SCIENTIFIC REPLIRTS

_Evolution of facial color pattern
complexity in lemurs
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Interspecific variation in facial color patterns across New and Old World primates has been linked to

. species recognition and group size. Because group size has opposite effects on interspecific variation in
Accepted: 24 October 2017 . facial color patterns in these two radiations, a study of the third large primate radiation may shed light
Published online: 09 November 2017 : on convergences and divergences in this context. We therefore compiled published social and ecological

. data and analyzed facial photographs of 65 lemur species to categorize variation in hair length, hair and
skin coloration as well as color brightness. Phylogenetically controlled analyses revealed that group
size and the number of sympatric species did not influence the evolution of facial color complexity in
lemurs. Climatic factors, however, influenced facial color complexity, pigmentation and hair length
in a few facial regions. Hair length in two facial regions was also correlated with group size and may
facilitate individual recognition. Since phylogenetic signals were moderate to high for most models,
genetic drift may have also played a role in the evolution of facial color patterns of lemurs. In conclusion,
social factors seem to have played only a subordinate role in the evolution of facial color complexity in
lemurs, and, more generally, group size appears to have no systematic functional effect on facial color
complexity across all primates.
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Fur, skin and plumage coloration are highly diverse in animals'~* and can take on many functions, such as com-
munication*”, thermoregulation®*'°, or predation avoidance!'~!*. For example, plumage coloration in birds
can provide camouflage (e.g. in ruffed grouse, Bonasa umbellus)'>'¢ or information used in mate choice (e.g.
in cattle egrets, Bubulcus ibis ibis)"”. Chameleons use their coloration for background matching to avoid detec-
tion by predators (e.g. in dwarf chameleons, Bradypodion taeniabronchum)'®". In mammals, variation in pelage
coloration can also reduce detection by predators (e.g. in oldfield deer mice, Peromyscus polionotus)*, support
thermoregulation (e.g. the dark pelage of tropical bovids)?!, or serve as a signal in social communication (e.g.
the facial color pattern in New World monkeys)® and species recognition (e.g. the face patterns in guenons)?.
Accordingly, a combination of social and ecological selective pressures has driven the enormous variation in
animal coloration"?!2%%4,

Among mammals, primates exhibit remarkable variation in skin and pelage coloration®>*®, perhaps because
they exhibit more variation in ecology, activity period and social systems than the other three large orders
(rodents, bats and shrews), which together make up more than 70% of all mammals?’. Because of this variation,
in combination with the presence of trichromatic vision in the majority of species, primates are an excellent
group for elucidating factors influencing variation in coloration within and among species?>?. Previous studies
revealed that intra- or interspecific variation in facial hair or skin color as well as hair length in primates may have
evolved in response to social and ecological pressures®*?>*. Whereas intraspecific variation in facial coloration
has been suggested to play a role in social interactions because it contains information about an individual’s iden-
tity, status and condition®*?*-*, interspecific variation has been suggested to reflect social and ecological adapta-
tions. For example, in Neotropical primates, interspecific variation in facial color pattern was greater in species
living in smaller groups and explained by the possibility of greater reliance on facial expression in species living
in larger groups®. However, in Old World primates, the opposite patterns were found, with species living in larger
groups exhibiting more variation in facial color patterns®. Interspecific variation in facial color pattern as found
in New and Old World monkeys has also been linked to the need for reliable species recognition. Species living
with more sympatric congeners evolved indeed more complex facial color patterns than species living without or
with fewer sympatric congeners, possibly to reduce the risk of hybridization®**?,

Variation in facial hair length and color has also been linked to ecological factors. For example, both New and
Old World primates with longer facial hair occur more often in cooler areas, and those exhibiting darker facial
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areas tend to occur more often in denser forests rather than in more open habitats®®. Moreover, species occurring
closer towards the equator sport darker coloration in some regions of the face (crown and eye mask), lighter col-
oration in others (nose and mouth), and they have shorter facial hair®. Hence, facial color pattern complexity and
variation in Old World and New World primates exhibit some convergent patterns, but they also diverge from
each other in response to some social selective factors, but functional explanations for these associations are not
available as yet.

The adaptive radiation of primates endemic to Madagascar (Lemuriformes) provides an opportunity for an
independent test of these relationships because they evolved in isolation from other primates for more than 50
million years®. With currently more than 100 recognized species, lemurs are taxonomically diverse, they occupy
arange of different forest habitats from dry to humid forests*”*, and they exhibit all major forms of social organi-
zation found among anthropoid primates*+. They also exhibit variation in activity patterns, including nocturnal,
cathemeral and diurnal species*’. Only members of two lemur genera, the true lemurs (Eulemur) and some mouse
lemurs (Microcebus spp.), occur in sympatry with a maximum of one congeneric species per location, whereas
most of the other species live in sympatry with at least one species belonging to the same family*. Hybridization
risk is presumably higher for closely-related species from the same genus than for more distantly-related ones
belonging to the same family. Most importantly, lemurs exhibit spectacular diversity in pelage coloration, par-
ticularly, in facial color patterns across families and species (Fig. 1). Diurnal or cathemeral lemur species have
dichromatic vision, but some females exhibit polymorphic trichromacy, allowing them to perceive red and orange
colors®#2-#_ Although some nocturnal species lack dichromatic color vision*’, differences in the brightness or
contrasts of facial patches might be conspicuous for them. Thus, from the perception side, variation in color
patterns should be meaningful for lemurs, although this assumption remains to be demonstrated experimentally.

