color perception [START_REF] Webster | Variations in normal color vision. II. Unique hues[END_REF].

Given the presence of numerous confounding factors between the French and Himba populations, our objective is not to study the biological processes underpinning group-level differences in color perception. Instead, we seek to address the following question: Do populations with distinct historical color lexicons also exhibit different color perception abilities? An affirmative answer to this question would imply that perceptual structure may not be as universally consistent as previously thought. Since perceptual structure has been identified as one of the primary factors shaping color lexicons (K. [START_REF] Jameson | It's not really red, green, yellow, blue : An inquiry into perceptual color space[END_REF][START_REF] Kay | The Linguistic Significance of the Meanings of Basic Color Terms[END_REF][START_REF] Regier | Color naming reflects optimal partitions of color space[END_REF][START_REF] Zaslavsky | Efficient compression in color naming and its evolution[END_REF], perceptual structure could not only account for the similarities in our color lexicons, but also the differences.

To address this question, we conducted a set of five tasks to measure color perception among different groups of French and Himba participants. To control for potential confounding factors that could bias the interpretation of group differences, we collected several variables, including color naming patterns, exposure to colored artifacts, general cognitive ability, and other miscellaneous factors such as gender and eye color. Our approach begins by assessing the relative importance of these variables in relation to the results of the color perception tasks and examining how they interact with each other. This preliminary analysis helped us evaluate the reliability of each color perception task and guided the design of our primary hypothesis investigation, the lens brunescence hypothesis. Subsequently, using the results from this preliminary analysis, we performed a comparative analysis of color perception between the French and Himba samples, with a particular emphasis on age, as it constitutes a crucial component of the lens brunescence hypothesis.

METHODS

We conducted a comparative study involving participants from France and the Himba community in Namibia. Ethical approval was granted by the Ethics Evaluation Committee of INSERM (Opinion number 21-855), and we obtained an Ethical Clearance Certificate from the University of Namibia (Reference Number: SAHS37/23). Our research involved two fieldwork trips in Namibia, one in 2021 and another in 2022, during which we conducted various tasks and tested different sets of participants. Data from the French sample were collected in Lyon, France, a few months before or after each of the Namibian fieldwork. In total, we conducted five tasks (two in 2021 and three in 2022), which will be presented in greater detail in the subsection titled Tasks within this section. The five tasks that we used are named FM100 task (standing for Farnsworth Munsell 100 Hue Test), DiffOrSim task (Different or Similar), CityUniv task (for City University Color Vision test), Arrows task, and Squares task (see Illustration 12). participant using an X-Rite i1 Studio spectrophotometer to account for potential variations in luminosity. We applied a model to know whether variations in luminosity affected the results. Similar to [START_REF] Webster | Variations in normal color vision. III. Unique hues in Indian and United States observers[END_REF], we found no effect on these small variations in luminosity and the coordinate of white points on the color perception results. The three other tasks (DiffSim, Arrow, Squares) were conducted inside a tent, where the lighting conditions remained relatively constant (we ensured stable luminosity throughout the day using the spectrophotometer). Participants performed the experiments on a DELL Latitude 7400 laptop, the display of which had been calibrated using the same spectrophotometer. We adjusted the gamma of the laptop to achieve a linear gamma response. During the experiments, participants were seated in chairs facing a computer screen, maintaining an approximate distance of 50 cm from the stimuli. The viewing geometry was consistently set at approximately 0.45.

French sample

Participants. The French sample was tested in Lyon, France. We excluded individuals who spent more than five years in countries south of France, those who were not fluent in French, individuals who used blue-light filtering glasses, and those with a genetic anomaly affecting red-green color perception. In 2021, participants volunteered their time for the experiment, whereas in 2022, due to the extended duration of the experiment, participants received a compensation of 15 euros. Additional details regarding the recruitment process can be found in the Supplementary Materials.

Settings. We took care to ensure consistent testing conditions and lighting for both the French and Himba groups. The FM100 task was also conducted outdoors, under the shade of a tree, in May 2022. Here too, we measured the luminosity level and coordinates of the white point for each participant using the same spectrophotometer and found similar luminosity settings compared to the Himba sample. The remaining four tasks (DiffSim, Arrow, Squares, CityUniv) were conducted in the basement of a building, where lighting conditions were fixed. To replicate the same luminosity conditions as those in the tent (for the experiments with the Himba participants), we introduced several light sources and measured the luminosity and coordinate of the white point with a spectrophotometer. This group of participants used the same computer, which was calibrated using the same spectrophotometer and maintained consistent settings. Please note that while Himba participants completed the CityUniv task outdoors, French participants completed it in the basement with ample lighting. Tasks FM100 (2021). The Farnsworth Munsell 100 Hue Test [START_REF] Farnsworth | The Farnsworth-Munsell 100-Hue Test for the examination of color discrimination[END_REF] is composed of four trays containing a total of 85 removable color caps with incremental variations in hue. On the one hand, we used it to identify participants with inherited color perception abnormalities, aiming to exclude them from the analysis of the "DiffOrSim" task. On the other hand, we also used it to measure differences in color perception among our participants. The evaluation involved quantifying errors (Total Error Score, TES) in the arrangement of color caps in sequential order, across all colors, but also along the red-green axis (using caps 13-33 and 55-75) and along the blue-yellow axis (using caps 1-12, 34-54, and 76-85; V. C. [START_REF] Smith | Color-Axis Determination on the Farnsworth-Munsell 100-Hue Test[END_REF]. A total of 87 Himba participants took part in this experiment. We compared their results with the data from [START_REF] Kinnear | New Farnsworth-Munsell 100 hue test norms of normal observers for each year of age 5-22 and for age decades 30-70[END_REF] who generously shared their data with us. This dataset includes FM100 results from many participants in the United Kingdom across all age decades (from 10 to 70 years old). To ensure that any potential differences in results were not attributed to differences between experimental conditions, we also assessed a separate group of 28 French participants under conditions similar to those experienced by the Himba participants. Since we found no significant differences between the large British sample and our smaller French sample (see Supplementary Materials), we decided to use the comprehensive data from [START_REF] Kinnear | New Farnsworth-Munsell 100 hue test norms of normal observers for each year of age 5-22 and for age decades 30-70[END_REF] for further analysis.

DiffOrSim (2021; standing for "Different or Similar"). We used a forced choice stimulus task inspired by [START_REF] Stone | An Engineering Model for Color Difference as a Function of Size[END_REF] and [START_REF] Szafir | Adapting Color Difference for Design[END_REF]. A central cross appears on the screen (500 ms) followed by the presentation of two colored rectangles on a white background. Following CIE recommendations, rectangles were placed side by side (with a visual angle of 4 degrees for the height and width of both rectangles) and separated by a thin line. We chose two target colors: red and blue (see Illustration 2), using the color centers from [START_REF] Mirjalili | Color-difference formula for evaluating color pairs with no separation : ΔE NS[END_REF]. We chose blue since the lens brunescence hypothesis posits a stronger effect for blue colors, and we used the red color as a control. One of the rectangles had the target color (either blue or red), while the other rectangle closely resembled the target color with a difference in color magnitude ranging from 1 to 10 CIELAB units and differing only on one dimension, i.e., only on one of the L, a or b axes. Participants were asked to determine whether the colors of the two rectangles were the same or different. French participants used a two-key auxiliary keyboard to answer. However, this approach proved challenging for the Himba participants. Therefore, Himba participants verbally communicated their responses in their native language, and the experimenter (who was blind to the good answer) pressed the corresponding response button. Here, we used a computerized adaptive testing (CAT) design: the more frequently the participants perceived a difference between the target and deviant colors, the smaller the color difference magnitude between the two becomes, until the participants could not see any differences between the two rectangles. We recorded the JND ("Just Noticeable Difference"), i.e. the minimum number of CIELAB units for which participants can accurately discriminate between the two colors. A control condition with two rectangles of identical colors was implemented. Participants whose accuracy in this condition was below 75%indicating that they were perceiving identical colors as being differentwere excluded from the analysis. After exclusion, we had 67 Himba participants and 30 French participants. [START_REF] Fletcher | The City University Colour Vision Test[END_REF] is used to detect color vision deficiencies, in both the red-green and the blue range. In this experiment printed on a book, participants are first presented with three vertically arranged color caps. Their task is to determine whether the colors are the same or if one differs from the others. The subsequent part requires participants to identify the peripheral color cap that most closely resembles the central color cap. We used this test to exclude participants with inherited red-green color blindness from the 2022 experiment set. Additionally, we quantified tritan errors (namely, errors in the blue range), following a methodology similar to [START_REF] Davies | Cross-cultural differences in colour vision : Acquired 'colour-blindness' in Africa[END_REF], but given the quasi-absence of variation in the results of these, we do not use this test for comparison between French and Himba in the tritan range. A total of 109 Himba participants and 83 French participants passed this test.

CityUniv (2022). The City University color vision test

Arrows (2022).

This experiment is inspired by [START_REF] Cranwell | Performance on the Farnsworth-Munsell 100-Hue Test Is Significantly Related to Nonverbal IQ[END_REF], which they called the "Chromatic Contrast Discrimination Threshold Test". We kept a similar design but instead of a grey background, we opted for a blue and red background (see Illustration 2) for the same reasons as in the DiffOrSim experiment. The experiment took place in two phases: one with a blue background, and one with a red background, presented in a counterbalanced order across participants. On each trial, a central cross was briefly displayed (500 ms) followed by the presentation of a colored arrow (size 2.5 degrees, duration 300 ms) positioned randomly either at the top or the bottom (+/-5.51 degrees) of the screen. Notably, the color of the arrow always differed from the background by a given number of CIELAB color units. This color difference magnitude varied depending on the axis (L, a, and b) and the color (red, blue). Participants were provided with a twokey response box and instructed to press the 'left' key when the arrow pointed to the left or press 'right' when the arrow pointed to the right6 . Similarly to the DiffSim task, this experiment uses computerized adaptive testing (CAT): the distance between the color of the background and the arrows decreases until the participant fails to distinguish the arrow above chance level (50% accuracy; Just Noticeable Difference; JND). To ensure reliability, we introduced a control condition both before and after each phase, in which participants had to discriminate the direction of a black arrow against either the blue or the red background. Participants who answered correctly less than 8 times out of the 10 black arrow presentations were excluded from the analysis (see Supplementary Materials for more details). After exclusion, we had 60 Himba participants and 77 French participants.

