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Effects of Light Environments on the Evolution of Primate Visual 
Systems 

 

Carrie Cecilia Veilleux, Ph.D. 

The University of Texas at Austin, 2012 

 

Supervisor:  E. Christopher Kirk 

 

Primate habitats differ dramatically in the intensity and spectral quality (color) of 

ambient light. However, little research has explored the effects of habitat variation in 

ambient light on primate and mammalian visual systems. An understanding of variation 

in nocturnal light environments is particularly lacking, considering the significance of 

nocturnality and vision in primate evolutionary hypotheses. In this dissertation, I 

explored effects of habitat variation in light environments on primate visual evolution in 

three studies. First, I examined how variation in ambient light intensity influenced visual 

morphology in 209 mammals. Second, I analyzed effects of variation in nocturnal light 

environments on color vision in nocturnal primates and mammals. For this second 

objective, I first identified factors influencing variation in nocturnal light environments 

within and between habitats in Madagascar and explored how nocturnal light spectral 

quality has influenced mammalian visual pigment spectral tuning. I then analyzed 

selection acting on the SWS1 opsin gene (coding for blue-sensitive cone visual pigments) 

between nocturnal lemurs from different habitat types to explore whether nocturnal light 

environments affect selection for dichromatic color vision. 

The results of all three studies suggest that habitat variation in light environments 

has had a significant influence on primate and mammalian visual evolution. In the first 
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study, I found that day-active mammals from forested habitats exhibited larger relative 

cornea size compared to species from open habitats, reflecting an adaptation to increase 

visual sensitivity in diurnal forests. The results of the second study revealed that forest 

and woodland habitats share a yellow-green dominant nocturnal light environment and 

that nocturnal vertebrates exhibit visual pigments tuned to maximize photon absorption in 

these environments. Additionally, I observed a potential effect of diet on long-

wavelength-sensitive cone spectral tuning among nocturnal mammals. In the third study I 

sequenced the SWS1 opsin gene in 106 nocturnal lemurs (19 species). Both population 

genetic and phylogenetic analyses identified clear signatures of differential selection on 

the gene by habitat type, suggesting that nocturnal light environments has influenced 

selection for nocturnal dichromacy in nocturnal lemurs. Finally, I discussed the 

implications of these results for nocturnal primate visual ecology and evolution. 
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Chapter 1:  Introduction 

"... come praise the wine-dark of the wood’s intricacies, 
The nightingale that deafens daylight there …”  (Colonus’ Praise, WB Yeats) 

INTRODUCTION 

The intensity and spectral quality of light is a critical component of visual 

perception, particularly for visually-oriented animals such as primates. Changes in 

ambient light environment affect the visibility of targets against a background (Mollon, 

1989; Endler 1993; Leal & Fleishman 2002; Johnsen et al. 2006), the functionality of 

visual anatomy (Walls 1942; Land & Nilsson 2006), and consequently, animal behavior 

(Bearder et al. 2002; Théry 2001). Because light environments in terrestrial1 habitats vary 

dramatically depending on the time of day, habitat type, canopy level, weather 

conditions, and latitude (US Navy 1952; Munz & McFarland 1973; Lythgoe 1979; 

Pariente 1980; Endler 1993; Johnsen et al. 2006), animals often experience strong 

selective pressure to evolve visual adaptations to preferred photic environments (Walls, 

1942; Lythgoe 1979; Endler 1992, 1993; Partridge & Cummings 1999; Kirk 2004). For 

example, studies examining the influence of activity pattern on mammalian visual 

anatomy and function have consistently found significant differences between diurnal, 

cathemeral, and nocturnal species (Walls 1942; Ahnelt & Kolb 2000; Kay & Kirk 2000; 

Kirk 2004, 2006a,b; Kirk & Kay 2004; Ross & Kirk 2007; Warrant 2008; Veilleux & 

Bolnick 2009; Veilleux & Kirk 2009). The results of these studies have been used to 

interpret the activity patterns of fossil primate species (Kay & Kirk 2000; Kirk & Kay 

2004; Ni et al. 2004) and to both construct and evaluate hypotheses of primate evolution 

                                                
1 “Terrestrial” is used in contrast to aquatic rather than terrestrial vs. arboreal.  
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(Allman 1977; Cartmill 1992; Heesy & Ross 2001; Ross et al. 2007; Ankel-Simons & 

Rasmussen 2008; Williams et al. 2010). 

Relatively little attention, however, has been directed towards understanding the 

effects of habitat variation in light environment on mammalian visual systems. Habitats 

and microhabitats often vary substantially in both the intensity and spectral quality 

(color) of ambient light, which has important implications for the detection of visual 

targets (Chazdon & Pearcy 1991; Endler 1993; Parker et al. 2005). Research in reptiles 

and birds has identified links between diurnal light environment, visual function and 

signaling behavior (Endler 1992; Marchetti 1993; Fleishman et al. 1997; Théry 2001), but 

similar data are lacking for mammals. In this dissertation, I explore the role that variation 

in habitat light environment has played in the evolution of primate visual systems, 

focusing particularly on nocturnal primates. In contrast to most mammals, primates are 

very visually-oriented and exhibit derived adaptations for enhanced vision, including 

increased acuity (Ross 2000; Kay & Kirk 2000; Kirk & Kay 2004; Veilleux & Kirk 

2009), larger eyes (Kirk 2006b, Ross & Kirk 2007; Ross et al 2007); greater orbital 

convergence (Ross 2000; Heesy 2004; Ross et al. 2007), and increased variation in color 

vision (for example, independent evolution of trichromacy and monochromacy in 

multiple clades: Jacobs 1993; Surridge et al 2003; Jacobs & Rowe 2004). As a result, 

they offer an excellent test of the effects of habitat light environment on visual evolution. 

Further, because variation among nocturnal primates in color vision abilities was recently 

invoked in a controversial primate origins hypothesis (Tan et al. 2005), understanding the 

ecological correlates of variation in nocturnal primate visual abilities has important 

implications for evaluating scenarios of primate evolutionary origins (Ross et al. 2007; 

Ankel-Simons & Rasmussen 2008). Thus, the goals of this dissertation are two-fold. 

First, I explore how habitat variation in the intensity of ambient light has influenced 
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visual morphology in primates and other mammals. Second, I examine ecological 

correlates of variation in color vision among nocturnal primates, uniting ecological 

analyses of nocturnal light environments in Madagascar with genetic studies of selection 

acting on opsin genes in nocturnal lemurs. Finally, I interpret these results within the 

framework of primate evolutionary theory.  

 

OVERVIEW OF VISUAL ANATOMY 

Visual Acuity and Visual Sensitivity 

Variation in mammalian (and vertebrate) visual anatomy often results from a 

tradeoff between selection to maximize visual sensitivity or visual acuity, depending on 

the light intensities of a species’ preferred photic environments. Animals active in dim 

light levels, such as nocturnal or deep sea species, generally prioritize sensitivity to weak 

light stimuli at the expense of enhanced visual resolution, while those active in high light 

levels are freer to maximize resolution (Walls 1942; Lythgoe 1979; Kirk 2004; Warrant 

2004; Land & Nilsson 2006). These divergent selective pressures are reflected in 

differences in the relative densities of photoreceptor types, the coarseness of 

photoreceptor sampling in the retina (“retinal summation”), eye size, and eye shape 

(Walls 1942; Hughes 1977; Lythgoe 1979; Pettigrew et al. 1988; Ross 2000; Kirk 2004, 

2006a,b; Warrant 2004; Land & Nilsson 2006; Ross & Kirk 2007). While these patterns 

of visual adaptation to photic environment have been identified for activity pattern and 

water depth, the effect of habitat type on selection for sensitivity vs. acuity in terrestrial 

mammals has not been explored. 

Animals enhance visual sensitivity by increasing the amount of light admitted to 

the eye, forming a brighter image on the retina, and increasing the size and sensitivity of 
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the ganglion cell receptor field (Walls 1942; Kirk 2004). Species active in dim light 

achieve the first two objectives with increased pupil size, larger and more rounded 

corneas and lenses, and decreased focal length (Walls 1942; Hughes 1977; Pettigrew et 

al. 1988; Ross 2000; Kirk 2004, 2006; Warrant 2004; Ross & Kirk 2007). To increase the 

size and sensitivity of the ganglion cell receptor field, mammals exhibit greater degrees 

of retinal summation (more photoreceptors contributing to the receptive field of a single 

ganglion cell) and higher ratios of rod to cone photoreceptors in their retinas (Walls 1942; 

Rohen & Castenholz 1967; Yamada et al. 1998; Arrese et al. 1999; Ahnelt & Kolb 2000; 

Kirk & Kay 2000; Yamada et al. 2001; Kay & Kirk 2004). In contrast, adaptations to 

increase visual acuity act to increase the size and clarity of the image on the retina at the 

expense of brightness (Walls 1942; Kirk 2004). Thus animals seeking to maximize visual 

acuity often exhibit smaller and more flattened corneas and lenses, longer focal lengths, 

and smaller maximum pupil areas (Walls 1942; Hughes 1977; Pettigrew et al. 1988; Ross 

2000; Kirk 2004, 2006; Ross & Kirk 2007). These species also reduce or eliminate retinal 

summation and have lower rod:cone ratios (Walls 1942; Rohen & Castenholz 1967; 

Arrese et al. 1999; Ahnelt & Kolb 2000; Kay & Kirk 2000; Kirk 2004).  

 

Color Vision 

In primates, as in other mammals, cone photoreceptors are responsible for color 

vision (Walls 1942; Jacobs 1993). To discriminate colors, an animal needs cone types 

with different spectral sensitivities as well as neural mechanisms to compare cone outputs 

(Jacobs 1993; Kelber et al 2003). Cone peak spectral sensitivity (λmax), or the wavelength 

of light to which the cone is maximally responsive, is determined by the visual pigment 

within the cone's outer segment, which consists of a chromophore (11-cis retinal) 
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enclosed by an opsin protein (Yokoyama & Yokoyama 1996). The amino acid sequence 

of the opsin protein, controlled by specific opsin genes, determines visual pigment λmax 

(Nathans et al., 1986; Nathans 1999). Thus, mutations in the opsin gene that change the 

amino acid structure of the opsin protein can affect the spectral sensitivity of the visual 

pigment (Fig 1.1; Nathans et al. 1986; Shi &Yokoyama 2003; Carvalho et al. 2012).  

Compared to other placental mammal orders, primate cone types and spectral 

sensitivities are highly variable (Jacobs & Rowe 2004; Jacobs 2008). Most placental 

mammals are dichromats, possessing two cone types: short wavelength-sensitive (SWS) 

cones responsive to violets and blues, and medium/long wavelength-sensitive (M/LWS) 

cones responsive to greens, yellows, and reds (Jacobs 1993). In contrast, many primates 

have evolved trichromatic color vision (i.e. the presence of three cone types: SWS, 

MWS, and LWS cones), which permits discrimination between medium and long 

wavelengths (greens and reds; Jacobs 1993; Hunt et al. 1998; Tan & Li 1999; Veilleux & 

Bolnick 2009). While dichromacy is considered ancestral for placental mammals and 

primates, several nocturnal mammalian lineages have independently lost SWS cones and 

functional color vision (Wikler & Rakic 1990; Jacobs et al. 1996; Ahnelt & Kolb 2000; 

Peichl et al. 2004; Peichl 2005; Carvalho et al. 2006; Jacobs 2008). Among primates, for 

example, all owl monkeys and lorisiforms exhibit deleterious mutations in the SWS1 

opsin gene, resulting in loss of function (Wikler & Rakic 1990; Jacobs et al. 1996; 

Kawamura & Kubotera 2004; Levenson et al. 2007). While many lemur species are 

nocturnal, their color vision abilities are less well understood. Both anatomical and 

genetic studies have identified variation in color vision, with some genera exhibiting 

SWS cone loss or relaxed selection on the SWS1 opsin gene (Allocebus: Peichl et al. 

2004; Cheirogaleus: Tan et al. 2005), while others retain SWS cones or exhibit purifying 

selection on the opsin gene (Microcebus: Dkhissi-Benyahya et al. 2001; Daubentonia: 
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Perry et al. 2007). To date, however, the extent of variation in color vision among 

nocturnal lemur species is unclear. 

A Question of Nocturnal Color Vision  

While MWS and LWS cones are involved in motion detection, acuity, and color 

vision, the SWS cone is almost exclusively used for color vision (Ahnelt & Kolb 2000; 

Calkins 2001). Comprising a minority population of retinal cones in most mammals 

(<1% to ~15%), S cones do not significantly contribute to either the parvocellular 

(midget) or magnocellular (parasol) visual pathways (Ahnelt & Kolb 2000; Dkhissi-

Benyahya et al. 2001; Peichl 2005; Silveira et al. 2005). Instead, S cones primarily 

contribute to a dedicated blue-yellow color discrimination pathway, with anatomically 

distinct blue-cone bipolar cells and small bistratified ganglion cells (Ahnelt & Kolb 2000; 

Calkins 2001; Silveira et al. 2005). Thus, SWS cone loss is suggested to result from 

relaxed selection for dichromacy (Jacobs et al. 1996; Ahnelt & Kolb 2000; Peichl 2005; 

Carvalho et al. 2006). Until recently, the dominant hypothesis for SWS cone loss in 

terrestrial mammals argued that nocturnality led to this relaxation of selection because 

nocturnal light levels were believed to be too low for cone-based color vision (Walls 

1942; Jacobs et al. 1996; Ahnelt & Kolb 2000; Wang et al. 2004; Tan et al. 2005). Some 

authors further assume that SWS cone loss should be expected in all nocturnal mammals 

(Ahnelt & Kolb 2000; Ahnelt et al 2003; Wang et al. 2004; Tan et al. 2005).  

However, recent analyses of opsin genes have identified evidence of purifying 

selection to maintain SWS cone function in some mammals with long evolutionary 

histories of nocturnality (tarsiers: Kawamura & Kubotera 2004; bats: Zhao et al. 

2009a,b). Additionally, new research has identified functional color discrimination at 

nocturnal light levels in insects, frogs, geckos, and horses, suggesting that some level of 
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nocturnal color vision may be widespread among nocturnal animals (Warrant 2004; 

Kelber & Roth 2006; Roth et al. 2008; Somanathan et al. 2008; Gomez et al. 2010). Thus, 

some researchers now hypothesize that variation in SWS cone presence among nocturnal 

mammals may relate to differential selection for nocturnal color vision (Müller et al. 

2007, 2009; Perry et al. 2007; Ankel-Simons & Rasmussen 2008; Zhao et al. 2009a,b; 

Melin et al. 2012). However, the idea of a selective benefit for nocturnal color vision 

among primates has encountered resistance (Melin et al. 2012) despite behavioral 

evidence of color vision at moonlight levels in day-active mammals (humans: Warrant 

2004; horses: Roth et al. 2008) and the presence of adaptations among nocturnal primates 

that increase the sensitivity of the visual system compared to day-active species (Walls, 

1942; Kirk 2004, 2006; Malmström & Kröger 2006). Further, the ecological conditions 

leading to differential selection for nocturnal color vision in nocturnal primates are 

unclear (Ankel-Simons & Rasmussen 2008; Jacobs 2008). 

 

VARIATION IN LIGHT ENVIRONMENTS  

Light by Day 

Diurnal light environments vary dramatically between and within terrestrial 

habitats due to differences in foliage density and the radiance of contributing light 

sources (Chazdon & Pearcy 1991; Endler 1993; Parker et al. 2005). Foliage absorbs light 

(preferentially shorter wavelengths), preventing transmission to lower levels of a habitat 

(Pariente 1980; Endler 1993; Knapp & Carter 1998; Parker et al. 2005). As a result, 

habitats with lower canopy openness, such as rainforests, have reduced light intensity 

(Fig. 1.2) and a relative decrease in the presence of short wavelength light compared to 

more open habitats (Fig. 1.3; Endler 1993). Changes in foliage density also lead to 
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vertical differences in ambient light within forests and temporal differences within 

seasonal forests (Chazdon & Pearcy 1991; Endler 1992, 1993; Knapp & Carter 1998; 

Leal & Fleishman 2002).  

Differences in the relative contributions and spectral quality of light sources also 

influence ambient light (Endler 1993). In a comparative study of diurnal light in 

terrestrial forests, Endler (1993) identified five major light environments that differ in 

spectral quality (Fig. 1.3): open/large gaps, small gaps, forest shade, woodland shade, 

and early/late. Because light in open habitats combines radiance from the blue-rich sky 

and the yellow-red-rich sun, open/large gap light environments have a relatively flat 

(whitish) spectrum (Fig. 1.3A). Decreases in gap size reduce the contribution of open 

sky, allowing sunlight to dominate in small gaps (yellowish-red: Fig. 1.3B) or foliage to 

dominate in closed canopy forest shade (green: Fig. 1.3C). In contrast, incomplete 

canopy coverage results in a greater contribution of the blue sky in woodland shade (Fig. 

1.3D). Clouds exhibit a white spectral radiance, such that cloud cover causes small gap, 

forest shade, and woodland shade light environments to change to the open/large gap 

environment. Endler (1993) also identified a fifth light environment (purplish early/late), 

which is associated with low sun angles occurring at dawn or dusk (Fig. 1.3E). 

Effects on Vision and Behavior 

Variation in diurnal light environments influences visual function and signaling 

behavior in terrestrial invertebrates and vertebrates, although research in mammals has 

been limited. Anolis lizards from closed canopy habitats, for example, have significantly 

higher visual sensitivity compared to open habitat species (Fleishman et al. 1997), 

possibly reflecting an effect of habitat light intensity on the acuity/sensitivity tradeoff. 

Among birds, plumage coloration and brightness often reflect adaptation to the intensity 
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and spectral quality of ambient light in preferred habitats and microhabitats (Endler 1992; 

Marchetti 1993; Théry 2001, 2006). Similarly the orb-spinning spider (Nephila clavipes) 

varies the amount and color of pigment produced in its silk depending on ambient light 

intensity and spectral quality to more efficiently capture prey (Craig et al. 1996). Among 

primates, research has only recently begun testing effects of ambient light on foraging 

and color vision (Yamashita et al. 2005; Melin et al. 2008). However, these preliminary 

results suggest that diurnal light environments also influence variation in diurnal primate 

visual abilities. Yamashita and colleagues (2005), for example, found a relationship 

between ambient light intensity, foraging behavior, and color vision phenotype in two 

species of polymorphic trichromats (Propithecus verreauxi and Ateles geoffreyi). 

 

Light by Night 

In contrast to diurnal light environments, research on nocturnal light 

environments is relatively limited (Ankel-Simons & Rasmussen 2008). Most work has 

focused on variation in nocturnal light intensity. These studies reveal that light levels at 

night can vary by as much as eight orders of magnitude depending on differences in lunar 

phase, the position of the moon in the sky, cloud cover, foliage density, seasonality, and 

latitude (US Navy, 1952; Lythgoe, 1979; Pariente 1980; Martin, 1990; Cummings et al., 

2008; Warrant, 2008). Currently, however, few studies have quantified spectral variation 

in light environments at night, none of which explored variation in forest habitats. In 

general, researchers have found that the spectral quality of moonlight resembles sunlight, 

while starlight is “red-shifted,” with maximum irradiance displaced to longer 

wavelengths (Munz & McFarland 1973, 1977; Lythgoe 1972, 1979; Johnsen et al. 2006). 

Pariente (1980) further identified possible spectral variation between lunar phases, 
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suggesting that quarter moonlight is relatively richer in wavelengths above 750 nm 

compared to full moonlight. However, his equipment was unable to measure full moon 

irradiance between 400 nm and 600 nm (Pariente, 1980), which is a critical spectral range 

for animal vision, so the extent of spectral variation between lunar phases is unclear. 

Researchers have also proposed that the spectral quality of nocturnal light varies with 

foliage density (Lythgoe, 1972; Pariente, 1980) and cloud cover (Munz and McFarland, 

1973). However, a systematic study of terrestrial nocturnal light environments in forests 

comparable to Endler’s (1993) diurnal work is currently lacking. 

Effects on Vision and Behavior 

Studies exploring the effects of nocturnal light environment on mammalian 

behavior and morphology have primarily focused on variation in nocturnal light levels. In 

many nocturnal and cathemeral species, activity levels are often dependent on lunar light 

level (Dickman 1992; Colquhoun 1998; Gursky 2003; Bearder et al. 2002, 2006; Nash 

2007; Fernandez-Duque et al. 2010; Packer et al. 2011; Veilleux 2011). Many mammals 

are “lunar phobic,” decreasing activity at brighter lunar illumination or shifting activity to 

more covered microhabitats (Dickman 1992; Bearder et al. 2006; Nash 2007; Packer et 

al. 2011). In contrast, “lunar philic” species, including many primates, increase activity 

(travelling, calling, etc.) in response to brighter moonlight levels (Gursky 2003; Bearder 

et al. 2002, 2006; Nash 2007). Nocturnal species may also shift to more acuity-

demanding activities at higher nocturnal light intensities. For example, slender lorises 

(Loris tardigradus lydekkerianus) switch from consuming slow-moving ants to more 

active insects with increasing moonlight levels (Bearder et al. 2002). Although effects of 

variation in the spectral quality of nocturnal light have not been well explored, recent 

studies suggest it may have important implications for the evolution of color vision 



11 

(Kelber & Roth 2006; Johnsen et al. 2006). In the nocturnal lemur Daubentonia 

madagascariensis, for example, the spectral tuning of SWS cones was recently proposed 

to reflect an adaptation for detecting the blue flowers of Ravenala madagascariensis in 

twilight (Melin et al. 2012). 

 

OBJECTIVES AND CHAPTER SUMMARIES 

To date, little work has explored how habitat variation in light environments has 

affected the evolution of primate and mammalian visual systems, particularly with 

regards to nocturnal species. Considering the significance of nocturnality in hypotheses 

of primate evolution (Allman 1977; Cartmill 1992; Rasmussen 1990; Sussman 1995), a 

better understanding of the influence of nocturnal light environments on primate visual 

abilities is especially needed. In this dissertation, I offer the first examination of how 

variation in both the intensity and spectral quality of ambient light has influenced eye 

morphology and color vision in primates and other mammals. I have three specific 

objectives in this dissertation, each of which will be addressed in a separate chapter. 

The first objective of this dissertation is to examine the influence of habitat 

variation in ambient light intensity on selection for visual sensitivity vs. visual acuity in 

primates and other mammals. In Chapter 2, I employ a measure of eye shape known to 

vary by activity pattern (the size of the cornea relative to eye length: Walls 1942; Kirk 

2004, 2006; Ross & Kirk 2007) as a proxy for the divergent selective pressures of low 

light and high light intensity environments. I evaluated the relationship between relative 

cornea size and habitat type (open, woodland, and closed) in a large sample of 

mammalian species (n=209). I also examined the effect of forest stratum usage (preferred 

canopy levels) in a smaller sample of diurnal anthropoids (n=35) in order to evaluate 



12 

possible microhabitat ambient light effects on visual morphology. From previous studies 

of eye shape in divergent light intensity environments (Walls 1942; Kirk 2004, 2006; 

Warrant 2004; Land & Nilsson 2006), I predicted that mammals from closed habitats will 

have larger corneas relative to eye size compared to species from more open habitats as 

an adaptation to increase visual sensitivity. Similarly, primates preferring lower forest 

strata should have larger relative cornea sizes than species preferring higher forest strata. 

Further, I compared effects of habitat type on eye shape across activity patterns to 

determine whether similar patterns hold with diurnal, cathemeral, and nocturnal activity. 

Because little is known about variation in nocturnal ambient light in natural 

primate habitats (Ankel-Simons & Rasmussen 2008), the second objective of this 

dissertation is to explore the range of nocturnal light environments available within and 

between natural habitats in Madagascar across a lunar cycle. For Chapter 3, I measured 

nocturnal intensity and spectral quality over 32 nights in the open canopy dry 

forest/woodland at Kirindy Mitea National Park and 2 nights in the closed canopy 

rainforest at Ranomafana National Park. Using qualitative comparisons and linear mixed 

effects modeling, I examined the effects of lunar phase, lunar altitude (height of the moon 

in the sky), cloud cover, and canopy openness on nocturnal light environments. 

Additionally, I conducted a preliminary analysis of the effects of nocturnal light on visual 

pigment spectral tuning in nocturnal mammals and other vertebrates. In a sample of 

nocturnal mammals, I tested effects of habitat preference (open canopy vs. closed canopy 

forests) and diet (fruit/flower consumer vs. non-consumer) on SWS and M/LWS cone 

pigment spectral tuning. 

The third objective of this dissertation is to evaluate the role of nocturnal light 

environment in selection for dichromatic color vision among nocturnal lemurs. It is 

currently unclear what ecological factors influence differential selection for color vision 
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among nocturnal mammals (Jacobs & Rowe 2004; Peichl 2005; Carvalho et al. 2006). 

Peichl and colleagues (Peichl et al. 2001; Griebel & Peichl 2003; Peichl 2005) 

hypothesize that the absence of shorter wavelengths in coastal water habitats led to the 

convergent loss of SWS cones early in pinniped and cetacean evolution. In Chapter 4, I 

explore whether inhabiting a similar short wavelength-impoverished light environment 

(closed canopy rainforests) leads to a change in the type of selection acting on the SWS1 

opsin gene in nocturnal lemurs. Nocturnal lemurs vary in color vision abilities even 

within a single taxonomic family (e.g. Cheirogaleidae: Dkhissi-Benyahya et al. 2001; 

Peichl et al. 2004; Tan et al. 2005), and offer an excellent test of the effects of light 

environment on selection for dichromacy. I sequenced the entire SWS1 opsin gene in a 

large sample of nocturnal lemurs (n=106 individuals), representing 19 species and 5 

genera. I employed population genetic and phylogenetic methods to test for variation in 

the type of selection acting on the gene between species from closed canopy and open 

canopy habitats. By combining population and phylogenetic approaches, I examined the 

history of both more recent and more ancient selective pressures acting on the SWS1 

gene. I predicted that nocturnal lemurs from open canopy habitats (rich in short 

wavelength light) experience stronger selection to maintain SWS cone functionality, 

while species from closed canopy habitats will experience weaker purifying selection on 

SWS1 or a relaxation of selection to maintain color vision. 

Finally, in Chapter 5 I synthesize the results of these studies and summarize the 

effect of habitat variation in light environments on the evolution of primate visual 

systems. I discuss the implications of my results for hypotheses of primate origins, 

haplorhine origins, and strepsirrhine evolution. I also discuss more generally the 

implications of my results for primate visual ecology, particularly in nocturnal primates, 

and suggest future avenues of research. 
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Figure 1.1. SWS opsin protein with functionally important amino acid residues labeled.  

Blue-filled residues indicate proposed positions in the SWS opsin responsible for spectral 

tuning (Fascik et al 2002; Shi & Yokoyama 2003; Carvalho et al. 2012). Nonsynonymous 

mutations in these codons can change the SWS cone λmax. Black-filled residues indicate 

functionally important residues (Sakmar et al. 1989; Hunt et al. 1995; Kawamura & 

Kubotera 2004; Santillo et al. 2006): (1) glutamate for Schiff-base counter-ion, (2) two 

cysteine residues for the disufide bond, (3) glutamic acid-arginine-tyrosine triplet 

(E/DRY motif), and (4) lysine for the Schiff-base linkage to the chromophore. Figure 

adapted from Shi et al. (2001).  
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Figure 1.2. Habitat differences in diurnal light intensity. 

Data from Endler (1993) averaged for forest shade, woodland shade, and large gaps in 

sunny conditions.  
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Figure 1.3. Endler’s diurnal light environments. 

Adapted from Endler (1993). (A) Open/large Gaps light environments characterize open 

areas away from vegetation. Additionally, small gap, forest shade, and woodland shade 

light environments change to the whitish open/large gap spectrum with cloud cover. (B) 

Small gaps light environments characterize light available at locations with small holes in 

the canopy when in direct sunlight. (C) Forest shade light environments characterize 

light environments under closed canopy when all light is reflected from or transmitted 

through leaves. (D) Woodland shade light environments characterize light environments 

when more than 25% of the sky is visible through the canopy. (E) Early/late light 

environments occur at twilight when the sun is below the horizon. 
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Chapter 2:  Effects of Habitat Light Intensity on Mammalian Eye Shape 

ABSTRACT 

Many aspects of mammalian visual anatomy vary with activity pattern, reflecting 

the divergent selective pressures imposed by low light and high light visual 

environments. However, ambient light intensity can also differ substantially between and 

within habitats due to differences in foliage density. I explored the effects of inter- and 

intra-habitat variation in light intensity on mammalian visual anatomy.  Data on relative 

cornea size, activity pattern, and habitat type were collected from the literature for 209 

terrestrial mammal species. In general, mammalian relative cornea size significantly 

varied by habitat type. In within-order and across-mammal analyses, diurnal and 

cathemeral mammals from forested habitats exhibited relatively larger corneas than 

species from more open habitats, reflecting an adaptation to increase visual sensitivity in 

forest species. However, in all analyses, I found no habitat type effect in nocturnal 

species, suggesting that nocturnal mammals may experience selection to maximize visual 

sensitivity across all habitats. I also examined whether vertical strata usage affected 

relative cornea size in anthropoid primates. In most analyses, species occupying lower 

levels of forests and woodlands did not exhibit relatively larger corneas than species 

utilizing higher levels. Thus, unlike differences in intensity between habitat types, 

differences in light intensity between vertical forest strata do not appear to exert a strong 

selective pressure on visual morphology. These results suggest that terrestrial mammal 

visual systems reflect specializations for habitat variation in light intensity, and that 

habitat type as well as activity pattern have influenced mammalian visual evolution. 2 

                                                
2 Chapter is published in The Anatomical Record, 294 (5): 905-914 with Rebecca J. Lewis as co-author. 
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INTRODUCTION 

In terrestrial habitats, nocturnal and diurnal visual environments differ 

dramatically in the intensity and quality of ambient light (Pariente 1977; Lythgoe 1979; 

Johnsen et al. 2006). Because nocturnal mammals are active in low light levels, they are 

under selection to maximize sensitivity to weak light stimuli at the expense of enhanced 

visual acuity (Walls 1942; Kirk 2004; Land & Nilsson 2006). In contrast, diurnal 

mammals are free to increase visual acuity because they are active in high light 

environments where enhanced visual sensitivity is unnecessary (Walls 1942; Kirk 2004).  