The aim of this study was to investigate factors shaping facial color and hair patterns in lemurs. Specifically,
because group size had opposite effects on interspecific variation in facial color patterns in the two radiations of
New and Old World monkeys®’, a study of the third large primate radiation may shed light on convergences and
divergences in this context. Based on the results of these previous studies, we predicted that variation in facial
color patterns in lemurs should be related to group size, and that variation in facial coloration should increase
with the number of sympatric species. Furthermore, facial hair should be longer in lemurs inhabiting colder
areas, and hair and skin coloration in different facial regions should be darker in species occurring in dense forest
habitats.

Results

Facial pattern complexity, sociality and species recognition. We conducted Phylogenetic
Generalized Least Square (PGLS) regressions to test for evolutionary relationships among diversity in facial color
patterns and social as well as ecological variables. PGLS also estimates phylogenetic signal (here Pagel’s lambda®®),
which is the tendency for closely related species to resemble each other more in a certain trait value due to their
phylogenetic proximity. Pagel’s lambda can range from zero to one. A lambda of zero indicates no phylogenetic
signal and that the trait evolved independent of phylogeny. A lambda of one means strong phylogenetic signal
and the trait evolved according to the phylogenetic tree*’. Facial color complexity was independent of the num-
ber of sympatric species at the family level and group size in all models, independent of whether temperature,
elevation range or rainfall were included as climate variables (Table S1). Rainfall was linked to facial color com-
plexity, with species living in areas with lower rainfall exhibiting higher average facial complexity (PGLS: = 0.7,
Estimate = —0.22, SE=0.09 and p = 0.015; N = 65; Fig. 2; Table S1). However, this relationship might be driven
by a few data points (from Lepilemur hubbardorum, L. leucopus, Microcebus griseorufus and M. berthae, which
occur in some of the driest habitats).

Facial regions: pigmentation, hair length and ecology. Crown. Hair color and hair length were
neither correlated with any of the climate variables, nor the number of sympatric species on the family level, nor
by group size (Table S2).

Forehead. Hair color and length were not correlated with temperature or elevation range, number of sympa-
tric species or group size (Table S3). However, rainfall was associated with hair color, with species occurring
in habitats with higher rainfall exhibiting on average a darker forehead (PGLS: =0, Estimate = 0.64, SE=0.29
and p=0.032, N=65; Fig. 3, Table S3). These effects were also driven by the same four species occurring in very
dry habitats.

Eyes. 'The pigmentation or hair color in the peri-ocular region co-varied with temperature (PGLS: =0.52,
Estimate = —1.57, SE=0.5 and p=0.003, N =65) and rainfall (PGLS: =0.48, Estimate =0.4, SE=0.16
and p=0.014, N =65), but not with elevation range, the number of sympatric species on the family level and
group size (Table S4). Species occurring in colder habitats with more rainfall exhibited darker coloration in
the area around the eyes (Fig. 4). Hair length varied independently of any of the analyzed predictor variables
(Table S4).

Face margins. Hair color and length were not associated with temperature, elevation range, or the number of
sympatric species (Table S5). However, rainfall correlated with hair color (PGLS: =0, Estimate =0.62, SE=0.27
and p =0.024, N = 65), but not length, with species occurring in habitats with higher rainfall exhibiting darker
face margins. Hair length was correlated with group size in all models, with species living in larger groups having
longer hair (Fig. 5, Table S5).
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Figure 1. Examples of facial color patterns diversity in lemurs. Presented are (left to right): nocturnal species
including Microcebus murinus, Cheirogaleus medius, Mirza coquereli, Avahi laniger, Lepilemur dorsalis,
Daubentonia madagascariensis, cathemeral species: Eulemur macaco, Hapalemur griseus, Varecia variegata,
Eulemur collaris, Eulemur coronatus, Eulemur rufifrons; diurnal species: Propithecus coquereli, Indri indri, Lemur
catta. (All photographs taken by M. Markolf).

Ears. Hair color was not associated with any climate variable, the number of sympatric species or group size
(Table S6). However, skin color varied with group size, with species living in larger groups having on average
darker skin (Table S6). Hair length correlated with temperature (PGLS: =0.75, Estimate = —0.88, SE=10.27
and p=0.002, N=65), elevation range (PGLS: = 0.79, Estimate = 0.19, SE=0.07 and p = 0.007, N = 65), rainfall
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Figure 2. The relationship between rainfall and facial color complexity in lemurs. Facial color complexity is
significantly lower in species inhabiting areas with higher rainfall.
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Figure 3. The relationship between rainfall and the color of the forehead. Species inhabiting areas with higher
rainfall have a significantly darker forehead.

(PGLS: =0.77, Estimate =0.19, SE =0.09 and p =0.049, N = 65) and group size (Table S6). Species living in
colder, higher and wetter habitats as well as those living in larger groups, had longer hair on the ears.

