
 first published online 24 October 2012, doi: 10.1098/rspb.2012.2258279 2012 Proc. R. Soc. B
 
Margaret I. Hall, Jason M. Kamilar and E. Christopher Kirk
 
Eye shape and the nocturnal bottleneck of mammals
 
 

Supplementary data

tml 
http://rspb.royalsocietypublishing.org/content/suppl/2012/10/18/rspb.2012.2258.DC1.h

 "Data Supplement"

References
http://rspb.royalsocietypublishing.org/content/279/1749/4962.full.html#ref-list-1

 This article cites 41 articles, 6 of which can be accessed free

Subject collections
 (1390 articles)evolution   �

 
Articles on similar topics can be found in the following collections

Email alerting service  hereright-hand corner of the article or click 
Receive free email alerts when new articles cite this article - sign up in the box at the top

 http://rspb.royalsocietypublishing.org/subscriptions go to: Proc. R. Soc. BTo subscribe to 

 on February 7, 2013rspb.royalsocietypublishing.orgDownloaded from 

http://rspb.royalsocietypublishing.org/content/suppl/2012/10/18/rspb.2012.2258.DC1.html 
http://rspb.royalsocietypublishing.org/content/279/1749/4962.full.html#ref-list-1
http://rspb.royalsocietypublishing.org/cgi/collection/evolution
http://rspb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royprsb;279/1749/4962&return_type=article&return_url=http://rspb.royalsocietypublishing.org/content/279/1749/4962.full.pdf
http://rspb.royalsocietypublishing.org/subscriptions
http://rspb.royalsocietypublishing.org/


Proc. R. Soc. B (2012) 279, 4962–4968

 on February 7, 2013rspb.royalsocietypublishing.orgDownloaded from 
* Autho

Electron
10.1098

doi:10.1098/rspb.2012.2258

Published online 24 October 2012

Received
Accepted
Eye shape and the nocturnal bottleneck
of mammals

Margaret I. Hall1,*, Jason M. Kamilar1,2 and E. Christopher Kirk3,4

1Department of Anatomy, Arizona College of Osteopathic Medicine, Midwestern University,

19555 N 59th Avenue, Glendale, AZ 85308, USA
2School of Human Evolution and Social Change, Arizona State University, Tempe, AZ 85287-2402, USA

3Department of Anthropology, University of Texas at Austin, 2275 Speedway Stop C3200, Austin,

TX 78712-1693, USA
4Vertebrate Paleontology Laboratory, Texas Memorial Museum, University of Texas at Austin, TX 78712, USA

Most vertebrate groups exhibit eye shapes that vary predictably with activity pattern. Nocturnal vertebrates

typically have large corneas relative to eye size as an adaptation for increased visual sensitivity. Conversely,

diurnal vertebrates generally demonstrate smaller corneas relative to eye size as an adaptation for increased

visual acuity. By contrast, several studies have concluded that many mammals exhibit typical nocturnal eye

shapes, regardless of activity pattern. However, a recent study has argued that new statistical methods allow

eye shape to accurately predict activity patterns of mammals, including cathemeral species (animals that are

equally likely to be awake and active at any time of day or night). Here, we conduct a detailed analysis of eye

shape and activity pattern in mammals, using a broad comparative sample of 266 species. We find that the

eye shapes of cathemeral mammals completely overlap with nocturnal and diurnal species. Additionally,

most diurnal and cathemeral mammals have eye shapes that are most similar to those of nocturnal birds

and lizards. The only mammalian clade that diverges from this pattern is anthropoids, which have conver-

gently evolved eye shapes similar to those of diurnal birds and lizards. Our results provide additional

evidence for a nocturnal ‘bottleneck’ in the early evolution of crown mammals.

Keywords: vision; mammals; functional morphology
1. INTRODUCTION
The relationship between eye morphology and activity

pattern in different vertebrate groups has been the subject

of numerous recent comparative studies [1–12]. Activity

pattern—the time of the day when an animal is awake and

active—determines the amount of light available for

vision, and as such is a key selective influence on the evol-

ution of the vertebrate visual system. Prior research has

demonstrated that the functional demands of vision

under high-light (photopic) and low-light (scotopic) con-

ditions select for divergent eye morphologies in nocturnal,

cathemeral and diurnal species because the vertebrate eye

cannot be optimized for high-quality vision under both

photopic and scotopic conditions [13–17].

