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Abstract

Although often studied from a universalist perspective, colour terminology shows cross-linguistic
variation. Several causes have been put forward for these differences, including environmental

and cultural factors. The current study aims to further investigate the contribution of physiology
to colour naming by assessing the relation between colour blindness and colour terminology and
the possible mechanisms underlying such a relation. We collated a database of worldwide colour
blindness incidence, UV-B irradiance and linguistic information in order to replicate a previous

geographicalreview demonstrating that Daltonism (red-green colour blindness) was related to latitude and that a distinction between the terms for 'green' and 'blue' was correlated with Daltonism
incidence (Brown and Lindsey, 2004). We extended previous work by performing regression analyses and a mediation analysis assessing the contribution of UV-B irradiance to colour vocabulary.
We found that previous results stood up in a different, partly overlapping database using different
statistical models and that UV-B plays a significant role in the relation between geographicallocation and colour blindness. Together, the studies suggest human physiology as a likely contributor
to colour vocabulary.
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Introduction

One of the most well-studied aspects of semantics is the the question whether meaning arises

indepently of the words we use or because of them. What is the origin of meaning and how is it
reflected in linguistic categories? How is the link between words and their meaning established?
A view that used to be pervasive in the domain of cognitive science but is not commonly held
anymore is that linguistic categories are universal (Brown and Lenneberg, 1954). According to this
view, the terms we use to describe the world are a reflection of universal language-independent
categories (but see Malt and Majid (2013) for a discussion on this topic) and category boundaries
are assumed to reflect universal categories that are 'inherent' because they are innate, present in

the environment or present in our perceptual input. This view is particularly salient in the case
of the categorisation of parts of the body, in which it seems almost natural to assume that these
categories are determined by the visual boundaries provided by the joints (e. g. Lakoff, 1987).
Despite these observations, we know that languagesvary considerably with respect to the way
they categorise the perceptual spectrum: for example, the language for smell differs greatly between
some groups of languages (Majid and Levinson, 2011). Research into what underlies variation in
semantic domains has focused mostly on the visual modality and has involved linguistic categories

in action verbs (Hauk et al., 2004; Willems et al., 2010), categorisation of body parts (Majid, 2010)
and spatial terminology (Pederson et al., 1998). Possible explanations for variability include the
use of visual boundaries as cues for linguistic division of the human body and nonlinguistic spatial

conceptualisationfor spatial vocabulary. Whatever the cause for the observed variation, it is clear
that there is no single underlying factor, innate or perceptual, that can explain the patterns we see

across languages. As such, the idea that languages are somehow formed on the basis of a single
universal blueprint can be considered unlikely (Evans and Levinson, 2009). Indeed, cross-linguistic
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inventarisation shows there are many ways to divide up each semantic domain, making the idea

that semantic structure is only shaped by universal categories unfeasible (Malt and Majid, 2013)
Other factors must also have an effect on the establishment of semantic structure.

The colour domain is one of the particular areas in which research into meaning and categorisation has focused. Colour terminology is well-suited for the study of semantics because of the many
different putative contributors and the considerable variation across languages. Different suggestions have been made as to what underlies the commonalities and differences in colour vocabulary.

Perhaps they arise because of the structure of our innate capacity for viewing colour although the
observed variation doesn't point to such a universal human trait as a likely cause. Alternatively,
the different surroundings that each population is subjected to during their members' lifetime or
differences in genetic makeup might contribute to colour naming.
The variation in colour terminology within languages across the world can be measured by the
number of colour terms but is also reflected in the way they divide up the colour spectrum. Some
languages pattern like English, Dutch and German which contain eleven basic colour terms and have
category boundaries at similar locations. Others divide up the colour spectrum in a different way:
the Berinmo language for example uses three seperate terms for 'dark', 'light' and 'red' (DavidofF

et al., 1999). Data from the World Atlas of Language Structures (Dryer and Haspelmath, 2013)
show that from the total of 119 languages documented, 46 make use of less than 6 colour terms

(Kay and Maffi, 2013). The reason for this variation has been investigated thoroughly over the
past decades and has resulted in the emergence of several notable ideas. Because what is available

in the perceptual input affects the development of a particular perceptual skill (Goldstone, 1998),
it is likely that both the sociocultural environment and our physical surroundings play a role and
a corresponding explanation has been put forward: societies that at some point developed dyeing

techniques would have had a greater need of additional colour terms (Berlin and Kay, 1991).
In their work on colour naming across the world, Berlin and Kay (1991) divided the world s

languages into six distinct stages according to the number of basic colour terms they possess. This
inventarisation showed that blue and green do not always fall into different semantic categories.

In light of the previously proposed explanations for variation it is relevant to review whether the
presence of such a distinction as a reflection of linguistic variability can be used to assess the
contribution of perceptual, genetic or environmental factors. One might speculate that since both
blue and green are among the most prominent colours in our natural environment the use of their
corresponding names is less likely to be under influence of technical advancements and might not
be as susceptible to sociocultural factors as the use of other terms.