Squares (2022):

This experiment was adapted from [START_REF] Gilbert | Whorf hypothesis is supported in the right visual field but not the left[END_REF]. A fixation cross was presented during 500 ms, then a circular arrangement of twelve squares (of size 1 cm each) was shown on the screen for a short duration (200 ms). Eleven of these squares shared an identical color, while one square, which we will refer to as the deviant square, featured a distinct color. Participants were given a two-key response box and asked to press the 'right' button if the deviant square appeared on the right side of the screen and the 'left' button if it appeared on the left side (note that it never appeared in the middle). Similarly with the Arrows experiment, the experiment had two phases, one with blue colors and one with red colors, with the same order of presentation as in the Arrows experiment. The background color was consistently grey, and the eleven identical squares (either red or blue, see Illustation 2) had the same color throughout the experiment. The color of the deviant squares varied from the other squares' color by a small number of Cielab units (difficult condition), a high number of Cielab units (easy condition), or an intermediate number of Cielab units (medium condition), across each one of the Cielab axes (L, a, b). Each combination (for example, "easy" in the L axis of the blue color) was presented ten times, during which reaction time and accuracy were measured. We calculated an inverse efficiency measure by dividing the reaction time by accuracy. We removed participants who failed more than 50% of the time in the "easy" condition of the blue color. We kept 100 Himba participants and 92 French participants in the analysis.

It is important to mention that, for all computerized experiments, a training phase including feedback was conducted before the test phase, both prior to the red phase and to the blue phase.

Illustration 13: Color centers used in the DiffOrSim, Arrows, and Squares tasks. Please be aware that these colors may not appear the same to you as they do to the participants, depending on your screen's color calibration. The CIELAB of the red color center are L=41, a=33, b=25 and L=37, a=-1, b=-28 for the blue color center.

Additional data

Multiple hypotheses can be considered to account for potential differences in performance between the French and Himba participants. ( 1) First, the purpose of this project was to investigate the lens brunescence hypothesis, which suggests that differences in exposure to UV light may lead to differences in color perception between Himba and French samples. Since this hypothesis also implies that color perception should decline with age, if this hypothesis holds true, we would expect to observe an age-related effect on the color discrimination tasks (Age → color perception → task performance). However, several other confounding factors may explain differences in task performance between the two groups. (2) Since the Sapir-Whorf hypothesis suggests that color naming affects color perception, one could propose that differences in color naming between the French and Himba would lead to group-level differences in color perception, which in turn, would affect the performance at the color tasks (confounding: color naming → color perception → task performance). (3) Additionally, various other factors (such as sex or iris color) may influence color perception and, as a result, affect task performance. If these factors are not equally distributed between the two populations, they could impact the comparison between the two groups (confounding: miscellaneous factors → color perception → task performance). (4) Finally, general cognitive ability may be a confounding factor which does not affect color perception itself, but may affect task performance through other cognitive mechanisms, such as risk taking when making a decision [START_REF] Deakin | Risk taking during decision-making in normal volunteers changes with age[END_REF][START_REF] Skagerlund | Decisionmaking competence and cognitive abilities : Which abilities matter[END_REF]. Since general cognitive ability is related to exposure to formal education [START_REF] Peng | The Development of Academic Achievement and Cognitive Abilities : A Bidirectional Perspective[END_REF], and considering that French participants have greater access to formal education, it is possible that differences in general cognitive ability may introduce some bias in the interpretation of the results (confounding: general cognitive ability → task performance). In order to understand which of these hypotheses would best explain potential performance differences between our two groups, we measured a set of different variables in the French and Himba samples, assuming that these variables would allow us to discriminate between the above accounts for group effects on performance (see Table 1).

Table 1: Table summarizing the variables used in the analyses (first column) along with their range of possible values (second column). The third column indicates on which sample the variable was collected. The fourth column shows the hypothesis under consideration, namely, the reason for which we chose to include these variables. More information will be provided about these variables below.

(1) Lens brunescence hypothesis. For both the French and Himba samples, we collected data on participants' age. Indeed, age is a central variable in the color terms used by the participants to name the five color chips. Please note that contrary to the PatternNaming measure, we used here the 'raw' responses of the participants, without classifying them under the definition of Basic Color Terms by [START_REF] Berlin | Basic Color Terms, Their Universality and Evolution[END_REF]. This variable is particularly valuable for the French participants, as it may reflect the desire to communicate precisely about colors.

Illustration 15: Pattern of color naming used by the Himba participants. Each column represents a participant. The first row shows the color terms used to describe the dark blue color chip, the second row the light blue color chip, the third the blue-green one, the fourth the light green one, and the fifth row the dark green one. The color is the visual representation of the color term used by the participant, but it does not mean that the participant had this color in mind when using this color term. For example, in the first row of the first column, the participant has used the term "otjiburou" to describe the first two color chips and "otjigirine" to describe the last three color chips.

In the Himba sample, we recorded the literacy level, which we use here as a proxy for their exposure to schooling7 . Since school is conducted in English, and students may learn the English color names, schooling may bias the patterns of color naming. Additionally, we used a proxy for the exposure to colored manufactured artifacts, which we call ModernityExposure. This variable is the average of three indicators: whether the participants dress in a traditional (0) versus modern (1) clothing style, whether they own a cellphone [START_REF] Kay | The Linguistic Significance of the Meanings of Basic Color Terms[END_REF] or not (0) and how often they went to the city this year (varying between 0 to 10 times, normalized between 0 and 1). Indeed, while they were tested in their local villages, some of them often go to the city nearby (Opuwo, in the Kaokoland, ~30 000 inhabitants; [START_REF] Mwinga | Opuwo economic profil[END_REF], where there are a few supermarkets, bars, and gaz stations, and thus contain many bright colors and manufactured artifacts. We hypothesize that people who are more exposed to the modern world may have a greater need to distinguish objects by their color, and thus would communicate more consistently about colors.

Confounding: miscellaneous factors affecting color perception. For both the French and Himba samples, we collected data on the participants' sex.

Indeed, women may perceive more shades than men [START_REF] Jaint | Gender based alteration in color perception[END_REF], even if a few studies suggest that it may not be the case [START_REF] Hood | Color discrimination in carriers of color deficiency[END_REF][START_REF] Pickford | Sex differences in colour vision[END_REF] or that this difference may exist only in the red-green axis [START_REF] Bimler | Quantifying variations in personal color spaces : Are there sex differences in color vision?[END_REF][START_REF] Rodríguez-Carmona | Sex-related differences in chromatic sensitivity[END_REF]. For the French sample only, we recorded the eye color8 using two categories: light-coloured irises and darkcoloured irises. Indeed, individuals with light-coloured irises have lower macular pigment than individuals with dark-coloured irises, which may in turn lead to differences in color perception [START_REF] Hammond | Macular pigment optical density in a Southwestern sample[END_REF]. Furthermore, we documented whether the French participants had a vision deficiency and, if yes, how they corrected it. This variable CorrectionEye can take three values: no vision deficiency, vision deficiency corrected (by lens or glasses), and vision deficiency not corrected (usually when participants had a very small vision impairment). Although we did not have specific hypotheses regarding this variable, we aimed to ensure that it would not introduce biases into our results. Additionally, we assessed French participants' level of expertise with colors (ExpertiseColor), distinguishing between those who had minimal interaction with colors in their daily lives, those with hobbies involving some knowledge of colors (such as occasional painting), and those whose professions revolved around color (e.g., photographer). Our hypothesis was that individuals with greater experience with colors might exhibit higher color perception abilities, building on previous observations of perceptual training [START_REF] Gold | Perceptual learning[END_REF]. We collected these variables to ensure that these factors, as they are not equally distributed between the French and Himba samples, do not influence the results of our color tasks.

Confounding: general cognitive ability. In addition, we performed a few tasks to index general cognitive ability (only in the Himba sample), which we solely intended to use for examining inter-individual differences within the Himba sample. Our objective was to select the color perception tasks the least biased by general cognitive ability. Considering that the majority of the Himba people we tested are non-literate, we assessed inter-individual variations in general cognitive ability using tasks that do not require reading. Specifically, we employed a modified version of the WAIS matrices task [START_REF] Wechsler | Wechsler Adult Intelligence Scale-Fourth Edition[END_REF] and a numerical ability task [START_REF] Grégoire | Tedi-math, a test for diagnostic assessment of mathematical Disabilities[END_REF] involving short problems such as addition, subtraction, multiplication, and division (e.g., "how much is 3+5?", or "how much is 2x6?"), and comparisons between quantities (for example, "which number is bigger between 56 and 651?"). Himba participants displayed high variability in their performance on these tasks. Additionally, the outcomes of these tasks were correlated, indicating that they collectively measured a shared underlying factor. In the French sample, we recorded the number of years of study of the participants (0 if the participant stopped after secondary school, 2, 3, 5, or 8).

Analysis

Understanding the effects of the predictors First, we investigated the effect of the confounding factors on the performance at the color tasks. This step is essential to determine which task is least influenced by general cognitive ability and to understand whether we should also control for some confounding factors when comparing the performance of the French and Himba samples.

For each population, we incorporated the predictors of Table 1 in linear regression models using, for each task, color discrimination performance as the dependent variable. In the French sample, we investigated the effect of Age, Sex, EyeColor, ExpertiseColor, CorrectionEye, NbYearsStudy, and LexiconRichness, while in the Himba sample, we looked at the effect of Age, Sex, ModernityExposure, Literacy, PatternNaming, NumAbilities, and Matrice.

We employed several approaches to measure the contribution of each predictor. First, we built models with individual predictors, evaluating the adjusted R² to assess the proportion of variance explained by each predictor (IndividualAdjR² method). Secondly, we built models containing all the predictors and successively removed each variable from the model to measure the decrease in the adjusted R² (PartialAdjR² method). Finally, we z-scored all our predictors and incorporated them into a single model, allowing us to compare their standardized estimates (StandEstimate method9 ). These multiple measures of predictor contribution importance were employed due to the absence of a clear consensus on the optimal method for assessing variable importance in regression models.

To examine how these variables interact, we subsequently incorporated them into a Structural Equation Modeling (path model) using the lavaan package [START_REF] Rosseel | lavaan : An R Package for Structural Equation Modeling[END_REF]. Path models require the a-priori specification of the causal relationships that exist among variables. In the Himba villages we visited, young participants have greater access to schooling and are generally more familiar with the modernized world (Age → Literacy & ModernityExposure). Additionally, boys tend to be given priority to access schooling, almost all men now dress in modern outfits, and men are usually given more opportunities to go to the city (Sex → Literacy & ModernityExposure). We hypothesize that literacy may influence patterns of color naming since schooling is conducted in English (Literacy → PatternNaming). Furthermore, school is supposed to positively impact performance in numerical abilities and matrice tasks (Literacy → NumAbilities & Matrice; [START_REF] Peng | The Development of Academic Achievement and Cognitive Abilities : A Bidirectional Perspective[END_REF]. Performance in the numerical abilities and matrices should be correlated, since they should both measure a common underlying factor (NumAbilities ↔︎ Matrice). Given that many studies have reported a decline in general cognitive ability with age [START_REF] Murman | The Impact of Age on Cognition[END_REF], we also consider that age might affect scores at the matrix and numerical ability tasks (Age → NumAbilities & Matrice). Finally, we suggest that exposure to the manufactured colored objects might influence color naming, as individuals who are exposed to colored objects may have a greater communicative need to consistently and efficiently talk about colors (ModernityExposure → PatternNaming).