Theoretically, all vertebrates could benefit from having

larger eyes regardless of their activity pattern. If other

factors (e.g. photoreceptor size, spacing and retinal con-

nectivity) are held constant, absolutely larger eyes have

greater resolution than absolutely smaller eyes. Similarly,

absolutely larger eyes may gather more light than smaller

eyes. As a result, increased eye size may simultaneously

benefit diurnal species by increasing visual acuity and

nocturnal species by improving visual sensitivity. Axial

eye length itself, a common measurement of overall eye

size, does not always vary predictably with activity pattern

among vertebrates. For example, both lizards [9] and
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non-primate mammals [6,18] exhibit little interspecific

variation in axial eye length according to activity pattern.

By comparison, the size of the cornea relative to eye

length (henceforth ‘relative cornea size’) usually varies

in a highly predictable manner with activity pattern.

Among both birds and lizards, nocturnal species nearly

always exhibit a larger corneal diameter than a diurnal

species with the same axial eye length [7,9]. This confi-

guration increases the light-gathering capacity of the eye

at maximum pupillary dilation, thus improving visual sen-

sitivity under scotopic light conditions [14,15,17–21].

Conversely, diurnal birds and lizards exhibit smaller rela-

tive cornea sizes compared with nocturnal species, and

diurnal birds with smaller corneal diameters also consist-

ently exhibit an absolutely longer axial length of the eye

[7,9]. This configuration increases the posterior nodal

distance of the eye, which increases retinal image size

and enhances visual acuity [14,15,17–22]. Cathemeral

birds exhibit an intermediate morphology between noctur-

nal and diurnal birds, with relative cornea sizes that are

larger than those of diurnal birds but smaller than those

of nocturnal birds [7]. Thus, in both birds and lizards, noc-

turnal species exhibit eye morphologies with relatively and

absolutely larger corneas than diurnal species.

Previous studies of mammals [4,6] have also found

significant differences in eye morphology between species

of different activity patterns. Within some mammalian

clades (e.g. strepsirrhine primates, artiodactyls, carnivor-

ans, marsupials and xenarthrans), nocturnal species have

larger relative cornea sizes than either diurnal or cathem-

eral species [4]. Within strepsirrhines, artiodactyls and
This journal is q 2012 The Royal Society

mailto:margaretihall@yahoo.com
http://dx.doi.org/10.1098/rspb.2012.2258
http://dx.doi.org/10.1098/rspb.2012.2258
http://dx.doi.org/10.1098/rspb.2012.2258
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org
http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2012.2258&domain=pdf&date_stamp=2012-10-24
http://rspb.royalsocietypublishing.org/


Mammal eye shape M. I. Hall et al. 4963

 on February 7, 2013rspb.royalsocietypublishing.orgDownloaded from 
carnivorans, cathemeral species also have eye mor-

phologies that are intermediate between those of diurnal

and nocturnal species. However, significantly more over-

lap in relative cornea size exists between mammal

species of different activity patterns than between bird

or lizard species of different activity patterns [4,6,7,9].

Additionally, when mammals are compared across

clades, diurnal and cathemeral species have very similar

relative cornea sizes [6]. Anthropoid primates are the

only large mammalian clade that deviates substantially

from this pattern. Diurnal anthropoids have significantly

smaller corneas for their eye size than do other diurnal

mammals [4,6,8,23], an important adaptation for

increased visual acuity [15,17], and as such follow the

more common vertebrate pattern seen in birds [7] and

lizards [9]. Indeed, the great majority of non-anthropoid

mammals have relative cornea sizes that overlap exten-

sively with those of nocturnal birds and lizards, while

diurnal anthropoids have relative cornea sizes that are

most similar to those of diurnal birds and lizards

[8,23,24]. These previous findings suggest that eye

shape in non-anthropoid mammals varies with activity

pattern in a manner that differs considerably from that

observed in most other amniotes.

One possible explanation for the divergent eye mor-

phologies of mammalian and non-mammalian amniotes

lies with the hypothesis of a ‘nocturnal bottleneck’ in

early mammalian evolution. According to this scenario,

the ancestors of living mammals occupied nocturnal

niches during the Mesozoic, possibly to avoid diurnal

saurian predators [25]. During this time, mammals

evolved a variety of characteristic traits as adaptations

for life in a nocturnal setting [20] (but see [26]). These

adaptations include major shifts in sensory anatomy and

ecology, including the evolution of high-frequency hear-

ing [27], tactile vibrissae [28] and high olfactory

sensitivity [29]. At the same time, possibly as a result of

relaxed selection, mammals lost many adaptations for

photopic vision that were probably present in the last

common ancestor of mammals and diapsids, including

tetrachromatic colour vision and an active mechanism

of visual accommodation [10].