Skin color nose.  'The skin color of the nose did not co-vary with any of the predictor variables (Table S7).

Opverall, ecological variables were associated with some color variation in facial regions and hair length on
the ears in lemurs. In addition, the length of the hair of the face margins and ears co-varied with group size. All
models showed strong phylogenetic signal.

Discussion

This study investigated the influence of social and ecological variables on the diversity of facial color pattern in
lemurs. Facial color pattern complexity in lemurs could not be explained by social variables. Neither the number
of sympatric species nor group size influenced facial color pattern complexity. However, ecological variables
explained some of the variation: species living in habitats with less rainfall had more complex facial color pat-
terns. In addition, species living in habitats with more rainfall were darker around the eyes, had darker hair on the
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Figure 4. The relationship between temperature and hair color around the eyes. Species inhabiting cooler areas
have significantly darker periocular hair.
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Figure 5. The relationship between lemur group size and hair length in the face margins. Species living in larger
groups have longer hair in the face margins.

forehead and in the face margins. Similar, species occurring in colder, wetter and higher habitats had longer hair
in the face margins and on the ears and lived in larger groups. We also found a moderate to high phylogenetic sig-
nal for most models, suggesting an impact of phylogeny on the evolution of facial color patterns in lemurs. Below,
we first discuss overall color pattern complexity before focusing on the different facial regions.

Facial color pattern complexity. Since heterospecific mating is costly, species recognition may serve as
a premating isolation mechanism to avoid costly hybridization!?*2%#-1_ Accordingly, it has been proposed that
interspecific diversity in facial color patterns in New World and Old World primates has evolved in the context
of species recognition, with species occurring with more sympatric heterospecifics evolving more complex facial
patterns®*?. In guenons, the faces of sympatric species have become more distinctive through character dis-
placement?. In lemurs in contrast, only some Eulemur ssp. and Microcebus ssp. occur in sympatry with only one
sympatric congener each, and the number of sympatric species belonging to the same taxonomic family did not
influence facial color complexity. Since the risk of heterospecific mating is likely higher among congeners, and
most lemurs occur in allopatry with their congeners, there might be only a weak selective pressure on facial color
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Figure 6. Schematic face (a) used to divide lemur faces into different areas (b) and regions (c) used to assess
hair and skin color as well as hair length variation (modified after Barthold ef al.””). Schematic face of a lemur.
(b) Face of a lemur divided in 11 areas: 1 =nose; 2 =area above the nose; 3 =area below the eyes; 4=eye
contour (in blue); 5= center area above the eyes; 6 = forehead; 7 = center of the crown; 8 = first area of the
crown; 9 =second area around the crown; 10 = ears; 11 = face margins. (c) Face of the lemur divided in 6
regions: A = crown (areas 7+ 8 +9); B=forehead (areas 5+ 6); C = eyes (area 4); D = nose and mouth (areas
1+ 2); E=face margins (areas 3+ 11); F=ears (area 10). All the areas are here combined into regions.

complexity as cues for reliable species recognition in this radiation of primates. However, lemurs can use varia-
tion in facial color patterns to discriminate between species, with brown (E. fulvus) and black lemurs (E. macaco)
discriminating between pictures of their own species and heterospecifics (familiar and unfamiliar con- and het-
erospecifics)®. Thus, although this study suggests that facial color patterns in lemurs might not have evolved in
the context of species recognition, this does not necessarily mean that cues of facial color patterns cannot be used
secondarily for species recognition.

Facial color patterns have also been linked to group size, with New World monkeys living in smaller groups
exhibiting more complex facial color pattern, whereas Old World monkeys exhibit the opposite effect®. In lemurs,
group size did not co-vary with facial color pattern complexity. Lemurs differ from other primates in modal social
organization and group size, however. Most lemur species are solitary or pair-living®, and group-living lemurs
live in much smaller groups®+4%>*>* than colobines®, cercopithecines®® and apes”. These broad differences in
social systems among the different primate radiations may explain why group size does not predict lemur facial
color complexity. From a comparative perspective, it is therefore questionable whether group size has a system-
atic, general functional effect on primate facial color complexity. But how can the different patterns observed in
the three independent primate radiations then be explained?

We propose that, instead of group size, complexity in facial color patterns might be related to facial mobility in
primates, i.e. their ability for facial expression®. Indeed, species with lower facial mobility or less expressive faces
have a higher facial complexity®. It has been argued that complex facial color patterns potentially allow greater
intraspecific and interspecific variation, facilitating recognition at the level of individuals or species®®. Because
lemurs have reduced facial mobility and ability for facial expressions among the species investigated so far (e.g.
in geladas®, rhesus monkeys®, chimpanzees®, ring-tailed lemurs®?), they should show the greatest facial color
complexity according to this notion.