A number of studies have documented differences in ocular anatomy between 

nocturnal and diurnal mammals that support the predictions of divergent selective 

pressure. Nocturnal mammals are characterized by relatively larger and rounder corneas 

and lenses, shorter focal lengths, and larger maximum pupil areas (Walls 1942; Hughes 

1977; Pettigrew et al. 1988; Ross 2000; Kirk 2004, 2006a,b; Ross & Kirk 2007). These 

adaptations enhance visual sensitivity by increasing the amount of light admitted to the 

eye and by forming a brighter retinal image (Walls 1942; Ross 2000; Kirk 2004). In 

contrast, the smaller and more flattened corneas and lenses, longer focal lengths, and 

smaller maximum pupil areas found in diurnal mammals increase the size and clarity of 

the retinal image, enhancing visual acuity (Walls 1942; Hughes 1977; Pettigrew et al. 

1988; Kirk 2004, 2006a,b; Ross & Kirk 2007). Within the retina, nocturnal and diurnal 

mammals also significantly differ in the number of photoreceptors synapsing on a single 

ganglion cell (“retinal summation”) and the ratios of rod to cone photoreceptors (Walls 

1942; Rohen & Castenholz 1967; Pettigrew et al. 1988; Yamada et al. 1998; Arrese et al. 

1999; Ahnelt & Kolb 2000; Kirk & Kay 2000; Peichl et al. 2001; Yamada et al. 2001; 

Kay & Kirk 2004). Measurements of visual acuity for nocturnal and diurnal mammals 

support the results of these anatomical studies. Namely, diurnal species generally have 
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higher visual acuity than nocturnal species (Walls 1942; Pettigrew et al. 1988; Arrese et 

al. 1999; Kiltie 2000; Ross 2000; Kirk & Kay 2004; Veilleux & Kirk 2009). 

Additionally, anatomical and behavioral evidence from cathemeral (arrhythmic) 

mammals suggest intermediate adaptations balancing sensitivity for nocturnal activity 

and acuity for diurnal activity (Walls 1942; Rohen & Castenholz 1967; Pettigrew et al. 

1988; Arrese et al. 1999; Kirk 2004, 2006a; Veilleux 2008; Veilleux & Kirk 2009). 

While the effects of activity pattern on visual anatomy and function are well-

established, relatively little work has explored how mammalian visual systems reflect 

specializations for habitat differences in light environments (Hughes 1977, Schiviz et al. 

2008). As with nocturnal and diurnal light environments, light intensity can differ 

dramatically between and within terrestrial habitats, often due to differences in foliage 

density (Endler 1993). Controlling for time of day, open habitats such as grasslands 

generally exhibit higher light intensities than closed forest habitats (Endler 1993). 

Meanwhile, woodland habitats are intermediate between open and closed habitats in 

ambient light levels (Endler 1993). Light intensity also steeply decreases downward 

through a forest canopy (Endler 1993; Koop & Sterck 1994). Indeed, in many different 

types of closed forest habitats, only a very small percentage of direct light (0.5 to 7%) is 

transmitted to the understory (Chazdon & Pearcy 1991; Lieffers et al. 1999). These 

studies suggest that substantial differences in light intensity can exist not only between 

habitats but also between microhabitats within a given area. Following functional 

expectations (Walls 1942; Hughes 1977; Kirk 2004), one would predict that mammalian 

visual systems may exhibit specializations for habitat/microhabitat differences in light 

intensity.  

Much of the research on habitat effects on mammalian visual anatomy has 

focused on identifying substrate effects (arboreal v. terrestrial) rather than ambient light 
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effects. Hughes’s “terrain hypothesis” (1974, 1977), for example, proposes that retinal 

cell topography and distribution reflects arboreal and terrestrial adaptations to visual 

environments. Terrestrial species with predominantly two-dimensional visual 

environments typically exhibit a horizontally-elongated region of high cell density within 

the retina called a “visual streak,” while arboreal species in more three-dimensional 

visual environments have a concentric region of high cell called an “area centralis” 

(Hughes 1977; Schiviz et al. 2008). In support of the terrain hypothesis, terrestrial 

artiodactyls living in open habitats and forests have cone visual streaks, while species 

from mountainous terrain (which is arboreal-like in three-dimensional visual 

environment) exhibit cone topography intermediate between arboreal and terrestrial 

mammals (Schiviz et al. 2008). Similarly, terrestrial primates have more horizontally-

elongated eye outlines (suggested to be an adaptation to extend the visual field for 

improved horizontal scanning) than arboreal and semi-arboreal species (Kobayashi & 

Koshima 2001). 

Although microhabitat effects on mammalian visual anatomy has not been 

demonstrated previously, evidence from other vertebrates suggests that microhabitat light 

environments can influence an animal’s visual anatomy, coloration, and behavior (Endler 

1992; Théry 2001). For example, Leal and Fleishman (2002) propose that microhabitat 

light characteristics are responsible for variation in retinal cone spectral sensitivity and 

dewlap coloration in two closely-related species of Anolis lizards. Similarly, rainforest 

birds often adapt their plumage color displays to the ambient light of their preferred 

canopy level (Endler 1992; Théry 2001). Because foliage preferentially absorbs shorter 

wavelengths, blue light availability decreases vertically downward through forest 

canopies (Endler 1993). Thus, in French Guiana, canopy birds utilize brighter and bluer 

colors while understory birds utilize darker and redder colors (Théry 2001). Even 
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seasonal differences in light environments have been found to affect avian plumage 

displays and breeding seasons (Endler 1992; Théry 2006). 

The goal of this study was to examine the relationship between habitat type and 

eye morphology in mammals to explore whether habitat/microhabitat differences in light 

intensity have imposed differential selective pressure on mammalian visual systems. Eye 

morphology was quantified using a measurement of eye shape (size of the cornea relative 

to eye length) known to vary by activity pattern (Fig. 2.1; Walls 1942; Kirk 2004, 2006a; 

Ross & Kirk 2007). Using a large sample of mammalian taxa, I first tested the 

relationship between relative cornea size and habitat type (closed, woodland, and open). 

For a smaller sample of diurnal anthropoid primates that live in closed forest and 

woodland habitats, I then examined the relationship between relative cornea and forest 

stratum use. Following my functional expectations, I predicted that within an activity 

pattern, mammals endemic to closed habitats have larger corneas relative to eye size than 

mammals occupying more open habitats in order to enhance visual sensitivity. Similarly, 

I predicted that primates typically occupying lower strata have larger corneas relative to 

eye size than species that use higher forest strata. 

 

MATERIALS AND METHODS 

Visual Anatomy and Ecology Datasets 

Mean cornea size, eye axial diameter, and activity pattern for 209 terrestrial 

mammals representing nine major clades (artiodactyls, carnivorans, metatherians, 

perissodactyls, anthropoid primates, strepsirrhine primates, rodents, xenarthrans, and 

macroscelideans) were obtained from the literature (Ross & Kirk 2007). Marsupial taxa 

were combined into a metatherian clade following Kirk (2006a). Because diurnal 
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anthropoids have highly derived small corneas (Ross 2000; Kirk 2004; Ross & Kirk 

2007), the primate order was divided into anthropoid and strepsirrhine clades. Relative 

cornea size (C:A) was calculated by dividing cornea diameter by eye axial length 

following Kirk (2006a) and Ross and Kirk (2007). Habitat data were collected from the 

literature for each species (Appendix Table A1). Habitats were divided into three light-

dependent categories: (1) “open,” representing high light intensity environments with 

little to no foliage cover (including savannas, deserts, steppes, marshes, and rocky 

country); (2) “woodland,” representing intermediate light intensity environments with 

some foliage cover but lacking closed canopy (including woodlands, thickets, spiny 

desert, and scrub); and (3) “forest,” representing low light intensity environments with at 

least seasonal closed canopies (including deciduous forests, rainforests, and humid 

forests). Further, for diurnal anthropoids from forest and woodland habitats (n=35 

species), vertical stratum usage, defined as “upper”, “middle”, or “lower”, was collected 

from the literature (Appendix Table A2). Species were assigned to strata categories based 

upon the authors’ own descriptions. Species inhabiting the canopy were considered to use 

the “upper” strata. I excluded strepsirrhine primates from these canopy analyses because 

they are not directly comparable to diurnal anthropoids in their eye morphology (Kirk 

2004) and I did not have sufficient sample sizes to compare strata effects within 

strepsirrhines. 

Whether species adapt to the resources or environments they utilize most 

frequently or to the ones they utilize in selectively critical periods is debated. A number 

of studies have suggested that anatomical features are often adaptations to exploit 

“fallback” resources rather than preferred or primary resources (Kay 1975; Terborgh 

1983; van Schaik et al. 1993; Lambert et al. 2004). Following this theoretical framework, 

when a species was described as utilizing habitats (or strata) from multiple light intensity 
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categories, that species was assigned to the lowest light intensity category listed. 

Similarly, species from seasonal dry forests, which can have dry season woodland light 

environments (Endler 1992), were classified as “forest”. This procedure makes the 

assumption that decreased visual sensitivity in low light environments is more 

detrimental than having increased sensitivity in relatively higher light environments. This 

assumption is supported anatomically, as species with large corneas adapted to lower 

light environments can opportunistically decrease their pupil size in brighter light 

intensities (Walls 1942). 

 

Statistical Analyses 

I used multiple approaches to test my predictions. When sample sizes were 

particularly small (i.e., <9), analyses resulting in p-values of less than or equal to 0.1 

were considered to be a trend. Tests were one-tailed when I had an a priori hypothesis. 

All statistical tests were performed in SPSS 15.0. 

Habitat type 

Kirk (2006a) found substantial variation in relative cornea sizes across higher 

mammalian clades in addition to the significant variation between activity patterns. 

Therefore, to control for possible phylogenetic effects on mammalian relative cornea 

size, I conducted several different analyses. (1) Relative Cornea Index. I developed a 

clade-adjusted C:A value for each species, the Relative Cornea Index (RCI). To 

determine RCI, each clade was divided into subgroups by activity pattern. I tested each 

subgroup with chi-square tests to verify that each habitat category had similar numbers of 

species. Three subgroups (diurnal anthropoids, cathemeral metatherians, and nocturnal 

metatherians), had significantly uneven numbers of species among habitat types and were 
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excluded from the RCI analysis. The RCI value for each species was then calculated as 

(subgroup mean – observed C:A) / (subgroup standard deviation). RCI thus represents a 

z-score to compare relative cornea size between habitats across all mammals of the same 

activity pattern. This method allows us to compare relative cornea size across clades with 

differing “baseline” eye morphology. I compared RCI values among habitat types using 

one-tailed Kruskal Wallis tests and post hoc Mann-Whitney U tests. (2) Intra-clade 

analysis. I also directly tested C:A variation by habitat type among species of the same 

activity pattern within clades (i.e. cathemeral artiodactyls) using nonparametric one-tailed 

Kruskal Wallis tests with post hoc Mann-Whitney U tests. (3) Matched-pairs analysis. 

Finally, I utilized matched congeneric pair analysis from different habitat types (but the 

same activity pattern) as a further control for possible phylogenetic effects on relative 

cornea size (Møller & Birkhead 1993; Thomas et al. 2006). I classified each member of a 

pair as either “relatively lower light intensity” or “relatively higher light intensity” based 

on habitat preference. I only considered C:A differences between congeners greater than 

0.02 as truly different, because C:A ratios less than 0.02 could reflect simple measuring 

error in the original anatomical collecting methods (Kirk, pers comm). I used a one-tailed 

sign test to compare relative light intensity and C:A. If multiple congeners inhabited the 

same light habitat, their average C:A was used to represent that light intensity. 

Vertical strata usage 

I used three analyses to test for vertical strata effects on relative cornea size in 

diurnal anthropoid primates. (1) Direct strata analysis. I directly compared C:A between 

diurnal anthropoids from upper, middle, and lower canopy levels in forest and woodland 

habitats with one-tailed Mann-Whitney U tests. (2) Sympatric species. Data on vertical 

habitat stratification in sympatric diurnal anthropoid primates were collected from the 
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literature for ten research sites: Lomako Reserve, Democratic Republic of Congo 

(McGraw 1994); Urucu River, Brazil (Peres 1993); Maraca Island, Brazil (Mendes 

Pontes 1997);  Río Curaray, Peru (Heymann et al. 2002); Ituri Forest, Zaire (Thomas 

1991); Peru (Warner 2002); Sumatra (Ungar 1996); East Kalimantan, Indonesia (Rodman 

1991); San Sebastian, Bolivia (Porter 2004); and Noel Kempff Mercado National Park, 

Bolivia (Wallace et al.998). For each site I compared C:A among sympatric primates, and 

used a binomial test to determine whether the primates exhibited the predicted 

relationship (lower strata>middle strata>upper strata) at a significant proportion of the 

sites. (3) Matched-pairs analysis. Congeneric pairs were assigned to either “higher strata” 

or “lower strata” categories depending on their vertical strata usage. To be conservative, I 

excluded middle strata species from this analysis except where I could directly compare 

them with sympatric upper/lower species. Because many species were used in multiple 

comparisons (e.g. five species of Saguinus, four species of Macaca), the data are not 

independent. Thus, statistical analyses could not be employed. 

 

RESULTS 

Eye Shape and Habitat Type 

Relative Cornea Index 

After excluding diurnal anthropoids, cathemeral metatherians, and nocturnal 

metatherians (see Methods), I calculated RCI values for 136 mammalian species. My 

results suggest that RCI varies among mammals by habitat (Fig. 2.2). However, this 

relationship was influenced by activity pattern. Among diurnal mammals, RCI varied 

significantly by habitat type (Kruskal-Wallis H=6.655, df=2, p=0.018). Post hoc tests 

indicate that diurnal species living in open habitats had significantly higher RCI (thus 
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smaller relative cornea sizes) than forest (Mann-Whitney U=22.00, nopen=7, nforest=15, 

p=0.016) and woodland species (Mann-Whitney U=2.00, nwoodland=4, p=0.012). Diurnal 

woodland and forest species did not significantly differ in RCI (Mann-Whitney U=22.5, 

p=0.235). Cathemeral mammals also exhibited a significant relationship between RCI 

and habitat type (Kruskal-Wallis H=4.939, df=2, p=0.043). Among cathemeral mammals, 

open and woodland species had significantly higher RCI than forest dwelling species 

(Mann-Whitney open v. forest: U=236.50, nopen=26, nforest=26, p=0.032; woodland v. 

forest: U=125.5, nwoodland=15, p=0.03). However, cathemeral open and woodland species 

did not differ significantly in RCI (Mann-Whitney U=183.50, p=0.378). Unlike diurnal 

and cathemeral mammals, nocturnal mammals did not vary in RCI by habitat type 

(Kruskal-Wallis H=0.355, df=2, p=0.419). 

Intra-clade comparisons 

Table 2.1 summarizes the descriptive and statistical results for the relationship 

between C:A and habitat type in nine mammalian clades. Seven groups were too small 

for statistical comparisons (diurnal and nocturnal artiodactyls, cathemeral metatherians, 

diurnal and cathemeral strepsirrhines, nocturnal xenarthrans, diurnal macroscelideans). 

Even with relatively small sample sizes, several groups showed significant results or 

strong trends for a relationship between C:A and habitat usage (Fig. 2.3). Among diurnal 

anthropoids, C:A differs significantly between species from different habitats (Kruskal-

Wallis H=9.02, df=2, p =0.005). The post hoc tests indicate that open habitat species had 

significantly smaller C:A than forest species (Mann-Whitney U=1.00, nopen=2, nforest=45, 

p=0.01) and a trend for smaller C:A than woodland species (Mann-Whitney U=1.50, 

nwoodland=5, p=0.085). Woodland species had significantly smaller C:A than forest species 

(Mann-Whitney U=51.00, p=0.023).  
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Five additional groups (diurnal rodents, cathemeral rodents, diurnal carnivorans, 

cathemeral artiodactyls, and cathemeral xenarthrans) exhibited trends for C:A variation 

by habitat type despite small sample sizes. Among diurnal rodents, open habitat species 

had smaller C:A than forest species, although this relationship did not reach significance 

(Mann-Whitney U=2.50, nopen=3, nforest=5, p=0.072). Similarly, cathemeral rodents 

exhibited a trend for C:A to vary across habitats (Kruskal-Wallis H=3.46, df=2, p=0.09). 

Post hoc tests found that open habitat species exhibited a strong trend to have smaller 

C:A than woodland species (Mann-Whitney U=0.50, nopen=4, nforest=2, p=0.05), but not 

forest species (Mann-Whitney U=5.5, nforest=5, p=0.133). Cathemeral woodland and forest 

rodents did not differ in C:A (Mann-Whitney U=2.0, p=0.121). Open habitat diurnal 

carnivorans also exhibited a trend of smaller C:A compared to forest carnivorans (Mann-

Whitney U=0.00, nopen=2, nforest=3, p=0.10). An analysis of cathemeral artiodactyls was 

not statistically significant (Kruskal-Wallis H=3.05, df=2, p=0.109). Post hoc tests, 

however, indicate that open habitat cathemeral artiodactyls had significantly smaller C:A 

than forest species (Mann-Whitney U=9.00, nopen=9, nforest=5, p=0.042). Both open habitat 

v. woodland and woodland v. forest comparisons for cathemeral artiodactyls were not 

statistically significant (Mann-Whitney open v. woodland: U=23.00, nwoodland=7, p=0.204; 

woodland v. forest: U=14.00, p=0.320). While open habitat species exhibited smaller 

C:A compared to forest species in the rodent, carnivoran, and artiodactyl groups, 

cathemeral xenarthrans exhibited the opposite trend. Contrary to predictions, forest 

dwelling cathemeral xenarthrans had smaller C:A than open dwelling species (Mann-

Whitney U=0.00, nopen=4, nforest=2, p=0.067). Of the remaining fourteen groups with non-

significant results or sample sizes too small for analysis, five exhibited the predicted 

relationship of more open-dwelling (open, woodland) species having smaller median C:A 
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than forest dwelling species (diurnal artiodactyls, nocturnal artiodactyls, cathemeral 

carnivorans, cathemeral strepsirrhines, nocturnal strepsirrhines). 

Matched-pairs analysis 

I identified nine congeneric pairs that inhabit different relative light environments 

(Table 2.2). A sign test revealed no significant differences in C:A between congeners 

from lower and higher light intensity habitats (p=0.145). Of the nine pairs, five exhibited 

the predicted difference of lower C:A in the lower light intensity congener, while two 

exhibited the opposite and two showed no difference (≤0.02) between congeners from 

different habitats. 

 

Eye Shape and Vertical Strata Usage 

Direct strata analysis 

I directly compared C:A in diurnal anthropoids from forest (n=32) and woodland 

(n=3) habitats. Among forest anthropoids, C:A did not significantly differ among upper 

(n=13, median=0.53, range=0.09), middle (n=8, median=0.55, range=0.07), and lower 

strata species (n=11, median=0.53, range=0.10) (Kruskal Wallis H=1.223, df=2, 

p=0.271). While the relationship between C:A and strata in woodland species followed 

predictions (upper C:A=0.48; middle C:A=0.53; lower C:A=0.57), samples size did not 

permit statistical analysis. 

Sympatric species 

The vertical distributions of C:A for sympatric species at the ten sites is 

summarized in Figure 2.4. Only four of the ten sites followed the predicted relationship 



 

36 

of lower strata C:A > middle strata C:A > upper strata C:A, which was not significant in 

a binomial test (p=0.377). 

Matched-pair analysis 

My sample included 12 congeneric pairs utilizing different vertical strata (Fig. 

2.5). Of these pairs, eight followed predictions of lower C:A in the higher strata 

congener, while three showed no difference in C:A (≤ 0.02) and one exhibited the 

opposite relationship (higher C:A in the higher strata congener). Seven of the pairs are 

combinations of Saguinus species and three are combinations of Macaca species. For the 

Saguinus pairs, five (71.4%) followed the predicted relationship and two (28.6%) showed 

no difference. For the Macaca pairs, two showed the predicted relationship while one did 

not differ in C:A by strata. 

 

DISCUSSION 

The amount of light available during the day versus the night has long been 

known to influence mammalian visual anatomy, especially the anatomy related to acuity 

and sensitivity (Walls 1942; Hughes 1977; Pettigrew et al. 1988; Ross 2000; Kay & Kirk 

2000; Kirk 2004, 2006a,b; Ross & Kirk 2007). In particular, activity pattern significantly 

influences relative cornea size in mammals, with nocturnal species having larger corneas 

relative to eye size in order to enhance visual sensitivity at low light levels (Ross 2000; 

Kirk 2004, 2006a; Ross & Kirk 2007). Because ambient light intensity varies within and 

between habitats (Endler 1993), I tested whether mammalian relative cornea size also 

varies by habitat and microhabitat. I employed multiple approaches to examine the effect 

of habitat type and vertical stratification on relative cornea size while controlling for 

possible phylogenetic effects. My results suggest that differences in habitat light intensity 
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do influence relative cornea size, but this effect is influenced by activity pattern. Very 

little data were available to test for a microhabitat effect, even for the well-studied 

primate clade. Nevertheless, my preliminary analysis suggests that vertical strata 

differences in light intensity do not influence relative cornea size in diurnal anthropoid 

primates. 

 

Habitat Type 

In my RCI analysis, I found that habitat type significantly influences relative 

cornea size within diurnal and cathemeral, but not nocturnal, mammals. As expected, 

diurnal and cathemeral mammals from forests exhibited larger relative cornea sizes 

compared to species from more open habitats. Among nocturnal species, I found no 

relationship between relative cornea size and habitat type. Thus, just as activity pattern 

influences mammalian visual anatomy, habitat variation in light intensity also appears to 

influence eye morphology in day-active or partially day-active mammals. Diurnal and 

cathemeral forest-dwelling species, which encounter lower light intensities than 

diurnal/cathemeral species in open habitats (Endler 1993), exhibit larger corneas relative 

to eye size, presumably as an adaptation for enhancing visual sensitivity. 

The results for some of my intra-clade analyses support the RCI results. Although 

sample size was small, in several clades (cathemeral artiodactyls, diurnal carnivorans, 

diurnal anthropoids, and diurnal rodents), relative cornea size significantly varied with 

habitat type as predicted or it approached significance. As in the RCI analysis, I found no 

significant relationship between relative cornea size and habitat in nocturnal subgroups. 

These results suggest that habitat differences in nocturnal light intensity do not affect 

nocturnal mammal visual anatomy for enhancing sensitivity. Because nocturnal light 
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intensity also varies significantly by lunar phase (Lythgoe 1979; Johnsen et al. 2006), 

nocturnal mammals may be maximizing their visual sensitivity across all habitat types to 

manage the very low light levels available by starlight alone. Many nocturnal mammals 

also have other adaptations to maximize sensitivity, such as specialized rod cell 

morphology (Solovei et al. 2009; Perry & Pickrell 2010) and tapeta lucida (Walls 1942; 

Nicol 1981; Ollivier et al. 2004).  

The relative lack of significant results in my intra-clade comparisons suggests 

several confounding factors that may be influencing my analyses. First, contrary to 

predictions, cathemeral xenarthrans exhibited a trend for forest species to have smaller 

C:A than open habitat species. This result may be influenced by the classification system 

and limits of the dataset employed in this study. For example, one of the cathemeral 

xenarthrans classified as “forest” (Myrmecophaga tridactyla) inhabits a range of 

environments, including savanna and humid forests (Nowak 1999). In some vertebrates, 

habitat variation can result in intraspecific populational differences in sensory systems 

(Wilczynski & Ryan 1999). If similar intraspecific variation is present in mammalian 

visual systems, it could obscure habitat-cornea size relationships. Alternatively, some 

species may exhibit adaptations for a “habitat generalist” niche (McPeek 1996). 

A second factor that may have confounded my intra-clade analyses is that 

mammalian clades rely on vision to different extents (Hughes 1977; Barton et al. 1995; 

Arrese et al. 1999; Kirk & Kay 2004; Kirk 2006b). Anthropoid primates, for example, are 

more visually-oriented and have significantly higher visual acuity than other mammal 

groups (Ross 2000; Kirk & Kay 2004; Veilleux 2008; Veilleux & Kirk 2009). This 

increased emphasis on vision may account (with large sample size) for why the habitat-

cornea size relationship is strongest in anthropoids. In contrast, other mammal groups 

(such as murid rodents or xenarthrans) which are not as visually-oriented may not 
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experience as strong selection for habitat light visual specialization. Additionally, these 

confounding factors, as well as very small sample size, may explain why the analysis of 

matched pairs was inconclusive and inconsistent with my RCI and intra-clade analyses, 

which demonstrated significant habitat effects on relative cornea size. 

 

Vertical Stratification 

I hypothesized that microhabitat differences in light intensity also affect mammal 

relative cornea size, but this prediction was not supported. First, contrary to my 

predictions, I found that anthropoid primates utilizing lower strata in forests did not 

exhibit relatively larger corneas than species occupying higher strata. The woodland 

comparisons followed expectations, but sample size was too small for any conclusions. 

Second, my analysis of species vertically stratified in the same forest found that cornea 

size consistently decreased in size as the primates spent more time in the upper strata for 

only 40% of the sites examined. Third, while the analysis of congeneric pairs used non-

independent data and are thus difficult to interpret, over 70% of the Saguinus pairs and 

two-thirds of the Macaca pairs followed the expected direction with species inhabiting 

the lower strata having relatively larger corneas. While more data are obviously needed 

before the effects of microhabitat light levels can be conclusively determined, the current 

lack of relationship between vertical strata usage and relative cornea size in primates is 

not particularly surprising. As a group, primates exhibit great behavioral plasticity 

(Campbell et al. 2007). While primates often prefer certain strata, they utilize many levels 

of the forest (e.g., Saguinus spp.: Buchanan-Smith 1999). Thus, morphological 

specializations for one particular microhabitat may not be advantageous for behaviorally 

plastic species. 
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Conclusions 

Employing a broad comparative approach, I provide evidence that eye 

morphology in mammals is adapted to habitat variation in light intensity. Controlling for 

activity pattern and clade-level differences in eye morphology, I found that cathemeral 

and diurnal mammals from closed habitats tend to have larger corneas relative to eye size 

than mammalian species from open habitats. These differences probably reflect an 

adaptation to increase sensitivity in the darker forest light environments. While the 

influence of microhabitat light levels on relative cornea size in primates was 

inconclusive, preliminary results suggest that vertical strata usage differences in light 

intensity are not as selectively important as habitat type. A more detailed analysis with 

more strata usage data for primates as well as other mammals may help resolve the 

influence of microhabitat light environments on visual anatomy. 
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Figure 2.1. Schematic comparison of mammalian eye shapes by activity pattern 

Nocturnal species have relatively broad corneal diameters relative to the length of the 

eye, which increases the amount of light admitted to the retina (Ross 2004; Kirk 2004). 

Diurnal species have small corneal diameters relative to eye length, which enhance visual 

acuity by aiding in increasing the size of the retinal image and decreasing the distortions 

of peripheral light rays on image clarity (Ross 2000; Kirk 2004). Cathemeral mammals 

exhibit intermediate morphology (Kirk 2006a). 
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Figure 2.2. Quartile box-plots for mammalian relative cornea index (RCI) by habitat type. 

Higher RCI values signify smaller relative cornea sizes. Diurnal anthropoids, cathemeral 

metatherians, and nocturnal metatherians were excluded (see Methods). Whiskers 

represent the highest and lowest values. 
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Figure 2.3. Quartile box-plots for significant or near significant intra-clade comparisons 
of relative cornea size (C:A) and habitat type 

Whiskers represent the highest and lowest values that are not outliers (open circles: 

between 1.5 and 3 times the interquartile range). 
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Figure 2.4. The relative cornea size (C:A) of sympatric diurnal anthropoids at ten field 
sites. 

At only four sites (shaded box) do species occupying lower strata exhibit relatively larger 

corneas than species occupying higher strata. Lo, Lomako Reserve; Mi, Maraca Island; 

Rc, Río Curaray; It, Ituri Forest; Pe, Peru; Su, Sumatra; Ur, Urucu River; Ek, East 

Kalimantan; Sa, San Sebastian; Nk, Noel Kempff Mercado National Park. 
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Figure 2.5. The relative cornea size (C:A) of congeneric diurnal anthropoid pairs utilizing 
different vertical strata. 

Line shade reflects C:A-stratum relationship: black lines indicate pairs following the 

predicted relationship (larger C:A in lower stratum species); light grey lines indicate pairs 

following the opposite relationship (larger C:A in higher stratum species); dark grey lines 

indicate no difference (≤ 0.02 differences). Line pattern reflects genera: solid lines 

indicate Saguinus species; small dashed lines indicate Macaca species, large dashed lines 

indicate other taxa.  
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Table 2.1. Intra-clade analyses of relative cornea size and habitat in nine mammalian 
clades. 