Recent studies by Schmitz & Motani [11,12] argue that

a new form of discriminant function analysis, the phyloge-

netic flexible discriminant function analysis (pFDA),

allows them to use measurements of eye shape to accurately

predict activity pattern for all terrestrial vertebrates, includ-

ing non-anthropoid mammals. On the basis of an analysis

including 37 extant mammals, Schmitz & Motani [11,12]

assert that pFDA provides greater predictive power because

it is a multivariate method, while previous studies used

bivariate statistics, and this method includes statistical

controls for phylogenetic non-independence, which are

important for analysing differences between related species

[30,31]. In addition, Schmitz & Motani argue that the

pFDA method allows them to use eye-shape measurements

to accurately predict species with cathemeral activity

patterns, which previous studies were not able to resolve

across mammal groups using bivariate statistics [4,6,8].

If Schmitz & Motani [11,12] are correct, then their results

cast doubt on the nocturnal bottleneck hypothesis, and

offer a perspective on the relationship between eye shape

and activity patterns in mammals that is at odds with

most prior studies.
Proc. R. Soc. B (2012)
The purpose of the current analysis is to provide a rig-

orous comparative examination of the influence of activity

pattern on mammalian eye morphology. We use a large

dataset of 266 mammal species, which represents a

broader array of mammalian lineages than has been

analysed in any previous comparative study of eye

morphology. Using pFDA to analyse this expanded mam-

malian sample, we evaluate whether the activity pattern of

most mammals can be predicted based on their eye mor-

phology. We also evaluate the expectations of the

nocturnal bottleneck hypothesis by investigating whether

the pattern of eye shapes observed in mammals is similar

to, or different from, those of two other groups of

amniotes: the birds and the lizards.
2. MATERIAL AND METHODS
(a) Data collection

We compiled eye-shape measurements for 266 mammal

species representing 23 orders (see the electronic supplemen-

tary material, §S1). Species that are fully aquatic or primarily

fossorial were excluded from this analysis. All eye measure-

ments were taken from the published literature [4,6,18,32].

The measurements used in our analyses include (i) maxi-

mum corneal diameter, (ii) axial length of the eye and

(iii) maximum transverse diameter of the eye. Corneal diam-

eter is a proxy for maximum pupil diameter, which is directly

correlated with visual sensitivity [15,21]. Axial eye length is a

proxy for posterior nodal distance and is correlated with visual

acuity [21]. Transverse eye diameter is a proxy for overall reti-

nal size [33]. The ratio of corneal diameter to axial length of

the eye is a useful measure of relative sensitivity and relative

visual acuity that has been used in previous studies as a way

to compare animals of disparate size [7,9].

We classified the diel activity pattern of each mammal

species as either diurnal, cathemeral or nocturnal. Diurnal

species are typically awake and active only by day under

photopic conditions. Nocturnal species are typically awake

and active only by night under mesopic and scotopic con-

ditions. Cathemeral species are awake and active both by

day and by night [33], and therefore may encounter a

range of environmental light levels from photopic to scotopic.

Mammalian activity pattern data follow in part the study of

Ross & Kirk [6], which relied primarily on data published by

Gittleman [34] and Nowak [35]. Modifications to some of

the activity pattern classifications in Ross & Kirk [6] were

based on the PanTHERIA database [36] and individual

species reports in Mammalian Species (http://www.jstor.org/

action/showPublication?journalCode=mammalianspecies).

Our dataset contains 73 diurnal, 88 cathemeral and 105 noc-

turnal species. Of the diurnal species, 41 were anthropoid

primates and 32 were non-anthropoid mammals.