The cross-linguistic variation in colour vocabulary has been widely investigated and several
causes have been proposed which can be divided up into sociocultural aspects (e. g. Ember, 1978,
environmental effectson physiology (e. g. Lindseyand Brown, 2002) and geneticfactors (e.g. Jameson and Komarova, 2009a,b). All ofthese factors would initiate variation in the system by altering
the perceptual input: either by adding colours, thereby necessitating additional vocabulary, or by
decreasingthe distinctionsthat canbe made, therebyalteringthe shapeofthe colour namingspace.
But additional, more cognitively oriented claims regarding colour vocabulary have also been made.

Forexample, Regieret al. (2009) demonstratedthat a singlemodelbasedon the shapeofthe colour
space and the position of focal colours therein, could be in concordance with both universal and
variable patterns in colour naming across the world, although their explanation does not account
for the variation in some languages like Waorani and Karaja. The presence of a distinction between
'blue' and 'green' can be studied as a representative of the variation found in colour terminology
in general.

Because it is clear that colour vocabulary does not contain a predetermined or innate set
of terms, it has been suggested that the observed worldwide variation corresponds to cultural
factors. The introduction of dyeing techniques and the hypothetical resulting effect on colour
inventory might account for the worldwide patterning we see with respect to colour naming systems
(Berlin and Kay, 1991). This suggestion was not tested directly and was therefore not corroborated
with statistical evidence but Ember (1978) did demonstrate that the size of the colour lexicon is
affected by cultural complexity, though only in populations with lighter eye pigmentation. Cultural
complexity apparently plays a role in the structure of the colour system. That it is not the only
factor to be considered is reflected in Ember's conclusion that both cultural and biological factors
should be taken into account when studying the structure of the colour vocabulary.
A clue as to which biological environmental factors culture might interact with is provided by
Ember's demonstration that eye colour predicts the number of colour terms in interaction with
societal complexity. This does not necessarily mean that there is a direct causal role for iris colour
in either colour naming or colour perception, but it has been demonstrated that iris colour is related

to macular pigment optical density ('the yellow spot') (Hammond et al., 1996). The physiological
structure of the eye itself thus seems to bear a relation to colour vocabulary. More recently, it
has indeed been demonstrated that acquired lens brunenscence, a discoloration of the lens under
influence of exposure to UV-B radiation, affects the way colours in the short wavelength part of the

spectrum are perceived (Lindsey and Brown, 2002). It is also possible that the damage that UV-B
irradiance causes to the short-wave sensitive cones plays a role. All of this can result in tritanopic
vision, which is characterised by the inability to distinguish colours in the green-blue-yellow range:
green and blue in particular are perceived as a similar hue and yellow is not distinctly perceivable.
This aberant perception and its putative effect on colour naming could affect the way colours are

named in society as a whole. Lindsey and Brown (2002) investigated the possibility that exposure
to UV-B could affect colour perception and influence the way languages are shaped with respect to
colour terminology. It turned out that whenviewingcolours through a brunescent lens, participants
named them as though there was no visible distinction between green and blue.

The effect of sunlight exposure on colour perception has further been demonstrated in a study
by Laeng et al. (2007), who investigated colour vision deficiencies using the Farnsworth Munsell
100-Hue Test, one of the few tests sensitive to tritan defects, and showed that latitude of birth
had an effect on the ability to perceive differences in the yellow-green-blue range of the spectrum.

Although the direction of this effect was opposite to that proposed by the tritanopia hypothesis, it
is an indication of the relation between sunlight exposure and colour vision.
While the results so far have demonstrated that the relationship between size of the colour

lexicon and particular types of defective colour vision holds for acquired defects caused by UVB irradiance, the possibilities of such an effect might not be limited to those. A different line of
researchhaspursuedinvestigationsinto the possibilityofa relationbetweengenetically determined
colour blindness and colour naming both at the individual and population level (Bonnardel et al.,
2006; Jameson and Komarova, 2009a, b; Komarova et al., 2007).
Hereditary colour blindness, although in lay terms often summarised under a single name,

is actually an umbrella term for different defects with a range of effects on perception. Human
colour perception is due to three types of cone cells on the retina that are sensitive to different
wavelengths. They are coded for by two genes on chromosome 7 and one on the X chromosome. The

genescodingfor longandmidwavesensitiveconeshaveemergedfrom a singlesequenceofDNAthat
hasdiverged to form two different genes. This evolutionary path is still evidenced by the relatively
small difference in spectral sensitivity between red and green sensitive opsins (the molecules in the