Clade 
Activity 
Pattern Habitat n 

Median -- 
Range 

Kruskal-
Wallis/Mann-

Whitney Statistics 
diurnal forest 1 0.73 

  open 2 0.70 -- 0.07 
n/a 

cathemeral forest 5 0.74 -- 0.09 
 woodland 7 0.75 -- 0.07 
  open 9 0.72 -- 0.08 

H=3.05, p=0.109 

nocturnal forest 2 0.90 -- 0.13 

Artiodactyla 

  open 1 0.79 
n/a 

diurnal forest 3 0.82 -- 0.19 
 open 2 0.59 -- 0.04 

U=0.00, p=0.10 

cathemeral forest 10 0.77 -- 0.23 
 woodland 3 0.69 -- 0.23 
  open 5 0.72 -- 0.20 

H=2.23, p=0.164 

nocturnal forest 7 0.79 -- 0.30 
 woodland 3 0.87 -- 0.04 

Carnivora 

  open 3 0.86 -- 0.21 
H=0.55, p=0.380 

cathemeral forest 2 0.81 -- 0.01 n/a 
nocturnal forest 15 0.90 -- 0.15 Metatheria 

  woodland 4 0.88 -- 0.07 
U=27.5, p=0.405 

cathemeral woodland 2 0.64 -- 0.12 Perissodactyla 
  open 4 0.67 -- 0.09 

U=3.00, p=0.400 

diurnal forest 45 0.54 -- 0.15 
 woodland 5 0.53 -- 0.14 Primates: 

Anthropoidea 
  open 2 0.47 -- 0.05 

H=9.02, p=0.005* 

diurnal forest 5 0.74 -- 0.06 
 woodland 1 0.77 

n/a 

cathemeral forest 4 0.79 -- 0.01 
 woodland 1 0.76 

n/a 

nocturnal forest 10 0.84 -- 0.11 

Primates:       
Strepsirrhini 

  woodland 3 0.82 -- 0.07 
U=11.5 p=0.228 

diurnal forest 5 0.81 -- 0.11 
 woodland 1 0.83 
 open 3 0.65 -- 0.19 

U=2.50, p=0.072 

cathemeral forest 5 0.92 -- 0.06 
 woodland 2 0.95 -- 0.03 
  open 4 0.88 -- 0.06 

H=3.46, p=0.09 

nocturnal forest 4 0.93 -- 0.12 
 woodland 3 0.90 -- 0.09 

Rodentia 

  open 3 0.93 -- 0.06 
H=0.907, p=0.318 
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Table 2.1 continued     
cathemeral forest 2 0.68 -- 0.02 U = 0.00, p = 0.067 

  open 4 0.75 -- 0.07  
nocturnal forest 2 0.79 -- 0.10 

Xenarthra 

  open 2 0.85 -- 0.21 
n/a 

Macroscelidea diurnal forest 1 0.86 
    woodland 2 0.92 -- 0.09 

n/a 

 

Groups in bold exhibit the predicted relationship. 
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Table 2.2 The relative cornea size (C:A) of congeneric mammalian pairs inhabiting 
different habitat light environments. 

Relative Light 
Intensity Genus Activity 

Pattern 
Lower Higher 

Strepsiceros cathemeral 0.75 0.79 
Taurotragus cathemeral 0.81 0.72 

Tragulus nocturnal 0.96 0.83 
Ursus cathemeral 0.75 0.72 

Didelphis nocturnal 0.91 0.88 
Callithrix diurnal 0.56 0.52 
Eulemur cathemeral 0.79 0.78 
Panthera cathemeral 0.69 0.70 

Tolypeutes cathemeral 0.69 0.77 
 

Genera in bold reflect the predicted relationship. Note: Tragulus species are both "forest" 

but inhabit different types of forest habitats with differing light intensities. We averaged 

C:A values for Eulemur species; “lower intensity” is the mean of 3 forest species and 

“higher intensity” is the mean of 2 woodland species. Species: Strepsiceros spekei & 

strepsiceros, Taurotragus eurycerus & oryx, Tragulus javanicus & meminna, Ursus 

americanus & arctos, Didelphis marsupialis & virginianus, Callithrix jacchus & aurita, 

Eulemur coronatus, fulvus, macaco, mongoz, & rubiventer; Panthera leo & onca 

Tolypeutes matacus & tricinctus. 
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Chapter 3:  Variation in Nocturnal Light Environments in Tropical 
Forests 

ABSTRACT 

While variation in the color of light in terrestrial diurnal and twilight 

environments has been well documented, relatively little work has examined the color of 

light in nocturnal habitats. Understanding the range and sources of variation in nocturnal 

light environments has important implications for nocturnal vision, particularly following 

recent discoveries of nocturnal color vision. In this study, I measured nocturnal irradiance 

in a dry forest/woodland and a rainforest in Madagascar over 34 nights. I then examined 

the effects of lunar phase, lunar altitude, canopy openness and cloud cover on light 

intensity and spectral quality with qualitative comparisons and linear mixed effects 

modeling. In contrast to diurnal conditions, nocturnal forests and woodlands share a 

yellow-green-dominant light environment with peak flux at 560 nm. While this yellow-

green-rich environment is constant across most conditions, I still identified variation in 

the proportions of shorter and longer wavelengths available with lunar phase, lunar 

altitude and canopy openness. To explore how nocturnal light environments influence 

nocturnal vision, I also compared photoreceptor spectral tuning, habitat preference, 

behavior and diet in 41 nocturnal vertebrates. In many species, medium to long-

wavelength-sensitive cone spectral sensitivity matched the peak flux present in nocturnal 

forests and woodlands, suggesting a possible adaptation to maximize photon absorption 

at night. I also observed a potential effect of diet on LWS cone spectral tuning in 

nocturnal mammals. These results suggest that variation in nocturnal light environments 

and species ecology together influence cone spectral tuning and color vision in nocturnal 

vertebrates. 
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INTRODUCTION 

Recent discoveries of functional color vision at low light levels among nocturnal 

geckos, tree frogs, bees and hawkmoths (Kelber et al. 2002; Roth & Kelber 2004; 

Somanathan et al. 2008; Gomez et al. 2010) have prompted a re-evaluation of the 

importance of color vision for nocturnal animals. Traditionally, the low light intensities 

available in nocturnal environments were believed to preclude color discrimination 

(Walls 1942; Ahnelt & Kolb 2000). Recent studies, however, suggest that nocturnal color 

vision may be both selectively advantageous for some species and more widespread than 

previously believed (Kelber & Roth 2006; Gomez et al. 2009; Müller et al. 2009). Color 

discrimination at nocturnal light levels may even be adaptive for some mammals. Studies 

of opsin genes in nocturnal primates and bats, for example, have revealed evidence of 

selection acting to maintain functional dichromacy in several lineages, possibly for 

nocturnal color discrimination (Kawamura & Kubotera 2004; Perry et al. 2007; Zhao et 

al. 2009a,b). Because the appearance of visual targets (such as conspecifics, food, or 

predators) depends upon the spectral quality of ambient light as well as the target’s 

reflective properties (Endler 1990, 1993), understanding of the light environments 

available to nocturnal animals is critical for studying the ecology of nocturnal color 

vision (Johnsen et al. 2006). 

Endler’s (1993) seminal work “The Color of Light in Forests and Its 

Implications” offered a detailed study of variation in diurnal light environments, forming 

the basis for most subsequent work on diurnal visual ecology. In contrast, variation in 

nocturnal light environments has not been as extensively studied. By “nocturnal light 

environments,” I am referring strictly to the nocturnal period after the conclusion of 

twilight (for twilight environments, see: Munz & McFarland 1973, 1977; Martin 1990; 
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Endler 1991, 1993; Lee & Hernandez-Andres 2003; Johnsen et al. 2006; Sweeney et al 

2011). Much of the published research on nocturnal light environments has focused on 

variation in light intensity. These studies reveal that light intensity at night can vary 

dramatically, differing by as much as eight orders of magnitude due to lunar phase, lunar 

altitude (height of the moon in the sky), weather, foliage density, seasonality and latitude 

(US Navy 1952; Lythgoe 1979; Pariente 1980; Martin 1990; Cummings et al. 2008; 

Warrant 2008).  

However, few data are currently available on spectral variation in light 

environments at night. Munz and McFarland (1973, 1977) and Lythgoe (1972, 1979) 

identified spectral differences between moonlight and starlight. While the spectral quality 

of moonlight resembles sunlight, starlight is “red-shifted,” with maximum irradiance 

displaced to longer wavelengths (Lythgoe 1972, 1979; Munz & McFarland 1973, 1977). 

Pariente (1980) further identified possible spectral variation between lunar phases in his 

study of moonlight inside and outside forests in Madagascar. He found quarter moonlight 

to be relatively richer in wavelengths greater than 750 nm (i.e. “redder”) compared to full 

moonlight. Pariente’s equipment, however, was unable to measure full moon irradiance 

between 400 nm and 600 nm (Pariente 1980), which is a critical range for animal vision, 

so the extent of spectral variation between lunar phases relevant for nocturnal animals 

remains unclear. More recently, Johnsen et al. (2006) examined nocturnal spectral 

irradiance under conditions ranging from clear full moon sky in an open environment to 

urban locations under overcast moonless sky, with an emphasis on how these spectra 

differ from diurnal and twilight conditions. Their findings support previous work—under 

full moonlight, the spectrum was “nearly indistinguishable” from daylight, while their 

modeled starlight was red-shifted (Johnsen et al. 2006). While current evidence suggests 

nocturnal spectra can vary with lunar phase, lunar altitude, foliage density (Lythgoe 
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1972; Pariente 1980) and weather conditions (Munz & McFarland 1973), a systematic 

study of how these variables influence the nocturnal optical environment is currently 

lacking. 

Identifying variation in the spectral quality of nocturnal ambient light has 

important implications for the visual function and behavior of nocturnal animals. Because 

the visibility of color patterns is partly dependent upon ambient light environment, the 

conspicuousness of conspecifics, food items or predators will vary with time of day, 

microhabitat, weather and season as ambient light changes (Endler 1990, 1991, 1993). 

Accordingly, among aquatic and diurnal animals, studies have repeatedly linked 

photoreceptor types and spectral tuning and visual signaling (e.g., dewlap or plumage 

coloration) with the spectral quality of ambient light environments (Munz & McFarland 

1973; Lythgoe 1979, 1984; Endler, 1991, 1993; Fleishman et al. 1993; Craig et al. 1996; 

Endler & Théry 1996; Archer 1999; Partridge & Cummings 1999; Théry 2001; Leal & 

Fleishman 2002). In aquatic environments, for example, closely related fishes from 

different optical environments frequently exhibit divergent sets of visual pigments 

(Bowmaker et al. 1994; Lythgoe et al. 1994; Cummings & Partridge 2001). Additionally, 

terrestrial diurnal vertebrates and invertebrates often utilize color signals that are most 

conspicuous in their preferred ambient light environment and may actively choose light 

environments that maximize conspicuousness during courtship displays (Endler 1991; 

Fleishman et al. 1993; Craig et al. 1996; Endler & Théry 1996; Théry 2001).  

The recent discoveries of nocturnal color vision suggest that variation in ambient 

light spectral quality may affect nocturnal visual systems as well. Nocturnal animals are 

active in light levels that are five to nine orders of magnitude darker than daylight (Munz 

& McFarland 1973; Lythgoe 1979; Pariente 1980). Animal visual systems only encode a 

fraction of the photons reaching the eye (~55-59% in invertebrates, 5-25% in 
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vertebrates), with photons lost at both absorption and transduction stages (Barlow et al. 

1971; Lillywhite 1977; Warrant 2004). Even relatively small differences in the spectral 

quality of ambient light may have a large effect on the reflectance and visibility of targets 

(Johnsen et al. 2006; Kelber & Osorio 2010). This variation in spectral quality may be 

particularly important in photon-limited nocturnal environments. Furthermore, nocturnal 

animals may experience strong selective pressure to maximize photon absorption by 

tuning photoreceptor spectral sensitivities to the dominant wavelengths of ambient light, 

as in aquatic animals (Lythgoe 1984; Partridge & Cummings 1999). Thus, if nocturnal 

light environments vary by habitat type, woodland- and forest-dwelling nocturnal animals 

may be expected to differ in photoreceptor spectral sensitivities. 

In this study, I have three objectives: (1) to describe the range of variation in 

nocturnal light environments present in woodlands and forests in Madagascar, (2) to 

identify factors affecting variation in nocturnal light environments within these habitats 

and (3) to explore how variation in nocturnal light influences visual pigment spectral 

tuning in nocturnal vertebrates. I first measured nocturnal irradiance over 32 nights at 

multiple locations in an open canopy dry forest/woodland and 2 nights in a closed canopy 

rainforest. From these data, I examined the effects of lunar phase, lunar altitude, cloud 

cover and canopy openness on nocturnal spectral irradiance. Finally, I compared 

photoreceptor spectral sensitivities for 41 nocturnal vertebrates with different habitat 

preferences and diets to further examine the relationship between nocturnal light 

environments, ecology and vision. 
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MATERIALS AND METHODS 

Study Sites 

Research was conducted at two forests in Madagascar representing different 

habitat types: Kirindy Mitea National Park and Ranomafana National Park. Kirindy 

Mitea is an open canopy dry deciduous forest/succulent woodland habitat (Burgess et al., 

2004). Data were collected exclusively at the Ankoasifaka (Anko) Research Station (20º 

47.25’ S, 44º 10.14” E) between July and September 2009. This period represents the end 

of the dry season when the majority of tree species have dropped their leaves (Sorg & 

Rohner 1996) and thus would be expected to show the greatest contrast with closed 

canopy rainforests. Although Anko has no history of systematic logging, a cyclone struck 

the forest in January 2009 that was found to affect forest structure compared to pre-

cyclone conditions (Lewis & Bannar-Martin 2012). However, a comparison of tree size 

classes revealed that forest structure at Anko still did not appreciably differ from that of 

other dry forests in Madgascar (Veilleux, unpublished data). Ranomafana is a humid 

rainforest with lowland to montane forest habitats (Wright 1992). Data were collected at 

the Valohoaka (Valo; 21º 17.76’ S, 47º 26.35’ E) and Talatakely (Tala; 21º 15.75’ S, 47º 

25.25’ E) research sites in September and October 2009. Valo (1200 m elevation) is 

undisturbed primary forest (Balko & Underwood 2005). Tala (500 m elevation) was 

logged in the late 1980s and is characterized as secondary rainforest (Wright 1992).  

 

Foliage Density Measurements 

At all sites, nine 50 m transects were established 3-10 m parallel to trail systems. 

At 3 m distance, the trail was not visible and so had no effect on measurements of foliage 
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density. Foliage density was measured at 10 m intervals along each transect using 

hemispheric photography. Photographs were taken with a Nikon Coolpix 5700 digital 

camera and FC-E9 Nikon fisheye lens positioned at a height of 0.89 m. Foliage density 

was quantified as percent canopy openness, which was calculated from digital 

photographs in Gap Light Analyzer v.2.0 (Frazer et al. 1999). 

 

Nocturnal irradiance measurements 

I collected 532 nocturnal irradiance measurements, including 514 measurements 

from Anko, 8 from Valo and 10 from Tala. All measurements were collected using an 

International Light (Peabody, MA, USA) IL1700 research radiometer and calibrated 

PMC271C photomultiplier detector (200-675 nm sensitivity range) positioned on a tripod 

(0.89 m height) with 12 narrow-bandpass interference filters (Newport Oriel Corporation, 

Irvine, CA, USA) positioned in a filter wheel resting on the detector. The filters had 

central wavelengths across the visible spectrum, full-width half maximum wavelengths of 

10±2 nm, and minimum peak transmission of 30-50%. Filter model numbers were 

10BPF10- 400 nm, 10BPF10- 420 nm, 10BPF10- 430 nm, 10BPF10- 440 nm, 10BPF10- 

460 nm, 10BPF10- 490 nm, 10BPF10- 520 nm, 10BPF10- 540 nm, 10BPF10- 560 nm, 

10BPF10- 580 nm, 10BPF10- 620 nm and 10BPF10- 650 nm. Due to technical error, an 

additional filter (680 nm central wavelength, model #10BPF10- 680 nm) was used in 

place of the 650 nm filter for 90 full moon measurements at Anko. As a result, some 

comparisons include those 680 nm measurements. Total flux was directly measured by 

the IL1700 and PMC271C without any filter and recorded as the average of two 

measurements taken consecutively. All irradiance was measured in W/cm2, and 

subsequently converted to photometric units (µE/m2/s/nm). 



 

60 

During measurement, the photomultiplier detector was pointed directly up at the 

sky (90° zenith angle) and researchers crouched below the height of the detector. For 

each measurement, cloud cover was assessed by whether any clouds were detected when 

looking directly overhead (“clear” or “cloudy”). The time of data collection varied 

nightly but always began after astronomical twilight had ended (i.e., when the sun no 

longer contributes to nocturnal irradiance; Martin 1990). At Anko and Valo, 

measurements occurred between 19:18 h and 00:52 h. At Tala measurement occurred 

between 11:51 h and 04:00 h. Using the time/date of measurement and site location, the 

position of the moon in the sky (lunar altitude) and lunar fraction (lunar phase as a 

continuous variable, with 0=no moon and 1.0=full moon) were calculated for each 

measurement from data available at the United States Naval Observatory (USNO 2011). 

At Anko, nocturnal irradiance was measured over 32 nights (29 July - 8 Sept 2009). Data 

were collected at 10 m intervals along the nine botanical transects. Each transect location 

was revisited approximately every 4 nights to sample locations across a lunar cycle. At 

Valo and Tala, nocturnal irradiance was measured on one night each. At Tala, data were 

collected for 10 transect locations on a gibbous moon night (8 Oct 2009, 3 clear, 7 

cloudy). At Valo, data were collected at 12 locations on a clear crescent moon night (22 

Sept 2009). However, four locations at Valo were excluded from analysis because 

irradiance was too low to measure with spectral filters.  

I constructed irradiance spectra from the discrete flux measurements at 13 

different wavelengths. Using a LI-COR Spectral Irradiance Lamp (1800-02L and a series 

of neutral density filters (one Edmund Optics 2.0 NDF, one Oriel 1.0 and two Lee 0.6 

NDF filters), I calibrated the IL1700 with each of the 13 filters in order to convert W/cm2 

photomultiplier units into photometric units (μE/m2/s/nm). To compare relative irradiance 

spectra, I normalized each observation spectrum to its own maximum flux by setting the 
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peak flux for each spectrum at 1. I then calculated the mean and standard error in subsets 

of the spectra under different conditions for each filter wavelength. Because sometimes 

variation between spectra at the wavelength of peak flux was present, this method depicts 

the degree of variation in spectral shape within subsets (i.e. whether the mean peak flux 

in a condition equals 1 or is more variable). I also quantified nocturnal light in terms of 

proportional flux across different bandwidths (short-wavelengths, %SW: 400-460 nm; 

middle wavelengths, %MW: 490-540 nm and long wavelengths, %LW: 560-650/680 nm) 

and total flux (in W/cm2, as measured directly by the IL1700 and PMC271C without any 

filter). The spectral quality variables (%SW, %MW and %LW) were calculated from 

measurements taken with the relevant filters (i.e. 400-460 for %SW) divided by the sum 

of measurements from all filters. I chose the spectral bandwidths to correspond to typical 

categories of mammalian visual pigments (S: 400-460 nm, M: 510-540 nm, L: >540 nm; 

Jacobs, 2009). 

 

Statistical analyses of irradiance 

To identify how lunar altitude, lunar fraction, cloud cover and canopy openness 

affect nocturnal light, I employed linear mixed effects models on the Anko dataset for 

each of four quantified aspects of nocturnal irradiance: total flux (log-transformed), 

%SW, %MW and %LW. Separate analyses were run for moonlight observations (lunar 

altitude>0°, n=390) and starlight observations (lunar altitude<-12°, n=105). Measurement 

location and transect were treated as nested random effects (locations nested within 

transects) to prevent spatial and temporal autocorrelation. All analyses were implemented 

using the lme4 (Bates & Maechler 2010), LMERConvenienceFunctions (Tremblay 2010) 

and languageR (Baayen 2010) packages in R v.2.12.2 (R Development Core Team 2011). 
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Because I had no a priori expectations regarding fixed effect interactions for nocturnal 

light environments, I utilized an exploratory top-down method of model building (Zuur et 

al. 2009). For each response variable I first ran the fullest model possible (accepting all 

interactions between explanatory variables: altitude*fraction*cloud cover*canopy 

openness. Next, I backfit the fullest model on t values with log-likelihood ratio tests using 

the LMERConvenienceFunctions package to identify significant effects and interactions. I 

then ran simpler models using maximum likelihood estimates that removed interactions 

from the LMERConvenienceFunctions model and compared Akaike Information 

Criterion (AIC) values among all of the models. The model with the lowest AIC value for 

each response variable was chosen and rerun with restricted maximum likelihood 

estimates (REML) to determine model parameters. Finally, I calculated p-values for each 

explanatory variable and interaction in the chosen REML model from the t statistic. 

Additionally, I compared the four aspects of irradiance between habitats under similar 

conditions using one-tailed Wilcoxon rank sums tests. 

Preliminary visual exploration of the data suggested that lunar altitude had a 

nonlinear relationship with some response variables. To test for nonlinearity, I ran a 

mixed model for each response variable including altitude, altitude2 and altitude3 as fixed 

effects. If altitude2 or altitude3 were significant, the relationship between altitude and the 

response variable was determined to be nonlinear (altitude2 suggesting quadratic 

relationship, altitude3 suggesting cubic relationship). This linearity test on altitude was 

significant for %SW, %MW and %LW. Because altitude was involved in significant 

interactions for %SW and %LW, I used piecewise linear modeling to interpret these 

interactions. First, I visually inspected the bivariate plots of %SW or %LW and altitude 

and selected cut points at wavelengths representing the greatest slope change (see Fig. 

3.4F,H). While the linearity test suggested that both %SW and %LW might have cubic 
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relationships with altitude, I could not clearly identify a second cut point for %LW, so I 

only utilized a single cut. I then created new altitude variables based on the cut points 

(example: “cut 1” for %SW represented altitudes < 40°). Finally, I ran simple mixed 

models only including the cut variables and the interaction of interest (cuts x canopy, cuts 

x fraction) and graphed the results (Figs. B.1 and B.2 in Appendix B). 

 

Nocturnal vertebrate visual pigments 

From the published literature, I compiled a dataset of known visual pigment peak 

spectral sensitivities (λmax), habitat preferences, diet and behavior for 41 nocturnal 

vertebrates across a variety of taxonomic and ecological groups (Table 3.1). Visual 

pigment spectral sensitivities were grouped into three categories based on typical 

mammalian photoreceptor pigment classes (Jacobs, 2009): rods, short-wavelength-

sensitive (SWS) cones (including ultraviolet sensitivity: UV), and medium to long-

wavelength-sensitive (LWS) cones. I grouped species into light environment categories 

based on broad habitat preferences collected from published literature, including Nowak 

(1999) and other sources (Appendix B). Habitats were categorized as “open 

canopy/woodland” (including seasonally open forests, forest edges), “closed canopy” 

(including rainforests, cloud forests), “open/closed canopy” (if species is present in both 

types), and “open” if savannah/desert. One primate (Cheirogaleus medius), while 

inhabiting seasonally open canopy deciduous forests, hibernates through the dry season 

and is only active in the rainy season, when the forest has a closed canopy (Fietz & 

Ganzhorn 1999). This species was thus included in the “closed canopy” habitat group. To 

explore whether cone λmax may be related to detecting food items, I also classified each 

species based on whether it consumes any fruit or flower products, which advertise 
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visually to consumers, compared to other food sources that do not advertise (leaves, 

fungus, animal prey). 

I restricted statistical analyses of cone pigments to placental and marsupial 

mammals in order to limit phylogenetic effects on spectral tuning. Most vertebrates 

possess four cone pigment (opsin) genes (SWS1, SWS2, Rh2, and LWS) that produce 

different classes of cones, including two types sensitive to shorter wavelengths (355-470 

nm) and two sensitive to middle and longer wavelengths (480-570 nm; Hunt et al. 2009). 

In contrast, mammals have an evolutionary history of nocturnality that resulted in the 

shared loss of SWS2 and Rh2 genes (Jacobs & Rowe 2004; Hunt et al. 2009). 

Consequently, most nocturnal mammals have only two cone classes (SWS and LWS) 

derived from homologous genes (SWS1 and LWS, respectively), which allows a more 

controlled comparison of ecological effects on spectral tuning.  

I used Wilcoxon rank sums tests to compare cone λmax in nocturnal mammals 

between habitat types and dietary groups (fruit/flower consumers vs. nonconsumers). For 

habitat analyses, I restricted comparisons to species from either “open canopy/woodland” 

or “closed canopy” habitats, excluding species found in both habitat types 

(“open/closed”). Small sample size (n = 1) prevented inclusion of “open” habitat species 

in the comparison. While I used two-tailed tests for both cone types in habitat analyses 

and for the SWS dietary analysis, some evidence exists to suggest that an LWS cone with 

a λmax tuned to longer wavelengths is better for detecting fruit (Osorio et al. 2004). 

Consequently, I employed a one-tailed Wilcoxon rank sums test for the LWS dietary 

comparison. I excluded one rodent (Phodopus sungorus) from analyses because, unlike 

most mammals, it has SWS and LWS pigment co-expression (both pigments present in a 

single cone in all cones) and no functional color vision (Lukáts et al. 2002). Further, 

while most mammals are dichromats (having two cone types), one nocturnal marsupial 
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(Setonix brachyurus) has three cone types, two of which are categorized as medium/long-

wavelength-sensitive (502 nm and 538 nm). Although opsin genes have not been 

examined in Setonix, the genetic basis of the 502 nm-pigment has not been clearly 

identified in other marsupials (the 538 nm-pigment is from the LWS gene; Cowing et al. 

2008). Cowing et al. (2008) suggest the 502 nm-pigment may be a rod pigment expressed 

in a cone (caused by a duplication of the rod opsin gene Rh1). Including both Setonix 

LWS pigments raises issues of pseudoreplication and comparisons of non-homologous 

genes. To address this concern, I repeated LWS comparisons excluding Setonix, as well 

as conducted a linear mixed effects model that treated species and taxonomic order as 

nested random effects (species nested within order) and diet as a categorical fixed effect 

on LWS λmax. 

 

RESULTS 

Irradiance spectra under different nocturnal conditions 

Spectral irradiance measurements reveal that while total intensity varied by lunar 

phase (Fig. 3.1A,B), the wavelength of maximum flux (560 nm) was relatively consistent 

across most nocturnal conditions (Figs 3.1, 3.2). Measurements from both open canopy 

environments (dry forest/woodland Anko: Figs 3.1, 3.2) and rainforest sites (Tala and 

Valo: Fig. 3.3) show spectral distributions that generally resemble Endler’s (1993) forest 

shade light environment in peaking at 560 nm. This green-rich environment was 

consistently present across all lunar phases (Fig. 3.1). However, lunar phase (Fig. 3.1C), 

lunar altitude (Fig. 3.2A) and canopy openness (Fig. 3.2B,C) all exhibited some influence 

on the nocturnal spectral distribution while cloud cover did not exhibit a strong effect on 

the spectrum (Fig. 3.1D). In general, the spectra from full and quarter moons were richer 
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in shorter and middle wavelengths (430-540 nm) compared to “no moon” conditions 

(Fig. 3.1C). Spectra under “no moon” conditions were slightly richer in the longest 

wavelengths measured (650 nm) than moonlight (Fig. 3.1C), as would be expected 

considering the “red-shift” of starlight (Lythgoe 1979; Johnsen et al. 2006). Controlling 

for lunar phase and cloud cover, when the moon was at lower altitudes (<60°), light was 

substantially richer in shorter and middle wavelengths (430-560 nm) than when it was 

higher in the sky (Fig. 3.2A). Similarly, irradiance from more open microhabitats at Anko 

(> 30% canopy openness) was richer in shorter and middle wavelengths (430-540 nm) 

than more closed microhabitats (<30% canopy openness; Fig. 3.2B,D). Under starlight 

conditions, the more closed microhabitats at Anko deviated from the green-rich night sky 

of the more open locations with a spectral irradiance peak at 650 nm (Fig. 3.2C,E).  

Comparisons of nocturnal spectra from dry forest Anko and the rainforest sites 

(Valo and Tala) also identified habitat differences in nocturnal light environments after 

controlling for lunar phase, lunar altitude and cloud cover (Fig. 3.3). Absolute nocturnal 

irradiance at both rainforest sites was substantially lower than at the dry forest (Fig. 

3.3A,B). In particular, absolute irradiance at the primary rainforest Valo in crescent 

moonlight (with lunar altitudes of 6.4 to 28.5°; Fig. 3.3A) was even lower than starlight 

irradiance at the dry forest (Fig. 3.3B). In crescent moonlight (Fig. 3.3C), dry forest Anko 

was substantially richer in shorter and middle wavelengths (420-520 nm) while Valo was 

richer in the longest wavelength measured (650 nm). Similarly, in gibbous moonlight 

(Fig. 3.3D), the dry forest was richer in shorter and middle wavelengths (420-560 nm) 

while the secondary rainforest Tala was richer in longer wavelengths (580-650 nm). 

Some of this variation between habitats may be due to differences in canopy openness, as 

all of the Anko spectra in these comparisons were from relatively open canopied 

locations (> 37% canopy openness) compared to Valo (14 to 21.3%) and Tala (15 to 
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22%). The spectra from the primary (Valo) and secondary (Tala) rainforest resemble that 

of the more closed canopy Anko locations (Fig. 3.2B) in lacking a secondary peak at 490 

nm. However, in contrast to the closed canopy Anko locations under moonlight, Valo and 

Tala both exhibited an increase in the longer wavelengths at 650 nm. This increase in the 

longer wavelengths in the closed canopy rainforest sites resembles that seen in starlight at 

Anko closed canopy locations (Fig. 3.2C). 