(b) Data analysis

Comparative analyses have greatly benefited from advanced

analytical techniques that account for the evolutionary

history of the species [30,31,37]. In recent years, these

methods have been extended to multivariate statistics,

which enable the incorporation of phylogenetic information

into these models [11,12]. We conducted a phylogenetically

informed, flexible discriminant function analysis (pFDA) to

examine the importance of three independent variables

(axial length, corneal diameter and transverse diameter) for

correctly predicting activity pattern in mammals. This is

http://www.jstor.org/action/showPublication?journalCode=mammalianspecies
http://www.jstor.org/action/showPublication?journalCode=mammalianspecies
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Table 1. Classification table of mammal activity pattern

based on phylogenetic flexible discriminant function
analysis. Values in bold indicate the number of correctly
predicted species.

a priori

predicted cathemeral diurnal nocturnal

cathemeral 41 18 6
diurnal 13 42 2

nocturnal 34 13 97

total species 88 73 105
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Figure 1. Scatter plot of pFDA results illustrating the degree
of overlap between the activity pattern groups. Triangles,
nocturnal; circles, cathemeral; open squares, diurnal; filled
squares, diurnal anthropoid.
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the same analytical method recently used in investigations of

vertebrate visual evolution [11,12]. The phylogenetic discri-

minant function analysis is an extension of Hastie’s [38]

flexible discriminant function analysis (FDA). Our method

should be an improvement over a non-phylogenetic model

because the variance due to the shared evolutionary history

of species is directly incorporated into the model’s variance

structure. In particular, the pFDA accounts for the non-

independence of data due to phylogeny by incorporating a

phylogenetic variance–covariance matrix that is scaled by

Pagel’s lambda. Pagel’s lambda [39,40] is measured continu-

ously from zero to one, and simultaneously quantifies and

accounts for the phylogenetic relatedness of species in stat-

istical models. A value of zero indicates that phylogeny has

no importance in the model, therefore being equivalent to

an analysis without phylogenetic information (i.e. a star phy-

logeny). A value of one indicates that phylogeny is an

important component of the model, with the residuals follow-

ing a Brownian motion model of evolution [41]. Using Pagel’s

lambda in phylogenetic comparative methods is becoming

increasingly common in comparative biology research

[42–44] and is an improvement over previous methods, such

as phylogenetically independent contrasts [30], because the

strength of phylogeny in the model is optimized via a maxi-

mum-likelihood approach rather than being fixed [6]. The

phylogeny we used in the pFDA analysis was obtained from

the mammal supertree presented by Bininda-Emonds et al.

[45,46] (electronic supplementary material, §S2).

As in a typical discriminant function analysis, the pFDA

allows the user to set the prior probabilities of group member-

ship. We set our prior probabilities to be proportional to the size

of each a priori activity pattern group. The flexible nature of the

pFDA does not lend itself to producing a p-value (T. Hastie

2012, personal communication), yet does produce classifi-

cation statistics. This output is sufficient because the ability

of our model to classify species into their correct activity pattern

is the main objective of our study and has been the main focus

of recent studies using the same analytical approach [11,12].

All predictor variables were log10-transformed before analysis

to better meet the assumptions of parametric statistics [47].

These analyses were performed in the R computing environ-

ment [48]. The code for the pFDA analysis was obtained

from Schmitz & Motani [11], which was modified from the R

package mda, based on the study of Hastie et al. [38]. The

pFDA code also used functions from additional R packages,

such as ape [49].

In order to compare mammal eye shapes with published

bird and lizard eye shapes, we calculated ratios of corneal

diameter: axial eye length for the mammals included in
Proc. R. Soc. B (2012)
this study, and from the bird measurements reported by

Hall & Ross [7] and the lizard measurements reported by

Hall [9]. We used simple ratios for comparison because

these previous studies do not report transverse eye diameters.
3. RESULTS
Our pFDA correctly predicted the activity pattern of