Using these causal pathways, we built a path model to understand whether the effects of our variables on the performance at the color discrimination tasks are direct or if certain variables, such as age or sex, influence the outcomes through other mediating factors. Path models using the lavaan package do not allow the addition of the participant ID as a random factor. Thus, for each conclusion drawn from the path model, we also conducted more specific mediation analyses that include only the results of one task to ensure that these findings hold. For the sake of simplicity, we do not include the results from the mediation analysis here, but they are available in the Supplementary Materials.

Investigating the lens-brunescence hypothesis

The preliminary analysis aiming at understanding the predictors' role helped us determine which dataset to use and how to design the analysis for the primary hypothesis under consideration, the lens brunescence hypothesis. This preliminary analysis suggests that we should specifically focus on the results from the Arrows task, and to a lesser extent, from the Squares task, as the impact of general cognitive ability is the weakest for these two tasks. Additionally, it indicates that we should account for the influence of color naming when investigating the lens brunescence hypothesis. As a reminder, the lens brunescence hypothesis posits that Himba participants will demonstrate a greater decline in color discrimination with age compared to French participants, particularly in the case of blue colors, due to their increased exposure to UV radiation.

To test this hypothesis, we first normalized the results for each axis and color. This step was necessary as we did not calibrate our experiment for differences in cone contrasts, and CIELAB differences translate to different cone contrasts and thresholds depending on the cone excitation (blue versus red), which explains the differences in thresholds between our different colors and axis. We had some issues with the b-axis of the red color in the Arrow task, as many participants reached the predetermined 'ceiling' JND value. This 'ceiling' value was set to ensure that the experiment would not continue indefinitely in cases where participants may not have fully grasped the experiment's objectives or had extremely low color vision. Given the absence of data for the 'true' value for many French and Himba participants, we decided to exclude this particular combination of axis and color from further analysis in the Arrows task (note that its exclusion does not alter any of the conclusions presented in this paper). We then aggregated the normalized results by color. Using these datasets, we build mixed-effect models (using lmerTest package; [START_REF] Kuznetsova | lmerTest Package : Tests in Linear Mixed Effects Models[END_REF] to predict the tasks' performance function of the three main factors related to the lens brunescence hypothesis: color (red or blue, within-subject), population (French or Himba, inter-subject), and age (treated as a continuous linear or quadratic variable, inter-subject). These factors were evaluated in interaction with each other, and we introduced participant ID as a random effect to account for individual variability in all the models.

Using the data from the Arrows task, we used the color, population, and age as linear (model 1) or quadratic (model 2) to predict the performance. When comparing model 1 and model 2 (using likelihood ratio Chi-Square test with anova function), we found that the quadratic age model (model 2) fitted the data better. We provide the results for both models to ensure a comprehensive understanding of our findings. We build the same model using the data of the Squares task (model 3) using only age as linear, since adding age as quadratic did not improve the fit. Then, we also combined the data of the Arrows and the Squares tasks in one dataset, adding the experiment type (two levels: Arrows/Squares) as a fixed effect in interaction with the other effects (model 4).

Given the potential influence of PatternNaming on the performance in color tasks observed in our previous analysis, one might argue that the differences in performance we identified between the French and Himba populations stem from differences in color naming, aligning with the Sapir-Whorf hypothesis. To address this possibility, we build model 5 which is similar to model 4 with the exception that it exclusively incorporates participants who name colors using an 'English-like pattern' in both the Himba and French populations. This model encompasses data from 37 French participants and 27 Himba participants in the Arrows task, and 41 French participants and 49 Himba participants in the Squares task.

Please note that all analyses were run on the set without outliers, but also on the set including all participants. Using the entire set of data (i.e., with outlier participants) did not alter any of the conclusions presented in this Chapter, but added considerable noise to the data. Additionally, for control purposes, we built 'raw' models using unnormalized data and included 'axis' as a fixed factor interacting with other fixed effects. All models are provided in the Supplementary Materials.

methods used for assessing the importance of the predictors, numerical ability consistently ranked as the factor contributing most to color discrimination performance, in both tasks. For example, when considered as the sole predictor of the results (method IndividualAdjR²), numerical ability accounted for approximately 21% of the variance in these two tasks. Moreover, the standardized estimate for numerical ability was notably high in models that included all fixed factors, hovering at 0.39 for FM100 task and 0.28 for the DiffOrSim task (StandEstimate). The removal of numerical ability from these models led to a decrease of around 0.11 in the adjusted R 2 for these two tasks (PartialAdjR²).

While the Squares and Arrows tasks are also connected to numerical ability scores, the predictive strength of numerical ability was lower for both these tasks, accounting for approximately 11% of the variance in the data (IndividualAdjR²), with a partial R² of approximately 0.04 and a standardized estimate of 0.16 for the Squares task and 0.19 for the Arrows task. In the Squares task, numerical ability remained the top predictor of the results when using the IndividualAdjR² method, the second most significant predictor in the PartialR² method and the third most significant in the StandEstimate method. As a comparison, the relative importance of numerical ability in the Arrows task was somewhat lower, ranking as the third most important variable in the IndividualAdjR² method, the fourth in the PartialR² method, and the fifth in the StandEstimate method. For this reason, we chose to emphasize the Arrows test in the subsequent analyses, though we will also examine the results of the Squares tasks.

Although we chose to focus our more in-depth analyses on the Arrows and Squares task, we examined the results from all tasks (please refer to the Supplementary Materials for more information). These results consistently revealed differences in performance between French and Himba individuals. Notably, French participants had better performance than their Himba counterparts in all tasks. An intriguing anecdotal observation emerged: the color discrimination tasks with stronger correlations to numerical abilities also displayed more pronounced performance differences across the two groups. Specifically, the results from the DiffOrSim and FM100 tasks show strong differences in the average performance between French and Himba (Cohen's d: 

Confounding: color naming pattern

ModernityExposure had an impact on the performance only in the Squares task (𝛽 𝑀𝑜𝑑𝑒𝑟𝑛𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = -0.78 ± 0.25 where 0.25 is the standard error, p < 0.01), with participants who reported being more exposed to urban life performing better. However, its effect disappears when this variable is integrated inside a path model including data from both Squares and Arrows tasks. Similarly, in the Arrows task, we observed that the color naming pattern plays a significant role in the performance in the color tasks: Himba participants naming colors using an and to a smaller extent, in the Arrows task (𝛽 𝐿𝑖𝑡𝑒𝑟𝑎𝑐𝑦𝑆𝑜𝑚𝑒 = -0.39 ± 0.21, p = 0.065). However, the path model suggests that literacy affects performance at the color discrimination task primarily because it influences the performance in numerical abilities tasks. This suggests that literacy does not directly affect color perception per se, but affects performance through other cognitive mechanisms (e.g., decision making). To summarize, while the results from the linear regression models suggest that our predictors for color naming (PatternNaming, Literacy, ModernityExposure) indeed affect performance in the color discrimination tasks, the path model suggests that these variables have a negligible direct effect on predicting performance in the color tasks.

Confounding: other factors influencing color perception

In the Himba sample, sex affected the performance only in the Squares task (𝛽 𝑀𝑜𝑑𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = -0.35 ± 0.15, p < 0.05). The observed sex effect observed in the Himba sample is opposite to our expectations: men appeared to discriminate colors better than women. However, the path model revealed that the limited sex effect vanished when education and general cognitive abilities were included in the model, indicating that this effect likely arose because men generally had greater exposure to education, thereby enhancing their overall cognitive ability, which in turn marginally affected their performance on these tasks. With the French sample, sex just reached significance in the Arrows tasks (𝛽 𝑠𝑒𝑥 = -0.5 ± 0.24, p<0.05), with men performing slightly better than women; however, it is interesting to note that the effect went in the opposite direction in the Squares task (with women performing slightly better than men). Since very little of the variance was accounted for by sex in the French sample (5% of the variance in the Arrows task and 2% in the Squares task), we should be careful and not overinterpret the "sex" findings.

Additionally, we found a very small effect of CorrectionEye: people having no vision deficiency tended to perform slightly better than participants with a reported vision deficiency in the Arrows task only (corrected or not; 𝛽 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 0.20 ± 0.10, p<0.05; 𝛽 𝑛𝑜𝑡𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 0.22 ± 0.10, p<0.05), but here too, it explains only 6% of the variance present in the data. We found that, as participants aged, the decline in performance was significantly more pronounced among Himba than among French participants (see Figure 7). This interaction between population and age was statistically significant in almost all the models: model 1 predicting the results of the Arrows task with age as a linear variable (𝛽 𝐻𝑖𝑚𝑏𝑎 * 𝑎𝑔𝑒 = 0.03 ± 0.01, p < 0.05; please note that results are normalized; for an order of magnitude of the difference, refer to Figure 8), model 3 predicting the results of the Squares task with age as a linear variable (𝛽 𝐻𝑖𝑚𝑏𝑎 * 𝑎𝑔𝑒 = 0.025 ± 0.010, p < 0.05), model 4 including the results of both the Arrows and the Squares tasks and experiment type as a fixed factors (model 6: 𝛽 𝐻𝑖𝑚𝑏𝑎 * 𝑎𝑔𝑒 = 0.04 ± 0.01, p < 0.01). This latest model also suggested a difference at the population level (𝛽 𝐻𝑖𝑚𝑏𝑎 = -0.90 ± 0.36, p < 0.05).

Model 2, which predicts the results of the Arrows tasks with age modeled as quadratic, also showed an effect of age and population, but only when considered in interaction with the color type (𝛽 𝐻𝑖𝑚𝑏𝑎 * 𝑟𝑒𝑑 * 𝑎𝑔𝑒𝑙𝑖𝑛𝑒𝑎𝑟 = -0.21 ± 0.08, p < 0.01; 𝛽 𝐻𝑖𝑚𝑏𝑎 * 𝑟𝑒𝑑 * 𝑎𝑔𝑒𝑞𝑢𝑎𝑑𝑟 = 0.0035 ± 0.0012, p < 0.01).

When building a model including only the participants that named colors with an English-like pattern (thus keeping approximately 50% of the participants), the interaction between age and population remained significant (model 5: 𝛽 𝐻𝑖𝑚𝑏𝑎 * 𝑎𝑔𝑒 = 0.05 ± 0.02, p<0.05), as well as the absolute difference between

French and Himba samples: (model 5: 𝛽 𝐻𝑖𝑚𝑏𝑎 = -1.3 ± 0.5, p<0.05). This suggests that the differences related to age we observe between the Himba and the French sample are not due to differences in color naming observable between the older and younger Himba participants. and 25 year old Himba, while box B shows the average JND for a 50 year old Himba participant, for the "a" axis of the blue color. The CIELAB difference values are presented in increments of 5. This Figure only aims at giving an order of magnitude of the differences between French and Himba participants. However, please keep in mind that your perception of these colors will highly depend on the printer or on your screen calibration. If your screen is not calibrated, you will not perceive the same colors as the participants did but to get a better visualisation, consider adjusting the brightness of your screen so that you could distinguish the second arrow (located three boxes to the left of 'A'). While it might seem quite easy to distinguish the arrow in A, one has to remember that the arrows were shown only for 200 ms, with a small size, at a random location on the screen (up or down).