 

Effects on moonlight and starlight environments at Anko 

Linear mixed effects models were run on 390 moonlight observations at the dry 

forest site of Anko. The models excluded 53 observations because of missing data. The 

results of the moonlight analyses are presented in Table 3.2 and the first column of Figure 

3.4. For total flux, the results revealed significant effects of lunar fraction, cloud cover 

and canopy openness, as well as significant interactions with altitude. Similar to previous 

findings on nocturnal light intensity, total flux increased with canopy openness (Fig. 

3.4M) and lunar fraction, although the relationship with lunar fraction was influenced by 

lunar altitude (Fig. 3.4A). Lunar altitude also influenced the relationship between total 

flux and cloud cover. When the moon was lower in the sky (<60°), total flux was higher 

in cloudy compared to clear conditions, while at higher lunar altitudes total flux was 

higher in clear sky (Fig. 3.4E). 

The proportion of shorter wavelengths (%SW: 400-460 nm) in moonlight 

irradiance varied significantly with all four factors examined (Table 3.2, Fig. 3.4 second 

column). While both fraction and canopy openness were positively related to %SW, these 

relationships were significantly influenced by lunar altitude, which had a nonlinear 

relationship with %SW (Fig. 3.4F). Piecewise linear modeling (see Table B1 and Fig. B.1 
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in Appendix B) revealed that the fraction*altitude interaction is significant only when the 

moon is high in the sky (65-90°). While moonlight from larger fractions had relatively 

greater %SW at lower altitudes, after the moon rose past 70°, moonlight from smaller 

fractions had greater %SW (Fig. 3.4B, B.1C). Similarly, at lower lunar altitudes (<55°), 

more open microhabitats had a greater percentage of shorter wavelengths than more 

closed microhabitats (Fig. 3.4N, B.1D,E). At higher altitudes, %SW decreased in open 

microhabitats while remaining relatively constant in closed microhabitats (Fig. B.1F). 

Thus, when the moon was directly overhead, %SW was actually greater in closed 

microhabitats. Irradiance was also significantly richer in %SW in clear skies compared to 

cloudy (Fig. 3.4J). 

Lunar altitude, lunar fraction and weather conditions had significant effects on the 

middle wavelengths (%MW: 490-540 nm) of moonlight irradiance (Table 3.2, Fig. 3.4 

third column). The relationship between %MW and lunar altitude was nonlinear, with 

%MW remaining fairly constant for lunar altitudes up to ~45°, after which it appeared to 

increase with altitude (Fig. 3.4G). However, in contrast to shorter wavelengths, %MW 

decreased with increasing lunar fraction (Fig. 3.4C and was greater in cloudy skies (Fig. 

3.4K). Surprisingly, canopy openness had no significant effect on %MW variation in 

moonlight (Fig. 3.4O). 

The proportion of longer wavelengths (%LW: 560-650 nm) in moonlight 

irradiance also varied significantly with all four factors examined (Table 3.2, Fig. 3.4 

fourth column). Similar to middle wavelengths, cloudy skies had greater %LW than clear 

skies (Fig. 3.4L). As with %SW, lunar altitude influenced the relationships between 

%LW and fraction and canopy openness (Fig. 3.4D,P, B.2). Piecewise modeling revealed 

that the fraction*altitude and canopy openness*altitude interactions were only significant 

at higher lunar altitudes (Fig. B.2, Table B1). At lower lunar altitudes (<~65°), irradiance 
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from smaller lunar fractions had greater %LW than larger lunar fractions (Fig. B.2A,B). 

At lunar altitudes above 65°, this relationship shifted and more full lunar fractions were 

relatively greater in %LW (Fig. B.2B). At lunar altitudes below 75°, more closed 

microhabitats had greater %LW, while at altitudes above 75° open microhabitats were 

greater in %LW (Fig. B.2C,D). 

A separate mixed effects analysis was conducted on starlight data (n=99, Table 

3.3). Canopy openness was a significant factor in all aspects of nocturnal irradiance 

(cloud cover effects could not be measured because all starlight data were collected in 

clear skies). Similar to the results for moonlight, canopy openness was positively 

associated with total flux and %SW, while negatively associated with %LW. However, 

unlike the moonlight results, the positive relationship between %MW and canopy 

openness was significant. In other words, more open canopied microhabitats had greater 

%MW than more closed canopied locations in starlight. 

 

Irradiance comparisons between habitats 

Wilcoxon rank sums tests confirm that both rainforest sites had significantly 

higher foliage density than the dry forest Anko site. Median canopy openness at the dry 

forest Anko (n=51, 38%) was significantly higher than primary rainforest Valo (n=54, 

17%; W=2739, p<0.0001) and secondary rainforest Tala (n=54, 20%; W=2704.5, 

p<0.0001). Based on the model results for canopy openness, I then predicted that under 

similar lunar phase, altitude and cloud cover, irradiance at Anko would be higher in total 

flux, greater in %SW and %MW and lower in %LW than that at Tala or Valo. 

 The results were consistent with these predictions, although many of the 

comparisons did not reach statistical significance. In clear crescent moonlight, the dry 
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forest at Anko (n=8 measurements) had significantly higher log.total flux (W=57, 

p<0.005), significantly higher %MW (W=56, p<0.05) and significantly lower %LW 

(W=6.5, p<0.005) than the primary rainforest at Valo (n=8 measurements). While Anko 

and Valo did not significantly differ in %SW (W=38, p=0.29), the difference was in the 

predicted direction (see also spectral comparison in Fig. 3.3C). In cloudy gibbous 

moonlight, Anko (n=12 measurements) had significantly higher log.total flux (W=84, 

p<0.0005) than the secondary rainforest at Tala (n=7 measurements), excluding 3 cases 

that were clear skies. Although the spectral comparisons were not statistically significant, 

they differed in the predicted directions, with Anko higher in %SW (W=82, p=0.11), 

higher in %MW (W=54, p=0.17) and lower in %LW (W=23, p=0.0599) than Tala (see 

irradiance spectra in Fig. 3.3D).  

Further, comparisons within the rainforest dataset are also consistent with 

predictions regarding canopy openness. One-tailed Spearman rank correlations on the 

combined Valo-Tala data (n=18 measurements) identified near-significant trends in the 

predicted directions, despite low sample size and differing conditions (fraction, altitude, 

cloud cover. %MW was positively correlated with canopy openness (S=624, ρ=0.356, 

p=0.074) while %LW was negatively correlated (S=1350, ρ=-0.393, p=0.054). However, 

%SW was not significantly correlated with canopy openness in the combined data 

(S=858, ρ=0.115, p=0.325).  

 

Ecological effects on nocturnal visual pigments 

In my comparison of 41 nocturnal vertebrate visual pigments (Table 3.1), I found 

that rod λmax is fairly constant (498-507 nm) across major groups (Fig. 3.5A). However, 

there was substantial variation in cone pigment λmax. I found a wide range of SWS cone 
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λmax in nocturnal vertebrates (358-467 nm; Fig. 3.5B). In particular, ultraviolet-sensitive 

SWS cones (358-366 nm) were very common among nocturnal mammals and reptiles. A 

slightly smaller range of λmax (502-562 nm) was found for LWS cones (Fig. 3.5C). While 

most species had either one or two cones, several had three cones (particularly non-

mammals), suggesting possible trichromatic nocturnal color vision. 

Within the nocturnal mammal subset, I identified a small potential effect of diet, 

but not habitat type, on cone spectral tuning (Fig. 3.6). In general, species that included 

fruit or flower products in their diets had LWS λmax tuned to longer wavelengths than 

those that did not (Fig. 3.6D; W=142, nyes=16, nno=13, p = 0.048, one-tailed). Because 

both LWS pigments from the trichromatic Setonix were included in this analysis (as a “no 

fruit/flower consumer”), I reran the analyses with only one LWS pigment from that 

species as well as with linear mixed effects modeling in order to prevent 

psueodoreplication. Using either the 502 nm-pigment or 538 nm-pigment, the comparison 

lost significance but maintained a near-significant relationship (502 nm-pigment: W=127, 

p=0.075; 538 nm-pigment: W=126, p=0.082). If Setonix is entirely excluded, the 

comparison lost significance (W=111, p=0.13). The linear mixed effects model, which 

treated species and taxonomic order as random effects, also found diet to be a near-

significant factor in LWS λmax (p=0.0836) as estimated from the t-statistic. Diet had no 

effect on SWS λmax (Fig. 3.6C; W=20.5, nyes=12, nno=5, p = 0.33) in mammals. Open 

canopy and closed canopy species also did not significantly differ in SWS (W=12, nopen 

canopy=5, nclosed canopy=3, p=0.219) or LWS (W=33, nopen canopy=6, nclosed canopy=8, p=0.242) 

visual pigment λmax (Fig. 3.6A,B).  
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DISCUSSION 

Effects on variation in nocturnal irradiance in Madagascar 

Measurements of the Malagasy night sky revealed that both open canopy dry 

forests and closed-canopy rainforests are dominated by a yellow-green light environment 

with a peak flux at 560 nm. Thus, across a range of lunar altitudes, lunar phases and 

canopy conditions, most measurements shared a spectral distribution similar to that of the 

green forest shade conditions of diurnal terrestrial forests (Endler 1993). However, within 

this broad yellow-green nocturnal ambient light category, I identified substantial 

variation in the intensity and spectral quality of light. This variation was driven by 

several factors, including the height of the moon in the sky, lunar fraction/phase and 

canopy openness. These results suggest that the nocturnal light environments available to 

nocturnal animals can vary significantly both spatially over the landscape (habitat type, 

microhabitats) and temporally over a night (lunar altitude), month (lunar fraction) and 

season (canopy openness).  

While all four factors examined (lunar altitude, canopy openness, lunar 

fraction/phase, cloud cover) had significant effects on the spectral quality of nocturnal 

light environments in bandwidth comparisons (%SW, %MW, %LW), I found lunar 

altitude to be one of the most important factors influencing this variation. Not only did 

the height of the moon in the sky have a direct effect on spectral quality, it exhibited 

interactive effects on the spectral distribution of nocturnal irradiance with lunar fraction 

and canopy openness. To my knowledge, this study offers the first evidence for a 

significant effect of lunar altitude on nocturnal spectral quality. In general, irradiance 

from lower lunar altitudes was relatively richer in shorter wavelengths (i.e. 430-560 nm) 

while that from higher lunar altitudes was slightly richer in longer wavelengths (620-680 

nm). Condit and Grum (1964) identified similar effects of solar altitude on diurnal 
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spectral quality, and these measurements are consistent with the most extreme lower solar 

altitude measurements (twilight) where the spectral irradiance is dominated by short 

wavelengths (Endler 1993; Johnsen et al. 2006; Sweeney et al. 2011). A relative 

enrichment of shorter wavelengths at lower lunar altitudes is presumably due to Rayleigh 

scattering as well as an increased absorption of longer wavelengths by the increased 

photon pathlength through the ozone layer (Hurlbert 1953). By comparison, at high lunar 

altitudes, moonlight travels a shorter distance through the Earth’s atmosphere, resulting 

in less absorption of longer wavelengths. Further, irradiance at high lunar altitudes is 

dominated by direct unscattered moonlight, which (like sunlight) is relatively enriched in 

longer wavelengths (Lythgoe 1979; Johnsen et al. 2006). 

Canopy openness also had a large and complex effect on the spectral quality of 

nocturnal light. In moonlight and starlight, nocturnal light environments from more open 

canopy locations were generally richer in shorter wavelengths, while those from more 

closed locations were richer in longer wavelengths. This effect held across intra-habitat 

and inter-habitat comparisons but was also influenced by lunar altitude. At lower lunar 

altitudes, more open dry forest locations were richer in shorter wavelengths and 

impoverished in longer wavelengths compared to closed locations, and at high lunar 

altitudes the relationship reversed. While canopy openness has similar effects on the 

spectral quality of diurnal light environments, the magnitude of these effects is 

substantially different. In diurnal conditions, for example, increased canopy openness 

also results in a greater proportion of shorter relative to longer wavelengths (Endler 

1993). However, the spectrum changes from green-dominant forest shade to blue-

dominant woodland shade as more blue sky contributes to irradiance, resulting in 

dramatic differences in the spectral quality of diurnal light between habitat types (Endler 

1993). I did not find a similar difference between closed and open canopy light 
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environments under nocturnal conditions. The absence of a nocturnal blue-dominated 

woodland shade environment may be due to the much dimmer radiance of the night sky. 

The spectral quality of ambient light is dependent upon the proportions and spectral 

compositions of the light sources contributing to it (Endler 1992). Thus, by day, the 

bright radiance of the blue sky dominates the irradiance spectrum in open canopy 

environments, resulting in blue-dominated woodland shade (Endler 1992). In contrast, 

the much dimmer intensity of the night sky may not be bright enough to swamp out the 

green-dominated light from nearby vegetation in open canopy locations. Consequently, 

nocturnal forests and woodlands generally share a yellow-green dominated light 

environment, despite differing diurnally.  

I suspect that this difference in the magnitude of effects between diurnal and 

nocturnal conditions is likely also responsible for the relatively small effect of cloud 

cover on nocturnal light environments. Like Endler (1993), I found that clouds resulted in 

a relative decrease in shorter wavelengths and increase in middle and longer wavelengths 

in my quantitative bandwidth comparisons. However, Endler found that with cloud cover, 

forest shade and woodland shade light environments converged onto a similar 

open/cloudy whitish (spectrally flat) light environment. At Anko, cloud cover did not 

appear to substantially change the shape of the spectrum. In diurnal conditions, the 

convergence of forest and woodland light environments to a whitish spectrum in cloudy 

conditions is due to the radiance from clouds being substantially brighter than the 

radiance from vegetation and blue sky (Endler 1993). The much dimmer radiance from 

clouds at night may not be sufficient to achieve the flat spectrum convergence. 

Like canopy openness, the effect of lunar phase on nocturnal spectral quality was 

influenced by lunar altitude. In general, full moon irradiance as measured at high lunar 

altitudes was richer in longer wavelengths than other lunar phases. This relationship is 
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reversed, however, at lower lunar altitudes (see Figs B.1, B.2). This result is consistent 

with Pariente’s (1980) observation that quarter moonlight was richer in longer 

wavelengths, as he measured quarter moon at lower lunar altitudes (<45°: USNO 2011). 

Comparisons of moonlight and starlight suggest that even with “red-shifted” starlight 

illumination, light environments in starlight generally share the nocturnal yellow-green 

dominated spectrum (peaking at 560 nm), although they are relatively enriched in longer 

wavelengths (650 nm) compared to other phases. However, for some measurements in 

starlight, nocturnal spectra deviated from the yellow-green-dominant light environment 

and instead appeared red-shifted, peaking at 650 nm (Fig. 3.2C). A similar red-shift was 

observed with moonlight at three measurement locations (once at each site). I am 

uncertain as to what factors caused the red-shifted spectrum at these locations. There are 

no diurnal analogues for this effect. While unobstructed starlight is red-shifted (Munz & 

McFarland 1977; Lythgoe 1979; Johnsen et al. 2006), the reason that this red-shifted 

spectrum was most common in closed canopy rather than open canopy locations is 

unclear. 

My analyses of nocturnal irradiance in Malagasy forests suggest that although 

many factors affect both nocturnal and diurnal light environments, the magnitude of these 

effects substantially differs between night and day. The reduced intensity of nocturnal 

light sources (e.g. blue sky, cloud cover, or starlight) leads to a generalized nocturnal 

forest/woodland light environment dominated by the yellow-green radiance of 

surrounding vegetation. While by day, the brightness of diurnal light sources results in 

major changes in the shape of the spectrum under different conditions 

(habitat/microhabitat type, cloud cover, solar altitude), the effects of these conditions at 

night are present but more subtle. Although data are limited, these effects (lunar phase, 

lunar altitude, canopy openness, cloud cover) on nocturnal light environments may also 
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be additive (Fig. 3.7). For example, variation between lunar phases in the dry forest is 

more pronounced when lunar altitude, cloud cover and canopy openness also vary (Fig. 

3.7 vs. Fig. 3.1C). Thus, even within a single habitat (the dry forest at Anko), nocturnal 

light environments are temporally and spatially very dynamic, both in spectral quality 

(Fig. 3.7) and light intensity (Table 3.4). 

 

Target detection and spectral tuning in nocturnal light environments 

I observed no significant variation among mammals in SWS or LWS cone λmax 

with habitat type. While contrary to my initial predictions, this result is consistent with 

my findings of broad similarities in the spectral quality of nocturnal light between forests 

and woodlands. Most nocturnal vertebrate LWS pigments clustered around 550 nm, 

which is near the peak flux I identified in nocturnal habitats. Some researchers have 

predicted that λmax should be lower in animals using cones in dim light in order to 

minimize noise caused by thermal isomerization (Osorio & Vorobyev 2005). However, 

the correlation between LWS λmax and nocturnal light environment suggests that many 

nocturnal vertebrates may be tuning their LWS visual pigments to maximize photon 

absorption to the ambient light available at night.  

In contrast to the findings for habitat type, my analysis of mammalian visual 

pigments suggests an effect of visual target (fruit/flower products) on LWS cone spectral 

tuning. While the range of λmax for consumers of fruit/flower products (510-565 nm, 

median: 553 nm) and non-consumers (502-565 nm, median: 543 nm) overlapped 

considerably, there was a significant or near-significant trend for fruit/flower consumers 

to have long-wavelength-shifted LWS cones (depending on analysis type). Among 

diurnal mammals, LWS cones tuned to longer wavelengths are often better at detecting 
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fruits and flowers in both dichromats and trichromats (Sumner & Mollon 2000; Osorio et 

al. 2004; Stoner et al. 2005; Sumner et al. 2005). Although preliminary, my results 

suggest that nocturnal mammals may similarly exhibit LWS cone spectral tuning to 

detect fruit/flower resources. However, my analysis did not control for the color of 

fruit/flower products important for each species, so more in-depth knowledge of 

nocturnal mammal diets is required to determine the strength of this observation. 

The variation present in SWS and LWS λmax among nocturnal vertebrates (Fig. 

3.5, Table 3.1) offers further hints that target-based spectral tuning may be occurring. In 

diurnal terrestrial animals, cone spectral tuning is often related to target detection against 

the spectral quality of a background light source (such as vegetation or dirt) rather 

ambient light directly (Fleishman et al. 1997; Leal & Fleishman 2002; Osorio & 

Vorobyev 2005). The substantial variation in nocturnal vertebrate SWS pigment λmax 

(UV: 355-366 nm, violet-sensitive: 406-467 nm) may similarly reflect adaptations for 

target detection, particularly differences between UV- and violet-sensitive pigments. 

There have been several shifts in SWS pigments between UV-sensitivity and violet-

sensitivity (>400 nm) across vertebrate clades (Hunt et al. 2009; Jacobs 2009). In diurnal 

birds and mammals, UV-sensitivity has been linked to intraspecific signaling (Chávez et 

al. 2003; Håstad et al. 2005) and food and predator detection (Viltala et al. 1995; Hogg et 

al. 2011). Future research should explore the role of UV color vision in nocturnal 

vertebrates, as well as other variation in SWS and LWS spectral tuning. 

Although nocturnal light environments under nearly all conditions exhibited a 

general yellow-green peak flux, I found that lunar phase, lunar altitude and canopy 

openness substantially influenced the availability of other wavelengths of light. Nocturnal 

animals thus encounter changing visual environments at temporal and spatial scales, 

particularly in seasonally deciduous forests. Because even relatively small differences in 
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ambient light can affect the reflectance and visibility of targets, especially in photon-

limited environments (Johnsen et al. 2006; Kelber & Osorio 2010), variation in nocturnal 

spectral quality may have a significant impact on selection for nocturnal color vision in 

some nocturnal animals. Additionally, behavioral responses to moonlight (Table 3.1) 

impacts the range of nocturnal light environments a species encounters. For example, 

some species actively avoid bright light environments (“lunar phobia”) either through 

decreasing activity in brighter moonlight or shifting to more covered microhabitats, while 

others increase activity (“lunar philia”) or exhibit no change in behavior (Dickman 1992; 

Nash 2007). Kelber and colleagues have recently argued that nocturnal color vision may 

be advantageous in changing light environments (Kelber et al. 2002; Kelber et al. 2003; 

Johnsen et al. 2006; Kelber & Roth 2006; Kelber & Lind 2010; Kelber & Osorio 2010). 

Similar arguments for the selective advantage of using color vision rather than 

achromatic cues in conditions that exhibit great spatial and temporal fluctuations in 

intensity have been made for terrestrial forests (Mollon 1989) and aquatic forests 

(Cummings 2004) in diurnal conditions. While the achromatic contrast of a target against 

a green leaf background can change dramatically under different light sources, the 

chromatic contrast is much less variable and permits more reliable object discrimination 

(Johnsen et al. 2006). The results of my study of nocturnal light in forests confirm that 

nocturnal light environments can change rapidly (Johnsen et al. 2006), not only as the 

moon rises and sets, but as it travels across the sky.  

Reliable object discrimination in changing nocturnal conditions may also offer a 

new hypothesis for the differential retention of dichromatic color vision in nocturnal 

mammals. Recent work has identified parallel loss of the SWS cone across multiple 

orders of mammals (Jacobs et al. 1996; Kawamura & Kubotera 2004; Peichl 2005; 

Carvalho et al. 2006; Hunt et al. 2009), leading several researchers to suggest that 
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nocturnality leads to relaxed selection for dichromacy (Ahnelt & Kolb 2000; Wang et al. 

2004; Tan et al. 2005). However, studies of opsin genes identified selection to maintain 

dichromacy in many other nocturnal mammals (Kawamura & Kubotera 2004; Perry et al. 

2007; Zhao et al. 2009a,b, Chapter 4). If reliable object discrimination by chromatic 

contrast is influencing the retention of dichromacy in nocturnal mammals, I predict that 

species retaining color vision should engage in selectively relevant behavior (e.g. 

foraging, signaling conspecifics) across a range of nocturnal light environments. In 

contrast, species that do not engage in similar behaviors across variable light 

environments, either through microhabitat preference or behavioral practices such as 

lunar phobia (Dickman 1992; Gursky 2003) should be more likely to lose color vision. 

 

Conclusions 

Although many studies have investigated the spectral composition of irradiance in 

diurnal and twilight conditions (Munz & McFarland 1973; Lythgoe 1979; Endler 1991; 

Endler 1993; Johnsen et al. 2006), very few have examined nocturnal light. Thus, this 

study offers the first comprehensive examination of the color of nocturnal light in forests 

and woodlands. In contrast to diurnal light environments, the much lower intensity of 

nocturnal light sources resulted in a yellow-green-rich nocturnal light environment that 

was generally constant between and within woodland and rainforest habitats. Yet, I also 

identified temporal and spatial variation within this yellow-green light environment 

caused primarily by changes in lunar phase, lunar altitude and canopy openness. I 

propose that this variation has important implications for nocturnal vision and the 

appearance of visual targets. I suggest that nocturnal vertebrate LWS visual pigments are 

tuned to maximize photon absorption in nocturnal light environments. I further found that 



 

80 

fruit/flower detection may be involved in LWS spectral tuning among nocturnal 

mammals. My results are of particular concern for conservation efforts. Johnsen et al. 

(2006) found that nocturnal light pollution is strongly long-wavelength-shifted. Because 

many nocturnal vertebrates appear to match LWS visual pigments to peak flux in 

nocturnal forests, these species may be mal-adapted for function in light-polluted regions. 

Finally, my analyses suggest that rather than “nocturnality” acting as a monolithic 

selective force, variation in nocturnal light environments interacts with a species’ 

behavior and ecology to affect visual pigment spectral tuning and color vision. The 

results of this study suggest that nocturnal light environments and ecology may offer 

fertile ground for exploring variation in nocturnal visual systems. 
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Figure 3.1. Nocturnal irradiance spectra from the seasonally dry deciduous forest at Anko 
during the dry season (July-September, 2009). 

Color bars on X-axis represent bandwidths used to calculate %SW (blue), %MW (green), 

and %LW (red). Points indicate mean irradiance values (A, B) or mean normalized 

values (C, D) for each filter and bars are standard error. (A) and (B) Irradiance spectra in 

clear night sky at Anko for all lunar altitudes. (B) Subset of data (crescent and no moon 

from A at a lower range of Y-axis values. Data for A and B: full moon (n=117), gibbous 

moon (n=39), quarter moon (n=20), crescent moon (n=8), and no moon (n=105). (C, D) 

Mean and standard deviation of normalized nocturnal irradiance spectra under different 

conditions. (C) Effects of lunar phase with the moon at 30-59.9° altitude in clear sky. 

Data: full moon (n=68), quarter moon (n=15), no moon present (n=105). (D) Effects of 

cloud cover in full moonlight (lunar altitude 30-59.9°). Data: cloudy (n=27), clear (n=68). 
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Figure 3.2. Effects of lunar altitude and canopy openness on nocturnal irradiance spectra 
at Anko under full moonlight and starlight in clear sky.  

Color bars on X-axis represent bandwidths used to calculate %SW (blue), %MW (green), 

and %LW (red). Points indicate mean normalized values (A-C) or mean irradiance values 

(D, E) for each filter and bars indicate standard error. (A) Effects of lunar altitude on 

normalized nocturnal irradiance spectra in full moonlight. Data: 0-29.9° (n=14), 30-59.9° 

(n=68), 60-90° (n=35). (B and D) Effects of canopy openness on nocturnal irradiance in 

full moonlight (lunar altitudes < 45° for normalized data (B) and absolute irradiance (D). 

Data: <30% canopy openness (n=8), 30-45% canopy openness (n=29), 45% + canopy 

openness (n=10). (C) Effects of canopy openness on nocturnal irradiance in starlight for 

normalized data (C) and absolute irradiance (E). Data: <30% canopy openness (n=8), 30-

39% canopy openness (n=53), 40% + canopy openness (n=38). 
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Figure 3.3. Nocturnal irradiance comparisons between the dry deciduous forest at Anko 
and the rainforest at Valo and Tala.  

Comparative Anko spectra were only available from more open canopy microhabitats (> 

37% canopy openness). Color bars on X-axis represent filters used to calculate %SW 

(blue), %MW (green), and %LW (red). Points indicate mean irradiance values (A, B) or 

mean normalized values (C, D) for each narrow bandpass interference filter and bars 

indicate standard error. (A and C) Comparison of nocturnal light environments in 

crescent moonlight (lunar altitude 6.4-28.5°) in clear sky between Valo (n=8) and Anko 

(n=8) for absolute nocturnal irradiance spectra (A) and normalized nocturnal spectra (C). 

(B and D) Comparison of nocturnal light environments in gibbous moonlight (lunar 

altitude 30.4-56°) in cloudy sky between Tala (n=6) and Anko (n=14) for absolute 

nocturnal irradiance spectral (B) and normalized nocturnal spectra (D). 
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Figure 3.4 Effects on total flux and spectral quality in moonlight at Anko (n=390) from 
linear mixed models. 

For plots with lunar phase (F-H), phase is grouped lunar fractions: crescent (0.01-0.15), 

quarter (0.40-0.69), gibbous (0.70-0.90), full (0.91-1.0). No data were collected with 

fractions between 0.15 and 0.40. First column (log total flux): effects of lunar fraction 
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(A), lunar altitude (E), cloud cover (I) and canopy openness (M). For A and B, lines 

depict regressions fit by the full model for significant interactions with log total flux from 

Table 1. Second column (%SW): effects of lunar fraction (B), lunar altitude (F), cloud 

cover (J) and canopy openness (N). In F, asterisks along X-axis depict cut points used for 

piecewise analyses (40° and 65°). For B and N, colors represent lunar altitude categories 

for piecewise analyses of significant interactions. Third column (%MW): effects of lunar 

fraction (C), lunar altitude (G), cloud cover (K) and canopy openness (O). Fourth column 

(%LW): effects of lunar fraction (D), lunar altitude (H), cloud cover (L) and canopy 

openness (P). In H, asterisk along X-axis depict cut points used for piecewise analyses 

(45°). For D and P, colors represent lunar altitude categories for piecewise analyses of 

significant interactions. 
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Figure 3.5. Histogram of nocturnal vertebrate visual pigments.  

 

(A) Rod pigments, bin=5 nm. (B) SWS pigments, bin=10 nm. (C) LWS pigments, bin=10 

nm. 
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Fig. 3.6. Ecological effects on cone pigments in nocturnal mammals between habitat and 
dietary types.  

Asterisk indicates significant relationship. (A) SWS and habitat type. (B) LWS and 

habitat type. (C) SWS and dietary type. (D) LWS and dietary type. 
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Figure 3.7. Comparison of divergent nocturnal light environments available at the dry 
forest site Anko.  

Points indicate mean normalized values for each narrow bandpass interference filter and 

bars indicate standard error. Orange dashed line: mean normalized spectra under full 

moonlight at low lunar altitude (<45°), clear sky and open canopy (45-50% openness, 

n=9). Brown dashed line: mean normalized spectra under quarter moonlight at > 45° 

lunar altitude, cloudy sky and intermediately open canopy (35-45% openness, n=12). 