67.7 per cent of mammal species in our dataset

(table 1; electronic supplementary material, §S1). The

percentage of correctly classified species varied greatly

across activity patterns. Whereas 92.4 per cent of noctur-

nal species were correctly classified, only 57.5 per cent of

diurnal species and 46.6 per cent of cathemeral species

were correctly classified. These results are graphically

illustrated by a plot of the two phylogenetic discriminant

function axes (figure 1). Most nocturnal species have

positive values on the x-axis, and diurnal species have

negative values on this axis. Cathemeral species overlap

both the diurnal and nocturnal species, and are not

arranged in a discernibly separate cluster. Species in all

three activity pattern groups overlap in the y-axis, yet

the highest values tend to be nocturnal and cathemeral

taxa. Inspecting the posterior probabilities of each species

further emphasizes the variation in the model’s ability

to correctly predict activity pattern (table 1; electronic

supplementary material, §S1). Only 17 of 88 cathemeral

species exhibited posterior probability values greater

than 50 per cent for correctly predicting their activity

pattern (see the electronic supplementary material,

§S3). By comparison, 30 of 73 diurnal species and 79

of 105 nocturnal species displayed posterior probabilities

of greater than 50 per cent for correctly predicting

their activity pattern (see the electronic supplementary

material, §S3). It is important to note that phylogeny

had a small effect in our pFDA, as indicated by the low

value for Pagel’s lambda (0.16). In fact, a standard,

non-phylogenetic discriminant function analysis produced

qualitatively similar results.

http://rspb.royalsocietypublishing.org/
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Figure 2. Boxplots showing the range of the corneal diameter : axial length ratios for birds, lizards, anthropoids and non-anthro-

poid mammals of varying activity patterns.

Table 2. Percentage of species with a correctly predicted
activity pattern by order. Only orders with more than five

species are included here.

order

correctly
classified
species

total
species

% correctly
classified

Artiodactyla 23 27 85.2
Carnivora 24 40 60.0
Chiroptera 20 20 100.0
Didelphimorphia 10 10 100.0

Diprotodontia 9 9 100.0
Eulipotyphla 6 8 75.0
Perissodactyla 2 6 33.3
Primates 53 66 80.3
Rodentia 14 39 35.9

Xenarthra 4 9 44.4

Table 3. Ratios of corneal diameter : axial length of the eye.

mean
ratio s.d.

lowest
ratio

highest
ratio

diurnal anthropoids 0.532 0.033 0.439 0.619
diurnal non-

anthropoid
mammals

0.773 0.097 0.571 0.956

cathemeral
mammals

0.772 0.086 0.583 0.958

nocturnal

mammals

0.863 0.084 0.548 1.067

diurnal birds 0.588 0.061 0.426 0.852
cathemeral birds 0.633 0.067 0.531 0.801
nocturnal birds 0.707 0.066 0.590 0.898
diurnal lepidosaurs 0.522 0.121 0.226 1.003

nocturnal
lepidosaurs

0.825 0.139 0.602 1.072
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A closer examination of the individual mammalian

orders reveals that the effectiveness of the pFDA

varied considerably by clade (table 2). In the only two

completely nocturnal orders, the Chiroptera and Didel-

phimorphia, all species were correctly classified by the

model. Also, nearly 80.3 per cent of primate species

were correctly classified, including 39 of 42 anthropoid

species. By contrast, the activity patterns of most

other mammalian orders were poorly predicted by the

model, including less than 50 per cent of species in

the Perissodactyla, Xenarthra and Rodentia.

The ratios of corneal diameter to axial length of the eye

demonstrate that diurnal birds and lizards have corneal

diameters that, on average, measure just over half the

size of their axial lengths (diurnal birds: ratio of 0.588;

diurnal lizards: ratio of 0.522; table 3 and figure 2).

Likewise, diurnal anthropoid primates exhibit a similar
Proc. R. Soc. B (2012)
ratio of 0.532. By contrast, the mean ratio for diurnal

non-anthropoid mammals is 0.773, which is most

comparable with values for nocturnal birds and lizards.

Furthermore, cathemeral mammals closely resemble

diurnal non-anthropoid mammals in having a mean

ratio of 0.772. This finding is consistent with the results

of the multivariate pFDA, in which cathemeral mammals

are not well differentiated from the other two activity pat-

terns. Nocturnal mammals exhibit a mean corneal

diameter : axial eye length ratio of 0.863. Nocturnal

mammals thus have relative cornea sizes that are similar

to those of nocturnal lizards, but are somewhat larger

than those of nocturnal birds (table 3 and figure 2).

Within clades, most diurnal groups have mean corneal

diameter : axial eye length ratios that partially overlap the

range of ratios for nocturnal species (figure 2). However,

http://rspb.royalsocietypublishing.org/
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the amount of overlap varies substantially by class. Whereas

19 per cent of diurnal lizards and 49 per cent of diurnal

birds overlap the ranges of nocturnal lizards and birds

(respectively), 100 per cent of diurnal non-anthropoid

mammals overlap the range of nocturnal mammals.