DISCUSSION

Our findings indicate differences in performance on various color-discrimination tasks between French and Himba participants. Given the direct effect of age on performance, we can infer that age affects the perception of colors. Notably, color perception deteriorates more strongly with age in the Himba than in the French sample of participants, for both blue and red colors. Given that blue and red occupy opposite ends of the color spectrum (blue with shorter wavelengths and red with longer wavelengths), it is conceivable that these differences in color perception may extend to other colors along the spectrum, such as green or yellow, although this study did not specifically investigate those colors. Furthermore, it is important to note that the interaction between age and population cannot be attributed only to differences in color naming between the two groups. This is not surprising, as both French and Himba participants were presented with stimuli within the same lexical category (e.g., a blue color on a blue background), while the Sapir-Whorf hypothesis proposes that the language influences perception when comparing stimuli across categories [START_REF] Gilbert | Whorf hypothesis is supported in the right visual field but not the left[END_REF][START_REF] Roberson | The Development of Color Categories in Two Languages : A Longitudinal Study[END_REF]. Previous research indicates that the decline in color perception with age is, in part, due to the impact of UV exposure on the lens [START_REF] Schefrin | Sites of age-related sensitivity loss in a short-wave cone pathway[END_REF][START_REF] Shinomori | Discrimination thresholds of normal and anomalous trichromats : Model of senescent changes in ocular media density on the Cambridge Colour Test[END_REF]. Considering that Himba participants experience higher levels of UV exposure compared to their French counterparts, it is likely that lens brunescence plays a significant role in the more pronounced age-related decline observed in Himba participants.

However, while the lens brunescence hypothesis suggests that the decrease in color perception should be more pronounced for blue colors compared to red ones, our study revealed an age-related decline in both red and blue color perception. Only a few of our analyses suggested that there may be a more pronounced age-related decline in the perception of blue colors. Several nonmutually exclusive hypotheses can explain this finding. First, it is possible that a more pronounced decline in blue perception was too subtle to be detected in our data. To further explore this possibility, we delved into the results of [START_REF] Kinnear | New Farnsworth-Munsell 100 hue test norms of normal observers for each year of age 5-22 and for age decades 30-70[END_REF], who collected color perception norms for participants in the United Kingdom across different age groups, and we found that the interaction between age and color becomes significant only when including participants above 55 years of age. This suggests that the decline in blue color perception is relatively weak and occurs late in life. Even though Himba participants are more exposed to UV incidence than participants from the United Kingdom, we do not have sufficient data for older participants in our dataset, and a larger sample size might have revealed an interaction between population, age, and color. This is consistent with the observation that some analyses hinted at the presence of this interaction effect, and the results from the Farnsworth Munsell test also indicated that participants performed worse at discriminating colors in the blue-yellow channell. However, it is important to interpret these findings with caution.

Second, while there may indeed be a more pronounced decline in blue color perception compared to red, it is possible that this effect is overshadowed by other factors. Indeed, our study showed that color perception may be also affected by factors non-related to the eye physiology. In line with [START_REF] Webster | Variations in normal color vision. III. Unique hues in Indian and United States observers[END_REF], we do not rule out the possibility that the differences in the color environment statistics between the Himba and French settings may also contribute to shaping color perception. While in Europe background colors are usually cool-colored (with colors such as brown, green, or blue; [START_REF] Gibson | Color naming across languages reflects color use[END_REF], blue is a rare color in the Himba environment. In contrast, the red color we used for our stimuli10 is prevalent in the Himba environment, both resembling the color of the earth and the special ocher taint women traditionally apply to their skin. Therefore, in the Himba settings, the blue stimuli color is likely to be more salient than the red stimuli color. Since saliency might enhance detection [START_REF] Kerzel | Salient stimuli capture attention and action[END_REF], the high saliency of blue colors for Himba participants could compensate for the more significant decline in blue color perception caused by UV exposure.

Finally, it is possible that lens brunescence is not the primary causal factor to consider when seeking to understand the differences in color perception between Himba and French participants due to aging. For instance, the more significant impact of aging in the Himba sample could also be attributed to variations in genetic factors between the two populations. Furthermore, another distinguishing factor between the Himba and French participants lies in the Himba culture itself. Fire holds a sacred role in Himba culture and is employed for heating their huts during winter nights. Given that these huts are poorly aerated, smoke tends to accumulate indoors, often leading to eye-related issues among Himba participants, which might accelerate the aging of their eyes. In this scenario, the conclusions drawn from this study may not necessarily generalize to other populations with similar color lexicons. Thus, it would be valuable to gather data from other populations worldwide to gain a more comprehensive understanding of this phenomenon.

In summary, while we remain uncertain about the precise cause of the differences in color perception, we still do observe differences across the two groups. However, are these differences strong enough to shape color lexicons, particularly considering that only older individuals exhibit lower color vision abilities? Given that language is actively used, learned, and passed down across generations, it has been proposed that even weak biases can be amplified into group-level linguistic traits [START_REF] Dediu | Language is not isolated from its wider environment : Vocal tract influences on the evolution of speech and language[END_REF][START_REF] Kirby | Innateness and culture in the evolution of language[END_REF]. For example, differences in the shape of the hard palate among different ethno-linguistic groups lead to subtle differences in the acoustics of certain vowels, which may contribute to differences in vowel use across these different groups (Dediu et al., 2019). Similarly, [START_REF] Blasi | Human sound systems are shaped by post-Neolithic changes in bite configuration[END_REF] showed that differences in bite configuration induced by different subsistence mode (e.g., hunter-gatherers vs. agriculturalists) impact the ease of production of labiodentals, consequently affecting the likelihood of each population incorporating labiodentals into their sound repertoire. Since only older individuals in hunter-gatherer groups tend to possess a distinct bite configuration structure discouraging the use of labiodentals, this study also suggests that language may adapt primarily to older adults.

To comprehend how variations in color perception could affect the pattern of color naming, it is possible to employ agent-based models wherein agents possess a representation of Just Noticeable Difference in their color space [START_REF] Loreto | On the origin of the hierarchy of color names[END_REF]. For example, Chaabouni et al.'s (2021) recent study, which employed an artificial neural network for a discrimination game, offers additional support for the claim that differences in perceptual structure may affect language evolution. In this game, a "producer" agent is tasked to describe a color target using a color term to a "guesser" agent, who must identify the correct color chip from two options: the color target and a distractor. The researchers manipulated what they referred to as "discriminative need" -which they used as a proxy for communicative need -defined as the minimum distance between targets and distractors in the CIELAB space. As such, their measure of discriminative need closely aligns with differences in the agent's perceptual space we evoke here.

Their study showed that the higher the discriminative need, the more color terms a language is likely to have in its vocabulary, which suggest that differences in perceptual structure may influence the evolution of color terms. Applying this model to our data, using the CIELAB differences between the French and Himba population, could offer valuable insights for further investigation.

Certainly, we recognize that the effects we are discussing are relatively subtle and may only exert a limited influence on the evolution of color lexicons. Thus, we do not claim here that differences in color perception represent the sole factor influencing color lexicons. Instead, we recognize communicative need as a primordial factor influencing color lexicons, which are shaped by both cultural and environmental factors [START_REF] Josserand | Environment and culture shape both the colour lexicon and the genetics of colour perception[END_REF]. The Himba population offers a robust illustration of the multifaceted nature of these explanations. While we hypothesize that, over the course of the evolution of their language, lower color perception might have generated a negative pressure for adopting new color terms, the Himba's recent exposure to the English language and the industrialized world has driven the population to adopt new color terms, with two new color terms emerging in only 15 years. Thus, we acknowledge and underscore the considerable strength and significance of cultural factors in shaping color lexicons.

In summary, our assertion is as follows: while color lexicons are undeniably shaped by differences in communicative needs, the perceptual structure may play a dual role, serving as a driver for both similarities and differences in color lexicons. Similarities arise because all humans tend to share a similar perceptual system, yet the perceptual system also introduces differences due to the existence of slight variations in the perceptual space across different groups, which may influence the evolution of language. These subtle variations in color perception may be attributed to differences in UV exposure, which can impact eye physiology [START_REF] Dediu | Ultraviolet light affects the color vocabulary : Evidence from 834 languages[END_REF][START_REF] Josserand | Environment and culture shape both the colour lexicon and the genetics of colour perception[END_REF][START_REF] Lindsey | Color naming and the phototoxic effects of sunlight on the eye[END_REF][START_REF] Walter | Perceiving "grue" : Filter simulations of aged lenses support the Lens-Brunescence hypothesis and reveal individual categorization types[END_REF]. However, further research and data are essential to precisely understand the mechanisms underlying these group-level variations.

possible that if slightly fewer individuals were showing differences in color perception abilities, this would also prevent the adoption of new color terms? To be able to answer these questions, it is necessary to take into account the role of network structure. Indeed, the influence of a biased individual will be different depending of whether this individual has a central position in the network, and thus, is more influential to spread their bias.

Studying the influence of individual differences on language evolution within a group has remained relatively understudied, as most studies have focused on group-level differences and universal biases. Therefore, in the following section, we aim to address these questions and explore how language evolves within various types of groups: heterogeneous groups (comprising individuals with high inter-individual variation, i.e., individuals with different language abilities) and homogeneous groups (characterized by low inter-individual variation). To achieve this, we will employ a combination of laboratory experiments (Chapter 3) and agent-based models (Chapters 4 and 5).

DIVERSITY RULES: THE INFLUENCE OF A MINORITY ON LANGUAGE CHANGE

CONTEXT

This research was conducted during an exchange at the Max Planck Institute for Psycholinguistics, in Nijmegen (the Netherlands), under the supervision of Limor Raviv. This Chapter was written in collaboration with François Pellegrino, Dan Dediu, and Limor Raviv. This Chapter will be soon submitted for publication. The data, the code for the analysis and the Supplementary Materials are available on my github: hhhhhhh https://github.com/mathjoss/ExpCommunityVariation. personal thoughts and ideas, while "we" will be employed to denote collective research efforts. This chapter summarizes the main findings from the previous chapters and puts them back in the context of my personal scientific journey during the Ph.D. I first turn to the conclusions of part 1 and discuss the obtained results. Then, I shift to the conclusions of part 2, exploring what our dual methodology teaches us regarding our research question, both collectively and individually. Finally, I present a general conclusion, acknowledge certain limitations, and propose potential paths for future research.

DIFFERENCES IN COLOR PERCEPTION MAY SHAPE COLOR LEXICONS

Many languages do not have a specific term to talk about the blue color, instead encompassing it under other color terms. To explain this variation, many possible variables (including cultural or environmental variables) have been proposed during more than a century of research. Among these factors, it has been suggested that changes in eye physiology, due to UV-light incidence, can lead to faults in blue color perception which causes the color lexicon to adapt (lens brunescence hypothesis; [START_REF] Lindsey | Color naming and the phototoxic effects of sunlight on the eye[END_REF].