A direct comparison between facial color complexity among published studies is difficult as the num-
ber of facial areas and color categories varied across studies, but a comparison of mean facial color com-
plexity of catarrhine and strepsirrhine families indicated indeed higher facial color complexity in lemurs
(Cheirogaleidae =4.91, Daubentoniidae = 5.30, Indriidae = 3.20, Lemuridae = 4.16, Lepilemuridae = 3.33;
Catarrhines’: Cercopithecinae = 3.54, Colobinae =2.60, Hominidae = 1.50, Hylobatidae =2.21). Hence, facial
color complexity might indeed be related to the ability for facial expressions®®. Therefore, future studies should
aim at examining whether intraspecific variation in facial color patterns are used as cues for individual recogni-
tion (cf.?*).

However, part of the variation in facial color complexity might also be driven by other factors.First, lemurs
living in habitats with higher rainfall exhibited more complex facial color patterns. Since rainforests are usually
characterized by lower visibility, more complex facial patterns may facilitate inter- and intraspecific recognition
in this habitat type. Second, we could not investigate the potential roles of pathogen resistance or mate choice
in this study, but there are indications that they may also impact the evolution of facial color complexity in
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Figure 7. Phylogenetic tree of all lemur species used for Phylogenetic comparative analyses in this study
(illustrations: S. Nash).

primates!®1-%%, Finally, we found moderate to high values of Pagel’s lambda* in almost all models, indicating a
strong effect of phylogeny on the diversification of lemur facial patterns. Hence, genetic processes such as genetic
drift, also need to be invoked to fully explain the evolution of facial color complexity in lemurs.

Variation in different facial regions.

It has been suggested that environmental factors, such as habitat

type or climate, can affect fur coloration and hair length in mammals"?. Coat color across primates, for exam-
ple, has evolved under Gloger’s rule®”, where darker pelage colors are found more often in species occurring in
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forested habitats®. Hair length varies according to the “hair rule”®, with species living in colder areas having

longer and thicker hair®®. Our results on lemurs partly support both rules. Although we found no correlation
between climate and hair color or length on the crown, climatic factors were associated with darker hair colors on
the forehead and face margins as well as with increased pigmentation around the eyes. Additionally, species living
in colder, higher and wetter areas of Madagascar tend to have longer hair on the ears.

Madagascar’s climate is highly diverse’®”!, and it has been suggested that warmer regions on the island are
characteristic of more open and dry forests, and lower elevations®”’>7. Thus, in support of Glogers rule, lemur
species in eastern, colder and more forested habitats developed darker hair on the forehead and the face margins
and darker color around the eyes, and longer hair on the ears following the hair rule®. However, pigmentation
and hair length of the other facial areas might have evolved due to genetic drift or other selective pressures not
investigated in this study. For example, selective pressures related to predator avoidance, such as crypsis, coun-
tershading, disruptive coloration or background matching may have played a role in the evolution of pelage col-
oration of the body'?>7%, Interestingly, the hair length of the face margins and ears was also correlated with group
size, with species living in larger groups having longer hair. Thus, intraspecific variation in hair length might be
used to discriminate conspecifics, but neither the data quantifying intra-specific variation in these traits nor the
corresponding experiments with visual stimuli are currently available to examine this notion.

Conclusions

This is the first study investigating the evolution of facial pattern complexity in the independent adaptive radi-
ation of lemurs, the endemic primates of Madagascar. We found that lemur facial variation was not influenced
by social variables and only weakly by climatic and other ecological factors. Comparative analyses indicated a
notable influence of phylogeny on the evolution of lemur facial patterns, perhaps reflecting the relatively recent
and rapid divergence of lemurs. Moreover, and in contrast with previous studies of New and Old World mon-
keys, group size was unrelated to facial color complexity in primates. Thus, the evolution of facial color and hair
patterns in primates is characterized by little convergence, suggesting that lineage-specific factors need to be
considered in comprehensive analyses as well.

Materials and Methods

Variation in facial patterns. To investigate facial pattern complexity in lemurs, photographs from private
collections, photographers and the Internet (All the World’s Primates (http://www.alltheworldsprimates.org) and
Arkive (http://www.arkive.org)) were chosen in order to quantify and categorize hair and skin color variation as
well as hair length. Two to ten photographs with high resolution per species were chosen and categorized using
Adobe Photoshop CS3 with the highest brightness of the screen. Each picture contained the photograph of one
individual looking towards the camera where all areas of the face were well visible. Only photographs of adults
were taken and categorized (Fig. 1). We only used photographs of adult males from Eulemur species because they
exhibit sexual dichromatism, with males being the more colorful sex. We collected data from 65 lemur species
and analyzed 522 photographs.

Categorization of hair and skin color variation. ~Our categorization followed the procedures described by Santana
et al.*®, who examined facial hair color, skin color and hair length to investigate facial pattern complexity. In order
to categorize facial coloration in lemurs, each photograph was first divided into 11 areas (Fig. 6). For each area, we
determined hair coloration (classified as either white, agouti, brown, grey or yellow, Fig. S1) and skin coloration
(classified as depigmented (no hair), pigmented (pink skin, mottled, or gold skin) to hyper-pigmented (black or
brown), Fig. S2). For hair coloration, each color was additionally classified as light, medium or dark, depending
on the intensity of pigmentation (Fig. S1). Furthermore, in order to determine the intensity of brightness (from
light to dark) in facial hair, we divided the face into 6 regions (crown, forehead, eyes, ears, mouth and face mar-
gins, (Fig. 6)), and we determined the most predominant color (~90% of all color) in each region of the face.
Additionally, we categorized hair length per region (classified as either depilated (or no hair), short, medium to
long, Fig. 6, Fig. S3).