retina affected by incoming light). Their proximity on the genome further means that these genes
are susceptible to unequal recombination. Combined with the fact that they are situated on the
X chromosome this significantly increases the likelihood of red-green colour blindness as opposed
to colour vision deficits in the blue-yellow end of the spectrum (Deeb, 2005). Mutations in these
genes result either in dichromacy (absence of one type of cones) or monochromacy (absence of two
types of cones) while people suffering from achromatopsia lack retinal cones altogether. Within
these basic types of colour blindness one can distinguish between complete absence of a particular
type of cones or their reduced expression in the retina on the one hand - deuteranopia, protanopia
and tritanopia - and a change in spectral sensitivity in either of the cones, resulting in anomalous
colour vision, on the other hand. Studies on variation in human colour vision demonstrate that

even between individuals with normal colour vision, there is variation in spectral sensitivity of
the retinal cones (Deeb, 2006). Anopic colour vision deficits result in an inability to distinguish
particular shades: red, orange and green in case of protanopia and deuteranopia; blue, green and
yellow in case of tritanopia. The effect of aberrant colour vision is most evident in colour sorting
tasks (Bonnardel et al., 2006).
The precise effects of colour vision abnormalities on language are difficult to examine experimentally: animal models are not suited for obvious reasons and tracing the mechanisms in humans
would require either unethical manipulation or the collection of detailed longitudinal data. However, the issue has been investigated within the domain of computational modeling and in silica
experiments have shown that the presence of agents with aberrant colour vision affects the colour
system used by a population of agents as a whole, even when they appear in 'low, real-world-like

numbers' (Jameson and Komarova, 2009a). The theoretical mechanism by which this effect comes
about is that a change in colour discrimination abilities in colour blind agents affects their optimal

partitioning of the colour space. The resulting change in categories within individual agents in turn
would affect the optimal partitioning for a population as a whole, introducing divergent categories
depending on the number of aberrant agents.
Although both correlational and m silica studies thus demonstrate a possible effect of colour
vision deficitson colour vocabulary it is also knownthat in spite of colour vision deficits, even colour

blind people canuse colour terms adequatelyin day-to-daycommunication (Bonnardel et al., 2006;
Cohen and Matthen, 2010; Cole et al., 2006; Shepard and Cooper, 1992) by making use of contextual
information or brightness cues provided by the rods (M. ontag and Boynton, 1987; Paramei et al.,

1998) or a residual cone mechanism (Nagy and Boynton, 1979). However, since it has not been
investigated whether colour vision deficient people will also opt to use the colour terms which lie
in their defective rangeduring natural communication, this does not mitigate the possible effect of
colour vision deficiencies.

Interestingly, Neitz et al. (2002) demonstrated the plasticity of the neural substrate of colour
vision by letting subjects wear colour filters and determining their effect on colour perception
during and after the experiment. They showed that the perceptual system actively uses input
from the environment to adjust the weights of the chromatic channels. Human susceptibility
to environmental input thus might provide a mechanism by which colour terminology could be
influenced by environmental factors: people in the same environment will share a similar colour
perceptual system, which in turn could affect their common colour vocabulary.
Another way in which colour vocabulary can become established under the influence of colour
blind individuals is suggested by Lindsey and Brown (2002): if a small part of a population is
unable to make a distinction between particular colours, communication about these colours would
be affected in any conversation involving two colour blind people. The effect of even a small
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number of them would be greater in conversations involving three or more individuals. This way,
an overarching colour category such as 'grue' could become the preferred term for a population,
even though some members are able to distinguish between two categories.
An additional line of research has contributed to this issue, tying together the influence of
genetics and environment. Brown and Lindsey (2004) investigated the possibility that acquired
colour blindness is evolutionarily linked to hereditary colour blindness and that it facilitates colour
vocabulary variation. They furthermore hypothesised a specificdirection of the correlation between
geographical location and colour terminology: because of the increased exposure to UV-B light,
populations around the equator suffer more from damage to short-wavelength-sensitive cones and
lens brunescence. They suggested that this in turn might mean that for these populations, good
colour perception and discrimination in the red-green area of the spectrum are more important
for survival than for populations further removed from the equator. Thus, there would be more
selection pressure against colour blindness in the mid- and long-wave end of the spectrum resulting
in a lower prevalence of red-green colour blindness for these populations. Based on a survey of
Daltonism and dictionary data for a set of 118 languages they concluded that both genetics and
the physical environment are related to linguistic expression of colours.

The question we aim to answerin the current study is whether the observed correlation between
Daltonism and the presence of a distinction in the blue-green range will hold in a replication and
whether the model proposed by Brown and Lindsey (2004) stands up under additional analyses.
Replicating previous investigations provides an opportunity to establish corroborating evidence,
and strengthen existing theories by demonstrating their validity on different data sets. Importantly, the analyses performed in Brown and Lindsey (2004) have several limitations, including
collinearity between two of the variables under investigation. The current study addresses this
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issue by performing different regression analyses. If - as expected based on the corroborating evidence from linguistics and computational modeling - the effects remain, it is possible to review
the mechanisms that could underlie them. In particular, we further test the model put forward by

Brown and Lindsey (2004) claiming that the effect of latitude on colour blindness is mediated by
UV-B irradiance. If the model withstands more stringent analyses, this provides strong corroborative evidence. In case of the current topic, we can further expand the implications toward the

larger debate on the cultural and innate effects on language. Moreover, the mechanisms at play in
the colour domain may shed light on those involved in different semantic domains and can have
implications for the nature and time scale of language evolution in general: what are the factors
involved and how quickly can they lead to language change?