I was first confronted with this hypothesis at the beginning of my Master 2 internship at the Laboratoire Dynamique du Langage, three and a half years ago. The goal was to investigate the lens brunescence hypothesis using up-to-date statistical methods, with the hypothesis that UV incidence does affect the presence of a word for blue. While I was initially convinced by this hypothesis, my enthusiasm faded as I explored the criticisms that arose following the publication of [START_REF] Lindsey | Color naming and the phototoxic effects of sunlight on the eye[END_REF] (see Introduction; [START_REF] Hardy | Color Naming, Lens Aging, and Grue : What the Optics of the Aging Eye Can Teach Us About Color Language[END_REF][START_REF] Regier | Color Naming and Sunlight : Commentary on Lindsey and Brown (2002)[END_REF]. This caused a shift in my perspective: while the initial objective was to explore the negative effect of UV incidence, my aim turned towards illustrating that by factoring in more variables, particularly cultural ones, the impact of UV incidence would become less pronounced, which would provide a line of argument against the lens brunescence hypothesis.

Thus, we performed a data analysis involving 142 populations and numerous cultural and environmental variables. We found that the presence of a specific term for 'blue' was determined by several cultural and environmental factors that interact. On the one hand, we found an important role of the population size which brings forward cultural complexity as one of the main contributors to the presence of a specific term for 'blue'. This comes as unsurprising since much research had already linked color technology and color lexicons, suggesting that the presence of dyeing techniques and colored manufactured artifacts would affect the communicative need people would have to refer to new colors, thus leading to the addition of new color terms [START_REF] Berlin | Basic Color Terms, Their Universality and Evolution[END_REF][START_REF] Ember | Size of color lexicon : Interaction of cultural and biological factors[END_REF][START_REF] Gibson | Color naming across languages reflects color use[END_REF][START_REF] Zaslavsky | Communicative need in colour naming[END_REF].

On the other hand, we also found that populations who live near lakes would also be more likely to possess a term for 'blue'. We were careful not to overinterpret this result, especially given that no effect of distance to oceans and rivers is to be noted. There are two possibilities: either distance to lakes acts as a proxy for another unmeasured variable, or there is something specific about lakes' color that increases the need people have to refer to blue color. If the latter, then the presence of the effect of distance to lakes would align with the idea that culture alone does not dictate the evolution of color lexicons. This is supported by the example of the Maniq hunter-gatherer population, a nonindustrialized group that surprisingly possesses a high number of color terms, thus suggesting that the presence of color technology is not an obligatory condition for the emergence of new color terms [START_REF] Wnuk | Color technology is not necessary for rich and efficient color language[END_REF]. Also, [START_REF] Twomey | What we talk about when we talk about colors[END_REF] showed that cross-cultural differences in communicative needs, which shape the partitioning of color terms, are partly explained by differences in the local biogeography of linguistic communities.

More importantly, UV incidence remained a significant factor, even when being mixed with other cultural and environmental factors. I was genuinely surprised by this outcome, as I had not expected it to maintain its significance given the presence of other, I believed, stronger cultural factors. Of course, the presence of a correlation between UV incidence and the presence of a term for 'blue' does not necessarily imply that UV incidence has a direct causal effect on color lexicons. Although a causal pathway involving the lens brunescence hypothesis is particularly plausible given the experimental evidence provided by [START_REF] Lindsey | Color naming and the phototoxic effects of sunlight on the eye[END_REF] and [START_REF] Walter | Perceiving "grue" : Filter simulations of aged lenses support the Lens-Brunescence hypothesis and reveal individual categorization types[END_REF], I do not exclude the possibility that UV incidence could affect the presence of a specific term for 'blue' based on other causal pathways. As an example, one can postulate that UV incidence could partially impact the food production system, thus affecting economic development; however, I believe that our climate variables would reflect this sort of causal assumption. It is also plausible that the proxies we used for the very hard-to-measure cultural complexity may lead to some biases in our data.

Additionally, this effect could potentially stem from random factors resulting from the fact that the 142 populations we selected may not fully capture the diversity of real-world languages and over-represent Indo-European languages. My main supervisor, Dan Dediu, learned about new datasets containing information about color lexicons. Because we were both curious to double-check our findings and see if they remained consistent with a larger set of data, I collected additional populations and improved the precision of UV-B incidence indicators. Then, D. Dediu collected a few additional data, replicated the analysis, and also used new methods, such as latent variable Structural Equation Models and phylogenetic methods. This replication study involves 823 languages (see Illustration 6 in the Introduction; [START_REF] Dediu | Ultraviolet light affects the color vocabulary : Evidence from 834 languages[END_REF]. Encouragingly, the negative linear effect of UV-B incidence on the presence of a word for 'blue' remained present and strong with this new dataset. However, the effect of distance to lakes becomes less pronounced, though it can still be detected as a discernible trend. Contrary to Josserand et al. (2021), the effect of cultural complexity seems better captured by subsistence mode than by population size. Notably, subsistence mode plays a crucial role in explaining the color naming pattern in populations where UV exposure is relatively low. This supports the idea that higher UV-B levels impose a negative pressure on the presence of a term for 'blue', while conversely, lower UV-B levels do not impose a pressure towards or against 'blue', allowing other factors (such as cultural ones) to operate.

The lens brunescence hypothesis has sparked extensive discussion, not only as a response to Lindsey andBrown's 2002 paper (Hardy et al., 2005;[START_REF] Regier | Color Naming and Sunlight : Commentary on Lindsey and Brown (2002)[END_REF][START_REF] Walter | Perceiving "grue" : Filter simulations of aged lenses support the Lens-Brunescence hypothesis and reveal individual categorization types[END_REF], but also following our paper [START_REF] Josserand | Reply to : Sunlight exposure cannot explain[END_REF][START_REF] Josserand | Environment and culture shape both the colour lexicon and the genetics of colour perception[END_REF]; see Follow-up: comment on the paper) with the critiques of [START_REF] Hardy | Sunlight exposure cannot explain "grue" languages[END_REF]. To me, the whole argument could be boiled down to a single question: Are cultural influences the only force shaping color vocabularies, or could eye physiology also play a role? I personally found value in each of the criticisms presented by [START_REF] Hardy | Sunlight exposure cannot explain "grue" languages[END_REF], especially since they were built on earlier solid research. I also want to acknowledge the respectful and thorough process shown by researchers on the opposing side who engaged in a comprehensive discussion with us on this matter. However, these critics also made me realize that one of the main conclusions of our initial paper (color vocabularies result from a complex interplay of various cultural and environmental factors) had been lost and oversimplified to this bold claim that "color vocabularies are shaped by UV incidence". Also, I wished that [START_REF] Hardy | Sunlight exposure cannot explain "grue" languages[END_REF] could have provided new data or arguments that could substantiate their criticisms. Essentially, the debate around the lens brunescence hypothesis can be likened to a prolonged tennis match, where numerous researchers over the years have volleyed arguments in favor of one side or the other. To truly settle the question of the hypothesis' validity, it becomes imperative to add, again, replications or new data into the pool of experiments.

Providing additional (or contradictory) evidence for the lens brunescence hypothesis became the idea for a second piece of work. A main criticism of the lens brunescence hypothesis involves chromatic adaptation, a process ensuring that the perceived color of objects remains relatively consistent under varying lighting conditions, and which could also potentially compensate for changes caused by aging eyes. In other words, this criticism is essentially captured by this question: Is the effect of lens brunescence on color perception strong enough to remain uncompensated in color categorization? While many studies have investigated age-related changes in color perception [START_REF] Beirne | The effect of age-related lens yellowing on Farnsworth-Munsell 100 hue error score[END_REF][START_REF] Cooper | The use of the Lanthony New Color Test in determining the effects of aging on color vision[END_REF][START_REF] Kline | Visual and auditory aging[END_REF][START_REF] Kinnear | New Farnsworth-Munsell 100 hue test norms of normal observers for each year of age 5-22 and for age decades 30-70[END_REF][START_REF] Knoblauch | Age and illuminance effects in the Farnsworth-Munsell 100-hue test[END_REF][START_REF] Smith | Color-Axis Determination on the Farnsworth-Munsell 100-Hue Test[END_REF][START_REF] Verriest | Further Studies on Acquired Deficiency of Color Discrimination[END_REF][START_REF] Wijk | Color discrimination, color naming and color preferences in 80-year olds[END_REF], fewer have explored variations in color perception across diverse populations [START_REF] Davies | Cross-cultural differences in colour vision : Acquired 'colour-blindness' in Africa[END_REF][START_REF] Nacer | Color vision testing in an area with high levels of ambient illumination[END_REF], and to my knowledge, none linked these variations in color perception with patterns of color naming. Thus, while the lens brunescence hypothesis posits that populations residing in high UV incidence areas experience worse color perception, this connection remains insufficiently explored.

To address this issue and get around the inherent limitations of our statistical studies, we decided to capitalize on a fieldwork opportunity in Namibia, which provided excellent conditions for a natural experiment. The two fieldworks that we did initially stemmed from an idea put forth by one of my former internship supervisors, Giorgio Vallortigara. His objective was to conduct tests within a non-"WEIRD" populationone with limited exposure to formal mathematicsto gain deeper insights into the acquired and inherited roots of mental number line (i.e., this tendency that human and non-human animals have to mentally organize numerosities along a left-to-right spatial continuum). He reached out to Serge Caparos, a specialist in cross-cultural cognitive psychology with extensive experience working with the Himba community for over a decade, who later became one of my Ph.D. supervisors. S. Caparos not only welcomed me to participate in conducting the mental number line experiment (the details of which I will not cover here, but a preprint is accessible here; see Eccher et al., inreview), but also granted me the opportunity to undertake additional color perception tasks relevant to my doctoral research.

Luckily, the Himba population proved to be an ideal group for investigating the lens brunescence hypothesis. Indeed, their exposure to UV incidence is very high and compounded by their predominantly outdoor lifestyle. Moreover, historically, the Himba people had fewer color terms in their vocabulary compared to the French people. However, due to recent exposure to Englishlanguage schooling, a portion of the Himba population has acquired new color terms, including a specific term to distinguish between blue and green colors [START_REF] Mylonas | Augmenting a colour lexicon[END_REF]. The primary objective of this experiment was to compare color perception between French and Himba participants while carefully controlling for confounding variables, ensuring the robustness of the results under consideration. We found that the color perception of young Himba participants and young French participants is very similar. However, as participants age, the decline in color discrimination becomes more pronounced among Himba participants compared to their French counterparts. Although we anticipated a more significant decrease in the perception of blue colors, we discovered that this decline applies to both blue and red colors. We hypothesize that this age-related decline in the Himba population could be attributed to higher UV exposure. Nevertheless, we do not rule out the possibility that other factors may be at play, such as differences in the statistics of the color environment or other environmental and genetic factors.