Ecological and social variables. 'We collected data on Malagasy ecoregions and habitats based on their dis-
tributions and a classification made by Muldoon and Goodman®’. Ecoregions were classified as follows: spiny
thicket, succulent woodland, dry deciduous forest, subhumid forest and humid forest®”. We also determined
the maximum temperature (in following: temperature), upper elevation range (elevation range), the minimum
rainfall (rainfall) and for each ecoregion where a species occurs and calculated an average value if a given species
occurred in different ecoregions. As social factors, we collected data on social organizations (solitary, pair living
or group living), on average group size and activity patterns (nocturnal, cathemeral or diurnal activities) for each
species (Table S8). Additionally, we determined the number of sympatric species for each species in each ecore-
gion and determined the total number of sympatric species at the family level (and genus level, Table S9) based on
the species compilation in Muldoon & Goodman™.

Statistical analyses. Phylogenetic tree. For a comparative phylogenetic analysis of variation in facial pat-
terns, we obtained a phylogenetic tree of the species included in this study from genetic data (Fig. 7). For tree con-
struction, we assembled published sequence data of 65 lemur using Genbank (NCBI) for five mitochondrial (128,
16S, COX2, ND3-4) and six nuclear loci (IRPB, MCR1, ABCA1, ADORA3, FGA, NRAMP). Not all species had
sequence data available for all loci. Missing nucleotide data were coded as missing data (“?”) and aligned using
the ClustalW algorithm in Mesquite. Alignments were checked by eye. We used MrBayes to calculate a consensus
tree using a partitioned model. Substitution models were calculated using JModelTest. The MCMC algorithm was
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run for 10,000,000 generations with a sampling frequency of 1000 and burn-in of 25%, resulting in 7500 trees to
calculate the consensus tree. Due to the lack of genetic data for some species (Phaner, Hapalemur, Prolemur and
Propithecus candidus) the consensus tree was subjected to three manual changes conducted in MESQUITE 3.04
in order to create a robust and “up to date” final phylogeny for further comparative analyses. First, both Phaner
species were placed as sister clade to all other Cheirogaleidae. Prolemur and Hapalemur were made monophyletic
(excluding Lemur catta from this clade) and Propithecus candidus was manually added to the tree as no sequence
data were available for this taxon. All manual changes were made in accordance with the most recent and com-
plete phylogeny by Hererra and Ddvalos”.

Statistical analyses. ~ As climatic factors, we included the maximum temperature, the upper elevation range and
the minimum rainfall for each ecoregion (Muldoon & Goodman®’). Because variation in these climate variables
also correlated with habitat (rainy or dry forest; Table S10) and activity patterns, with nocturnal species occurring
on average in hotter and dryer habitats at lower elevation ranges (Table S10), we included only the three climate
variables in the models below.

For each facial color trait, facial color pattern complexity (total number of different hair colors in all areas),
skin pigmentation as well as hair length in each region, we determined the median from all scored pictures for
each species. We then fitted phylogenetic generalized least-squares (PGLS) regressions, using a Brownian motion
model to test for evolutionary relationships between facial, social and ecological variables, while controlling for
phylogenetic effects’. Facial color traits were used as response variables. As fixed factors we included either
temperature, rainfall, or elevation range, and average group size as well as the number of sympatric species at
the family level (as a crude measure of the risk of heterospecific mating). We could not use the number of sym-
patric congeneric species to operationalize this risk because only some Eulemur ssp. and Microcebus ssp. occur
in sympatry with a congener. Maximum temperature, minimum annual rainfall and upper elevation range were
log transformed. Facial color complexity, average group size and number of sympatric species were square-root
transformed. Phylogenetic analyses were conducted using functions in the APE, GEIGER and NMLE packages
inR 3.2.2 (R Core Development Team).

Data availability. All data needed to evaluate the conclusions in the paper are present in the Supplementary
Information.