By comparison, only 30 per cent of diurnal anthropoids

overlap the range of nocturnal mammals.
4. DISCUSSION
Birds and lizards follow a consistent pattern of eye-shape

variation with activity pattern, as predicted by the prin-

ciples of dioptrics: nocturnal species consistently exhibit

a larger relative corneal diameter than do diurnal species,

probably as an adaptation for increased visual sensitivity

[7,9]. Previous studies have suggested that there is a

different pattern of eye-shape variation in mammals

than is seen in these other amniote groups. Most mam-

mals, regardless of activity pattern, have relative cornea

sizes that are broadly comparable with those of nocturnal

amniotes [6,8,10].

Two recent papers [11,12] have argued that these pre-

vious findings are a result of statistical limitations, and

that pFDA allows mammal eye shapes to be confidently

classified by activity pattern in the same manner as in

other vertebrate groups. However, our analysis of a

larger and more taxonomically diverse mammalian data-

set yielded contrasting results that emphasize the poor

relationship between eye shape and activity pattern in

most mammalian clades compared with non-mammalian

amniotes. As in previous studies using pFDA [11,12], we

found a weak phylogenetic signal in the model predicting

activity pattern from eye morphology. This result was

expected because in most cases eye shape is driven in

large part by functional demands, which in turn depend

on the physics of light [15,16]. Although we agree that

using a phylogenetically informed model is important

for interspecific comparative analyses [31], we find that

a phylogenetically corrected model has limited benefit in

the analysis of mammalian eye shape and activity pattern.

The phylogenetic signal in our model is probably further

diminished by the fact that cathemeral mammals and

diurnal non-anthropoid mammals have relatively similar

eye shapes (figure 2).

As in prior discriminant function analyses of vertebrate

eye shape [12,50], our pFDA demonstrates a substantial

overlap between all of the activity pattern groups (figure 1).

The only activity pattern that is well defined by the pFDA

model is nocturnality. Indeed, the two largest mammalian

clades that have 100 per cent correct classifications by this

model are those that are represented here entirely by noctur-

nal species, the bats and the didelphid marsupials. The

pFDA model identifies diurnal and cathemeral mammals

much less accurately. Cathemeral mammals in particular

are poorly classified by the pFDA, and completely overlap

the combined nocturnal and diurnal mammal distributions

(figure 1). Furthermore, the great majority of the correctly

classified diurnal mammals are diurnal anthropoids. This

result agrees well with previous studies showing that diurnal

anthropoids have highly distinctive eye shapes compared

with other mammals [3,6,8,23]. In fact, of the 32 non-

anthropoid diurnal mammals included in this analysis,

only four species are correctly classified by the model (see

the electronic supplementary material, §S3).
Proc. R. Soc. B (2012)
These pFDA results are similar to those obtained by

comparing the ratio of corneal diameter to axial eye length

within mammals (figure 2). These comparisons reveal

that the extant mammals in our sample fall into three

basic groups: diurnal anthropoids, nocturnal mammals

and day-active non-anthropoids (including both diurnal

and cathemeral species). Diurnal anthropoids have smaller

relative cornea sizes than most of the other mammals in

our sample, and are closely comparable in this respect

with diurnal birds and lizards. Nocturnal mammals have

the largest relative cornea sizes in our mammalian

sample, and only a small number of nocturnal mammal

species have relative cornea sizes comparable with those

of diurnal anthropoids. Day-active non-anthropoid

mammals have mean relative cornea sizes that are inter-

mediate between those of diurnal anthropoids and

nocturnal mammals (table 3 and figure 2). However,

the range of relative cornea sizes in day-active non-

anthropoids completely overlaps that of nocturnal species

(figures 1 and 2). The nearly identical relative cornea

sizes of diurnal and cathemeral non-anthropoids, and

the large amount of overlap with nocturnal species,

partly explains the comparatively poor performance

of our pFDA in classifying diurnal and cathemeral

mammals.