Since I started the project on color in 2019, a significant body of recent research has been published in an effort to finally answer the long-standing question of "why color lexicons are the way they are" (notably, with the work of Zaslavsky). This recent research suggests that while differences in communicative need drive populations to adopt new color terms, there is a common perceptual structure shared among all humans that results in strong similarities between languages. I personally find this new framework very elegant and well substantiated. The study we conducted with the Himba people, I hope, adds an interesting nuance to this hypothesis. In this study, we do not seek to challenge the previous claims but only suggest that perceptual structure could also drive differences in color lexicons. Indeed, since all populations do not necessarily perceive colors in the exact same way, there may be group-level differences in the perceptual space that could potentially influence color vocabularies. Of course, we acknowledge the need to gather more data from various populations and explore in greater details the biological processes underlying these differences.

These two fieldworks brought the most significant scientific surprise of my Ph.D. In our first fieldwork, we employed two widely recognized tasks for assessing color perception, as well as several other tasks aiming at measuring general cognitive ability (i.e., a broad underlying factor that impacts overall performance across a range of tasks, encompassing processing speed, working memory, and problem-solving ability; [START_REF] Demetriou | The development of mental processing : Efficiency, working memory, and thinking[END_REF][START_REF] Rypma | Neural correlates of cognitive efficiency[END_REF]; the tasks include, in our case, a numerical ability task and an adaptation of the WAIS matrices task)18 used in the project for other research questions. Although I did not initially intend to correlate the performance at the color perception tasks and the non-verbal intelligence tasks, as such tests did not respond to any prior hypothesis, I nevertheless eventually performed such tests for (exploratory) control purposes. Surprisingly, the analyses produced remarkably strong correlations between general cognitive ability and performance at the perceptual tasks. This unexpected finding made me wonder to what extent the perceptual tests we employ are affected by the confounding factor of general cognitive ability. While this might not be a significant concern within a population where access to education is widespread, addressing this question becomes crucial when examining cross-cultural differences, as countries can differ massively in terms of school exposure. Thus, an effect showing a difference in perception might reflect a difference in exposure to schooling. Consequently, education might be a crucial factor impacting participants' performance in a specific task, and further investigation is essential to ascertain whether a particular task is suitable for cross-cultural application. This experience has underscored the importance of applying caution and skepticism when approaching seemingly "well-established" and "validated" experiments.

We made substantial efforts to address the issue of a correlation between cognitive ability and performance at color perceptual tasks. However, one may wonder how many cross-cultural studies and conclusions are somewhat polluted by a lack of control of this parameter. For example, several studies highlight that color perception abilities are lower in teenagers compared to young adults, reaching an optimum around 20 years of age (the curve of color perception performance across ages would follow a U-shape; [START_REF] Bosten | Do You See What I See? Diversity in Human Color Perception[END_REF][START_REF] Kinnear | New Farnsworth-Munsell 100 hue test norms of normal observers for each year of age 5-22 and for age decades 30-70[END_REF]. However, because our results and previous findings [START_REF] Cranwell | Performance on the Farnsworth-Munsell 100-Hue Test Is Significantly Related to Nonverbal IQ[END_REF], who refer to the non-verbal intelligence with the Wechsler Abbreviated Scale of Intelligence task; [START_REF] Wechsler | Wechsler Abbreviated Scale of Intelligence[END_REF] strongly suggest an association between non-verbal intelligence and performance at several color perception tests, I am now inclined towards the view that teenagers might perceive colors as effectively as young adults do, and their comparatively lower performance may in fact stem from differences in general cognitive ability. Naturally, one could wonder whether sensory discrimination is linked to intelligence: I will not engage in this debate here, but arguments can be presented to support both sides (R. B. [START_REF] Evans | Sensory discrimination and intelligence : Postmortem or resurrection?[END_REF][START_REF] Jensen | Clocking the mind : Mental chronometer individual differences[END_REF][START_REF] Melnick | A strong interactive link between sensory discriminations and intelligence[END_REF][START_REF] Sheppard | Intelligence and speed of informationprocessing : A review of 50 years of research[END_REF].

This provides me the opportunity to reiterate that our intent never was to contrast high-level cognition across French and Himba populations. The sole purpose of measuring general cognitive ability was to examine inter-individual variations within the Himba group itself, to assess whether these measures correlated with performance at color perception tasks. Also, it is important to highlight that the differences in color perception are very subtle and concern only the discrimination of very similar red and blue colors (even though it is plausible to imagine that such decreases in color discrimination could potentially extend to other colors like yellow or green). Furthermore, it is worth noting that the incidence of genetic red-green color perception abnormalities among Himba people was notably low (approximately 1% of the males). In this respect, at the group level, Himba individuals are comparatively better color perceivers than their French counterparts, among whom this rate approaches 8% of the males. Moreover, a hypothesis suggests that these two broad categories of atypical color perception may interact with each other [START_REF] Brown | Color and language : Worldwide distribution of Daltonism and distinct words for "blue[END_REF][START_REF] Josserand | Environment and culture shape both the colour lexicon and the genetics of colour perception[END_REF]. This hypothesis states that if someone already experiences lens brunescence, having in addition a red-green abnormal color perception could severely impair their ability to perceive color, which could potentially impact their survival. Thus, there might exist a stronger selective pressure against the genetic alleles responsible for red-green color abnormalities in populations exposed to high levels of UV-B radiation. In the second part of Chapter 1, we investigated this hypothesis and initially found a negative correlation between UV exposure and the prevalence of red-green color deficiency in males. However, the findings from Chapter 2, indicating similar color perception among young French and young Himba participants, prompt a reevaluation of this hypothesis. While the initial evolutionary perspective suggested an impact on offspring-raising abilities, most nonindustrialized human cultures generate offspring before the age of 25 [START_REF] Allal | An evolutionary model of stature, age at first birth and reproductive success in Gambian women[END_REF][START_REF] Hill | Ache Life History : The Ecology and Demography of a Foraging People (1 re éd[END_REF], at which point the effects of lens brunescence are less pronounced. Furthermore, there is no scientific evidence that achromatopsia, which is the total inability to distinguish colours, could lead to an evolutionnary disadvantage. Thus, at a personal level, my belief in this hypothesis is quite low. The U-shape pattern of color perception between different age groups also brings up intriguing questions about who drives language change. In fact, both the lens brunescence hypothesis and the outcomes of our natural experimental study indicate that young adults have similar color perception abilities regardless of whether they reside in areas with high or low UV incidence. This could suggest that languages primarily adapt to older adults, which also relates to the study of [START_REF] Blasi | Human sound systems are shaped by post-Neolithic changes in bite configuration[END_REF]. While humans generally start out with overbite and overjet bite configuration (the typical "agriculturalist" bite configuration; see Illustration 5 in the Introduction), chewing hard food gave rise to an edge-to-edge bite after adolescence (the typical "hunter-gatherer" bite configuration). The persistence of overbite and overjet configurations into adulthood was closely associated with the increased prevalence of softer diets, which became more common as agriculture and food processing advanced. [START_REF] Blasi | Human sound systems are shaped by post-Neolithic changes in bite configuration[END_REF] showed that the edge-to-edge bite configuration makes the production of labiodentals sounds slightly more challenging, which may explain why hunter-gatherers often lack labiodentals in their sound systems. As it is particularly older people in huntergatherer groups that are affected by teeth erosion -thus imposing a negative pressure on using labiodentals -this study also suggests that language may primarily adapt to older adults.

A BIASED MINORITY CAN INFLUENCE THE LANGUAGE OF A GROUP

A notable proportion of the Himba population showed a decrease in color perception. However, precisely quantifying this percentage proves challenging, given the gradual nature of this age-related process. Additionally, even within the same population and within the same age group, large individual differences in color perception remain. These findings give rise to important questions: Is there a distinct threshold beyond which language fails to adapt to the biases of a part of the population, or does this process occur incrementally? What proportion of biased participants is necessary to impact the group's language, how strong must their bias be, where should they be strategically positioned within the network, and how long should they interact? The study of the influence of color perception on color lexicons prompted these questions and set the stage for the second part of this Ph.D. dissertation. Similarly to [START_REF] Motamedi | From improvisation to learning : How naturalness and systematicity shape language evolution[END_REF], this second part aimed to address these questions through the use of two types of approaches: agent-based modeling and laboratory experiments. commonly assume that the majority prevails, and a minority of individuals with distinctive speech traits may be perceived as "outliers" and disregarded.

However, this conclusion is not as straightforward as saying: "The language of the entire population will conform and adopt the biases of the minority." Instead, the language of the whole population adapts to the minority only to a certain extent, related to the number of biased agents and the strength of their bias. For example, in the laboratory experiment, biased letters were not entirely removed from the final vocabulary; rather, they were just less frequently present on average. This is consistent with the finding of Jameson & Komarova (2009a, 2009b), who showed that introducing agents with genetically abnormal redgreen color perception affects the location of the boundaries of color categories, but does not systematically affect the number of color terms.

Additionally, heterogeneous populations witness more variability in the final language than their homogenous counterparts. This is particularly the case if the biased individuals have a higher eigenvector centrality (how well-connected and important an individual is based on the importance of their neighbors) or closeness centrality (how easily an individual can reach others). Our experimental approach added an interesting twist to this finding: even unbiased participants present high levels of language variation when interacting with other unbiased participants. This could be interpreted as if the introduction of heterogeneity injects an element of confusion hroughout the entire group, prompting the emergence of new labels. Thus, we propose that the presence of individual differences plays a pivotal role in the emergence of linguistic innovations, contributing to cross-linguistic diversity.

These results also highlight the role of the belief in an initial "established" language, which affects both language value and variability. In the modeling work, this initial language is represented as a preference at birth to favor one language variant over another. In the experimental work, this manifests as the initial labels that participants can recall to varying degrees. In both cases, individuals can start communicating with a preconceived notion about how language is. We found that the stronger the belief in an initial language, the less the language of the group adapts to the biases of the minority, and the lower the inter-and intra-individual variability in the final language. What may this initial "established" language refer to in the real world? In the previous chapters, we suggest that the existence of linguistic policies might create such a bias. Indeed, these linguistic regulations often aim to establish an objective standard for language structure and may dictate rules for language construction or writing. While national institutions like l'Académie Française provide good illustrations of this, explicit language ideologies also exist in spoken languages [START_REF] Pakendorf | A typology of small-scale multilingualism[END_REF]. Nevertheless, we must approach these comparisons with caution.

What has the experimental approach taught us about our question?