References
1. Caro, T. The adaptive significance of coloration in mammals. Bioscience 55, 125-136 (2005).
2. Stoddard, M. C. & Prum, R. O. How colorful are birds? Evolution of the avian plumage color gamut. Behav. Ecol 22, 1042-1052
(2011).
3. Cuthill, I. C. et al. The biology of color. Science 357, eaan0221 (2017).
4. Endler, J. A. On the measurement and classification of colour in studies of animal colour patterns. Biol. J. Linn Soc 41, 315-352
(1990).
5. Ortolani, A. Spots, stripes, tail tips and dark eyes: predicting the function of carnivore colour patterns using the comparative
method. Biol. J. Linn Soc 67, 433-476 (1999).
6. Stoner, C. ], Bininda-Emonds, O. R. & Caro, T. The adaptive significance of coloration in lagomorphs. Biol. J. Linn Soc 79, 309-328
(2003).
7. Prum, R. O. & Torres, R. H. Structural colouration of mammalian skin: convergent evolution of coherently scattering dermal
collagen arrays. J. Exp. Biol. 207, 2157-2172 (2004).
8. Santana, S. E., Alfaro, J. L. & Alfaro, M. E. Adaptive evolution of facial colour patterns in Neotropical primates. Proc. R. Soc. B 279,
2204-2211 (2012).
9. Santana, S. E., Alfaro, J. L., Noonan, A. & Alfaro, M. E. Adaptive response to sociality and ecology drives the diversification of facial
colour patterns in catarrhines. Nat. Commun. 4, 2765 (2013).
10. Burtt, E. H. Jr & Ichida, J. M. Gloger’s rule, feather- degrading bacteria, and colour variation among song sparrows. Condor 106,
681-686 (2004).
11. Endler, J. A. A predator’s view of animal color patterns in Evolutionary Biology (ed. 338 Hecht, M. K,, Steere, W. C. & Wallace, B.) 11,
319-364 (Springer US, 1978).
12. Endler, J. A. On the measurement and classification of colour in studies of animal colour patterns. Biol. J. Linn Soc 41, 315-352
(1990).
13. Stevens, M. Predator perception and the interrelation between different forms of protective coloration. Proc. R. Soc. B. 274,
14571464 (2007).
14. Stevens, M. & Merilaita, S. Animal camouflage: current issues and new perspectives. Phil. Trans. R. Soc. B. 364, 423-427 (2009).
15. Furtman, M. Ruffed grouse: woodland drummer (Stackpole Books, 2004).
16. Thayer, A. H. The law which underlies protective coloration. The Auk 13, 124-129 (1896).
17. Krebs, E. A., Hunte, W. & Green, D. J. Plume variation, breeding performance and extra-pair copulations in the cattle egret.
Behaviour 141, 479-499 (2004).
18. Stuart-Fox, D., Moussalli, A. & Whiting, M. ]. Predator-specific camouflage in chameleons. Biol. Lett 4, 326-329 (2008).
19. Stuart-Fox, D. & Moussalli, A. Camouflage, communication and thermoregulation: lessons from colour changing organisms. Phil.
Trans. R. Soc. B 364, 463-470 (2009).
20. Belk, M. C. & Smith, M. H. Pelage coloration in oldfield mice (Peromyscus polionotus): antipredator adaptation? . Mammal. 77,
882-890 (1996).
21. Stoner, C. J., Caro, T. & Graham, M. C. M. Ecological and behavioral correlates of coloration in artiodactyls: systematic analyses of
conventional hypotheses. Behav. Ecol. 14, 823-840 (2003).
22. Allen, W. L., Stevens, M. & Higham, J. P. Character displacement of Cercopithecini primate visual signals. Nat. Commun. 5, 4266
(2014).
23. Hoekstra, H. E., Krenz, J. G. & Nachman, M. W. Local adaptation in the rock pocket mouse (Chaetodipus intermedius): natural
selection and phylogenetic history of populations. Heredity 94, 217-228 (2005).
24. Caro, T., Stankowich, T., Mesnick, S. L., Costa, D. P. & Beeman, K. Pelage coloration in pinnipeds: functional considerations. Behav.
Ecol 23,765-774 (2012).
25. Bradley, B. J. & Mundy, N. I. The primate palette: the evolution of primate coloration. Evol. Anthropol. 17,97-111 (2008).

SCIENTIFICREPORTS|7: 15181 | DOI:10.1038/s41598-017-15393-7 9



www.nature.com/scientificreports/

26.
27.
. Higham, J. P. Primate coloration: an introduction to the special issue. Int. J. Primatol. 30, 749-751 (2009).
29.
30.
31.

32.
33.

34.
. Yovel, G. & Freiwald, W. A. Face recognition systems in monkey and human: are they the same thing. F1000Prime Rep. 5 (2013).
36.
37.

38.
39.

40.
41.
42.
43.
44,

45.

53.

54.
55.

56.
57.
58.
59.
. Ghazanfar, A. A. & Logothetis, N. K. Neuroperception: Facial expressions linked to monkey calls. Nature 423, 937-938 (2003).
61.

62.
63.

73.

74.
75.

76.

77.

Sumner, P. & Mollon, J. D. Colors of primate pelage and skin: objective assessment of conspicuousness. Am. J. Primatol. 59, 67-91
(2003).
MacDonald, D. The encyclopedia of mammals (ed. MacDonald, D.) (Oxford University Press, 2009).

Allen, W. L. & Higham, J. P. Assessing the potential information content of multicomponent visual signals: a machine learning
approach. Proc. R. Soc. B 282, 20142284 (2015).

Parr, L. A., Dove, T. & Hopkins, W. D. Why faces may be special: evidence of the inversion effect in chimpanzees. J. Cognitive
Neurosci. 10, 615-622 (1998).

Parr, L. A. & Taubert, J. The importance of surface-based cues for face discrimination in non-human primates. Proc. R. Soc. B 278,
1964-1972 (2011).

Gerald, M. S. Primate colour predicts social status and aggressive outcome. Anim. Behav. 61, 559-566 (2001).

Dufour, V., Pascalis, O. & Petit, O. Face processing limitation to own species in primates: a comparative study in brown capuchins,
Tonkean macaques and humans. Behav. Process. 73, 107-113 (2006).