The current study thus aims to investigate whether the effects found by Brown and Lindsey
(2004) hold in a larger, partly overlapping sample. It also attempts to discern whether the assumptions made with respect to causality in the original study are valid. If so, the aim is to review
whether the conclusions the authors draw are also in accordance with other theories regarding the

causal mechanisms underlying colour terminology across the world.
We hypothesize that if indeed the findings of Brown and Lindsey (2004) are a true representation
of the real world situation and their model is correct, the effects found will stand up in a replication

on a different and larger sample. Indeed, we hypothesize that the effects will remain visible in a
combination of replications of correlational analyses and linear modeling as well as additional regression analyses. We further hypothesize that if the model proposed by Brown and Lindsey (2004)
is correct, a mediation analysis will demonstrate that the contribution of geographical location to
colour blindness is due to UV-B irradiance.
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2
2. 1

Method
Materials

In order to assess a possible relation between worldwide colour blindness incidence and colour
terminology, a database was compiled containing information on colour blindness incidence with

corresponding geographic location and linguistic properties for a set of 154 languages. After the
discovery that a similar database existed (Brown and Lindsey, 2004) and had been used for an
analysis assessing the relation between Daltonism and the presence of a term for 'blue' across

languages, we were generously granted access to Brown and Lindsey (2004)'s database. It was
therefore possibleto replicate this geographicalinvestigationand comparethe results of our analyses
to the previous study. It is important to note that the databases were similar but they were not
exact copies. Firstly, our dataset contained more languages (154 compared to 118). Although it
may look like this would yield an extension of the prior research, our database was not a superset
of the earlier database. In fact, in some cases where the same source was used, different incidence
percentages were chosen as more informative or our judgement differed from the authors' with

respect to linguistic or ethnologicclassification, resulting in slight differencesbetweenthe databases.
We used UV-B data from the same year as the original database.

2. 1. 1

Data on colour blindness

The first step of data acquisition involved collecting the incidence of colour vision defects in male
population across the world. These data were obtained from 85 different references, which were
mostly general reports of anthropological expeditions in which colour blindness was assessed as

part of a battery of tests, reports geared towards assessing colour blindness in a particular pop-
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ulation, for example in medical students or school children and reports geared towards assessing
the incidence of colour blindness in specific ethnic groups. We selected sources that had made

use of any of the following standardized tests for colour blindness: the Ishihara test (Ishihara,
1917), the anomaloscope (Knoll, 1968), the Holmgren-Thomson wool test (Thomson, 1880) and
the Hardy-Rand-Rittlerpseudoisochromaticplate test (Hardy et al., 1954).
Where the original sources permitted, data on incidence of colour blindness were initially
recorded in different variables: protanopia, protanomaly, deuteranopia and deuteranomaly inci-

dence or the overarching categories deuterodefectivity and proterodefectivity incidence if no distinction wasmadebetweenanopicand anomalousindividuals. Additionalcategoriesweretritanopic
and 'unclassified'. Tritanopia is not detectable by the use oflshihara test plates - the most common

type of test - and was reported in 5 cases. Because replication required data on incidence of Daltonism (deuteranomaly or deuteranopia) in particular, the different color blindness categorieswere
subsequently receded into a single variable as follows: if Daltonism or deuteranopia and deuteranomaly incidence was available, this was recorded as the Daltonism variable. If it was not, but
tritanopia incidence was disposable, Daltonism was calculated as the difference between overall
incidence and tritanopia incidence. If only overall prevalence of color blindness was available, this
was included as Daltonism in the database. This classification is warranted as most of the sources

made use of tests specifically geared towards assessing red-green color blindness and so the overall
incidence likely reflects Daltonism incidence.

We excluded all colour blindness prevalence data based on samples smaller than n = 50 and all
data for which no subdivision between male and female incidence was made. The complete list of
references can be found in Appendix B.
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2. 1. 2

Geographic data

Geographic data consisted of the country and region of origin of the populations studied in the pri-

mary sources as well as the corresponding geographiccoordinates (latitude and longitude). Where
possible these data were acquired from the original source. If no detailed geographical data were
available, an informed estimate was made based on available ethnic and/or linguistic information.
Geographic coordinates were obtained via Google Maps (GoogleMaps, 2014)