Before further discussing the experimental findings, I would like to make a small parenthesis to briefly contextualize this Chapter within my Ph.D. journey. Originally, this experimental part was intended to be conducted during a yearlong research exchange at the Center for Language Evolution in Edinburgh. Regrettably, this exchange was canceled due to the COVID crisis (compounded by Brexit-related factors). It is worth noting that almost two out of my three years of Ph.D. were impacted by the COVID pandemic, which led to many missed opportunities, and also an emphasis on the modeling work. It was not until the beginning of my final year, after having the chance to meet with Limor Raviv, that the possibility of carrying out this experimental part emerged. I must also mention that during the 3-month exchange at the Max Planck Institute, my goal was to test eight groups in each condition. Surprisingly, assembling groups of four participants in the lab turned out to be considerably more challenging than initially anticipated. Although Limor Raviv has dedicated a substantial portion of her Ph.D. dissertation [START_REF] Raviv | Language and society : How social pressures shape grammatical structure[END_REF] to discussing how challenging it is to organize these group experiments, I could only comprehend the extent of these challenges when being directly engaged in the process.

In addition to the results discussed earlier, the experimental approach has also allowed us to explore the individual dynamics of adaptation. We discovered that even if a participant's internal language is not originally tailored to align with that of the biased participant (for instance, if this participant believes the correct word for a shape is 'kesip'), this participant still tends to modify their language when engaging in face-to-face communication with the biased participant (and use a word like 'esip', that does not contain any biased letters, exclusively when speaking with this biased participant). This relates to previous theories about linguistic alignment. There is considerable evidence indicating that individuals tend to unconsciously adjust their language during face-to-face communication on a various range of linguistic characteristics [START_REF] Branigan | Syntactic co-ordination in dialogue[END_REF][START_REF] Brennan | Conceptual pacts and lexical choice in conversation[END_REF][START_REF] Chartrand | The chameleon effect : The perceptionbehavior link and social interaction[END_REF][START_REF] Giles | Accommodation theory : Communication, context, and consequence[END_REF][START_REF] Pardo | On phonetic convergence during conversational interaction[END_REF].

Our results revealed that some participants do indeed align more with their conversation partners than others. However, this tendency is not predicted by any of the factors we considered, including prosociality, gender, age, working memory, and cognitive flexibility. There are several explanations for this pattern. Firstly, it is plausible that this outcome is genuinely accurate, and these factors indeed do not impact the propensity for linguistic alignment. For example, it is conceivable (and hopeful) that in today's world, especially in the Netherlands, gender differences have become minimal. Alternatively, it is possible that the variables and tests we chose are not appropriate, and using different measures (such as other prosociality indicators) might have led to the emergence of an effect. Notably, we lacked measures of prestige, which could have been a useful indicator of participants' adaptability. Finally, another possibility is that our participants were too homogeneous in their personal characteristics, thus not capturing enough variation. For instance, our sample had few men, few older participants, and most participants shared similar prosociality scores. However, we should remember that this experiment was not initially designed to investigate social biases in linguistic alignment; its primary aim was to observe how language adapts to a minority. Delving deeper into the impact of gender and age biases in pair interactions is actually the central focus of Lewis Cheung's Ph.D. at the Max Planck Institute for Psycholinguistics (Nijmegen, the Netherlands). Consequently, it is likely that new insights into this question will emerge shortly after my own Ph.D. concludes.

What has the modeling work taught us about our question?

The modeling work allowed us to span a wide range of values for the bias strength and the proportion of biased individuals. Our results suggest that the relationship between bias strength and the percentage of biased agents is not linear, which results in an over-representation of the biased agents in the language of the population. This resonates with the work of [START_REF] Navarro | When Extremists Win : Cultural Transmission Via Iterated Learning When Populations Are Heterogeneous[END_REF], who propose a disproportionate impact of the biased agents, namely the ones with the strongest a-priori beliefs. Furthermore, as we explored different levels of bias strength, we found that all agents (both biased and unbiased) tend to adapt, and eventually converge toward a middle ground in their language 19 . However, an intriguing nuance emerges from this conclusion. In scale-free networks (and to a lesser extent, small-world networks), the biased agents still retain a trace of their bias in their language even after repeated interactions with unbiased agents. This means that while some network structures can "erase" undertake a second modeling study. This second study focused on the internal metrics of the global network structure rather than just exploring predefined network types, such as random, small-world, or scale-free. To start, we investigated what specific metrics in network structure contribute to the presence of language variation. In this first part, we did not introduce any individual differences, and populations are homogeneous. Subsequently, we introduced individual differences (similarly to the first modeling study), but this time, we explored various local metrics for defining centrality, in order to shed light on where biased individuals should be positioned within a network to effectively affect language.

We found that network structure has an effect on inter, but not intra-individual language variability. While previous literature has highlighted population size and density as key network structure factors that influence language, our findings suggest that these measures serve as proxies for the "real" drivers of language variability, namely path length and clustering coefficient. Networks where there are on average many intermediary people between two individuals (high path length) are likely to witness high language variability. While larger networks usually have longer path lengths, our findings show that as a population grows, it does not necessarily lead to more language variation, as long as information spreads efficiently. On the other hand, the clustering coefficient measures how often the friends of a specific person within a group are also friends with each other. Assuming the same mean amount of connection per individual, networks with high clustering coefficients often consist of several smaller structural communities, which lead to higher language variation.

GENERAL CONCLUSION

The conclusions of this work align with the research directions pursued by my main supervisor, suggesting that languages adapt in response to anatomical or physiological changes acquired by speakers in different populations. Our study contributes to this body of literature by demonstrating that external pressures can influence not only sound systems, but also semantics. Thus, differences in UV incidence may lead to differences in the perceptual color space, which then may cause differences in color lexicons. While variations in color perception exhibit distinct patterns among different groups, we also identified substantial individual differences within a single population, which prompted our interest in understanding how language adapts to these individual variations. Our findings propose that languages adapt, at least to some degree, to the idiosyncrasies of their speakers, even when their biases are only present in the minority within the population. They also suggest that network structure may affect the extent to which a language will adapt to the bias of its speakers. More generally, our results suggest that language evolution stems from intricate processes influenced by a myriad of interacting variables, and that variation in languages can only be understood in the context of their cultural, biological, and physical environments.

Moreover, I hope that this Ph.D. thesis can serve as an illustrative example of employing multiple methods to explore the evolution of language. The use of various methods enabled us to explore the limits of our hypotheses and determine whether their results remained consistent across different approaches. For instance, the natural experiment in the first part allowed us to recognize that the influence of UV incidence might affect all colors, and could also be related to other age-related physiological effects than the lens brunescence. Similarly, the combination of experimental work and modeling provided a dual perspective on the same research questions, for which the conclusions, fortunately, did converge. Combining these methods also helped overcome certain limitations that each approach might have individually. Indeed, we have to emphasize that each of our studies combines multiple limitations, inherent to the type of method used (see the "Methods" section in the Introduction) or to the analysis performed. For example, in our data analysis, we simplified populations and languages into geographic dots, while populations usually inhabit (possibly) large areas. Furthermore, our measures of cultural complexity might not fully capture the nuances of exposure to advanced dyeing techniques and colored artifacts. Also, the conclusions drawn from natural experiments are influenced by various confounded factors between the two populations, making it challenging to disentangle the exact source of the observed differences in color perception. Technical differences in experimental setups between the two populations also impact these findings. In the laboratory experiment, our conclusions are based on a limited number of groups containing a limited number of participants. The modeling work also has its own limitations, with some researchers questioning how accurately Bayesian models (or agentbased models more generally) reflect real-world processes. Also, the models we used rely on theoretical assumptions and have a static connectivity (i.e., the connections between agents are fixed and do not change with time). Thus, it is important to exercise caution when applying our findings to real-world language networks.

There are avenues of exploration that will be pursued in the near future. [START_REF] Zaslavsky | Efficient compression in color naming and its evolution[END_REF] built a model for the evolution of color terms, showing that all languages tend to optimize the trade-off between the complexity and accuracy of the lexicon. While a shared perceptual structure between all humans would explain why languages categorize colors similarly, variations in communication needs would account for the wide range of color terms used, thus "pushing" populations along the optimal trade-off [START_REF] Zaslavsky | The evolution of color naming reflects pressure for efficiency : Evidence from the recent past[END_REF].

So far, this model assumes that we all share a universal perceptual system. However, Chapter 2 revealed inter-group and inter-individual differences in color perception, and also helped gain insights into the approximate extent of these differences, quantifying them in terms of units within the CIELAB color space. Consequently, a promising avenue for future investigation involves using the model of color terms' evolution [START_REF] Zaslavsky | Efficient compression in color naming and its evolution[END_REF] and distorting the perceptual space into two distinct conditionsone for the French population and another for the Himbato study how such distortions influence patterns of color naming. While the exact details remains to be discussed, a model akin to the one employed by [START_REF] Chaabouni | Communicating artificial neural networks develop efficient color-naming systems[END_REF] might offer valuable insights, and serve as a meaningful extension of the work already done in part 1. Another quite straightforward improvement to the existing research planned for the near future involves the inclusion of additional groups in the experiment of Chapter 3.

Naturally, there are several other potential paths for future exploration. First, it would be interesting to perform color perception tests with other populations, as well as using other color stimuli, and investigate in more detail the biological effects of UV incidence on color perception. In the laboratory experiment, an avenue for exploration involves examining how network structure and the presence of a biased individual interact. This can be achieved by strategically placing the biased person in either a central or peripheral position within the network, which would allow us to better understand how a minority's bias might propagate in various types of network structures. Also, the results from the laboratory experiment suggest that building hierarchical models (such as the one of [START_REF] Hawkins | From partners to populations : A hierarchical Bayesian account of coordination and convention[END_REF] would be relevant to studying language evolution within heterogeneous populations.

Additionally, there is a project that I had hoped to undertake during my Ph.D. research but was constrained by both time and financial limitations. This project would have been an ideal link between the first and second parts of my research. It involves a combination of a natural experiment and a laboratory experiment, centered around the population residing on Pingelap Island (see Illustration 21). In the late 18th century, a catastrophic typhoon struck Pingelap Island, leading to a famine that drastically diminished the population [START_REF] Morton | Pingelap and Mokil Atolls : Migration[END_REF]. The island's chief at the time possessed a rare genetic trait called achromatopsia, a condition characterized by total color blindness, and thus could only see the world in terms of shades of grey. As the population suddenly decreased, the genetic mutation responsible for achromatopsia became more prevalent due to the limited genetic diversity among the survivors [START_REF] Morton | Pingelap and Mokil Atolls : Historical genetics[END_REF]. As a result, a significant portion of Pingelap's inhabitants inherited this condition, leading to an unusually high prevalence of this type of color blindness (between 5 and 10% of the population; Hussels & Morton, 1972). This situation presents a fascinating opportunity for investigating the interplay between color perception and color naming, along with the impact of a minority on the language of the majority. I would particularly like to document the color vocabulary of individuals with both typical and atypical color perception. Additionally, studying interactions between those with typical and atypical color perception could provide valuable insights into language evolution and adaptation. While Hussels & Morton (1972) suggest that achromatopsia interferes with activities in bright sunlight (such as fishing and picking breadfruit), work in the taro pit and at home is much less impaired. Also, it has even been proposed that achromatopsia, while preventing to see any colors, might enhance sensitivity to variations in light and shade, potentially leading to more effective fishing during dawn (De Wilde, 2017), but this suggestion has not been scientifically investigated yet (to my knowledge). Thus, delving into this aspect could have formed an intriguing supplementary hypothesis.