Although our results indicate that it is difficult to pre-

dict mammalian activity patterns on the basis of eye

morphology alone, our findings do provide new evidence

supporting the nocturnal bottleneck hypothesis of early

mammalian evolution. Diurnal and cathemeral non-

anthropoid mammals have evolved eye morphologies

that overlap entirely with nocturnal mammals, and also

exhibit eye shapes that are most similar to those of noctur-

nal non-mammalian amniotes. By the same token, eye

shape in nocturnal mammals is not fundamentally differ-

ent from that in other nocturnal amniotes. If nocturnality

is indeed the ancestral state for crown mammals, then our

results have two important implications. First, our com-

parative data suggest that living nocturnal mammals

may retain eye morphologies broadly similar to those of

their Mesozoic predecessors. Second, our data suggest

that diurnal and cathemeral non-anthropoid species

(43% of our comparative sample) have diverged less

from the ancestral condition than might be expected, on

the basis of the eye morphologies of extant diurnal and

cathemeral amniotes. Some precedent for the existence

of such long-lasting phylogenetic effects is provided by

the existence of ‘nocturnal’ eye shapes in other diurnal

amniote groups [10]. Some diurnal owls and diurnal

geckos retain relatively large corneas compared with diur-

nal birds and lizards generally [7,9] (but see [51]).

Similarly, both owls and geckos probably diversified as pre-

dominantly nocturnal radiations [52,53]. In this respect,

diurnal owls, geckoes and non-anthropoid mammals may

represent three parallel instances of amniote lineages that

have re-evolved diurnality but retain eye morphologies

more typical of scotopically adapted species.

If these conclusions are correct, then they further raise

the question of why most living day-active mammals have

not re-evolved eye shapes that are better suited for func-

tion under photopic conditions. One possibility is that

during the Mesozoic, mammals evolved keen non-visual

senses that function well irrespective of environmental

light levels [10,18]. For example, mammals have evolved
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excellent olfactory [29] and auditory sensitivity [27] com-

pared with most other vertebrates, along with related

traits such as the presence of finely tuned tactile vibrissae

[28]. Indeed, of all extant bird species, the only group to

routinely exhibit vibrissae-like structures are the noctur-

nal Caprimulgiformes (the nightjars and nighthawks)

[54]. The evolution of such compensatory sensory adap-

tations may have diminished pressures to re-evolve eye

morphologies associated with high visual acuity in most

mammals that have re-invaded diurnal niches.

Previous studies have also suggested that once ver-

tebrates evolve an eye shape suitable for enhancing

visual sensitivity in a nocturnal setting, the functional

anatomy of the vertebrate eye may ensure that a sub-

sequent return to diurnal habits alone does not provide

sufficient selection pressure to reduce relative corneal

size [10,24]. As Martin [55,56] has argued, eyes with a

large corneal diameter may function well across a range

of ambient light levels because an animal can still freely

increase or reduce the amount of light entering the eye

simply by changing the size of the pupil. In other

words, an animal can functionally reduce the size of the

ocular aperture in response to too much light, but

cannot increase the pupil beyond the size of the cornea

in response to too little light. As a result, there are virtually

no examples of secondarily nocturnal amniotes with rela-

tively small corneas because cornea size sets an upper

limit on the amount of light that the eye can gather at maxi-

mum pupil dilation. Conversely, there are a number of

examples of secondarily diurnal amniotes with relatively

large corneal sizes (e.g. diurnal geckoes, diurnal owls and

most diurnal mammals) because pupillary constriction pre-

sumably allows the eyes of these species to function under

photopic conditions [3,6–10,23].

As noted previously, the major outliers among day-active

mammals in terms of eye morphology are diurnal anthro-

poids. Indeed, anthropoids, including humans, have

converged on what is probably the primitive amniote con-

dition of visual dependence with the evolution of a retinal

fovea [22], small relative cornea sizes [3,6,8,22] and

improved colour vision in some clades [57]. Diurnal anthro-

poids probably have eye and retinal morphologies that

diverge from those of most other diurnal mammals owing

to pervasive selection for high visual acuity in either haplo-

rhine or anthropoid stem lineages [3,6,23,58–60]. This

selection for high acuity probably occurred in the context

of diurnal visual predation on arthropods and small

vertebrates [22,58–61].

In summary, our results demonstrate that mammals

exhibit the same pattern of eye-shape evolution found in

other vertebrate groups: once an animal evolves large rela-

tive cornea size, there evidently is not a strong pressure to

change eye shape with a change in activity pattern in the

absence of selection for very high visual acuity. Therefore,

because all mammals have descended from a nocturnal

ancestor that had already evolved an eye shape that was

well adapted for scotopic conditions, the majority of

mammals retain eyes that deviate comparatively little

from that ancestral morphology regardless of their

modern activity pattern.
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