2. 1. 3

Linguistic data

Information on the language spoken by the population under investigation was obtained from the
original source. If no detailed linguistic information was available, an informed decision was made
based on available geographical and ethnic cues in the original source combined with language maps

from Ethnologue (Lewis et al., 2014). For each entry in the database, the corresponding native
language (LI) and its ISO 639-3 three letter language identifier, obtained from Ethnologue, were

added. If applicable, a second language (L2) was also included.
In an extension of the database, each language was recorded in a seperate entry, which included

name, ISO code, all colour terms for the basic colour catagories (Berlin and Kay, 1991) and a
variable indicating whether the language had a seperate term for 'blue'. In order to collect the
colour terms per language, dictionary data for each language were obtained from written or online

dictionaries, online word lists and the Brown and Lindsey (2004) database. In case no such list or
dictionary was available, dictionary data from the second language or a closely related language
were used. In two cases, data from a protolanguage were used. The linguistic resources can be
found in Appendix A.
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2. 1. 4

UV-B irradiance

Using the geographic coordinates corresponding to each population in our primary database, we
obtained data on UV-B irradiance and sunlight incidence from NASA (NASA, 2012). For each

entry in the database, average monthly UV-B irradiance over the year 1998 corresponding to the
geographical location was calculated from the raw NASA data.

2. 2

Design

The database collated genetic, demographic and linguistic data for 210 linguistic groups corre-

spending to 268 ethnic groups and 242 geographical groups from 77 countries. From this database,
154 languages were studied. The variables under investigation in this study were Latitude, UVB irradiance, Daltonism incidence and Presence of a term for 'blue'. All of the variables except
Presence of a term for 'blue', which was dichotomous, took on numeric values.

2. 3

Procedure

To ensure that a replication on the database would yield valid conclusions, all analyses were performed on two sets of data: a subset of the current database containing data from the same sources

as the original database (Subset database), and our entire database (Full database). The first
ensured that the methods used for analysis were similar to the original and that the results could

be reproduced on a different database. The final replication served to investigate whether the resuits and conclusions would also hold for a larger set of data. One of the limitations of both the
current study and the one by Brown and Lindsey (2004) is that the distribution of languages in
the database is uneven with respect to geographical location and possibly in relation to language
family. This means that any effect could partly be the result of this distribution rather than of
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a correlation. Performing additional regression analyses as well as a mediation analysis on both
databases goes one step in the direction of eliminating such limitations.

2. 4

Data analysis

All the statistical analyses were performed using R (R Core Team, 2014). In order to test the
hypothesis put forward by Brown and Lindsey (2004), namely that the colour term system of a
language is affected by latitude through UV-B irradiance, we replicated all the statistical analyses
from the original article. First, we analysed the correlations between the all of the relevant variables:

Daltonism, Cosine of latitude, Presence of a term for 'blue' and UV-B irradiance. The cosine of
latitude was used as a measure of distance to the equator, rather than latitude itself. Secondly,

two linear multiple-regression analyses were performed with Daltonism as dependent variable and
Cosine of latitude (model 1) or UV-B irradiance (model 2) and Presence of a term for 'blue' as
factors. We also performed a logistic regression predicting Presence of a term for 'blue' from
Daltonism and either Cosine of latitude (model 1) or UV-B irradiance (model 2).
We expanded on previous work by carrying out a mediation analysis that served to investigate
whether UV-B irradiance could be considered as a mediating factor in the relation between latitude
and Daltonism, and how much of an effect was due to UV-B.

3

Results

In correspondence with the previous investigations we found that Daltonism prevalence and the
cosine of Latitude were significantly correlated, both in the Subset database (r = -. 36, p == . 0002)

and the Full database (r = -.41, p = 1 x 10-7). Moreover, Daltonism was significantly correlated
with UV-B irradiancein both the Subset (r = -.42, p = 2 x 10-5) and the Full dataset (r = -.46,
16

p = 2 x 10-9), as was expected based on the similarly strong correlations we found between UV-B
and cosine of latitude (r = .97, p = 2 x 10-16 on both databases).
To facilitate comparisons, the results from the correlation analyses per dataset are included in
Table 1. The table demonstrates that the effects found in the Subset database are significant and

correspondin magnitudeto the effectsfoundby BrownandLindsey(2004), indicatingthat our data
are similar enough to warrant further analyses. Moreover, the effects found in the Full database are
very similar to the ones in both the Brown and Lindsey (2004) and the Subset database - in some
cases even stronger - indicating that both the methods used and distribution of the Full database
are solid. Table 1 further includes point-biserial correlations that demonstrate that the direction
of the relation between 'blue' and the other variables is as expected based on the evolutionary

hypothesis: 'blue' is more prevalent where UV-B is lower, where Daltonism is higher and at higher
latitudes.

[insert Table 1 about here]
The relation between latitude, UV-B and Daltonism prevalence is further illustrated in Figures
1 and 2. Figure 3 summarises the relation between latitude and UV-B insolation, separated into

languageswith a term for 'blue' andthosewithout. The relationshipis approximatedby a binomial
and shows that languages without a term for 'blue' are more common around the equator. As it
has been demonstrated that the effects found by Brown and Lindsey (2004) can be reproduced on
the Rill database, all of the figures included are based on that dataset.