Therefore, it appears that after the completion of this Ph.D., I still do not have ready-made answers for the existence of over 8,000 languages spoken on Earth today. Instead, this work has left me with more than 8,000 questions! For instance, an important hypothesis of this Ph.D. dissertationthe lens brunescence hypothesisremains, I believe, subject to debate. Nonetheless, the research presented in this dissertation provided additional supporting arguments that, I hope, encourage its consideration as a plausible hypothesis. Moreover, digging into individual differences is a work that likely extends beyond a lifetime, given the multitude of facets within this complex issue, and I feel as if I have only dipped my toe into an ocean of questions. However, I am hopeful that this Ph.D. had "apporter sa pierre à l'édifice", in other words, has added a small contribution to the field of language evolution, by shedding light on how physiological variations impact languages and how inter-individual differences play a role in shaping language evolution.

  Figure extracted from Blasi et al (2019)'s paper.

  Figure extracted from Dediu (2023).

  1.8, variance: 0.13 for the DiffOrSim experiment; Cohen's d: 1.7 and variance: 0.06 for the FM100 experiment), whereas the effect size of the difference was a bit lower for the Squares task (Cohen's d: 1.4, variance: 0.06) and even lower for the Arrows task (Cohen's d: 0.5, variance: 0.06). This observation underscores the critical importance of accounting for the relation with general cognitive ability, as it has the potential to influence the interpretation of the findings of cross-cultural studies.

Figure 6 :

 6 Figure 6: Results from Structural Equation Modeling. The number displays the standardized estimates, and the stars shows the significance (*** for p<=0.001; ** for p<=0.01 and * for p<=.0.05). Following lavaan recommendations, sex was coded as a dummy variable, while PatternNaming (English-like/Other) and Literacy (some/none) were coded as ordered variables. This path model only incorporates the results from the Arrows and the Squares tasks for the Himba population.

"

  English-like" pattern demonstrated better performance (linear regression model with PatternNaming as sole predictor of JND: 𝛽 𝑃𝑎𝑡𝑡𝑒𝑟𝑛𝑁𝑎𝑚𝑖𝑛𝑔𝑂𝑡ℎ𝑒𝑟 = 0.63 ± 0.20, p < 0.01). Here too, the impact of PatternNaming disappears when integrated into the path model. Literacy also appears to have an impact on the performance in the color tasks: Himba participants who are literate tend to perform better in color discrimination in the Squares task (𝛽 𝐿𝑖𝑡𝑒𝑟𝑎𝑐𝑦𝑆𝑜𝑚𝑒 = -0.43 ± 0.15, p < 0.01),

Figure 7 :

 7 Figure 7: Performance for French (plain line) and Himba (dotted line) participants as a function of age for the two types of color, blue (represented in blue) and red (represented in red). Panel A shows the linear regression (using linear method) of the performance of the Arrows task (normalized Just Noticeable Difference), while Panel B shows the results (normalized inverse efficiency) for the Squares task.

Figure 8 :

 8 Figure 8:Box A shows the approximate average JND for French participants (of any age) and 25 year old Himba, while box B shows the average JND for a 50 year old Himba participant, for the "a" axis of the blue color. The CIELAB difference values are presented in increments of 5. This Figure only aims at giving an order of magnitude of the differences between French and Himba participants. However, please keep in mind that your perception of these colors will highly depend on the printer or on your screen calibration. If your screen is not calibrated, you will not perceive the same colors as the participants did but to get a better visualisation, consider adjusting the brightness of your screen so that you could distinguish the second arrow (located three boxes to the left of 'A'). While it might seem quite easy to distinguish the arrow in A, one has to remember that the arrows were shown only for 200 ms, with a small size, at a random location on the screen (up or down).

Illustration 21 :

 21 Pingelap island, in the Federate States of Micronesia. Photograph by PJF Military Collection / Alamy Stock Photo, from National Geographic.

  

  

  

  

  

  

  

  

Table 2 :

 2 Table summarizing the model used to investigate the differences in performance between French and Himba participants.

	Model	Data	Fixed effects
	1	Arrows	age*color*population
	2	Arrows	age*color*population + I(age^2)*color*population
	3	Squares	age*color*population
	4	Arrows & Squares	experiment*age*color*population
	5	Arrows & Squares (English-like)	experiment*age*color*population

Bien que cette variation se manifeste au niveau du groupe, nos analyses ont également révélé une variation importante entre individus d'un même groupe, ce qui nous a amenés à nous interroger sur la mesure dans laquelle la langue s'adapte aux particularités de ses locuteurs. La deuxième partie vise donc à comprendre les mécanismes par lesquels la variation interindividuelle affecte l'évolution du langage. Dans un premier temps, nous avons réalisé une expérience en laboratoire visant à étudier l'évolution du langage au sein de groupes composés de quatre individus, et dans lesquels un individu a des capacités langagières différentes des autres. Ensuite, nous avons utilisé des modèles multi-agents bayésiens pour explorer comment une langue émerge au sein de groupes hétérogènes, et comment la structure du réseau contribue à la variabilité linguistique. Les résultats suggèrent que la langue d'un groupe est influencée par la variation apportée par les individus biaisés, même lorsqu'ils sont en minorité. Dans l'ensemble, cette thèse propose que pour comprendre l'évolution des langues, il est crucial de les replacer dans le contexte environnemental, culturel et biologique dans lesquelles elles sont parlées. De plus, ce travail doctoral met en lumière la manière dont la variation entre individus et entre groupes peut influencer l'évolution du langage.

In this context, we define a bias as a systematic tendency or preference where one behavior is consistently favored or given a higher probability over another.

All along this Ph.D. dissertation, I will use the "color term" or "color word" to talk about Basic Color Term, as defined byBerlin & Kay (1991) criteria. To be considered a Basic Color Term, a color term should be monolexemic, monomorphemic, its signification should not be included in any other color term, it must not be restricted to a single class of object, and it must be psychologically salient for all informants. More details about this definition are provided inBerlin & Kay's (1991) book. This definition is the one most commonly used in color naming research.

Illustration 7: Normalized responsivity spectra of human cone cells: S (short wavelength; blue), M (middle wavelength; green), and L (long wavelength; red) types. From Wikipedia, attribution: BenRG / Public domain

Lens brunescence and cataract are both conditions that affect the lens of the eye, with the accumulation of yellow pigments. However, lens brunescence refers to the natural aging process of the lens, and typically does not cause significant vision impairment on its own, On the other hand, cataract is an abnormal condition where the lens becomes cloudy or opaque, leading to a significant impairment of vision.

The terms "French people" and "Himba people" can refer to different entities, and we acknowledge that this terminology can be a subject of debate. While these groups are very different in terms of size, homogeneity and structure, our primary focus here is on comparing

In this particular context, it is important to highlight that using a two-key response box posed no issues for the Himba participants, as it had a straightforward function (press → 'left' for left and 'right' for 'right'). This stands in contrast to the DiffOrSim experiment, where participants needed to recall an abstract rule (press 'left' for similarity and 'right' for difference).

We also collected direct data on exposure to school; however, due to a misunderstanding, we believe our measure of literacy is more representative of their actual exposure to schooling than the initially intended variable (see Supplementary Materials for more details).

All Himba participants have dark-colored iris, which is why we recorded this variable only for French participants.

Please note that we recoded the binary variables (PatternNaming, Sex, Literacy) into dummy variables (0/1); thus, their standardized estimate is not directly comparable to the others.

This red color was not the typical vibrant "red" that might come to mind but rather a more brownish-red shade, chosen as it was less tiring to see for the participants' eyes.

General cognitive ability is largely influenced by schooling[START_REF] Peng | The Development of Academic Achievement and Cognitive Abilities : A Bidirectional Perspective[END_REF]; thus, this measure was only used in the Himba group only.

Of course, this occurs if biased agents do not have a bias that totally restrains them from completely producing a language variant.
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PART 1

Image generated by MidJourney AI using the following prompt: "environment and culture shape color perception"

ABSTRACT

Many languages express 'blue' and 'green' under an umbrella term 'grue'. To explain this variation, it has been suggested that changes in eye physiology, due to UV-light incidence, can lead to abnormalities in blue-green color perception which causes the color lexicon to adapt. Here, we apply advanced statistics on a set of 142 populations to model how different factors shape the presence of a specific term for blue. In addition, we examined if the ontogenetic effect of UVlight on color perception generates a negative selection pressure against inherited abnormal red-green perception. We found the presence of a specific

Age

Results from both the Arrows and the Squares experiments suggest that age is the most influential variable in predicting performance in the Himba sample, with performance in the color tasks decreasing with age. Additionally, our analyses indicated that, unlike sex, age had a direct impact on performance at the Arrows and Squares color discrimination task (refer to Figure 2). This finding is further corroborated by additional mediation analyses conducted individually on both the Arrows and the Squares tasks, which consistently demonstrate that the influence of age is not mediated by any other variables within this model (see Supplementary Materials). In contrast, in the French sample, we only found a weak effect of age in the Squares task.

Summary

Task performance is partly influenced by our measures of general cognitive ability. When considering the Arrows and Squares tasks, we find that the impact of general cognitive ability is very weak, but nevertheless present. This suggests that any absolute performance differences between the Himba and French populations should be approached cautiously, and that we should primarily focus on interaction effects. Encouragingly, in both the Arrows and Squares tasks, age has the most significant influence on performance, aligning with the lens brunescence hypothesis. Since the influence of age on performance in the tasks is direct (i.e. not mediated through general cognitive ability measures), we hypothesize that the effect of age may reflect genuine differences in color perception. Additionally, since color naming patterns might influence performance in color discrimination tasks, we should consider controlling for this effect when investigating the lens brunescence hypothesis.

Investigating the lens-brunescence hypothesis

We focused on the results of the Arrows and the Squares tasks, given that they were the least influenced by numerical ability in the Himba sample. The reader can refer to Table 2 for a summary of the models used in this analysis.

Part 2

Image generated by MidJourney AI using the following prompt: "individual differences in network affect language"

ABSTRACT

Variations in language abilities, use, and production style are ubiquitous within any given population. While research on language evolution has traditionally overlooked the potential impact of such individual differences, these can have an important impact on the trajectory of language evolution and ongoing change. 

ABSTRACT

Treating the speech communities as homogeneous entities is not an accurate representation of reality, as it misses some of the complexities of linguistic interactions. Inter-individual variation and multiple types of biases are ubiquitous in speech communities, regardless of their size. This variation is often neglected due to the assumption that "majority rules," and that the emerging language of the community will override any such biases by forcing the individuals to overcome their own biases, or risk having their use of language being treated as "idiosyncratic" or outright "pathological." In this paper, we use computer simulations of Bayesian linguistic agents embedded in communicative networks