Black dotted line: mean normalized spectra under starlight, clear sky and relatively 

closed canopy (<30% openness, n=8). 
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Table 3.1. Nocturnal vertebrate visual pigments and ecology. 
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Table 3.1 continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

91 

 

Table 3.1 continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References for Table 3.1 are provided in Appendix B 
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Table 3.2 Mixed models fit by REML for moonlight (n = 337 observations) 

Response 
Variable 

Explanatory 
Variable Coefficient 

Standard 
Error t value p value 

Altitude 0.002 0.0049 0.39 0.698 Log Total 
Flux Fraction 0.393 0.0050 2.02 0.044 

19.32%ŧ Cloud cover -0.371 0.1941 -2.39 0.018 
 Canopy openness 0.017 0.1553 3.14 0.002 
 Altitude * Fraction  0.021 0.0049 4.39 < 0.001 
 Altitude * Cloud 0.006 0.0027 2.33 0.021 

%SW Altitude 0.294 0.0832 3.55 < 0.001 
0.17% ŧ Fraction 15.757 2.1560 7.31 < 0.001 

 Cloud cover 2.451 0.5230 4.69 < 0.001 
 Canopy openness 0.491 0.0989 4.96 < 0.001 
 Altitude * Fraction -0.159 0.0533 -2.98 0.003 
 Altitude * Canopy -0.007 0.0017 -4.33 < 0.001 

%MW Altitude 0.060 0.0076 7.91 < 0.001 
0% ŧ Fraction -2.976 0.8217 -3.62 < 0.001 

 Cloud cover -1.516 0.3627 -4.18 < 0.001 
 Canopy openness 0.036 0.0259 1.39 0.164 

%LW Altitude -0.356 0.0709 -5.02 < 0.001 
0.71% ŧ Fraction -14.382 1.8390 -7.82 < 0.001 

 Cloud cover -0.961 0.4458 -2.16 0.032 
 Canopy openness -0.471 0.0849 -5.54 < 0.001 
 Altitude * Fraction 0.209 0.0455 4.60 < 0.001 
  Altitude * Canopy 0.006 0.0015 4.38 < 0.001 
Weather is a coded categorical variable: cloudy = 0, clear = 1. 
* – indicates interaction. 
ŧ variation explained by random effects (transect and location) 
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Table 3.3. Mixed models fit by REML for starlight (n = 99 observations) 

 

Response Variable Coefficient Standard Error t value p value 
Log Total Flux 0.020 0.005 4.11 0.0001 
%SW 0.320 0.054 5.93 < 0.0001 
%MW 0.124 0.021 2.79 0.0022 
%LW -0.443 0.088 -5.02 < 0.0001 
Variation explained by random effects (transect and location): Log Total Flux=81.13%; 
%SW=58.84%; %MW=35.9%; %LW=56.82%. 
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Table 3.4. Comparisons of total flux 
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Chapter 4: The Role of Photic Environment in Differential Selection for 
Dichromacy among Nocturnal Lemurs 

ABSTRACT 

While the loss of short-wavelength-sensitive (SWS) cones and dichromatic color 

vision in mammals has traditionally been linked to a nocturnal lifestyle, recent studies of 

mammalian opsin genes have identified variation in the selective pressure for dichromacy 

between different nocturnal lineages. These studies hypothesize that purifying selection 

to retain SWS cones may be associated with a selective advantage for nocturnal color 

vision under certain ecological conditions. In this study, I explore the effect of 

differences in nocturnal light environment on the evolution of the SWS1 opsin gene 

(coding for the SWS cone photopigment) in a diverse sample of nocturnal lemurs (106 

individuals, 19 species, and 5 genera). Employing both phylogenetic and population 

genetic approaches, I test whether species from closed canopy rainforests, which are 

impoverished in short-wavelength light, exhibit evidence of a relaxation of selection 

compared to species from open canopy forests. I identify clear signatures of differential 

selection on the SWS1 gene by habitat type. My results suggest that open canopy species 

generally experience strong purifying selection to maintain SWS cones. In contrast, 

closed canopy species experience either weaker purifying selection or a relaxation of 

selection on the SWS1 gene. Predictions of opsin functionality using a bovine rhodopsin 

homolog suggest nonfunctional SWS1 genes in all Phaner and in Cheirogaleus medius, 

implying at least three independent losses of SWS cones in cheirogaleids. My results 

suggest that in nocturnal lemurs, the evolution of color vision has been influenced by 

nocturnal light environment and dietary preference. 
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INTRODUCTION 

Historically, color discrimination was widely considered irrelevant for nocturnal 

animals because nocturnal light levels were thought to be too low for cone-based color 

vision (Walls 1942; Jacobs et al. 1996; Ahnelt & Kolb 2000; Wang et al. 2004a; Tan et 

al. 2005). However, over the past ten years, researchers have re-examined the 

significance of nocturnal color vision from behavioral (Kelber et al. 2002; Roth & Kelber 

2004; Kelber & Roth 2006; Somanathan et a. 2008; Gomez et al. 2009, 2010), anatomical 

(Müller et al. 2007, 2009), genetic (Kawamura & Kubotera 2004; Tan et al. 2005; Perry 

et al. 2007; Zhao et al. 2009a,b), and ecological (Johnsen et al. 2006; Melin et al. 2012; 

Chapter 3) perspectives. Some new studies have challenged the traditional view, instead 

suggesting that nocturnal color vision may be adaptive under certain conditions (Kelber 

& Roth 2006; Perry et al. 2007; Zhao et al. 2009a, b, Melin et al. 2012; Chapter 3). This 

new research has provoked spirited debate over the significance of nocturnality and color 

vision in the evolutionary origins and ecology of primates and other mammals (Heesy & 

Ross 2001; Kawamura & Kubotera 2004; Tan et al. 2005; Perry et al. 2007; Ross et al. 

2007; Ankel-Simons & Rasmussen 2008; Jacobs 2008; Zhao et al. 2009a,b). 

Like most other mammals, many primates possess short-wavelength-sensitive 

(SWS) cones and medium/long-wavelength-sensitive (M/L) cones that facilitate 

dichromatic color vision by permitting individuals to discriminate between shorter and 

longer wavelengths of light (blues/violets vs. reds/yellows/greens; Jacobs 1993). In 

several nocturnal primate and mammalian lineages, the SWS1 opsin gene (coding for 

SWS visual pigments) has accumulated deleterious mutations, resulting in the loss of 

both SWS cones and functional color vision (i.e., monochromacy; Jacobs et al. 1996; 

Ahnelt & Kolb 2000; Kawamura & Kubotera 2004; Wang et al. 2004a, Tan et al. 2005; 
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Müller et al. 2007; Carvalho et al. 2006; Peichl 2005). In a recent analysis of the SWS1 

gene in nocturnal strepsirrhine primates, Tan and colleagues (2005) identified variation in 

the type of selection acting on this locus in nocturnal primate lineages. While they found 

evidence of relaxed selection on the SWS1 gene in monochromatic lorises and galagos, 

most nocturnal lemur species exhibited evidence of purifying selection to maintain gene 

function. Working from the traditional assumption that color vision is irrelevant for 

nocturnal species, Tan et al. (2005) argued that the functional SWS1 genes and signatures 

of purifying selection found in most nocturnal lemurs are evidence of recent transitions to 

nocturnality. They proposed that the earliest primates were diurnal or cathemeral, 

contrary to traditional hypotheses stressing nocturnality as a critical factor in the early 

evolution of primates (Cartmill 1992; Sussman 1995; Heesy & Ross 2001; Kirk & Kay 

2004; Ross et al. 2006). 

However, other researchers have suggested that signatures of purifying selection 

in the SWS1 gene in nocturnal primates and bats indicate a potential selective advantage 

for nocturnal color vision rather than recent transitions to nocturnality (Perry et al. 2007; 

Zhao et al. 2009a,b). For example, Perry and colleagues (2007) used a population genetic 

approach to examine selection on the SWS1 gene in a population of the nocturnal lemur 

Daubentonia madagascariensis (aye-aye). Their comparison of nucleotide diversity at 

functional and neutrally-evolving intergenic sites indicated recent purifying selection to 

maintain SWS1 gene function and color vision, and they suggested that dichromacy under 

nocturnal or twilight conditions may therefore be adaptive in aye-ayes (Perry et al. 2007, 

Melin et al. 2012). Zhao and colleagues (2009a, b) reached a similar conclusion in their 

evolutionary analyses of bat opsin genes. Employing a phylogenetic approach similar to 

Tan et al. (2005), they compared the ratio of nonsynonymous (dn) to synonymous (ds) 

substitutions in SWS1 coding regions across 32 bat species (Zhao et al. 2009a). Contrary 
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to Tan et al.’s (2005) assumptions, many bat species exhibit long evolutionary histories 

(> 52 million years) of both nocturnality and purifying selection to maintain dichromacy. 

Further, Zhao et al. (2009a) found that relaxed selection on the SWS1 gene and SWS cone 

loss in bats is primarily associated with changes in roosting behavior or the evolution of 

high-duty-cycle echolocation.  

These studies contribute to a growing body of evidence for the selective benefit of 

color vision under certain nocturnal conditions (Kelber & Roth 2006; Johnsen et al. 2006; 

Melin et al. 2012; Chapter 3). In this study, I re-examine the SWS1 gene in 20 

populations of nocturnal lemurs to evaluate the ecological conditions driving differential 

selection for dichromacy. I present the first analysis of the SWS1 gene to combine 

population (Perry et al. 2007) and phylogenetic (Tan et al. 2005; Zhao et al. 2009a,b) 

approaches, making it possible to detect both recent and ancient signatures of selection. 

Because cone loss in other vertebrates has been linked to variation in photic 

environments (Peichl 2005; Griebel & Peichl 2003; Lythgoe 1979; Partridge & 

Cummings 1999), I predicted that selection to maintain SWS1 gene functionality in 

nocturnal lemurs depends on the availability of short-wavelength (SW) light in their 

nocturnal habitats. In a study of nocturnal light in lemur habitats (Chapter 3), I found that 

open and closed canopy forests share a generalized yellow-green rich light environment, 

but that open canopy sites are absolutely and relatively richer in SW light compared to 

closed canopy sites.  

To test whether differences in habitat light environments influence selection for 

dichromacy in nocturnal lemurs, I sequenced the entire SWS1 gene (exons + introns: 3-

3.5 kb) in 106 individuals from 19 species (genera Avahi, Lepilemur, Phaner, 

Microcebus, and Cheirogaleus: Table 4.1). I included populations from closed canopy 

rainforests (limited SW light availability), seasonally open canopy dry deciduous forests 
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(seasonally variable SW light availability), or year-round open canopy spiny forests 

(abundant SW light). At the population level, I examined the type of selection (purifying 

vs. relaxed or positive) acting on the gene using several tests that compare nucleotide 

diversity between functional classes of sites within the same gene. At the phylogenetic 

level, I constructed a maximum likelihood (ML) tree of the SWS1 gene in primates and 

use likelihood ratio tests (LRTs) to compare ML models estimating different dN/dS ratios 

along tree branches. Finally, I predicted SWS opsin protein function and spectral tuning 

using a bovine rhodopsin homolog and known SWS1 gene spectral tuning sites. 

 

MATERIALS AND METHODS 

Samples, Amplification, and Sequencing 

I amplified and sequenced 3-3.5 kb of the short-wavelength-sensitive opsin gene 

(SWS1) in 106 nocturnal lemurs from 20 populations (19 species) in five genera (Avahi, 

Lepilemur, Phaner, Cheirogaleus, and Microcebus). Samples were collected from wild 

individuals across Madagascar by E. E. Louis and colleagues, so the collection locality 

and habitat type for each sample is known (Table C.1 in Appendix C). For all genera, I 

sampled at least one individual endemic to each of two habitats (humid rainforest and dry 

deciduous forest), and usually 8-16 individuals per habitat. For Lepilemur and 

Microcebus, I also sampled at least 8 individuals endemic to spiny forest habitats (other 

nocturnal genera are not present in those habitat types). Data on species dietary 

characteristics were collected from the literature (Hladik et al. 1980; Ganzhorn 1988; 

Birkenshaw & Colquhoun 2003; Gould & Sauther 2010). 
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Amplification, sequencing of genomic DNA, and nucleotide sequence alignment 

Genomic DNA was obtained from whole genome amplifications of tissue or 

blood samples stored at the Henry Doorly Zoo (Omaha, NE). The SWS1 gene was 

amplified in two ~1.7 kb fragments using lemur-, genus-, or species-specific PCR 

primers (available upon request) designed in Primer 3Plus (Untergasser et al. 2007). 

Polymerase chain reactions (PCR) were carried out using High Fidelity Platinum Taq 

Polymerase, 10x High Fidelity Buffer, and MgSO4(Invitrogen), MasterAmp 10x PCR 

Enhancer (Epicentre Technologies), 10 mM GeneAmp dNTPs (Applied Biosystems) and 

20μM primers in 25 μL or 50 μL reactions. The PCR conditions were: (1) an initial 2 

min. hold at 94°C; (2) 35 to 60 cycles of 30 s at 94°C, 30 s at the annealing temperature 

for that primer pair (Table S2), and 3 min. at 68°C; (3) a final hold for 10 min. at 68°C. 

PCR products were purified using either the QIAquick PCR Purification Kit (Qiagen) or 

magnetic beads (Thermo Scientific). PCR products were sequenced in 300-800 bp 

fragments using genus- and species-specific sequencing primers (available upon request), 

with the sequencing performed on a 3730 DNA Analyzer (Applied Biosystems) at the 

University of Texas at Austin DNA Sequencing Facility. I obtained at least 2x 

sequencing coverage of every base in each individual. Nucleotide sequences were aligned 

in BioEdit 7.0.9.0 (Hall 1999) and Sequencher 4.9 (Gene Codes) using the published 

Eulemur SWS1 sequence (Kawamura & Kubotera 2004) to identify exon-intron 

boundaries. 

Confirmation of polymorphic indels 

Sequencing results for several individuals indicated the presence of indel 

polymorphisms. For these individuals, I used cloning to confirm the presence of these 

polymorphisms and to identify the correct sequence of each allele. PCR products were 

cloned using the TOPO TA Cloning Kit (Invitrogen), and multiple clones (3-15) were 
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sequenced for each PCR product. Each indel was sequenced at least twice per individual 

to confirm the sequence of each allele.  

 

Population Analyses 

Selection tests 

For each population, I estimated nucleotide diversity (θ) for nonsynonymous sites 

and silent sites (synonymous sites + introns) using the average number of pairwise 

differences per site (θπ) and the number of substitutions per site (θW). All analyses 

assumed that variation at silent sites represents neutral evolution. While selection may act 

on synonymous mutations in some genes (Chamary & Hurst 2005), Perry et al. (2007) 

found that silent site diversity in the SWS1 gene in Daubentonia was comparable to that 

across 15 autosomal intergenic regions, suggesting neutral evolution at silent sites in 

lemur SWS1 genes and supporting our assumption.  

I conducted five population genetic analyses in DnaSP v5.10.01 (Librado & 

Rozas 2009) to test for selection within each population and between congeners. (1) I 

performed coalescent simulations using estimates of nucleotide diversity (θW and θπ) 

from intronic regions as a measure of neutral evolution in each population. This method 

was adapted from Perry et al. (2007), who used intergenic regions for similar coalescent 

simulations. I simulated 10,000 genealogies with no recombination to test how often the 

observed levels of nucleotide diversity at nonsynonymous and silent sites fit simulated 

distributions under neutrality. I used a sequential bonferroni correction (Rice 1989) to 

account for the multiple tests. (2) Following Perry et al. (2007), I compared nucleotide 

diversity levels between nonsynonymous and silent sites using the θπN/ θπS ratio. A ratio 

less than 1 suggests purifying selection while a ratio equal to or greater than 1 suggests 
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either positive selection or a relaxation of functional constraint (Perry et al. 2007). (3) 

Because θπ incorporates information about the frequency of alleles in a population, it may 

be subject to sampling effects if sample sizes are small or if samples are collected from 

closely-related individuals (e.g., siblings or parents), as my sample might. Because the 

sampling scheme used in this study might skew allele frequencies, I also calculated the 

ratio θWN/ θWS using the θw estimate of nucleotide diversity, which is based on the number 

of SNPs in the population (Watterson 1975). This analysis is more conservative because 

it excluded frequency information (Kreitman 2000; Perry et al. 2007), but it may be more 

appropriate here because θW is more robust to sampling effects (Ewens 1983; Eshleman 

et al 2004). As with θπN/ θπS, a ratio less than 1 suggests purifying selection while a ratio 

equal to or greater than 1 suggests either positive selection or a relaxation of functional 

constraint. (4) I computed Tajima’s D statistic (Tajima, 1989) to test for differences in the 

distribution of alleles (the site frequency spectrum, or SFS) at nonsynonymous and silent 

sites. A significantly negative Tajima’s D represents an excess of rare alleles and is 

indicative of purifying selection, while a significantly positive D statistic indicates an 

excess of intermediate frequency alleles and balancing selection. Tests utilizing the SFS 

may also be influenced by demographic history and population structure, which can 

mimic signatures of selection (Kreitman 2000; Nielsen et al. 2005). However, 

nonsynonymous and silent functional classes should be similarly affected by population 

history (Akashi 1999), so I computed Tajima’s D separately for nonsynonymous and 

silent classes to control for the effects of demography and population structure. (5) I 

conducted McDonald-Kreitman (McDonald & Kreitman 1991) between congeneric 

populations. MK tests compare the ratio of nonsynonymous and silent sites that are fixed 

between species to the ratio of sites that are polymorphic within species. An excess of 

fixed nonsynonymous differences reflects positive selection, while an excess of 



 

109 

polymorphic nonsynonymous differences reflects purifying selection (McDonald & 

Kreitman 1991; Parsch et al. 2009). 

 

Phylogenetic Analysis  

After removing introns, I generated a consensus sequence for each nocturnal 

lemur species, representing population SNP polymorphisms with ambiguous DNA codes 

(e.g. “r,” “y”). Four species were represented by multiple sequences: P. pallescens 

(separate Zombitse and Kirindy sequences), C. medius (normal allele, 4bp-insert allele, 

54bp-insert allele, and Tan et al.’s allele), C. major (original SWS1 sequence and 

alternate splicing sequence), and L. microdon (one allele with 3bp deletion in exon 5). 

SWS1 exon sequences for five other primates (3 lemurs and 2 haplorhines) were collected 

from Genbank for comparison: Propithecus verreauxi (DQ191935.1-191939.1), Mirza 

coquereli (DQ191903.1-191907.1), Daubentonia madagascariensis (DQ191898.1-

191902.1), Tarsius syrichta (DQ191954.1-191958.1), and Homo sapiens 

(NG_009094.1). We aligned sequences using ClustalW implemented DAMBE (Xia & 

Xie, 2001; Xia, 2001). We constructed a maximum likelihood (ML) tree of the SWS1 

sequences, with Tarsius and Homo as outgroups, using PAUP* version 4.0 (Swofford 

2003). We employed a heuristic search with TBR branch swapping, starting from a 

neighbor-joining tree, and used the parameters estimated by ModelTest 3.6 (Posada & 

Crandall 1998) using hierarchical likelihood ratio tests. ModelTest selected the HKY + G 

model of sequence evolution, corresponding to base frequencies A = 0.1905, C = 0.2848, 

G = 0.2470, and T = 0.2777; Ti/tv ratio = 3.358; proportion of invariant sites = 0; and 

Gamma distribution shape parameter = 0.4778. We then generated 100 bootstrap 

replicate ML trees using a heuristic search and TBR branch swapping. 
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Selection Tests  

To examine selection acting on the SWS1 gene at the lineage level, I employed a 

codon-based method using the CODEML program in PAML version 4.5 (Yang 2007). I 

removed the sequences thought to be nonfunctional (e.g., with stop codons) from my 

dataset (all Phaner species, C. medius 4bp-insert allele, C. medius Tan et al. allele, C. 

major alternative splice variant), realigned the remaining sequences, and estimated the 

ratio of nonsynonymous (dN) to synonymous substitutions (dS) in the coding region for all 

external and internal branches of ML tree. The dN/dS ratio (ω) indicates the type and 

magnitude of selection acting on the gene, where ω<1 reflects purifying selection, ω=1 

reflects neutral evolution, and ω>1 reflects positive selection (Yang 1998; Yang 2007).  

For each dataset, I used likelihood ratio tests (LRTs) to compare competing 

models of SWS1 gene evolution, as has been done in studies of opsin genes in bats (16, 

17), cichlids (Spady et al. 2005) and cavefish (Li & He 2009). The LRT statistic was 

computed as 2*log likelihood difference between the two models and was tested against 

the χ2 distribution, where the degrees of freedom equals the difference between the 

number of parameters in the two nested models (Yang 2007). I used the LRTs to evaluate 

branch models, which test for variation in selection between lineages, and site-specific 

models, which test for variation between amino acid sites in the gene. First, I tested for an 

overall signature of differential selection between branches by comparing a null model 

that estimates a single ω for all branches (one-ratio model) to a model that estimates an 

independent ω for each branch (free-ratio model). I then tested for a habitat effect on 

specific lineages by comparing the one-ratio model to a two-ratio model. This two-ratio 

model estimated one ω value for specific branches designated as the foreground and 

another ω value for all other branches (background branches). To test for a change in 

selection with habitat type, I ran three two-ratio models, designating as foreground 
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branches (1) nocturnal rainforest lemur species, (2) nocturnal closed canopy rainforest 

species (rainforest species + C. medius), and (3) dry deciduous forest species (excluding 

C. medius). Finally, I also tested two sets of site-specific models (M1a vs. M2a; M7 vs. 

M8) to explore positive selection on amino acid positions in the SWS1 gene. M1a, 

representing a nearly neutral model, estimated two ω values for amino acid sites (ω0<1, 

ω1=1), while M2a permitted positive selection by estimating three ω values (ω0<1, ω1=1, 

ω2>1). M7 (β) allowed 10 ω classes with a more continuous variation following the β 

distribution, but restricted all ω<1. In contrast, M8 (β and ω) allowed an additional class 

(ω>1) to permit positive selection on sites (Yang et al. 2000). If LRTs for site-specific 

models were significant for positive selection, I used the Bayes Empirical Bayes (BEB) 

method to calculate posterior probabilities for site classes and to identify amino acid sites 

under positive selection (Yang 2007). 
 

Functional Predictions for the SWS1 Opsin Protein 

Functionally important amino acid residues 

To identify amino acid sequence variation within and between populations, I used 

BioEdit to align all nucleotide sequences in the population, remove intronic regions, and 

translate codons into amino acids. I then examined variation at ten critical sites in the 

SWS1 opsin protein for spectral tuning (Fascik et al. 2002; Shi & Yokoyama, 2003; 

Carvalho et al. 2012) and at functionally important residues (Kawamura and Kubotera, 

2004 Hunt et al. 1995; Sakmar et al 1989), including the two cysteine residues for the 

disulfide bond (residue 108 and 185), glutamate for the Schiff-base counter-ion (residue 

111), lysine for the Schiff-base linkage to the chromosphore (residue 294), and the 
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glutamic acid-arginine-tyrosine triplet (132-133-134) that forms the E/DRY motif (Satillo 

et al. 2006). 

Modeling protein secondary structure 

For some species, I explored how major deleterious mutations could affect the 

structure and function of the SWS opsin protein. For those taxa, I modeled the secondary 

structure of the SWS opsin protein SWISS-MODEL (Guex & Peitsch, 1997; Schwede et 

al. 2003; Arnold et al. 2006; Bordoli et al. 2009) with the bovine rhodopsin protein as a 

homolog (PDB 1F88A: Paczewski et al. 2000) using the Automated Mode. I then used 

UCSF Chimera (Pettersen et al. 2004) to visualize the three-dimensional structure of the 

lemur model with the bovine rhodopsin superimposed. 

 

RESULTS 

Population Analyses 

I sequenced the SWS1 gene in 32 Lepilemur (6 species), 24 Avahi (4 species), 18 

Phaner (3 species), 11 Cheirogaleus (2 species), and 21 Microcebus (4 species). Using 

several methods that compare measures of nucleotide diversity between functional 

classes of sites within the same gene, I identified substantial variation within genera in 

the type of selection acting on the gene (Tables 4.1, Figs. 4.1, 4.2). These methods 

compare variation at nonsynonymous sites in the gene (causing amino acid replacement) 

with variation at silent sites (synonymous coding sites + introns). Under neutral 

evolution, silent and nonsynonymous site classes should exhibit similar levels of 

variation. While a relative excess of silent variation reflects selective constraint to 

maintain current gene function (purifying selection), a relative excess of nonsynonymous 

variation can reflect either a relaxation of functional constraint or positive selection on 



 

113 

the gene (Harding et al. 2000; Wang et al. 2004b; Perry et al. 2007). First, I tested 

observed estimates of nucleotide diversity (θπ and θW) for nonsynonymous and silent site 

classes against distributions simulated under neutral evolution using coalescent modeling 

(Perry et al. 2007). Because coalescent simulation tests can be overly conservative and 

lack statistical power with low numbers of nonsynonymous sites (Perry et al. 2007), I 

also compared nucleotide diversity between nonsynonymous and silent sites using θπN/θπS 

(15) and θWN/θWS. For both measures, a ratio <1 reflects purifying selection on the gene, a 

ratio ≈1 reflects relaxed selection, and a ratio ≥1 can reflect either relaxed or positive 

selection. Here I focus on θWN/θWS because by excluding information on allele 

frequencies, this ratio is more robust to possible sampling effects that may have impacted 

my data (see Methods). However, θπN/θπS provides nearly identical results as those found 

with θWN/θWS (see Figure C.1 in Appendix C). Finally, in populations with θWN/θWS>1, I 

compared the site frequency spectra (SFS) for nonsynonymous and silent sites to 

determine whether the signature likely reflects relaxed or positive selection. Despite 

variation in the type of selection acting on the gene, functionally important amino acid 

residues (Sakmar et al. 1989; Hunt et al. 1995; Kawamura & Kubotera 2004) are 

conserved in almost all species examined, suggesting that most species retain functional 

SWS cones. However, two groups within Cheirogaleidae (all Phaner species and 

Cheirogaleus medius) exhibit evidence for loss of SWS1 functionality.  

Lepilemur (550-1000 g folivore) 

My sample includes sportive lemurs from the three major forest types in 

Madagascar: rainforest (L. mustelinus, L. microdon), dry deciduous forest (L. edwardsi, 

L. hubbardi), and spiny forest (L. leucopus, L. petteri). Functionally important amino acid 

residues are conserved in all individuals, suggesting that these species are dichromats. 
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Although L. edwardsi exhibit a nonsynonymous single nucleotide polymorphism (SNP) 

in the putative start codon (ATGCTG, heterozygous in 5 individuals), this SNP likely 

does not affect gene function, as a second start codon is found at the fourth codon 

position (aligned to humans). Similar mutations are found in the first start codon in 

tarsiers, mice, and rats, causing these species to use the second start codon, and all have 

functional SWS cones (Chiu et al. 1994; Kawamura & Kubotera 2004). I identified 

several insertions/deletions (indels) between species in introns, but only one indel 

polymorphism in an exon (3bp in exon 5 in L. microdon). This indel in L. microdon 

likely does not affect functionality, as a similar 3bp deletion in exon 5 is fixed in 

Propithecus, which exhibits functional SWS cones (Jacobs et al. 2002). 

While my results indicate current SWS1 gene functionality in this genus, 

Lepilemur species exhibit differential patterns of selection on the gene for maintaining 

SWS cones. For L. edwardsi, nonsynonymous nucleotide diversity is significantly lower 

than expected under neutrality using coalescent simulations, suggesting strong purifying 

selection (Table 4.1). While coalescent tests are not significant for other Lepilemur 

species, the θWN/θWS ratio (which is less conservative than the coalescent test) suggests 

purifying selection is acting on SWS1 to maintain dichromacy in most dry and spiny 

forest species (L. edwardsi, L. hubbardi, and L. leucopus: Fig. 4.1). One exception is the 

spiny forest species L. petteri, which exhibits a ratio usually indicative of relaxed or 

positive selection (2.75). However, the small sample (3 individuals), small number of 

SNPs (1 nonsynonymous and 1 silent), and very low nucleotide diversity estimates makes 

inferring the the selection regime for this species difficult. In contrast to the findings for 

most open canopy species, the rainforest L. mustelinus exhibits a ratio suggestive of 

either relaxed or positive selection. In contrast to L. petteri, the result for L. mustelinus is 

more robust (Table 4.1). The SFS for L. mustelinus exhibits similar patterns for silent and 
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nonsynonymous SNPs, indicating a relaxation of functional constraint rather than 

positive selection on the gene (Fig. 4.3). The other rainforest species, L. microdon, is only 

represented by a single individual. However, the 4 nonsynonymous SNPs and 2 silent 

SNPs (as well as the 3bp deletion polymorphism in exon 5) identified in this individual 

are also suggestive of relaxed selection. Together these results reveal variable selection 

on the SWS1 gene in Lepilemur that is generally consistent with a habitat light effect, as 

species endemic to dry and spiny forests (L. edwardsi, L. hubbardi, L. leucopus) exhibit 

signatures of purifying selection while species from closed canopy rainforests (L. 

mustelinus, L. microdon) exhibit signatures of relaxed selection.  

Avahi (700-1200 g, folivore) 

I included woolly lemurs from rainforest (A. laniger, A. peyrierasi) and dry 

deciduous forest (A. occidentalis, A. cleesei) habitats in my analyses. Although all Avahi 

retain a functional SWS1 gene, I identified evidence of interspecific variation in the 

strength of purifying selection on the gene (Table 4.1, Fig. 4.1). This variation in 

selection appears to relate to habitat type. Coalescent simulations and θWN/θWS suggest 

that the dry deciduous forest A. cleesei is experiencing strong purifying selection on the 

SWS1 gene. Because A. occidentalis exhibits low levels of nucleotide diversity (Table 

4.1), coalescent simulations are not significant even with 0 nonsynonymous SNPs. 