[insert Figure 1; 2; 3 about here]
The linear multiple regression analysis for the Full database concerned all four variables under investigation (Daltonism, UV-B, Cosine of latitude and Presence of a term for 'blue'). It
17

demonstrated that in a model predicting Daltonism prevalence from the factors of UV-B, Cosine
of latitude and Presence of a term for 'blue', only UV-B (t = -2.48, p = .015) and 'blue' {t = 2. 60,
p = . 010) were significant predictors, while Cosine of latitude was not (t = 1. 27, p = . 21). In the
smaller database, only 'blue' approached significance (t = 1. 92, p = . 058) but not UV-B (t = -1. 69,
p = .09) or Cosine of latitude (f = 0.94, p = .35). A logistic regression revealed that on the integral database the presence of a term for 'blue' can be predicted by the factors UV-B (z = -2. 51,

p = .012) and Daltonism (z = 3.36, p = .0008) but not by the cosine of latitude [p = . 12) while on
the smaller database all factors proved to be significant contributors (Cosine of latitude: z = 2. 62,
p = . 009; UV-B: z = -3. 16, p = . 002; Daltonism: z = 3. 03, p = . 002).
However, because two of the variables - UV-B irradiance and Cosine of latitude - in the analysis
were highly correlated, multicollinearity may have affected the estimation of the coefficients of
the predictors in the regression analyses. We therefore repeated the logistic and linear regression
analyses by creating two separate models that included either UV-B or latitude as a predictor.

The results show that both the Cosine of latitude (t = -3.85, p == .0002) and UV-B (( = -4.45,

p = 2 x 10-5) are significant predictors of Daltonism in a model including Presence of a term for
'blue' {t = 3. 384, p= 0. 0009 in the Latitude model; t = 2. 834, p = . 005 in the UV-B model) as
the only other factor. An analysis of variance of the two models demonstrated that only the model

with UV-B irradiance as a predictor performed significantly better than the Brown and Lindsey
(2004) study in predicting Daltonism incidence (p = 0. 014 vs. p = . 21) indicating that UV-B plays
a stronger role in predicting Daltonism.

For the logistic regression model, the cosine of Latitude remained a significant predictor of
Presence of a term for 'blue' in the absence of UV-B (z = -2. 87, p = . 004) together with Daltonism
(z = 3. 67, p = .0002). On the other hand, UV-B was a significant predictor of 'blue' in a model
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including only UV-B {z = -3. 45, p = . 0006) and Daltonism (2 =- 3. 36, p = . 0008). A likelihood
ratio test comparing both of the smaller models to the earlier ones revealed that only the model
including cosine of Latitude performed significantly better than the original in predicting 'blue'
[p = . 009). These results indicate that Latitude is a stronger predictor for 'blue' than UV-B.
However, since these two variables are also significantly correlated, this is likely to be a matter of
degree.

The effects of latitude on Daltonism and 'blue' can be graphically compared in the following

figures. Figure 4 is a density plot showing that for languages without a term for 'blue', the prevalence of Daltonism is concentrated at lower numbers than for languages with a seperate term for

'blue'. The proportion of groups with a seperate term for 'blue', with a Daltonism prevalence over
.

032 (the median) and over .035 (the prevalence at which the number oflanguages with a term for

'blue' is equal to that without) is shown as a function of latitude (Figure 5) and UV-B dose (Figure
6). The final two figures demonstrate high correspondence in magnitude and shape of the influence
of both latitude on Daltonism and 'blue' (Figure 5) and UV-B on Daltonism and 'blue' (Figure 6),
indicating Daltonism and Presence of a term for 'blue' are similarly distributed.
[insert Figure 4; 5; 6 about here]
The model that Brown and Lindsey (2004) advocated and which ties together the variables under

investigation posits that latitude and Daltonism are correlated and causally related through UV-B
irradiance: locations at lower latitudes receive higher doses of UV-B, resulting in increased damage
to the retina, in particular in the short wavelength end of the colour spectrum. The resulting higher
incidence of acquired tritanopia puts selective pressure on the population, hypothetically resulting

in lower prevalence of Daltonism. The significant correlations between each of the variables as
19

well as the significant effect of latitude in the linear regression demonstrated that they are indeed
linked. However, by performing a mediation analysis it is also possible to assess whether latitude
contributes significantly to the prevalence of Daltonism through its link with UV-B irradiance or

whether other - unmeasured - variables are at play (MacKinnon et al., 2007). Using this method
it is also possible to assess the proportion of the effect that is mediated by UV-B. We performed

such an analysis using the nonparametric bootstrapping method (Tingley et al., 2013) based on
1000 simulations. As expected due to the strong correlation between the cosine of latitude and
UV-B, most of the effect of cosine of latitude on Daltonism was in fact mediated by UV-B: the
average causal mediation effect was significantly different from zero (ACME = -17. 42, p < . 001,