Tibbetts, E. A. & Dale, J. Individual recognition: it is good to be different. Trends Ecol. Evol. 22, 529-537 (2007).

Yoder, A. D., Cartmill, M., Ruvolo, M., Smith, K. & Vilgalys, R. Ancient single origin for Malagasy primates. P. Natl. Acad. Sci. USA
93, 5122-5126 (1996).

Muldoon, K. M. & Goodman, S. M. Ecological biogeography of Malagasy non-volant mammals: community structure is correlated
with habitat. J. Biogeogr 37, 1144-1159 (2010).

Mittermeier, R. A. et al. Lemurs of Madagascar (eds. Mittermeier, R. A. et al.) (Conservation International, Arlington, VA., 2010).
Kappeler, P. M. Determinants of primate social organization: comparative evidence and new insights from Malagasy lemurs. Biol.
Rev. 72, 111-151 (1997).

Kappeler, P. M. In The evolution of primate societies (eds. Mitani, J. C., Call, J., Kappeler, P. M., Palombit, R. & Silk, J. B.) 17-42
(University of Chicago Press., 2012).

Santini, L., Rojas, D. & Donati, G. Evolving through day and night: origin and diversification of activity pattern in modern primates.
Behav. Ecol 26, 789-796 (2015).

Jacobs, G. H. Variations in primate color vision: mechanisms and utility. Evol. Anthropol. 3, 196-205 (1994).

Jacobs, G. H. Primate color vision: a comparative perspective. Visual Neurosci. 25, 619-633 (2008).

Surridge, A. K., Osorio, D. & Mundy, N. I. Evolution and selection of trichromatic vision in primates. Trends Ecol. Evol. 18, 198-205
(2003).

Veilleux, C. C., Louis, E. E. & Bolnick, D. A. Nocturnal light environments influence color vision and signatures of selection on the
OPNI1SW opsin gene in nocturnal lemurs. Mol. Biol. Evol 30, 1420-1437 (2013).

. Pagel, M. Inferring the historical patterns of biological evolution. Nature 401, 877-884 (1999).
. Kamilar, J. M. & Cooper, N. Phylogenetic Signal in Primate Behaviour, Ecology and Life History. Philos Trans R Soc Lond B Biol

Sci. 368, 20120341 (2013).

. Coyne, J. A. Genetics and speciation. Nature 355, 511-515 (1992).

. Gray, D. A. & Cade, W. H. Sexual selection and speciation in field crickets. P. Natl. A. Sci 97, 14449-14454 (2000).

. Fujita, K. Species recognition by five macaque monkeys. Primates 28, 353-366 (1987).

. Fujita, K., Watanabe, K., Widarto, T. H. & Suryobroto, B. Discrimination of macaques by macaques: the case of Sulawesi species.

Primates 38, 233-245 (1997).

. Marechal, L., Genty, E. & Roeder, J. ]. Recognition of faces of known individuals in two lemur species (Eulemur fulvus and E.

macaco). Anim. Behav. 79, 1157-1163 (2010).

Kappeler, P. M. & Heymann, E. W. Nonconvergence in the evolution of primate life history and socio-ecology. Biol. J. Linn. Soc 59,
297-326 (1996).

Kappeler, P. M. In Primate communities (eds. Fleagle, J. G., Janson, C. & Reed, K. E.) 158-170 (Cambridge University Press, 1999).

Sterck, E. H. The Behavioral Ecology of Colobine Monkeys in The evolution of primate societies (eds. Mitani, J. C., Call, J., Kappeler,
P. M., Palombit, R. & Silk, J. B.) 65-90 (University of Chicago Press, 2012).

Cords, M. The behavior, ecology and social evolution of Cercopithecine monkeys in The evolution of primate societies (eds. Mitani,
J. C., Call, J., Kappeler, P. M., Palombit, R. & Silk, J. B.) 91-112 (University of Chicago Press, 2012).

Watts, D. P. The Apes: Taxonomy, Biogeography, Life Histories, and Behavioral Ecology in The evolution of primate societies, (eds.
Mitani, J. C., Call, J., Kappeler, P. M., Palombit, R. & Silk, J. B.) 113141 (University of Chicago Press, 2012).

Santana, S. E., Dobson, S. D. & Diogo, R. Plain faces are more expressive: comparative study of facial colour, mobility and
musculature in primates. Biol. Lett 10, 20140275 (2014).

Mancini, G., Ferrari, P. F. & Palagi, E. Rapid facial mimicry in geladas. Sci. Rep 3, 1527 (2013).

Parr, L. A., Waller, B. M. & Heintz, M. Facial expression categorization by chimpanzees using standardized stimuli. Emotion 8,
216-231 (2008).

Palagi, E., Norscia, I. & Spada, G. Relaxed open mouth as a playful signal in wild ring-tailed lemurs. Am. J. Primatol. 76, 1074-1083 (2014).
Cooper, V.. & Hosey, G. R. Sexual dichromatism and female preference in Eulemur fulvus subspecies. Int. J. Primatol. 24,1177-1188
(2003).