However, the θWN/θWS ratio in A. occidentalis is suggestive of purifying selection. By 

contrast, the signature of purifying selection in rainforest species is present but weaker, 

and may vary by species. Coalescent simulations and θWN/θWS (0.90) are suggestive of 

very weak purifying selection in A. peyrierasi. While θWN/θWS for A. laniger is suggestive 

of purifying selection to maintain SWS1 function (as is a comparison of SFS for 

functional classes: Fig. 4.3), coalescent simulations were not significant. These results 
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suggest that all Avahi are under some level of purifying selection to retain dichromacy. 

However, the functional constraint appears much stronger in dry deciduous forest species 

(A. occidentalis, A. cleesei) than rainforest species (A. laniger, A. peyrierasi). 

Microcebus (50-90 g, insectivore-frugivore-gummivore) 

I sampled mouse lemur populations from dry deciduous forest (M. ravelobensis, 

M. murinus) and spiny forest (M. griseorufus) habitats, as well as a single individual from 

the rainforest (M. simmonsi). Coalescent simulations reveal that for all species, 

nonsynonymous nucleotide diversity is significantly lower than expectations under 

neutrality (Table 4.1), and θWN/θWS ratios are substantially less than 1 (Fig. 4.1). While all 

three species possess species-specific polymorphic indels, indels are restricted to intronic 

regions. M. ravelobensis also exhibits a ~350 bp insertion in intron 4 compared to other 

species3. This evidence suggests that all dry and spiny forest Microcebus appear to retain 

a functional SWS1 gene and exhibit signatures of strong purifying selection to maintain 

dichromacy. 

Phaner (360-500 g, gummivore) 

My sample includes fork-marked lemurs from dry deciduous forest (P. 

pallescens) and rainforest (P. parienti, P. electromontis) habitats. P. pallescens is 

represented by two populations (from Kirindy Forest and Zombitse-Vohibasia National 

Park). Because these populations are separated by more than 300 km of very fragmented 

forests and large rivers, and exhibit average home range sizes less than 200 m (Schülke & 

Kappeler 2003), I assumed gene flow is limited and report analyses that treat the 

populations separately (similar results are obtained when the populations are grouped). In 

                                                
3 A BLAST analysis in GenBank suggested this insertion is similar to sequence in intergenic 
regions in the M. murinus genome. 



 

117 

contrast to the genera described earlier, the functionality of the SWS1 gene is uncertain in 

Phaner because all individuals share a stop codon at amino acid residue 33. While a 

second start codon is found at residue 42, I suspect that truncating the opsin protein 

would be highly deleterious (see below). To test for a signal of relaxed selection in these 

populations, I performed coalescent simulations and computed θWN/θWS ratios for each 

population. For all populations, nonsynonymous nucleotide diversity does not 

significantly vary from expectations under neutrality in coalescent simulations (Table 

4.1). In the rainforest species (P. parienti and P. electromontis), θWN/θWS is above 1 (Fig. 

4.1), suggestive of relaxed selection on the gene. Surprisingly, θWN/θWS is less than 1 for 

the two dry deciduous populations (Fig. 4.1), consistent with a signature of purifying 

selection. For P. pallescens-Zombitse, the significant Tajima’s D (1989) statistic for 

silent sites (Table 4.1) suggests substantial subdivision in this population (Kreitman 

2000). This significant D might be a sampling effect if multiple individuals are very 

closely-related (parent-offspring, siblings), and may have influenced the absolute number 

of SNPs (both nonsynonymous and silent) present in the population and thus θWN/θWS. In 

support of this interpretation, the SFS for nonsynonymous and silent sites for P. 

pallescens-Zombitse show similar patterns of allele frequencies and are not consistent 

with a signal of purifying selection (Fig. 4.3). Although the SFS for P. pallescens-

Kirindy is also not clearly consistent with purifying selection (Fig. 4.3), the limited 

number of individuals makes SFS interpretation difficult. Overall, these results are 

suggestive of relaxed selection on the gene in P. parienti and P. electromontis, while the 

signatures of selection for the two P. pallescens populations are uncertain. 
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Cheirogaleus 

Dwarf lemurs were sampled from rainforest (C. major, ~400 g, frugivore-

folivore) and dry deciduous forest (C. medius, ~70-200 g, frugivore-insectivore) habitats. 

Although C. medius is endemic to dry deciduous forests, it hibernates through the entire 

dry season (April-October) and is only active during the closed-canopy rainy season 

(Fietz & Ganzhorn 1999) when nocturnal SW light is limited (Chapter 3). Despite 

experiencing relatively similar nocturnal light regimes, the results suggest variable 

selection on the SWS1 gene between Cheirogaleus species. In C. major, all functionally 

important residues are conserved and there is some evidence of purifying selection to 

maintain dichromacy. In the more conservative coalescent simulations, nonsynonymous 

nucleotide diversity does not significantly deviate from neutral expectations. However, 

θWN/θWS (as well as the SFS for nonsynonymous and silent classes: Fig. 4.3) is suggestive 

of purifying selection. In contrast, I identified substantial evidence for relaxed or positive 

selection in C. medius. I found three alleles in this population that likely differ in 

functionality. One allele appears functional (“normal allele”) and is found in 5 

heterozygous individuals. However, two alleles exhibit duplications beginning at the 

same position in exon 2 (Fig. 4.4). In one allele (found in one heterozygous individual), 

there is a 4 bp duplication that causes a frame-shift and 8 stop codons in the coding 

region (Fig. 4.5). This allele is therefore probably nonfunctional. The second insert allele 

has a 54 bp duplication, covering the last 11 bp of intron 1 and the first 43 bp of exon 2 

(Fig. 4.4). Significantly, the 54bp-insert allele is present in all individuals in the 

population, either in homozygous state (n=2) or heterozygous with the normal allele 

(n=5) or 4bp-insert allele (n=1). While this larger insertion does not cause a frame-shift 

and the allele retains functionally important residues, it adds 18 new amino acids to the 

protein. The possible implications for protein structure are discussed below. Tan et al. 
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(2005) identified a fourth C. medius allele that exhibits 5 nonsynonymous substitutions 

and 6 silent substitutions compared to my population. Because one of the 

nonsynonymous mutations in this fourth allele results in a premature stop codon at 

residue 317 in exon 5 (Fig. 4.5), this allele may also have impaired function. The 

presence of these four variants suggests that polymorphic dichromacy may exist in at 

least some populations of C. medius.  

Selection analyses are generally consistent with either a relaxation of functional 

constraint or positive selection acting on SWS1 in C. medius. When all alleles are 

considered, coalescent simulations find that nonsynonymous nucleotide diversity is not 

significantly different from neutral expectations (Table 4.1), and θWN/θWS is greater than 1 

(Fig. 4.1), suggesting relaxed or positive selection. C. medius is also the only population 

that exhibits intraspecific variation in putative spectral tuning sites (Fascik et al. 2002; 

Shi & Yokoyama 2003; Carvalho et al. 2012), which may also signal relaxed selection in 

the species. While the normal and 54bp-insert alleles shared tuning site residues with C. 

major and Microcebus species (Table 4.2), the 4bp-insert allele differed at residue 93 

(leucine rather than proline), which is an important tuning site in primates (Carvalho et al. 

2012). Examining the normal and 54-bp insert C. medius allele types separately reveals 

further evidence of relaxed selection on at least one allele type. For the normal allele, the 

results of both coalescent simulations and θWN/θWS are suggestive of a relaxation of 

functional constraint (Fig. 4.1, Table 4.2). Although coalescent simulations are not 

significant for the 54-bp insert allele, θWN/θWS is less than 1 (Fig. 4.1), which is consistent 

with purifying selection. Thus overall, the evidence suggests C. medius is experiencing 

relaxed selection on the SWS1 gene and is in the process of losing functional SWS cones. 

However, it is also possible that C. medius is experiencing positive selection for the 
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54bp-insert allele, as evidenced by its high frequency in the population and low θWN/θWS 

ratio. The distribution of this allele should be explored in other C. medius populations. 

McDonald Kreitman Tests 

While I also performed McDonald-Kreitman (MK) tests (McDonald & Kreitman 

1991) between pairs of congeneric species, the results were not informative. MK tests 

compare the ratio of nonsynonymous to silent substitutions fixed between species to the 

ratio polymorphic within species. All MK tests were not significant (p>0.05) except those 

including L. mustelinus. MK tests cannot identify variation in selection between two 

species, only whether selection has been acting on the gene in the genus. Because 

multiple changes are required for MK tests to detect selection against background 

neutrality, these tests have reduced power in populations with low polymorphism levels 

(Sabeti et al. 2006; Parsch et al. 2009), as seen in many of my populations. Additionally, 

recent changes in population history may cause type I and type II errors in MK tests 

(Eyre-Walker 2002; Wooding et al. 2004; Sabeti et al. 2006; Andalfotto 2008; 

Charlesworth & Eyre-Walker 2008; Parsch et al. 2009). While the significant results for 

paired tests involving L. mustelinus indicate purifying selection (p≤0.023), the SFS of L. 

mustelinus (Fig. 4.3) suggests that this species has recently recovered from a population 

bottleneck and/or experienced a recent population expansion (Jensen et al. 2005). Thus, 

the significant results including L. mustelinus might be due to demographic factors and 

are thus difficult to interpret. 

 

Phylogenetic Analyses 

Overall, the phylogeny derived from bootstrap maximum likelihood (ML) 

analysis of the SWS1 gene is consistent with published species trees (Roos et al. 2004; 
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Yoder & Yang 2004; Poux et al. 2005; Andriaholinirina et al. 2006, 

Andriantompohavana et al. 2006; Louis et al. 2006; Zaramody et al. 2006; 

Andriantompohavana et al. 2007; Fabre et al. 2009). The trees differ at three positions 

(Fig. 4.6). First, while some phylogenetic analyses are not able to resolve the Indriidae-

Cheirogaleidae-Lepilemuridae trichotomy (Roos et al. 2004; Berry & Simple 2006), my 

SWS1 gene tree supports other analyses identifying Indriidae as an outgroup to the 

Cheirogaleidae-Lepilemuridae clade (Yoder & Yang 2004; Fabre et al. 2009). My tree 

also differed slightly from published mitochondrial DNA phylogenies (Fig 4.6) in the 

placement of M. ravelobensis and M. simmonsi within Microcebus (Andriantompohavana 

et al. 2006; Louis et al. 2008) and L. hubbardi and L. microdon within Lepilemur 

(Andriaholinirina et al. 2006; Louis et al. 2006).  

Using my ML SWS1 gene tree, I examined the type and magnitude of selection 

acting on the SWS1 across nocturnal lemurs (Fig. 4.7). I employed a ML approach to 

estimate the ratio of nonsynonymous (dN) to synonymous (dS) substitutions in coding 

regions (dN/dS=ω) for different branches of the tree (excluding species and alleles with 

stop codons) and then used likelihood ratio tests (LRTs) to compare competing models 

(Yang 2007). The LRTs for branch models reveal a signature of purifying selection 

acting on the SWS1 gene across primate lineages (Tables 4.3, 4.4). While the ω values 

estimated by the free-ratio model vary substantially between different branches (0.0001 

to 999.0), this model does not fit the data significantly better than the one-ratio model, 

suggesting that purifying selection along all lineages better explains the data (Table 4.4). 

However, the strength of purifying selection varies with habitat type, even at the lineage 

level. In the two-ratio rainforest model, ω is higher for nocturnal lemurs from rainforest 

habitats (ω=0.488) compared to other branches (ω=0.210), consistent with predictions 

from the habitat light hypothesis. This model fits the data significantly better than the 
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one-ratio model (Table 4.4). The LRT is also significant if C. medius is included with the 

rainforest species in a “closed canopy” group (ω=0.476) compared to all other branches 

(ω=0.206). However, no significant difference in selection exists between dry deciduous 

forest species and all other branches (Tables 4.3, 4.4). These results suggest that 

nocturnal species from closed canopy habitats are experiencing weaker purifying 

selection on the SWS1 gene compared to other primates. 

Additionally, I compared four site-specific models that test for differences in 

selection between amino acid positions in the gene. The LRTs for site-specific models 

suggest that several amino acid positions in the SWS1 gene are under positive selection in 

primates (Table 4.3, 4.4). LRTs indicate that both models that incorporate positive 

selection (M2a and M8) fit the data significantly better than the alternative models (M1a 

and M7). In particular, using the Bayes Empirical Bayes (BEB) method (Yang 2007), I 

identify 3 sites under M2a and 4 sites under M8 as experiencing positive selection (Table 

4.5). None of the sites under positive selection are involved in SWS cone spectral tuning 

(Fascik et al. 2002; Shi & Yokoyama 2003; Carvalho et al. 2012) or known to be 

functionally important (Hunt et al. 1995; Kawamura & Kubotera 2004). 
 

Functional Predictions for the SWS Opsin Protein 

Exon-intron splicing  

Almost all populations of nocturnal lemurs retain the conserved mammalian 

intronic splice sites (sites signaling exon-intron boundaries), including all Phaner 

(following the GT/AG rule: Mount 1982; Burset et al. 2000). However, as previously 

reported by Tan et al. (5), the two Cheirogaleus species each exhibit a deleterious 

mutation at one splice site. All C. major individuals share a 2bp deletion of the donor 
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splice GT at the beginning of intron 3. The functional implications of this deletion are 

uncertain. There is a second donor GT 4bp downstream (--GAGT) which would 

introduce a frameshift and multiple stop codons in the gene (Fig 4.8). Alternatively, C. 

major could utilize a non-canonical splice site pair (GA-AG). Although very rare 

(<0.02%), GA-AG is a normal splicing variant that can result in functional transcripts 

(Burset et al. 2000; Brackenridge et al. 2003; Bradley et al. 2005). In C. medius, all 

alleles exhibit a point mutation at the intron 4 acceptor site (AGAA: Fig. 4.8). In 

contrast to GA-AG, the GT-AA splice pair was not supported in a large study of 

mammalian splice sites (Burset et al. 2000). Rather than being a functional splice variant, 

this GT-AA pair in C. medius may result in the loss of exon 5 during transcription, as is 

seen with a GT-AA pair in a variant of the human leuckocyte antigen-F gene (He et al. 

2004).  

Modeling Protein Secondary Structure. 

To explore how deleterious mutations in Phaner and C. medius may affect SWS 

cone functionality, I modeled the secondary structure of the SWS opsin protein for each 

taxon compared to the bovine rhodopsin protein (Palczewski et al. 2000). The missing 41 

residues in Phaner correspond to the intradiscal N-terminus region and part of the first 

transmembrane helix of the protein in the bovine rhodopsin (Fig. 4.9A). In rhodopsin, the 

intradiscal region provides structural stability for the visual pigment (Doi et al. 1990; Liu 

et al. 1996; Abdulaev & Ridge 2005). Small deletions in the N-terminus result in 

impaired function, greatly reducing chromophore regeneration (Doi et al. 1990). Because 

Phaner lack the entire N-terminus and a portion of helix I, it seems likely that the SWS 

opsin is nonfunctional in Phaner, making the genus all monochromats. 
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For Cheirogaleus medius, I compared both the normal and 54bp-insert alleles to 

the bovine rhodopsin. The normal allele generally resembles the rhodopsin protein in 

structure (Fig. 4.9B). In contrast, the 54bp-insert allele differs from rhodopsin at a critical 

region. The 18 residue insertion begins at position 134 (rhodopsin 136), which is part of a 

functionally important triplet of 134Glu-135Arg-136Tyr at the cytoplasmic boundary of 

transmembrane (TM) helix III in the bovine rhodopsin (the E/DRY motif: Palczewski et 

al. 2000; Abdulaev & Ridge 2005). This E/DRY motif is highly conserved across G-

protein-coupled receptors and is believed to have a critical role in signal transduction 

pathways (Alewijnse et al 2000; Rovati et al. 2007). For the bovine rhodopsin, these sites 

are involved in G-protein coupling activation and regulation (Santillo et al 2006). In the 

C. medius 54bp-insert allele, the triplet is disrupted by the insertion at the last residue of 

the triplet (replacing Tyr with Phe). However, because the insertion is a duplication, the 

E/DRY motif is retained, just shifted to residues 150-152 (Fig. 4.5). When modeled 

against the rhodopsin homolog, the insertion creates a small helix originating from the 

intracellular side of TM helix III (Fig. 4.9C). In rhodopsin, this region of helix III is 

involved in closing the binding pocket for 11-cis retinal (Unger et al. 1997). I therefore 

suspect that the changes found in the 54bp-insert allele likely have significant functional 

implications and should be explored in future studies. However, it is too early to 

determine whether this allele is non-functional. In contrast, both the 4bp-insert allele 

sequenced in my study and the allele from Tan et al. (2005) also have disrupted or lost 

E/DRY motifs (4bp-insert: Tyr134Ala, Tan et al. allele: Arg133His: Fig. 4.5), offering 

further support for the non-functionality of these alleles. The loss of the Arg133 in the 

Tan et al. allele is particularly suggestive, as studies of human rhodopsin-like G-protein-

coupled receptors suggest change at this position causes loss of function (Sakmar et al. 

1989; Wilbanks et al. 2002). 
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Although the coding sequences of the C. medius normal allele and 54bp-insert 

allele do not exhibit mutations that explicitly suggest loss of function compared to the 

bovine rhodopsin, the splice site mutation in intron 4 (AGAA) shared by all C. medius 

could have significant effects on functionality. In bovine rhodopsin and the SWS1 gene, 

exon 5 corresponds to the fourth cytoplasmic loop and the C-terminal domain of the 

opsin protein (Fig. 4.9B; Nathans et al. 1987; Palczewski et al. 2000). These regions are 

involved in phototransduction and are important for rhodopsin functionality (Nathans & 

Hogness 1983; Miller & Dratz 1984; König et al. 1989; Palczewski et al. 2000). The 

fourth cytoplasmic loop, for example, interacts with the regulatory protein transducin 

during photoactivation (König et al. 1989; Palczewski et al. 2000). If the GT-AA splice 

pair results in exon 5 not being transcribed in C. medius, the entire species may have 

SWS cone loss and monochromacy. 

Spectral Tuning 

While I did not identify substantial intraspecific or intrageneric variation in the 

amino acids present at the 10 putatively important residues for SWS opsin spectral tuning 

(Fascik et al. 2002; Shi & Yokoyama 2003; Carvalho et al. 2012), I did identify variation 

between genera (Table 4.2). Recently, Carvalho and colleagues (2012) expressed SWS1 

opsin sequences for the brown lemur (Eulemur fulvus), Coquerel’s mouse lemur (Mirza 

coquereli), and aye-aye (Daubentonia madagascariensis) to estimate the peak spectral 

sensitivity (λmax) of their SWS pigments. They also performed site-directed mutagenesis 

to explore the effect of changes at residue 86 (CysVal and PheSer) on spectral 

tuning. I used their results to predict possible λmax for several of the genera studied here. 

Microcebus, C. major, and the normal and 54bp-insert variants of C. medius share all 

spectral tuning residues with Mirza, suggesting that λmax in these species may be ~ 409 
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nm. Lepilemur does not share all residues with any of the three native lemur opsins they 

measured (Eulemur, Mirza, or Daubentonia), but it does share all residues with the 

Daubentonia Phe86Ser mutant, suggesting a λmax at 416 nm. Avahi differs from 

Lepilemur only at site 86 (Val vs. Ser, respectively), which is a very important tuning site 

in primates (Carvalho et al. 2012). While Carvalho and colleagues did not examine the 

exact tuning residue complement for Avahi, they did model the effect of a Cys86Val 

mutation in Eulemur. The presence of Val at residue 86 resulted in λmax shift to shorter 

wavelengths (413 nm to 401 nm). I thus predict that Avahi has a more short-wavelength-

shifted SWS pigment λmax compared to Lepilemur. 

 

DISCUSSION 

While traditional assumptions of visual function and evolution tend to discount 

color vision at night, recent analyses of opsin genes (Kawamura & Kubotera 2004; Perry 

et al. 2005; Zhao et al. 2009a, b), animal behavior (Kelber & Roth 2006, Somanathan et 

al. 2008; Gomez et al. 2010), and ecology (Johnsen et al. 2006; Melin et al. 2012; 

Chapter 2) instead suggest an adaptive benefit for retaining color vision in certain 

nocturnal conditions. The widespread variation across nocturnal mammals in color vision 

abilities, including parallel loss of SWS cones in lineages of rodents, primates, 

carnivorans, xenarthrans, and bats (Jacobs et al. 1996; Ahnelt & Kolb 2000; Ahnelt et al. 

2003; Kawamura & Kubotera, 2004; Peichl et al, 2004; Wang et al. 2004a; Peichl, 2005; 

Carvalho et al. 2006), raises questions regarding what ecological factors influence 

selection to maintain dichromacy in nocturnal mammals (Jacobs & Rowe 2004; Peichl 

2005; Carvalho et al. 2006; Jacobs 2008). Zhao et al. (2009a) hypothesized that changes 

in sensory ecology (roosting sites or a shift to high-duty-cycle echolocation) led to 



 

127 

differential selection for dichromacy in bats. In my study of the SWS1 gene, results from 

both population and phylogenetic approaches suggest that differences in photic 

environments, particularly the abundance of SW light, influences differential selection for 

color vision in nocturnal primates (Table 4.6).  

In open canopy environments where nocturnal SW light is abundant, nocturnal 

lemurs generally appear to experience purifying selection to maintain SWS1 gene 

functionality and SWS cones (Microcebus, Avahi, Lepilemur). In closed canopy 

environments, however, the absolute availability of nocturnal SW light is substantially 

reduced (Chapter 3). As a result, lemurs from closed canopy habitats generally have less 

opportunity to utilize SWS cones during nocturnal activity. Consistent with this 

observation, phylogenetic LRTs suggest that purifying selection is significantly weaker in 

rainforest and closed canopy lineages and population analyses identified either weaker 

purifying selection (Avahi) or a complete relaxation of selection (Lepilemur, possibly C. 

medius) in closed canopy species. These results suggest a selective advantage for 

retaining dichromatic color vision in nocturnal open canopy environments where 

blue/violet light is absolutely and relatively more abundant. While some researchers have 

hypothesized that SWS cones are retained for activity at twilight or occasionally during 

the day (Melin et al. 2012, Müller et al. 2007; Perry et al. 2007), my findings are not 

consistent with either explanation. Despite exhibiting habitat variation in the relative 

proportion of SW light, diurnal light environments are several orders of magnitude 

brighter than nocturnal environments (Endler 1993; Warrant 2004; Chapter 2). Therefore 

absolute SW light abundance is high in all environments diurnally and selection for 

dichromacy should not vary by habitat. Similarly, twilight environments are rich in SW 

light across all habitats (Endler 1993; Johnsen et al. 2006). The absolute abundance of 

SW light even in the understory of tropical rainforests is sufficient for color vision in 
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mammals (Melin et al. 2012) and would not predict a habitat difference in selection for 

retaining SWS cones.  

It is difficult to interpret what selection regime is operating on the SWS1 gene in 

Phaner. The premature stop codon in exon 1 should lead to loss of function, and the 

signatures of relaxed selection in P. electromontis and P. parienti are consistent with this 

loss. However, the θWN/θWS ratios for the two dry deciduous P. pallescens populations are 

suggestive of purifying selection, which is not consistent with SWS cone loss. Because 

this stop codon is shared by all Phaner populations, the mutation likely occurred before 

their divergence. If this divergence has been relatively recent, it is possible that there has 

not been enough time for more deleterious mutations to evolve in P. pallescens to erase 

the signal of purifying selection on the SWS1 gene. Unfortunately, there have been no 

detailed studies of Phaner species divergence or evolutionary history. Additionally, 

SWS1 gene nucleotide diversity and polymorphism are very low in these populations, 

suggesting these purifying signals should also be interpreted with caution. 

One concern when using selection tests is that demographic effects (e.g. 

population bottlenecks, expansions, limited migration) can often mimic signatures of 

selection (Kreitman 2000; Neilsen 2001; Fay & Wu 2003; Jobling et al. 2004; 

Williamson et al. 2005). Demography is of particular concern for studies involving lemur 

populations because Madagascar has been subject to extensive habitat degradation, 

deforestation, and lemur extinctions since humans arrived on the island ~2300 years ago 

(Burney et al. 2004; Crowley et al. 2010). Tests that compare polymorphism within 

populations to fixed differences between species, such as the MK test, can sometimes be 

sensitive to demographic history, particularly changes in effective population size (Eyre-

Walker 2002; Andalfotto 2008; Charlesworth & Eyre-Walker 2008; Parsch et al. 2009). 

A recent population expansion, for example, could lead to an increased number of 
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slightly deleterious mutations fixed in a population due to drift (Eyre-Walker 2002; 

Parsch et al. 2009; Woolfit 2009). However, many of the population analyses I employed 

(coalescent simulations, θWN/θWS) are robust to the effects of population history because 

they compare variation between functional classes of the same gene, which should be 

equally affected by demography (Akashi 1999; Neilsen 2001, 2005). 

I hypothesize that target detection using chromatic cues may be driving the 

observed habitat difference in selection for nocturnal color vision. The intensity of SW 

light is much greater in open canopy habitats, particularly at higher moonlight intensities 

(see Fig. 5.1B). Thus, nocturnal lemurs in open canopy habitats may be freer to exploit 

blue-yellow chromatic cues for foraging or other selectively important activities. For 

example, aspects of leaf physiology important to folivorous lemurs, such as protein, 

phenol, and tannin contents (Ganzhorn 1988, 1992, 2001; Norscia et al 2012), are 

significantly correlated with chromatic differences in the blue-yellow channel that 

employs SWS cones (Dominy & Lucas 2001). While there may be sufficient SW light 

intensity in open canopy habitats to detect these types of chromatic differences, the much 

lower abundance of SW light in closed canopy environments may prevent nocturnal 

lemurs from exploiting these color cues, particularly at lower canopy levels.  

Because important aspects of leaf quality exhibit chromatic variation, folivorous 

nocturnal lemurs offer an excellent test of the target detection hypothesis. The population 

analyses reveal that the selective effect of habitat on the SWS1 gene varies across 

folivorous nocturnal lemur genera, potentially consistent with a target detection effect. In 

rainforest habitats, Lepilemur species exhibit evidence of relaxed selection while Avahi 

populations appear to be experiencing purifying selection to maintain dichromacy 

(although weaker purifying selection than dry deciduous forest species). I hypothesize 

that differences in leaf preference and chromatic target detection may influence this 
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variation. While sympatric and both folivorous, Avahi and Lepilemur often differ in the 

types of leaves they prefer and the vertical heights at which they forage (Ganzhorn 1988, 

1989, 1992; Thalmann 2001). This niche separation may also explain differences in 

spectral tuning sites and proposed SWS cone spectral sensitivity between the genera 

(Table 4.2), as well as differences in the strength of selection between rainforest species. 

Unlike rainforest Lepilemur, Avahi species from rainforest habitats prefer leaves with 

high extractable protein content, particularly young leaves (Ganzhorn et al. 1985; 

Ganzhorn 1988, 1989, 1992; Faulkner & Lehmann 2006; Norscia et al. 2012). Because 

leaf protein content varies significantly with the blue-yellow color channel (Dominy & 

Lucas 2001), rainforest Avahi may experience selection to retain SWS cones to exploit 

this color signal. Behavioral data suggest that rainforest Avahi utilizes microhabitats that 

permit them to better exploit this color signal during foraging (Ganzhorn et al. 1985; 

Ganzhorn 1988; Ganzhorn 1989). For example, A. laniger rests and travels primarily in 

the understory and lower level of the tree crowns, but spends the majority of time 

foraging in the upper and middle crown levels (Ganzhorn et al. 1985), where foliage 

density is lower and SW light abundance is presumed to be greater (Endler 1992, 1993).  

Folivory and target detection may also offer a hypothesis for the signatures of 

differential selection observed between Cheirogaleus species. By hibernating through the 

entire dry season (Hladik et al. 1980; Fietz & Ganzhorn 1999), C. medius encounters 

similar nocturnal light regime to C. major. Yet population analyses and functional 

interpretations suggest that C. medius is likely experiencing relaxed selection on the 

SWS1 gene and SWS cone loss while C. major appears to be experiencing purifying 

selection for dichromacy (depending on the functionality of the GA-AG splice site). I 

hypothesize that purifying selection in C. major, as in rainforest Avahi, may relate to 

detecting protein-rich young leaves. In contrast to C. medius, C. major sometimes 
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consumes young leaves and significantly prefers leaves with higher protein content 

(Ganzhorn 1988). 

Diet may also have been involved in the presumed loss of SWS cones in Phaner. 

Because the stop codon is shared by all Phaner species and likely predates their 

divergence, there was not a clear habitat effect on differential selection. However, as 

specialized gummivores (Hladik et al. 1980), color cues during foraging may be less 

important for Phaner. Another cheirogaleid from rainforest habitats, Allocebus trichotis, 

is also a fairly specialized gummivore (Hladik et al. 1980; Génin et al. 2010) and exhibits 

SWS cone loss (Peichl et al. 2004). In fact, selection for dichromacy seems particularly 

variable within the Cheirogaleidae, as my results identify up to three independent losses 

of SWS cones in some lineages (Phaner, Allocebus, and possibly C. medius) but strong 

purifying selection in other lineages. While my study lacks a comparative population of 

rainforest Microcebus, it would be interesting to see whether Microcebus species in the 

rainforest vary in selection for dichromacy compared to the open canopy species. 