95%, CI [-34. 13,-5.44]) while the average direct effect was not {ADE = 9.40, p = . 18, 95%,
CI [-2. 58, 24. 58]). Moreover, it becomes evident that the mediated effect is opposite in sign to
the direct effect, a type of mediation known as inconsistent mediation (MacKinnon et al., 2007).
In this case the mediator acts as a suppressor variable. Because of the inconsistent mediation, the

proportion of the effect that is mediated - 2. 17 - was larger than one. Mediation analyses can also
be performed using the Sobel test (Wang., 2014). Although this test also reveals that the ACME

was significantly different from zero {z = -3. 36, p = 7.86 x 10-4) the bootstrapping method is less
conservative and therefore more powerful (MacKinnon et al., 1995).

The mediation analysis demonstrates two things: firstly, the directions of both the ADE and
ACME are as expected based on results from the correlational and regression analyses. Secondly,
the sizes of the ACME and ADE show that the effect of latitude on Daltonism is likely to be
mediated by UV-B.
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4

Discussion

The goal of the current study was to replicate prior research by Brown and Lindsey (2004) regarding the relation between Daltonism and colour terminology in a cross-linguistic study. They
had demonstrated a correlation for Daltonism and the presence of a distinction between terms for

'green' and 'blue' across languages. Moreover, they had shown that the variables in the model
whichthey assume to underlie such a correlation - latitude and UV-B irradiance- were correlated
with Daltonism and 'blue' in their own right, thus demonstrating that their evolutionary model is
in concordance with real world data.

Weshowedthat the correlations found in the original study stood up in a replication on a larger,

partly overlappingdatabase. The effects weresimilarin size and in most casesthe correspondingpvalues were lower. Moreover, our mediation analysis showedthat the effect of latitude on Daltonism
is indeed largely mediated by UV-B irradiance. As the influence of UV-B on the macula and lens

had previously been shown to affect both colour vision and naming (Lindsey and Brown, 2002),
this points towards the role of a link between tritanopia and colour vocabulary in the relation
between Daltonism and 'blue'. While a direct relation between tritanopia and Daltonism, UV-B and

colour naming is difficult to demonstrate due to the lack of data on tritanopia incidence, the strong
correlation between UV-B and Daltonism together with the mechanisms that are known to underlie
the relation between UV-B irradiance and colour vision defects suggests that the mechanism of

selection pressure proposed by Lindsey and Brown is a likely explanation.
Colour vocabulary is thus demonstrated not only to be influenced by environmental and cultural
factors, but also by human physiology. As the influence of the yellow-blue perceptual system stands
in relation to the genetic profile of a population and has been demonstrated to be influenced by
environmental, biological input, interlanguage variability in semantics could be explained not just
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by cultural (Ember, 1978) or physiological (e.g. Jameson and Komarova, 2009b) differences, but
also by innate properties. That such a mechanism is demonstrated to be a possible contributor
here means that the makeup of the human perceptual system could play a role in the structure
of language, a claim that has been the center of a long-standing debate on the role of the human
cognitive makeup in semantic categories (e. g. Brown and Lenneberg, 1954; JackendofF, 1983; Majid,

2014).
There are three different ways in which UV-B affects colour vision: lens brunescence, macula

discolouration and destruction of short-wave-sensitive cones (Lindsey and Brown, 2002). Between
them, these acquired effects have been demonstrated to affect colour perception in the short-wave
end of the spectrum. Exactly which of these effects plays a role in the current relationship is
of limited importance: the resulting colour vision deficiencies each correspond to a tritan defect,
resulting in confusion pairs in the blue-yellow region. More important is the way in which the effect
of UV-B corresponds to the genetic profile of a population. A large part of the literature on the
relationship between colour blindness and colour vocabulary notably focuses on the direct putative
effects of hereditary colour vision deficiencies.
Computational studies have demonstrated that presence of colour deficient agents in a population can cause shifts in colour vocabulary. Just as red-green colour blind individuals could affect
the language of a population, yellow-blue colour blinds might influence the colour vocabulary. It
has previously been demonstrated that such a change in vocabulary is the case in practice (Lindsey
and Brown, 2002), and the current study provides corroborating evidence.
The mediation analysis performed as part of this study is valid on the assumption of a causal
relationship between latitude and Daltonism. While causality cannot be demonstrated based on the
correlation analysis alone, both the results of the regression analysis and the theoretical underpin-
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nings suggestthat the direction ofthe effect is as proposed here. An alternative explanationfor the
link between Daltonism and latitude would be that life at higher latitudes is easier for populations

with high Daltonism incidence because of the reduced chance of acquiringtritanopic defects. This
would not oppose the mechanism of selective pressure that Lindsey and Brown propose. Another

alternative explanationofthe datawould be that as tritan defectscan be causedby highermacular
density, and this is shown to be related to eye colour (i. e. pigmentation of the iris), the effect of
latitude is mediated through genetically determined dose of melanin in the eye rather than through
the effects of UV-B irradiance. However, the mediation analysis demonstrated that most of the
effect of latitude on Daltonism was mediated by the factor of UV-B irradiance.