. Setchell, J. M. Do female mandrills prefer brightly colored males? Int. J. Primatol. 26,715-735 (2005).
. Waitt, C. et al. Evidence from rhesus macaques suggests that male coloration plays a role in female primate mate choice. Proc. R. Soc.

B 270, 144-146 (2003).

. West, P. M. & Packer, C. Sexual Selection, Temperature, and the Lion's Mane. Science 297, 1339-1343 (2002).

. Gloger, C. W. L. Das Abdindern der Vogel durch Einfluss des Klimas (ed. Gloger, C. W. L.) (Breslau. Pland: Schulz, 1833).

. Kamilar, J. M. & Bradley, B. J. Interspecific variation in primate coat colour supports Gloger’s rule. J. Biogeogr 38, 2270-2277 (2011).
. Rensch, B. Some problems of geographical variation and species-formation. Proc. Linn. Soc. Lond 150, 275-285 (1938).

. Jury, M. The Natural History of Madagascar. (eds. Goodman, S. & Benstead, J.) 75-85 (Chicago: The University of Chicago Press,

2003).

. Kamilar, J. M. & Muldoon, K. M. The climatic niche diversity of Malagasy primates: a phylogenetic perspective. PLoS One 5, 11073 (2010).
. Muldoon, K. M. & Simons, E. L. Ecogeographic size variation in small-bodied subfossil primates from Ankilitelo, Southwestern

Madagascar. Am. J. Phys. Anthropol. 134, 152-161 (2007).

Goodman, S. M. & Ganzhorn, J. U. Biogeography of lemurs in the humid forests of Madagascar: the role of elevational distribution
and rivers. J. Biogeogr. 31, 47-55 (2004).

Kamilar, J. M. & Bradley, B. J. Countershading is related to positional behavior in primates. J. Zool. 283, 227-233 (2010).

Herrera, J. P. & Dévalos, L. M. Phylogeny and divergence times of lemurs inferred with recent and ancient fossils in the tree. Syst.
Biol. syw035 (2016).

Chatterjee, H., Ho, S., Barnes, I. & Groves, C. Estimating the phylogeny and divergence times of primates using a supermatrix
approach. BMC Evol. Biol. 9, 259 (2009).

Barthold, J., Fichtel, C. & Kappeler, P. M. What is it going to be? Pattern and 479 potential function of natal coat change in sexually
dichromatic redfronted lemurs 480 (Eulemur fulvus rufus). Am. J. Phys. Anthropol 138, 1-10 (2009).

SCIENTIFICREPORTS|7: 15181 | DOI:10.1038/s41598-017-15393-7 10



www.nature.com/scientificreports/

Acknowledgements

We are grateful to Matthias Markolf for his help with the phylogenetic tree. We thank Anna Gamero, Anna
Schnoell, Daniel Austin, David Haring, Elke Zimmermann, Erik Patel, Shinichiro Ichino, Iris Dréscher, Kira
Delmore, Klara Kittler, Mamisolo and Roland Hilgartner, Marine Joly, Matthias Markolf, Melanie Dammhahn,
Melanie Seiler, Nick Garbutt, Noel Rowe, Oliver Schuelke, Patricia Wright, Rindrahatsarana Ramanankirahina,
Thomas Marent, Tiana Ratolojanahary and Vola Razakarivony for providing lemur photographs. We are grateful
to Stephen Nash for permission to use the illustrations of lemur faces and we thank Tim Caro and one anonymous
reviewer for helpful and constructive comments. This study was financially supported by the German Primate
Center in Gottingen Germany and the German Academic Exchange Service (DAAD).

Author Contributions
H.R., PM.K,, C.E. conceived the study and wrote the manuscript. H.R. collected the data. H.R. and C.E analyzed
the data. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15393-7.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 15181 | DOI:10.1038/s41598-017-15393-7 11


http://dx.doi.org/10.1038/s41598-017-15393-7
http://creativecommons.org/licenses/by/4.0/

	Evolution of facial color pattern complexity in lemurs

	Results

	Facial pattern complexity, sociality and species recognition. 
	Facial regions: pigmentation, hair length and ecology. 
	Crown. 
	Forehead. 
	Eyes. 
	Face margins. 
	Ears. 
	Skin color nose. 


	Discussion

	Facial color pattern complexity. 
	Variation in different facial regions. 

	Conclusions

	Materials and Methods

	Variation in facial patterns. 
	Categorization of hair and skin color variation. 
	Ecological and social variables. 

	Statistical analyses. 
	Phylogenetic tree. 
	Statistical analyses. 

	Data availability. 

	Acknowledgements

	Figure 1 Examples of facial color patterns diversity in lemurs.
	Figure 2 The relationship between rainfall and facial color complexity in lemurs.
	Figure 3 The relationship between rainfall and the color of the forehead.
	Figure 4 The relationship between temperature and hair color around the eyes.
	Figure 5 The relationship between lemur group size and hair length in the face margins.
	Figure 6 Schematic face (a) used to divide lemur faces into different areas (b) and regions (c) used to assess hair and skin color as well as hair length variation (modified after Barthold et al.
	Figure 7 Phylogenetic tree of all lemur species used for Phylogenetic comparative analyses in this study (illustrations: S.