By employing a combined population and phylogenetic approach, this study was 

able to examine the history of selection on the SWS1 gene at different time scales and 

address recent controversies regarding primate evolutionary origins (i.e. Heesy & Ross, 

2001; Tan et al. 2005; Ankel-Simons & Rasmussen, 2008). Population analyses reflect 

recent changes in selective pressure, while phylogenetic analyses reflect more long-term 

evolutionary changes (Perry et al. 2007). In their argument for a diurnal/cathemeral 

primate ancestor, Tan et al. (2005) interpret signatures of purifying selection in nocturnal 

lemurs as evidence for a recent transition to nocturnality, suggesting that species became 

nocturnal so recently that a signal of relaxed selection is not yet present in phylogenetic 

analyses. However, I found both recent and more ancient signatures of strong purifying 

selection acting on SWS1 in several populations of nocturnal lemurs. All nocturnal lemurs 
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exhibit visual morphology characteristic of nocturnal adaptation (Kirk & Kay 2004; Kirk 

2004, 2006; Veilleux & Kirk 2009; Solovei et al. 2009; Perry & Pickrell 2010). The 

preponderance of the genetic and morphological data thus make it very unlikely that 

nocturnality is a recent phenomenon in lemurs. Rather than being restricted to an 

ecologically and morphologically-derived species like Daubentonia (Perry et al. 2007), 

my results suggest that selection for nocturnal dichromacy is fairly common across all 

nocturnal lemur families. Thus, contrary to Tan et al. (2005), the retention of SWS cones 

and dichromatic color vision is not incompatible with nocturnality in the last common 

ancestor of living primates (e.g. Cartmill 1992, Ross et al. 2007). I instead suggest that 

the evolution of SWS cone loss in nocturnal primates, and possibly other non-volant 

nocturnal mammals, is related to changes in nocturnal photic environments and dietary 

preference. 
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Figure 4.1. θWN/θWS across species of nocturnal lemurs. 

Bar colors represent habitat type: dry deciduous forest (light blue), spiny forest (dark 

blue), rainforest (dark gray). For species where bar is not visible: A. cleesei (dry 

deciduous forest), A. occidentalis (dry deciduous forest), M. griseorufus (spiny forest), P. 

electromontis (rainforest). Dashed line (θπN/θπS=1) reflects the boundary between 

purifying selection (<1) and relaxed/positive selection (≥1). Species with very small 

sample sizes (n=1) not included (L. microdon, M. simmonsi). 
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Figure 4.2. θWN/θWS and habitat type. 

θWN/θWS between nocturnal lemur species endemic to dry forests (n=6, median=0.185) 

and rainforests (n=4, median=0.70). Spiny forest species, Phaner, and C. medius were 

excluded. A one-tailed wilcoxon rank sums test between the two groups was significant 

(W=2, p = 0.021). 
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Figure 4.3. Site Frequency Spectra (SFS) for selected species. 

The site frequency spectra for nonsynonymous (red) and silent (light gray) sites of the 

SWS1 gene for selected species of nocturnal lemurs. Under neutral evolution, the 

expected proportion of SNPs for each allele frequency is proportional to the population 

size. Purifying selection results in an increased proportion of SNPs segregating at low 

frequencies in the population, while positive selection increases the proportion of SNPs at 
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higher frequencies (Nielsen 2005). (A) The L. edwardsi SFS is an example of neutral 

evolution on silent sites (gray) and purifying selection on nonsynonymous sites (red). (B) 

In L. mustelinus, SFS for silent and nonsynonymous show a similar pattern of an excess 

of rare alleles. Because this excess is present in silent sites, it likely represents a 

demographic signature (population expansion and/or recovery from bottleneck) rather 

than selection, and suggests L. mustelinus is experiencing relaxed selection on SWS1. (C) 

As in L. edwardsi, the SFS for silent sites in A. laniger suggests neutral evolution while 

that of nonsynonymous sites suggests purifying selection. (D) For P. pallescens-

Zombitse, the SFS for silent and nonsynonymous sites exhibit a similar pattern. Because 

both site classes have an excess of high frequency alleles, the SFS suggests a population 

subdivision or sampling effect in this species. (E) For P. pallescens-Kirindy, the SFS for 

silent and nonsynonymous sites also appear to display a similar pattern. However, the 

low number of individuals and SNPs makes confirming a similar pattern between the 

sites unclear. (F) For C. major, silent sites reflect neutral evolution while nonsynonymous 

sites suggest purifying selection. (G) In contrast, for C. medius (all alleles), both silent 

and nonsynonymous SFS are more suggestive of relaxed selection.  
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Figure 4.4. Cheirogaleus medius insert allele sequences at insertion.  

 

Exons are bolded and in caps, introns are lower case. 
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Figure 4.5. Amino acid sequences for C. medius alleles. 

 

Sequences including normal allele, 4bp-insert allele with multiple stop codons (*), 54bp-

insert allele, and the published C. medius allele (Tan et al., 2005). Functionally 

significant E/DRY motif region bolded in each sequence. 
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Figure 4.6. Comparison of SWS1 gene tree and a consensus of published species trees.  

(A) Maximum likelihood tree (-ln likelihood = 3507.1688) for SWS1 opsin gene under 

the HKY+G model of sequence evolution. (B) Summary tree created from published 

lemur phylogenies. Numbered branches reflect differences between the two trees. (1) The 

gene tree identified Indriidae as an outgroup to a Cheirogaleidae-Lepilemuridae clade. (2) 

In the gene tree, M. simmonsi was more closely related to M. murinus and M. griseorufus, 

while published phylogenies (Andriantompohavana et al., 2006; Louis et al., 2008) 

suggest a closer relationship to M. ravelobensis. In the boostrap tree, however (Fig. 4.7), 

M. simmonsi, M. ravelobensis, and the M. murinus/M. griseorufus clade form a 

trichotomy. (3) In the gene tree, L. hubbardi is grouped with L. microdon rather than 
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being an outgroup to the L. leucopus/L. petteri clade. In the gene tree, L. edwardsi does 

not form a sister relationship with L. microdon. 
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Figure 4.7. Primate SWS1 gene tree and signatures of selection.  

Red branches indicate confirmed or suspected SWS cone loss. Dashed lines reflect 

uncertainty due to mutations in splice sites. Premature stop codons, insertions, and 

deletions are represented in the end branches of the coding sequence by red squares, 

upward oriented triangles, and downward oriented triangles, respectively. Numbers above 
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the branch are estimates of dN and dS from the two-ratio canopy model multiplied by the 

nucleotide substitution rate by per codon, calculated by PAML for branches without stop 

codons. Numbers below branches are the ML bootstrap values. Sequence data is not 

available for Allocebus trichotis, but an anatomical study identified SWS cone loss 

(Peichl et al. 2004). Position of Allocebus in the tree from phylogeny from Roos et al. 

(2004). 
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Figure 4.8. Variant splice sites for C. major and C. medius compared to M. simmonsi. 

Following the GT/AG rule (Mount 1982), mammalian splice sites (red and bolded) 

typically have “GT” (donor splice site) at the beginning of an intron (A) and “AG” 

(acceptor splice site) at the end of an intron (B). While M. simmonsi and C. medius retain 

GT at the exon 2-intron 3 boundary, C. major has a 2 bp deletion of that GT. If splicing 

in C. major utilizes the second GT, the resulting transcript includes stop codons. 

However, C. major could utilize the non-canonical splice pair GA (underlined)-AG. (B) 

Unlike M. simmonsi and C. major, C. medius exhibits a point mutation at the acceptor 

splice site. 
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Figure 4.9. Comparisons of predicted nocturnal lemur SWS opsin proteins superimposed 
on bovine rhodopsin. 

In all panels, rhodopsin is represented in beige and mixed color represent similar regions 

between rhodopsin (Palczewski et al. 2000) and lemur proteins. (A) Phaner lacks the first 

41 residues (red region). Part of this corresponds to the N-terminus interdiscal region 

(arrow). (B) The C. medius normal allele resembles rhodopsin, although if exon 5 is not 

transcribe, the predicted protein would lack the fourth cytoplasmic loop (i.e. helix VIII) 

and the C-terminus region (green highlighted region and arrow). (C) The 54bp-insert 

allele exhibits an additional small helix (red region, white arrow) originating from TM 

helix III. 
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Table 4.1. Summary of SWS1 gene population analyses. 
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Table 4.1 continued. 
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Table 4.2. Variation at SWS1 Opsin Gene Spectral Tuning Sites. 
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Table 4.3. Model Likelihood and Parameter Estimates for SWS1 Phylogenetic Analyses. 

 
Model LnL P Parameter Estimates 

Branch Models    
One ratio, ω estimated -3244.896 43 ω=0.229 
Free ratio -3230.183 83 ω varies by branch (0.001-999.00) 
Two ratio* (Rainforest) -3242.511 44 ω0=0.210, ω1=0.488 
Two ratio* (Closed canopy) -3242.065 44 ω0=0.206, ω1=0.476 
Two ratio* (Dry forest) -3244.435 44 ω0=0.239, ω1=0.123 
    
Site Models    
M1a (nearly neutral) -3204.143 44 p0=0.835, p1=0.165; ω0=0.0767, ω1=1.00 
M2a (positive selection) -3194.241 46 p0=0.848, p1=0.136, p3=0.016 
   ω0=0.009, ω1=1.00, ω3=7.971 
M7 (beta distribution) -3209.582 44 p=0.155 q=0.497 
M8 (beta +ω>1) -3197.179 46 p0=0.981, p=0.272, q=1.046 
      p1=0.019, ω=7.153 

 

*Group in parantheses for Two ratio models (e.g. Rainforest, Closed canopy, Dry forest) 

represents the branches designated as foreground compared to all other background 

branches.
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Table 4.4. Likelihood Ratio Tests (LRTs) for SWS1 Gene Models. 

 
Comparisons 2ΔLnL df P-value 

Branch Models    
One ratio vs. free-ratio 34.134 41 0.767 
One ratio vs. two-ratio* (rainforest) 4.419 1 0.036 
One ratio vs. two-ratio* (closed canopy) 5.333 1 0.021 
One ratio vs. two-ratio (dry forest) 2.360 1 0.124 
    
Site Models    
M1a vs. M2a* 19.804 2 p<0.0001 
M7 vs. M8* 24.806 2 p<0.0001 

Bold and * indicates model that fit the data significantly better in LRTs. 
 
 
 

Table 4.5. Amino Acid Sites under Positive Selection. 

 
Site Model Positive Selected Sites 

M2a 2**; 48*; 98* 

M8 2**; 48*; 98**; 122*; 244** 
p<0.05 (*), p<0.01 (**)  

NOTE: Amino acid site based on algnment which includes C. medius 54bp-
insert allele. When aligned to human SWS1 gene, sites are 2, 47, 97, 121, 
and 225. 
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Table 4.6. Selection Summary. 
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Chapter 5:  Habitat Light Environments and Primate Visual Systems: 
Conclusions, Implications, and Future Directions 

SUMMARY OF FINDINGS 

The primary goal of this dissertation was to examine the effects of habitat 

differences in ambient light environments on the evolution of primate and mammalian 

visual systems, particularly nocturnal visual systems. I had three major objectives, each 

explored in a separate chapter. In Chapter 2, I tested whether relative cornea size, an 

adaptation for visual sensitivity, varied between mammals from different habitat and 

microhabitat types. In Chapter 3, I examined the range of variation in nocturnal light 

environments available in Malagasy forests and tested whether cone spectral tuning is 

related to habitat and dietary preferences in nocturnal mammals. Finally, in Chapter 4, I 

compared estimates of selection acting on the SWS1 opsin gene between nocturnal lemurs 

from different habitat types to determine whether differences in nocturnal light influence 

selection for dichromatic color vision. The results of these studies are discussed in the 

context of variation in ambient light intensity and spectral quality. 

 

Variation in Light Environments: Intensity 

Previous research has identified substantial variation in the intensity of ambient 

light between diurnal habitats, particularly associated with changes in foliage density 

(Chazdon & Pearcy 1991; Endler 1993; Knapp & Carter 1998; Parker et al. 2005). Yet, 

while light intensity also differs significantly between nocturnal habitats, I found intra-

habitat variation in nocturnal light intensity in the open canopy forest at Kirindy Mitea 

National Park to be even more substantial than between-habitat comparisons (Fig. 5.1, 

Chapter 3). It is therefore not surprising that nocturnal mammals lack a significant 
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relationship between relative cornea size and habitat type (Chapter 2). By possessing 

large corneas relative to eye size, nocturnal mammals from all habitats can maintain 

enhanced visual sensitivity across the changing light environments present over a single 

night and lunar cycle. Diurnal mammals, by contrast, encounter less intra-habitat 

variation in light intensity (Martin 1990) and are less constrained in needing to maximize 

sensitivity. Thus diurnal species can adapt relative cornea size to the ambient light 

intensity of their preferred habitats.  

Like diurnal mammals, cathemeral mammals also exhibit a significant effect of 

habitat type on relative cornea size (Chapter 2). Because they can be active across a 24-

hour cycle, cathemeral animals need visual systems flexible enough to deal with the 

divergent demands of diurnal and nocturnal light environments (Walls 1942; Curtis & 

Rasmussen 2002; Kirk 2004, 2006). Anatomical studies have consistently found that 

visual adaptations in cathemeral species (e.g., relative cornea size, rod and cone densities, 

degree of retinal summation) are intermediate between nocturnal and diurnal species 

(Arrese et al. 1999; Kay & Kirk 2000; Kirk 2004, 2006a; Peichl et al. 2004). 

Interestingly, the results of Chapter 2 suggest that cathemeral mammals, unlike nocturnal 

species, may not be constrained to adapt visual sensitivity to the low light levels of 

moonless nights and instead can exhibit adaptations to local habitats. While this result 

contrasts with comparative studies of mammalian visual acuity suggesting that 

cathemeral and nocturnal mammals do not significantly differ in acuity (Veilleux 2008; 

Veilleux & Kirk 2009), some of this discrepancy may relate to the overly broad category 

of “cathemerality” itself. Cathemeral activity is common across mammals and 

encompasses a variety of activity patterns and behaviors (Curtis & Rasmussen 2002, 

2006). Among lemurs, for example, cathemerality can include seasonal shifts between 

diurnal and nocturnal/cathemeral activity as well as year-round cathemeral activity 
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(Curtis & Rasmussen 2002). Cathemeral mammals also vary in lunar behavior during 

nocturnal activity. For example, while lions hunt more on moonless nights (Packer et al. 

2011), lemurs and cathemeral Aotus often increase activity in full moonlight (Colquhoun 

1998; Curtis et al. 1999; Curtis & Rasmussen 2006; Fernández-Duque et al. 2010). Thus, 

the light environments encountered by a cathemeral mammal vary substantially 

depending on the type of cathemerality it practices. Future analyses of cathemeral 

mammals should explore effects of variation in types of cathemerality on visual anatomy. 

 

Variation in Light Environments: Spectral Quality 

In diurnal forests, Endler (1993) found dramatic variation in the spectral quality 

of light environments with differences in canopy openness, cloud cover, and solar altitude 

(Fig. 1.3). In contrast, nocturnal open canopy and closed canopy forests exhibit an almost 

uniform yellow-green-dominant light environment (Chapter 3). While several factors 

(particularly canopy openness, lunar phase, and lunar altitude) influence the relative 

proportion of shorter and longer wavelengths available, most nocturnal light spectra still 

peak at 560 nm (Figs 3.1-3.3). This absence of habitat differences in the dominant 

wavelengths available in nocturnal forests is consistent with the lack of significant habitat 

variation in cone spectral tuning in nocturnal mammals (Chapter 3) or within nocturnal 

lemur genera (Chapter 4).  

Although spectra from the open canopy and closed canopy forests share a general 

yellow-green-dominant shape, these habitats vary substantially in absolute irradiance. In 

the closed canopy rainforest, for example, the light available during gibbous moon (76% 

lunar face illuminated) is comparable to or only slightly greater than that available during 

crescent moon (7-14% lunar face illuminated) in the open canopy forest (Fig. 5.1). 
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Similarly, irradiance from crescent moonlight in the rainforest is lower than starlight in 

the open canopy forest. Thus, the absolute abundance of light (particularly shorter 

wavelengths) is dramatically higher in open canopy forests. The results of the SWS1 

opsin gene analyses (Chapter 4) suggest that this variation in the abundance of short 

wavelength light has influenced differential selection for dichromatic color vision in 

nocturnal lemurs. Species from closed canopy rainforests were found to experience either 

weaker purifying selection compared to open canopy species or relaxed selection on the 

gene. Similar differential selection on opsin genes related to differences in photic 

environments has also been identified in East African cichlids (clear vs. turbid water: 

Spady et al. 2005). 

Support for Nocturnal Color Vision in Mammals 

 While resistance to the idea of functional color vision in mammals at nocturnal 

light levels has been considerable (Melin et al. 2012), the results of Chapters 3 and 4 

support previous research arguing that nocturnal color vision is selectively important for 

some species (Perry et al. 2007; Zhao et al. 2009a,b). Rather than representing an 

adaptation for twilight activity (Melin et al. 2012), the retention of short wavelength-

sensitive (SWS) cones in nocturnal lemurs is directly related to differences in nocturnal 

light environments (Chapter 4), suggesting differential selection for nocturnal 

dichromacy. In particular, variation in cone spectral tuning and selection may be be 

linked to dietary differences and the role of chromatic cues during foraging. Nocturnal 

mammals that consume fruit or flowers appear to have long wavelength-sensitive (LWS) 

cones tuned to significantly longer wavelengths than other species (Chapter 3). Thus, red-

shifted LWS cones may be better for fruit/flower detection in nocturnal conditions, 

similar to what is found in diurnal conditions (Osorio et al. 2004). In Chapter 4, I 
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proposed that target detection using chromatic cues may also influence differential 

selection for dichromacy in nocturnal lemurs. As an example, I hypothesized that 

detecting particular leaf qualities (e.g. protein or tannin content) may be driving color 

vision variation in nocturnal folivores. Among rainforest lemurs, folivores that 

preferentially consume protein-rich leaves (Avahi) exhibit a different pattern of selection 

on the SWS1 opsin gene compared to indiscriminant folivores (Lepilemur). Because leaf 

protein content is correlated with variation in the blue-yellow color channel (Dominy & 

Lucas 2001), these data suggest that blue-yellow color discrimination may be important 

for detecting protein-rich leaves against a mature leaf background. Consistent with this 

hypothesis, differences in cone spectral tuning between Avahi and Lepilemur further hint 

at differential selection for dichromacy. Compared to Lepilemur, Avahi exhibits a larger 

separation between visual pigment λmax (Avahi: LWS=558 nm, SWS <416 nm, 

Lepilemur: LWS=543 nm, SWS ~416 nm), which generally permits better chromatic 

detection of targets (Cummings 2004). Together, the results of Chapters 3 and 4 suggest 

that nocturnal dichromatic color vision is selectively important for nocturnal mammals 

(also Zhao et al. 2009a,b) just as in other vertebrates and invertebrates (Kelber & Roth 

2006; Gomez et al. 2010). 

 

IMPLICATIONS FOR RECONSTRUCTING PRIMATE EVOLUTIONARY SCENARIOS 

By evaluating effects of light environments on primate and mammalian visual 

systems, this dissertation can also contribute to primate evolutionary research. Compared 

to other mammalian orders, primates are very visually oriented and exhibit a number of 

derived adaptations for increased visual acuity, color discrimination, and binocularity 

(Walls 1942; Jacobs 1993; Ross 1996, 2000; Tan & Li 1999; Kay & Kirk 2000; Surridge 
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et al. 2003; Heesy 2004; Kirk & Kay 2004; Kirk 2004, 2006a,b,c; Ross & Kirk 2007; 

Veilleux & Kirk 2009). Thus, most evolutionary scenarios regarding the initial 

divergence of primates from other mammals involve a change in the role of vision in the 

stem primate lineage (e.g. Cartmill 1972, 1974, 1992; Sussman 1995; Crompton 1995; 

Isbell 2006). Further, lineages within Primates often differ in visual abilities, and 

adaptations within these lineages have been linked to changes in visual function 

(haplorine origins: Ross 2000; Kirk & Kay 2004; Ross & Kirk 2007; platyrrhines vs. 

catarrhines: Dominy et al. 2003; strepsirrhine evolution: van Schaik & Kappeler 1996; 

Tan et al. 2005). Using my dissertation results, I can evaluate competing ecological 

scenarios proposed for the evolution of these different primate lineages, particularly 

lineages hypothesized to be nocturnal.  

 

Primate Origins 

Scenarios of primate origins have traditionally stressed adaptation to nocturnal 

light environments as a critical ecological factor in the evolution of primate-specific 

visual features (Cartmill 1992; Sussman 1995; Crompton 1995; Ravosa & Savakova 

2004; Ross et al. 2007). However, an analysis of primate opsin genes has led some 

authors to recently challenge this view (Tan et al. 2005). These authors argue that the 

retention of dichromacy in the primate last common ancestor (LCA), as well as in many 

extant nocturnal primates (lemurs, tarsiers), is evidence that the earliest primates were 

primarily day-active. The opsin gene argument for a diurnal/cathemeral ancestor rests 

heavily upon the assumption that nocturnal mammals do not use dichromatic color vision 

at night (Ahnelt & Kolb 2000; Wang et al. 2004; Tan et al. 2005). While I cannot address 

alternative scenarios invoking cathemerality in the primate LCA (e.g. very small body 
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size: Gebo 2004; Veilleux & Kirk 2009), the results of my analysis of the SWS1 opsin 

gene in nocturnal lemurs (Chapter 4) refute the assumptions of the opsin gene argument. 

In contrast to the conclusions of Tan and colleagues (Tan et al. 2005; Osorio et al. 2005), 

dichromatic color vision is not incompatible with a nocturnal lifestyle. 

Based on results from comparative anatomical and ecological studies, the primate 

LCA is generally reconstructed as being a small-bodied nocturnal insectivore/frugivore 

inhabiting terminal branches of the canopy or the shrub layer of tropical forests (Cartmill 

1974, 1992; Allman 1977; Rasmussen 1990; Sussman 1991, 1995; Gebo 2004; Heesy 

2004; Ravosa & Savakova 2004; Kirk 2006b; Cartmill et al. 2007; Ross & Kirk 2007; 

Ross et al. 2007, although see Soligo & Martin 2006 for an alternative reconstruction). 

Molecular estimates for the initial split of crown primates from other Euarchontoglirans 

suggest a late Cretaceous divergence (~80-90 MYA; Yoder & Yang 2004; Soligo et al. 

2007; Wilkinson et al. 2011), although some studies estimate a later date in the Paleocene 

(60-73 MYA: Chatterjee et al. 2009; Steiper & Seiffert 2012). Because modern 

angiosperm-dominated, multi-stratal rainforests also originated in the late Cretaceous and 

were widely distributed by the late Paleocene/early Eocene (Morley 2000; Zeigler et al. 

2003; Jacobs 2004; Wang et al. 2009), some hypotheses suggest that primates co-evolved 

with angiosperms to exploit insects, fruit, and flowers in terminal branches (Sussman & 

Raven 1978; Rasmussen 1990; Sussman 1991, 1995; Rasmussen & Sussman 2007). If 

these earliest primates were nocturnal and inhabited rainforest environments, the 

retention of dichromacy in the primate LCA suggests that foraging in the terminal 

branches of the canopy (more abundant short wavelength light) rather than understory 

shrub layers was particularly important for primate visual evolution.  
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Strepsirrhine Evolution 

While nocturnal lemuriforms and lorisiforms overlap in many features of the 

visual system (Ross 1995; Kirk 2004, 2006; Kirk & Kay 2004; Veilleux & Kirk 2009), 

they differ in color vision abilities. In contrast to nocturnal lemurs, all lorisiforms have 

lost SWS cones, and instead exhibit SWS1 opsin psuedogenes and monochromacy 

(Jacobs et al. 1996; Kawamura & Kubotera 2004; Tan et al. 2005). Molecular estimates 

generally suggest that crown strepsirrhines diverged in the Paleocene (~50-60 MYA), 

although some estimates suggest an even earlier divergence in the latest Cretaceous 

(Roos et al. 2004; Yoder & Yang 2004; Poux et al. 2005; Wilkinson et al. 2011). The 

results of this dissertation may offer some insight into ecological conditions influencing 

lorisiform and lemuriform evolution. 

 

Lorisiform Evolution 

Fossil and molecular evidence supports a mid-Eocene origin for crown 

lorisiforms, likely in Afro-Arabia (Sieffert et al. 2003; Roos et al. 2004; Yoder & Yang 

2004; Seiffert et al. 2005; Seiffert 2007; Wilkinson et al. 2011). In fact, the earliest fossil 

evidence for any tooth-combed strepsirrhine reveals that the lorisiform families had 

already differentiated by 37 MYA, as a stem galagid (Saharagalago) and a loris-like 

primate (Karanisia) were recovered from the Birket Qarun Locality 2 at the Fayum in 

Egypt (Sieffert et al. 2003). Additionally, another stem galagid (Wadilemur elegans) was 

found in latest Eocene (~35 MYA) sediments at the Fayum (Jebel Qatrani Formation: 

Seiffert et al. 2005). The shared deleterious mutations in the SWS1 opsin gene among 

lorisiform families implies that SWS cone loss occurred early in lorisiform evolution 

prior to the divergence of galagids and lorisids (Kawamura & Kubotera 2004). During the 

late Paleocene and early to middle Eocene, Africa was characterized by a mosaic of dry 
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forests, rainforests, and woodland (Morley 2000; Jacobs 2004). Because relaxed selection 

on the SWS1 gene is related to closed canopy habitats in nocturnal lemurs, I hypothesize 

that the earliest lorisiforms may have preferred closed canopy habitats, as has been 

reconstructed by some researchers for Birket Qarun Locality 2 (Lotfy & Van der Voo 

2007; Liu et al. 2008; Seiffert et al. 2008). Alternatively, however, an emphasis on 

gummivory may have led to SWS cone loss regardless of habitat type, as may have 

occurred in Phaner (Chapter 4). Dental morphology suggests that gums may have been a 

significant component of the diet in the stem galagid Wadilemur elegans (Kirk & Simons 

2001), and all extant galagos include at least some gum resources in their diets (Nekaris 

& Bearder 2011). Future research should explore the role of color vision in nocturnal 

exudate foraging.  

 

Lemuriform Evolution 

Molecular studies date the LCA of extant lemuriforms to 50-66 MYA, suggesting 

a Paleocene to early Eocene dispersal to Madagascar, likely from Africa (Seiffert et al. 

2003; Roos et al. 2004; Yoder & Yang 2004; Poux et al. 2005; Masters et al. 2007; 

Matsui et al. 2009). These studies also consistently find a much earlier divergence of 

Daubentonia (~60 MYA), followed by a later rapid diversification of the other 

lemuriform families (Fig. 5.2; Yoder et al. 1996; Roos et al. 2004; Yoder & Yang 2004; 

Poux et al 2005). Unfortunately, fossil evidence for lemuriform evolution prior to the late 

Pleistocene is lacking (Godfrey & Jungers 2002). Although Morley (2000) suggests that 

the eastern rainforests of Madagascar have had an “uninterrupted history since the Late 

Cretaceous”, Wells (2003) employs paleoclimate, sediment, and botanical biogeographic 

evidence to suggest that Cretaceous to Eocene Madagascar was dominated by arid 
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conditions and the spiny forest habitat (also Masters et al. 2007). Then, as the island 

drifted north after the mid Paleocene, it encountered a more seasonal climate, leading to 

the replacement of spiny forests in the north and west by dry deciduous forest habitats 

(Fig. 5.2; Wells 2003). Contrary to Morley (2000), Wells argues that the eastern 

rainforests developed in the late Eocene/early Oligocene (Wells & Andriamihaja 1993, 

Wells 2003). The earliest lemuriform is hypothesized to have been small, nocturnal, 

insectivorous/omnivorous, and capable of torpor, similar to extant cheirogaleids (Martin 

1972; Kappeler 2000). This suite of characters would likely have been advantageous in 

the spiny forest or dry deciduous forest that characterized Madagascar in the 

Paleocene/Eocene. Additionally, both of these habitat types are consistent with the 

retention of dichromacy in the earliest lemuriforms.  

Yoder and Yang (2004) link the rapid diversification of the non-Daubentoniidae 

lemuriform families to major global climatic change and extinctions at ~41 MYA. This 

adaptive radiation may also have been influenced by the emergence of the eastern 

rainforest habitat in the late Eocene/early Oligocene (Fig. 5.2; Wells 2003). The age of 

the eastern rainforest habitats suggests that some nocturnal lemur lineages may have 

inhabited closed canopy rainforests for ~35-40 million years. The retention of a 

functional SWS1 opsin gene in some nocturnal rainforest lemurs experiencing relaxed 

selection (such as Lepilemur mustelinus) compared to SWS cone loss in other species 

(Allocebus trichotis, Phaner parienti, P. electromontis) may suggest variation in the 

timing of transitions to rainforest light environments between different species. In 

Lepilemur and Microcebus, for example, some rainforest species are more closely related 

to dry deciduous species rather than other rainforest taxa (Yoder & Yang 2004; Louis et 

al. 2006), suggesting multiple transitions to rainforest habitats. Alternatively, lineages 

exhibiting more recent relaxed selection on the SWS1 gene may have experienced a shift 
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in ecological niche (diet or microhabitat) from a previous niche that had selected for 

dichromacy in the rainforest. Unfortunately, the lack of fossil evidence means that it is 

impossible to explore dietary evolution in these lineages. Future research should explore 

the biogeography and timing of divergence within lemur genera to better understand the 

influence of rainforest habitats on lemur evolution. 

 

Haplorhine Evolution 

Although my results primarily impact hypotheses of early primate and 

strepsirrhine evolution, these conclusions can also be applied to understanding some 

aspects of haplorhine evolution. For example, the two extant nocturnal haplorhine genera 

are both secondarily nocturnal (Ross 1996, 2000; Heesy & Ross 2004) but differ in their 

color vision abilities. Tarsius retains SWS cones and dichromatic color vision and has 

likely been nocturnal for ~45 million years (Hendrickson et al. 2000; Kawamura & 

Kubotera 2004; Rossie et al. 2006). In contrast, all Aotus lack SWS cones and may have 

been nocturnal for ~12-15 million years (Setoguchi & Rosenberger 1987; Jacobs et al. 