Most computational studies investigating the relation between colour blindness and colour vocabularyhavefocused on a direct effect of Daltonism- the most common type of colour blindness on language. Currrent theories propose that a few colour aberrant agents modify both the number
ofcategories and the location of category boundariesin other agents through conversation, despite
the fact that red and green lie on opposite sides of the confusion circle. While the results that have
been obtained in Daltonism research are not at odds with our findings and may provide a general
mechanism by which colour categories could become established in language, the hypothesis in

Brown and Lindsey (2004) is particular about the cause and the direction of the effect. One to one
comparison of the results is therefore not feasible. Moreover, our current databaseis not sufficient
to test the claims put forward in computational studies as it does not contain information on the
exact location of category boundaries. It would be possible to test for a correlation between Daltonism and number of categories, but as previous literature has made no precise claims regarding
vocabulary size this does not seem feasible. In conclusion, a direct effect of Daltonism on colour
terminology does not aid us in finding an explanation for the results found here in the blue-green
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range of the spectrum.

The study by Laeng et al. (2007) investigating the effect of UV-B exposure in arctic regions
demonstrated an effect of sunlight that is inverse to the relation shown here: they showed that
at higher latitudes, individuals were more confused as to the distinctions between green and blue.
This effect is the opposite of what is presupposed to underlie our correlation, but it should be noted
that it is not necessarily the result of (limited) exposure to UV-B during a lifetime that facilitates
the effect in the arctic, but rather the amount of natural versus artificial lighting that reaches the
eye during childhood.

A limitation of the current hypothesis is that it has not been conclusively demonstrated that
Daltonism is negatively selected in humans. However, McNeill (1972) put forward the close link
between the colours of ripe (red) and unripe (green) fruits that might make for an evolutionary
advantage. Indeed it has been demonstrated that trichromacy is advantageous for detecting fruit
in a background of leaves (Osorio and Vorobyev, 1996) and for detecting young red leaves in green
foliage (Dominy and Lucas, 2001), making the selection pressure hypothesis a likely scenario.
Although the correlation demonstrated was robust, both the original study and our replication
do not take into account genetic and linguistic relatedness. The fact that the results remained

on a larger and different set of languages suggests that they might not be a side effect of the
clustering of languages, but the effect could be modulated when controlling for relatedness. Further

extensions will control for this to ensure that the effect is generalisable taking these variables into
consideration. Furthermore, the current database of 154 languages can further be expanded to
include a more diverse or representative sample.
Additionally, while the results up to now indicate that the shape of the colour vocabulary

(i. e. number of colour terms and location of category boundaries) is caused by a combination of
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physiological, cultural andgenetic factors whichhaveindividually beendemonstrated to contribute,
their relative contribution as well as the timescale remains open. It would therefore be interesting

to see how the three interact, for example by collating a database including not just genetic and
physiological variables but also an indication of technical advancement as a cultural contributor.
By replicating the analyses on such an extended database, it would be possible to assess the amount
of variation in colour vocabulary that is explained by each of these three factors.

If defective perception can be shown to affect the structure of a semantic domain, individual
differences in human cognition in general might also affect language. For example, the variation
in the human perceptual system, which was shown in rare cases to be tetrachromatic, particularly

in women (Deeb, 2005), might lead to different colour categories in populations with more female
influence. In a similar fashion, the makeup of the healthy cognitive system might explain not the
differences but some of the more 'universal' properties of language - systematicities that we see in

larger groups of languages and that have evolved over time (Baronchelli et al., 2010). While this is
feasible, care should be taken not to confuse the effect of human genetics, physiology and culture
on existing categories with their role in the emergence of categories within a semantic domain.
Actual historical evolutionary data on colour terminology is sparse (Komarova et al., 2007) so

any conclusionswithrespect to timescale are drawnbasedon computationalmodels. However, it is
difficult to map what happens in a simulated population to the real world, particularly asthe rate of
change is heavily dependent on the chosen parameters and not all models include cross-generational
communication.

Here we have demonstrated that real world data are consistent with the hypothesis that the

presence of a seperate term for 'blue' is determined by UV-B irradiance and correlated with Daltonism incidence, showing these factors play a role in shaping the structure of colour vocabulary.
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This provides an indication that individual cognitive differences have an effect on cross-linguistic
variation in the colour domain.
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Figure 6: The proportion of linguistic groups using a term for 'blue', with Daltonism prevalence
higher than 0. 035 and with Daltonism prevalence over 0. 032 as a function of UV-B.
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