1996; Levenson et al. 2007).  

The ecological conditions influencing the retention of SWS cones in Tarsius are 

unclear. Tarsiers inhabit a range of environments (including evergreen rainforest, bamboo 

stands, and scrub habitats) and generally travel and forage at low levels of the forest (<1-

3 m: Niemitz 1979; MacKinnon & MacKinnon 1980; Crompton & Andau 1986; Dagosto 

et al. 2001). For populations in closed canopy rainforests (Tarsius bancanus: Crompton 

& Andau 1986), short wavelength light is limited at lower forest levels, even in fuller 

lunar phases (Fig. 5.1), and may be expected to result in relaxed selection on the SWS1 

opsin gene. However, purifying selection using dN/dS ratios has been identified in T. 
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bancancus and T. syrichta (Kawamura & Kubotera 2004; Tan et al. 2005). There are 

several possible explanations for this divergence from predictions based on selection in 

nocturnal lemurs. First, there may be greater variation between and within tarsier species 

in selective pressure on the SWS1 gene that is not detectable in dN/dS ratios. While 

population analyses for Lepilemur mustelinus, for example, revealed evidence of relaxed 

selection, the dN/dS ratio suggested purifying selection because it examined selection at a 

deeper time scale (Chapter 4). Future work should thus examine variation in population 

signatures of selection between tarsier species. Second, while most tarsier foraging and 

traveling occurs in the undergrowth, MacKinnon and MacKinnon (1980) frequently 

observed T. spectrum climbing into the higher canopy, particularly for calling and scent 

marking. Tarsiers thus may still encounter light environments that are rich in shorter 

wavelengths for certain activities, which could influence selection for dichromacy. 

Finally, tarsier activity generally peaks in the early evening and just before sunrise 

(MacKinnon & MacKinnon 1980; Crompton & Andau 1986; Gursky 2011). Thus, while 

color discrimination at twilight was not consistent with selection in nocturnal lemurs 

(Chapter 4), it may be involved in SWS cone retention in rainforest tarsier populations. 

Future research should explore the influence of nocturnal and twilight light environments 

on tarsier visual behavior. 

As in Tarsius, it is uncertain what factors led to SWS cone loss in Aotus. The 

timing of the secondary transition to nocturnality in this New World monkey lineage is 

not clear (Kay et al. 2004). Additionally, the phylogenetic position of Aotus within 

Platyrrhini is still unresolved, although molecular studies generally suggest a mid-

Miocene origin (Chatterjee et al. 2009; Rosenberger 2011; Wilkinson et al. 2011). 

Consistent with this date, a fossil Aotus species (Aotus dindensis) with nocturnal-like 

orbit size was recovered at the middle Miocene site of La Venta, Columbia (Setoguchi & 
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Rosenberger 1987). Globally, the early and middle Miocene is associated with warmer 

climates and rainforest expansion (Morley 2000). Paleoenvironmental reconstruction 

suggests a heterogeneous mosaic of habitat types at La Venta, including forest with 

significant understory (Kay & Madden 1997). Based on the results of this dissertation, I 

would predict that the earliest nocturnal Aotus foraged in microhabitats with denser 

canopy coverage and limited short wavelength light. 

 

DIRECTIONS FOR FUTURE RESEARCH 

In this dissertation, I offered the first examination of the effects of habitat light 

environment, particularly nocturnal light environments, on the evolution of primate and 

mammalian visual systems. The results of the three studies in this dissertation (relative 

cornea size- Chapter 2, nocturnal light and spectral tuning-Chapter 3, selection on the 

SWS1 opsin gene-Chapter 4) reveal that the ambient light available in different habitats 

has significantly influenced visual function in primates and other mammals. Further, the 

results of Chapters 3 and 4 provide strong support for hypotheses of nocturnal color 

vision in nocturnal primates and other mammals (Perry et al. 2007; Zhao et al. 2009a,b). 

Together, the results of Chapters 2, 3, and 4 raise several questions for future research.   

The results of the relative cornea size analysis, for example, may have 

implications for Miocene, Pliocene, and Pleistocene paleoenvironmental reconstructions. 

Among diurnal haplorhines, the size of the orbital aperture is partly determined by cornea 

size (Kirk 2006b). In Chapter 2, I found that diurnal haplorhines from open and woodland 

habitats had significantly smaller relative cornea sizes compared to species from closed 

forests. It would be interesting to see if there is a similar habitat effect on orbital aperture 

size in the diurnal haplorhines of Kirk’s (2006b) dataset. If there is a significant 
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relationship between orbital aperture size and habitat type, this relationship could be 

applied to fossil catarrhine skulls as a habitat predictor. Fossil catarrhines are common at 

many hominin sites (e.g. Hadar: Frost & Delson 2002; Aramis: White et al. 2009). 

Paleoenvironmental reconstruction at Aramis is particularly controversial, with some 

reconstructions supporting a “river margin forest surrounded by savanna” (Gani & Gani 

2011), “tree- or bush-savanna” (Cerling et al. 2010), or “closed through grassy 

woodlands and patches of true forest” (White et al. 2009). The functional morphology of 

the orbit in fossil catarrhines may be able to contribute to this debate. 

The results of this dissertation also raise several questions regarding the visual 

ecology of nocturnal lemurs. While molecular evidence suggests that nocturnal 

dichromatic color vision is under selection in several species, there has not yet been a 

behavioral test of color discrimination at nocturnal light levels in any nocturnal lemur. 

Behavioral confirmation of functional color vision at these lower light levels is critical 

for hypotheses arguing for a selective benefit of nocturnal color vision in lemurs. Future 

research also needs to explore in more depth the relationship between diet, light 

environments, and nocturnal color vision. A study of the role of color in nocturnal 

exudate foraging could offer insight into the loss of color vision in Phaner and Allocebus, 

as well as possibly all lorisiforms. While I propose a potential link between discriminate 

folivory and dichromacy within the rainforest, this link should be examined with 

ecological studies of foraging in nocturnal folivores. Finally, my study lacked a 

comparative rainforest Microcebus population in tests of selection. Most reconstructions 

of the earliest primates suggest they were Microcebus-like and inhabiting tropical 

rainforests (e.g. Rasmussen 1990; Cartmill 1992). Future work should explore selection 

acting on the SWS1 opsin gene in these small-bodied nocturnal rainforest insectivore-

frugivores in order to better evaluate hypotheses of primate evolutionary origins.
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Fig. 5.1. Comparisons of closed canopy rainforest and open canopy dry forest nocturnal 
light environments. 

For both, points indicate mean irradiance values and bars are standard error. (A) Absolute 

irradiance under different lunar phases in the rainforest at Ranomafana National Park and 

open-canopy forest at Kirindy Mitea National Park. (B) Log transformed irradiance to 
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permit comparison of the data in (A) with spectra from full and gibbous moon in the open 

canopy forest. Notice that short wavelength light is two orders of magnitude more intense 

in the open canopy at gibbous moon compared to the closed canopy. Data: rainforest 

crescent moon (n=8), rainforest gibbous moon (n=6), open canopy starlight (n=105), 

open canopy crescent moon (n=8), open canopy gibbous moon (n=39), open canopy full 

moon (n=117). 
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Fig. 5.2. Estimates of lemur divergence dates and paleoenvironments. 

Divergence dates and phylogeny primarily from Yoder and Yang (2004). (*) represent 

divergence dates from Roos et al. (2004) for lineages not included in Yoder and Yang’s 

study. Microcebus divided into northern and southern clades following Yoder and Yang 

(2004). Appearance of Malagasy habitat types from Wells (2003). 
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Appendix A: Supplemental Information for Chapter 2 

Table A1. Habitat type, activity pattern, and references for mammalian taxa. 

Order Species 
Activity 
Pattern1 

Habitat 
Type Reference 

Artiodactyla Alces alces                      c        woodland Nowak (1999) 
 Ammotragus lervia                c        open     Nowak (1999) 
 Antilope cervicapra              c        woodland Nowak (1999) 
 Camelus bactrianus               d        open     Nowak (1999) 
 Capra ibex                       c        open     Nowak (1999) 

 
Capricornis 
sumatraensis         c        woodland Nowak (1999) 

 Cervus nippon                    c        forest   Nowak (1999) 
 Connochaetes gnou                c        open     Nowak (1999) 
 Dama dama                        c        forest   Nowak (1999) 
 Elaphurus davidianus             c        open     Nowak (1999) 
 Gazella dorcas                   c        open     Nowak (1999) 
 Kobus ellipsprymnus              c        woodland Nowak (1999) 
 Lama glama                       d        open     Nowak (1999) 
 Muntiacus muntjak                c        forest   Nowak (1999) 
 Odocoileus hemionus              c        woodland Nowak (1999) 
 Odocoileus virginianus           c        woodland Nowak (1999) 
 Okapia johnstoni                 d        forest   Nowak (1999) 
 Oryx gazella                     c        open     Nowak (1999) 
 Ovis dalli                       c        open     Nowak (1999) 
 Strepsiceros spekei              c        open     Bowyer & Leslie (1992) 

 
Strepsiceros 
strepsiceros        c        woodland Nowak (1999) 

 Sylvicapra grimmia               n        open     Nowak (1999) 
 Taurotragus eurycerus            c        forest   Nowak (1999) 
 Taurotragus oryx                 c        open     Nowak (1999) 
 Tayassu tajacu                   c        forest   Nowak (1999) 
 Tragulus javanicus               n        forest   Nowak (1999) 
  Tragulus meminna                 n        forest   Kumara & Singh (2004) 

Carnivora Acinonyx jubatus                 d        open     Nowak (1999) 
 Ailurus fulgens                  n        forest   Nowak (1999) 
 Alopex lagopus                   c        open     Nowak (1999) 
 Bassariscus astutus              n        open     Nowak (1999) 
 Canis lupus                      c        forest   Nowak (1999) 
 Cerdocyon thous                  n        woodland Nowak (1999) 
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Table A1 continued.    
 Galidia elegans                  d        forest   Nowak (1999) 
 Genetta genetta                  n        woodland Nowak (1999) 
 Hemigalus derbyanus              n        forest   Nowak (1999) 
 Ichneumia albicauda              n        open     Nowak (1999) 
 Ictailurus planiceps             n        forest   Nowak (1999) 
 Leopardus tigrinus               c        forest   Nowak (1999) 
 Leopardus wiedii                 c        forest   Nowak (1999) 
 Lynx canadensis                  c        forest   Nowak (1999) 
 Martes flavigula                 d        forest   Nowak (1999) 
 Meles meles                      n        forest   Nowak (1999) 
 Melursus ursinus                 n        forest   Nowak (1999) 
 Mustela nivalis                  c        forest   Nowak (1999) 
 Otocolobus manul                 c        open     Nowak (1999) 
 Panthera leo                     c        woodland Nowak (1999) 
 Panthera onca                    n        open     Nowak (1999) 
 Panthera tigris                  c        forest   Nowak (1999) 
 Panthera uncia                   c        open     Nowak (1999) 
 Paracynictis selousi             c        woodland Nowak (1999) 
 Pardofelis marmorata             n        forest   Nowak (1999) 

 
Prionailurus 
bengalensis         c        forest   Nowak (1999) 

 Prionailurus viverrinus          c        forest   Nowak (1999) 
 Procyon lotor                    n        woodland Nowak (1999) 
 Salanoia concolor                d        forest   Nowak (1999) 
 Selenarctos thibetanus           c        forest   Nowak (1999) 
 Suricata suricatta               d        open     Nowak (1999) 

 
Urocyon 
cineroargenteus          c        woodland Nowak (1999) 

 Ursus americanus                 c        forest   Nowak (1999) 
 Ursus arctos                     c        open     Nowak (1999) 
 Vormela peregusna                c        open     Nowak (1999) 
  Vulpes vulpes                    n        forest   Nowak (1999) 

Macroscelidea 
Elephantulus 
brachyrhynchus      d        woodland Leirs et al. (1995) 

 Elephantulus rozeti              d        woodland Rathbun (2009) 

  
Petrodromus 
tetradactylus        d        forest   Douady et al. (2003) 

Metatheria Bettongia penicillata            n        woodland Nowak (1999) 
 Caluromys derbianus              n        forest   Nowak (1999) 
 Caluromys lanatus                n        forest   Nowak (1999) 
 Caluromys philander              n        forest   Nowak (1999) 
 Caluromysiops irrupta            n        forest   Nowak (1999) 
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Table A1 continued.    
 Dasyurus viverrinus              n        forest   Nowak (1999) 
 Didelphis marsupialis            n        forest   Nowak (1999) 
 Didelphis virginianus            n        woodland Nowak (1999) 
 Dromiciops gliroides             n        forest   Nowak (1999) 
 Lutreolina crassicaudata         n        woodland Nowak (1999) 
 Macropus fuloginosus             c        forest   Nowak (1999) 
 Macropus giganteus               c        forest   Nowak (1999) 
 Marmosa robinsoni                n        forest   Nowak (1999) 

 
Metachirus 
nudicaudatus          n        forest   Nowak (1999) 

 Perameles nasuta                 n        forest   Nowak (1999) 
 Petauroides volans               n        woodland Nowak (1999) 
 Phalanger gymnotis               n        forest   Nowak (1999) 
 Phalanger orientalis             n        forest   Nowak (1999) 

 
Pseudochirulus 
herbertensis      n        forest   Nowak (1999) 

 Sarcophilus laniarius            n        forest   Nowak (1999) 
  Trichosurus vulpecula            n        forest   Nowak (1999) 

Perissodactyla Diceros bicornis                 c        woodland Nowak (1999) 
 Equus asinus                     c        open     Nowak (1999) 
 Equus burchelli                  c        open     Nowak (1999) 
 Equus caballus                   c        open     Nowak (1999) 
 Equus zebra                      c        open     Nowak (1999) 
  Tapirus terrestris               c        woodland Nowak (1999) 

Primates- Alouatta seniculus               d        woodland Rowe (1996) 
  Anthropoidea Ateles belzebuth                 d        forest   Rowe (1996) 
 Ateles paniscus                  d        forest   Ross (1992); Rowe (1996) 
 Cacajao rubicundus               d        woodland Rowe (1996) 
 Callicebus moloch                d        forest   Ross (1992); Rowe (1996) 
 Callimico goeldii                d        forest   Ross (1992); Rowe (1996) 
 Callithrix argentata             d        forest   Ross (1992); Rowe (1996) 
 Callithrix aurita                d        forest   Ross (1992); Rowe (1996) 
 Callithrix jacchus               d        woodland Rowe (1996) 
 Cebus capucinus                  d        forest   Schoeninger et al. (1997) 
 Cercocebus torquatus             d        forest   Ross (1992); Jolly (2007) 

 
Cercopithecus 
albogularis        d        forest   Rowe (1996) 

 Cercopithecus ascanius           d        forest   Enstam & Isbell (2007) 
 Cercopithecus cephus             d        forest   Enstam & Isbell (2007) 
 Cercopithecus diana              d        forest   Enstam & Isbell (2007) 
 Cercopithecus mitis              d        forest   Enstam & Isbell (2007) 
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Table A1 continued.    
 Cercopithecus neglectus          d        forest   Enstam & Isbell (2007) 
 Cercopithecus nictitans          d        forest   Enstam & Isbell (2007) 
 Colobus guereza                  d        forest   Fashing (2007) 
 Colobus polykomos                d        forest   Fashing (2007) 
 Erythrocebus patas               d        woodland Enstam & Isbell (2007) 
 Gorilla gorilla                  d        forest   Ross (1992); Rowe (1996) 
 Hylobates lar                    d        forest   Ross (1992); Rowe (1996) 
 Hylobates leucogenys             d        forest   Rowe (1996) 
 Lagothrix lagotricha             d        forest   Ross (1992); Rowe (1996) 
 Leontopithecus rosalia           d        forest   Ross (1992); Rowe (1996) 
 Lophocebus albingena             d        forest   Jolly (2007) 
 Lophocebus aterrimus             d        forest   Jolly (2007) 
 Macaca fascicularis              d        forest   Fooden (1982) 
 Macaca fuscata                   d        forest   Fooden (1982) 
 Macaca mulatta                   d        forest   Fooden (1982) 
 Macaca nemestrina                d        forest   Fooden (1982) 
 Macaca radiata                   d        forest   Fooden (1982) 
 Macaca silenus                   d        forest   Fooden (1982) 
 Mandrillus leucophaeus           d        forest   Rowe (1996); Jolly (2007) 
 Mandrillus sphinx                d        forest   Rowe (1996); Jolly (2007) 
 Pan troglodytes                  d        forest   Stumpf (2007) 
 Papio cynocephalus               d        open     Rowe (1996) 
 Pithecia monachus                d        forest   Rowe (1996) 
 Pongo pygmaeus                   d        forest   Ross (1992); Rowe (1996) 
 Procolobus badius                d        forest   Fashing (2007) 
 Saguinus fuscicollis             d        forest   Ross (1992); Rowe (1996) 
 Saguinus imperator               d        forest   Rowe (1996) 
 Saguinus labiatus                d        forest   Rowe (1996) 
 Saguinus midas                   d        forest   Ross (1992); Rowe (1996) 
 Saguinus mystax                  d        forest   Rowe (1996) 
 Saguinus oedipus                 d        woodland Ross (1992) 
 Saimiri boliviensis              d        forest   Rowe (1996) 
 Saimiri sciureus                 d        forest   Ross (1992); Rowe (1996) 
 Semnopithecus entellus           d        forest   Koenig (2000) 
 Theropithecus gelada             d        open     Jolly (2007) 
  Trachypithecus cristatus         d        forest   Kirkpatrick (2007) 

Primates Cheirogaleus major               n        forest   Gould & Sauther (2007) 
   Strepsirrhini Cheirogaleus medius              n        forest   Gould & Sauther (2007) 

 
Daubentonia 
madagascariensis     n        forest   Gould & Sauther (2007) 
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Table A1 continued.    
 Eulemur coronatus                c        woodland Gould & Sauther (2007) 
 Eulemur fulvus                   c        forest   Ross (1992); Rowe (1996) 
 Eulemur macaco                   c        forest   Ross (1992); Rowe (1996) 
 Eulemur mongoz                   c        forest   Gould & Sauther (2007) 
 Eulemur rubriventer              c        forest   Gould & Sauther (2007) 
 Galago moholi                    n        woodland Nekaris & Bearder (2007) 
 Galago sengalensis               n        woodland Nekaris & Bearder (2007) 
 Galagoides demidoff              n        forest   Nekaris & Bearder (2007) 
 Hapalemur griseus                d        forest   Gould & Sauther (2007) 
 Lemur catta                      d        woodland Gould & Sauther (2007) 
 Loris tardigradus                n        forest   Nekaris & Bearder (2007) 
 Microcebus murinus               n        forest   Gould & Sauther (2007) 
 Mirza coquereli                  n        forest   Gould & Sauther (2007) 
 Nycticebus coucang               n        forest   Nekaris & Bearder (2007) 
 Nycticebus pygmaeus              n        forest   Nekaris & Bearder (2007) 
 Otolemur crassicaudatus          n        woodland Nekaris & Bearder (2007) 
 Perodicticus potto               n        forest   Nekaris & Bearder (2007) 
    Propithecus diadema              d        forest   Gould & Sauther (2007) 
 Propithecus tattersalli          d        forest   Gould & Sauther (2007) 
 Propithecus verreauxi            d        forest   Gould & Sauther (2007) 
  Varecia variegata                d        forest   Gould & Sauther (2007) 

Rodentia Acomys wilsoni                   c        woodland Nowak (1999) 
 Allactaga elater                 n        open     Nowak (1999) 
 Aplodontia rufa                  c        forest   Nowak (1999) 
 Callosciurus notatus             d        forest   Nowak (1999) 
 Calomyscus baliwardi             c        open     Nowak (1999) 

 Chroeomys jelskii                c        open     
Eisenberg & Redford 

(1989) 
 Cricetomys gambianus             c        forest   Nowak (1999) 
 Dasyprocta agouti                d        forest   Nowak (1999) 
 Dipodomys spectabilis            n        open     Nowak (1999) 
 Dolichotis patagonum             d        open     Nowak (1999) 
 Dryomys nitedula                 n        forest   Nowak (1999) 
 Erethizon dorsatum               c        forest   Nowak (1999) 
 Glaucomys volans                 n        woodland Nowak (1999) 
 Graphiurus heuti                 c        forest   Nowak (1999) 
 Hystrix cristata                 n        forest   Nowak (1999) 
 Isothrix bistriata               n        forest   Nowak (1999) 
 Jaculus jaculus                  n        open     Nowak (1999) 
 Marmota monax                    d        open     Nowak (1999) 
 Myosciurus pumilio               d        forest   Nowak (1999) 
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Table A1 continued.    
 Myoxus glis                      c        forest   Nowak (1999) 
 Oenomys hypoxanthus              c        woodland Nowak (1999) 

 
Peromyscus 
maniculatus           n        woodland Nowak (1999) 

 Phodopus sungorus                c        open     Nowak (1999) 
 Proechimys cayennensis           n        forest   Nowak (1999) 
 Rhabdomys pumilio                d        open     Nowak (1999) 
 Sciurus carolinensis             d        forest   Nowak (1999) 
 Sciurus niger                    d        forest   Nowak (1999) 
 Tamias striatus                  d        woodland Nowak (1999) 
 Tatera indica                    n        woodland Nowak (1999) 
  Zapus hudsonius                  c        open     Nowak (1999) 

Xenarthra Cabassous centralis              n        open     Nowak (1999) 

 
Chaetophractus 
vellerosus        c        open     Nowak (1999) 

 Chlamyphorus truncatus           n        open     Nowak (1999) 
 Choloepus hoffmanni              n        forest   Nowak (1999) 
 Cyclopes didactylus              n        forest   Nowak (1999) 
 Euphractus sexcinctus            c        open     Nowak (1999) 

 
Myrmecophaga 
tridactyla          c        forest   Nowak (1999) 

 Tolypeutes matacus               c        open     Nowak (1999) 
 Tolypeutes tricinctus            c        forest   Nowak (1999) 
  Zaedyus pichiy                   c        open     Nowak (1999) 
 
1Activity pattern data from Ross and Kirk (2007): “d” diurnal, “c” cathemeral, “n” 

nocturnal. For supplemental table references, see Veilleux and Lewis (2011). 
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Table A2. Forest strata classification and references for diurnal anthropoids. 

Species Forest Level1 Citation 
Alouatta seniculus               M Wallace et al. (1998) 
Aotus trivirgatus                L Warner (2002) 
Ateles belzebuth                 H Mendes Pontes (1997) 
Ateles paniscus                  M Wallace et al. (1998) 
Cacajao rubicundus               H Robinson et al. (1987) 
Callicebus moloch                L Warner (2002) 
Callimico goeldii                L Porter (2004) 
Callithrix argentata             M Wallace et al. (1998) 
Callithrix aurita L Rowe (1996) 
Cercocebus torquatus             L Jolly (2007) 
Cercopithecus ascanius           H Thomas (1991); McGraw (1994) 
Cercopithecus diana              M McGraw (1998) 
Cercopithecus mitis              H Thomas (1991) 
Cercopithecus nictitans          M Bitty & McGraw (2007) 
Colobus guereza                  H Fashing (2007) 
Colobus polykomos                H McGraw (1998) 
Gorilla gorilla L Rowe (1996) 
Hylobates lar                    M Uhde and Sommer (2002) 
Hylobates leucogenys             H Bartlett (2007) 
Lagothrix lagotricha             H Peres (1993) 
Lophocebus albingena             H Thomas (1991) 
Macaca fascicularis              H Rodman (1991) 
Macaca nemestrina                L Rodman (1991) 
Macaca silenus                   M Kurup and Kumar (1993) 
Mandrillus leucophaeus L Jolly (2007) 
Mandrillus sphinx                L Stammbach (1987) 
Pan troglodytes                  L Thomas (1991) 
Pithecia monachus                H Robinson et al. (1987) 
Pongo pygmaeus                   M Rodman and Mitani (1987) 
Procolobus badius                H Thomas (1991); McGraw (1998) 
Saguinus fuscicollis             L Porter (2004) 
Saguinus imperator L Buchanan-Smith (1999) 
Saguinus labiatus                M Porter (2004) 
Saguinus midas L Rowe (1996) 
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Table 2.S2 continued.   
Saguinus mystax                  L Peres (1993) 
Saimiri sciureus                 L Warner (2002) 

1Vertical strata include high (H), middle (M), and low (L) and refer to the lowest level 

used by the species. For supplemental table references, see Veilleux and Lewis (2011). 
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Appendix B: Supplemental Information for Chapter 3 

 

Figure B.1. Results of piecewise linear model for %SW and lunar altitude. 

Relationships between %SW, lunar altitude and lunar fraction (A-C) and canopy 

openness (D-F). (A and D): Linear results before first cut (40°). (B and E): Linear results 

from first to second cut (65°). (C and F): Linear results after second cut.
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Figure B.2. Results of piecewise linear model for %LW and lunar altitude. 

Relationships between %LW, lunar altitude, and lunar fraction (A-B)  or canopy 

openness (C-D). (A and C): Linear results before cut (45°). (B and D): Linear results after 

cut. 
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Table B1. Mixed Models fit by Maximum Likelihood for Altitude Cut Variables. 

Response 
Variable 

Explanatory 
Variable Coefficient Std. Error t value P value 

%SW CUT 1 (0.1-39.9°) 0.075424 0.196198 0.384 0.7009 

 CUT 2 (40-64.9°) 0.451773 0.289034 1.563 0.1189 
 CUT 3 (65-90°) 0.157377 0.101663 1.548 0.1225 
 Canopy openness 0.313546 0.07772 4.034 0.0001 
 CUT1 * Canopy 0.001916 0.005067 0.378 0.7056 
 CUT2 * Canopy -0.021191 0.007505 -2.824 0.0050 
 CUT3 * Canopy -0.009898 0.002649 -3.737 0.0002 
      
 CUT 1 (0.1-39.9°) -0.03377 0.08535 -0.396 0.6926 
 CUT 2 (40-64.9°) -0.12574 0.18541 -0.678 0.4981 
 CUT 3 (65-90°) 0.09532 0.09956 0.957 0.3390 
 Fraction 11.38949 2.3619 4.822 0.0000 
 CUT1 * Fraction 0.13611 0.10787 1.262 0.2078 

 CUT2 * Fraction -0.27857 0.21616 -1.289 0.1983 
 CUT3 * Fraction -0.36885 0.11776 -3.132 0.0019 

LW CUT 1 (0.1-44.9°) -0.1847 0.1359 -1.359 0.1749 
 CUT 2 (45-90°) -0.1169 0.093755 -1.247 0.2131 
 Canopy -0.1883 0.054995 -3.425 0.0070 
 Cut1 * Canopy 0.00317 0.003496 0.907 0.3651 
 Cut2 * Canopy 0.006289 0.002428 2.59 0.0100 
      
 CUT 1 (0.1-44.9°) -0.03244 0.05976 -0.543 0.5876 
 CUT 2 (45-90°) -0.24139 0.09929 -2.431 0.0155 
 Fraction -6.98346 1.79255 -3.896 0.0001 
 CUT 1 * FRACTION 0.04239 0.07498 0.565 0.5722 
 CUT 2 * FRACTION 0.4181 0.11729 3.565 0.0004 

Bold indicates significant interactions.  
* reflects interaction. 
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Appendix C: Supplemental Information for Chapter 4 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1. Comparison of θWN/θWS and θπN/θπS across nocturnal lemurs.  

Bar colors represent habitat type: dry deciduous forest (light blue), spiny forest (dark 

blue), rainforest (dark gray). Dashed line reflects the boundary between purifying 

selection (<1) and relaxed/positive selection (≥1). Habitat type for species where bars are 

not visible: A. cleesei (dry deciduous forest), A. occidentalis (dry deciduous forest), M. 

griseorufus (spiny forest), P. electromontis (rainforest). 
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Table C1. List of Individuals, Species and Habitat Types. 

 
Species n* Location Habitat Type 

Lepilemur    
L. petteri 3 Beza Mahafaly Special Reserve spiny  
L. leucopus 7 Andohahela National Park spiny  
L. hubbardi 7 Zombitse-Vohibasia National Park dry deciduous  
L. edwardsi 8 Mariarano Classified Forest dry deciduous 
L. mustelinus 6  Mantadia National Park rainforest 
L. microdon 1 Ranomafana National Park rainforest 

Avahi    
A. occidentalis 8  Mariarano Classified Forest dry deciduous 
A. cleesei 5 Tsingy de Bemaraha dry deciduous  
A. laniger 8  Mantadia National Park rainforest 
A. peyrierasi 3 Ranomafana National Park rainforest 

Microcebus    
M. ravelobensis 6 Ankarafantsika National Park dry deciduous 
M. murinus 6 Beroboka Forest dry deciduous  
M. griseorufus 8      Beza Mahafaly Special Reserve spiny 
M. simmonsi 1 Betampona Reserve rainforest 

Phaner    
P. pallescens 7 Zombitse-Vohibasia National Park dry deciduous 
P. pallescens 4 Kirindy Forest dry deciduous  
P. parieti 3 Antafondro rainforest 
P. electromontis 4 Montagne d’Ambre rainforest 

Cheirogaleus    
C. major 3 Anjozorobe Forest rainforest 
C. medius 8 Ankarafantsika National Park dry deciduous 

* n refers to the number of individuals in population. 
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