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the origin of mammals by over
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Nocturnality is widespread among extant mammals and often considered

the ancestral behavioural pattern for all mammals. However, mammals

are nested within a larger clade, Synapsida, and non-mammalian synapsids

comprise a rich phylogenetic, morphological and ecological diversity. Even

though non-mammalian synapsids potentially could elucidate the early

evolution of diel activity patterns and enrich the understanding of synapsid

palaeobiology, data on their diel activity are currently unavailable. Using

scleral ring and orbit dimensions, we demonstrate that nocturnal activity

was not an innovation unique to mammals but a character that appeared

much earlier in synapsid history, possibly several times independently.

The 24 Carboniferous to Jurassic non-mammalian synapsid species in our

sample featured eye morphologies consistent with all major diel activity pat-

terns, with examples of nocturnality as old as the Late Carboniferous (ca
300 Ma). Carnivores such as Sphenacodon ferox and Dimetrodon milleri, but

also the herbivorous cynodont Tritylodon longaevus were likely nocturnal,

whereas most of the anomodont herbivores are reconstructed as diurnal.

Recognizing the complexity of diel activity patterns in non-mammalian

synapsids is an important step towards a more nuanced picture of the

evolutionary history of behaviour in the synapsid clade.
1. Introduction
Diel activity pattern is a behavioural characteristic of vertebrates that is funda-

mental for temporal and spatial resource partitioning [1]. Four main patterns

are recognized [1–3]: (i) diurnal species are strictly active during the day; (ii) noc-

turnal species are strictly active at night; (iii) cathemeral species are active both

day and night; and (iv) crepuscular species are active during twilight periods at

dusk and dawn. The majority of extant mammals are nocturnal (45–55% of

non-marine species) [4] and many of the remaining species, especially large-

bodied ones, are cathemeral [1]. Diurnality is present in a few mammalian

clades such as primates, but is much less widespread. Because nocturnality is

so pervasive among extant mammals [5], it has long been hypothesized to be

the ancestral activity pattern for the clade [6,7].

Conventional wisdom holds that the evolution of nocturnality was intimately

tied to the origin of mammals (sensu [8]: a clade defined by the most recent

common ancestor of Sinoconodon, morganucodontans and crown mammals)

because the early history of mammals includes the evolution of a trait complex

that seems consistent with nocturnal activity. Although endothermy is not a pre-

requisite of nocturnality, it may have provided a selective advantage to early

mammals in cooler night environments. Early mammals were capable of bouts

of rapid growth [9] and a dense pelage of hair was present in mammals

that are phylogenetically not far-removed from the earliest members of the

clade [10,11], suggesting that they were at least facultative endotherms (sensu
[12]). Dramatically increased relative brain size and complexity in basal mammals

compared with close outgroups [13] may reflect the need for improved non-visual
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Figure 1. Examples of scleral rings in extant saurians and fossil synapsids. (a) Varanus niloticus (Varanidae; ROM R7303). (b) Rhachodactylus auriculatus (Gekkonidae;
ROM R7510). (c) Sauroctonus cf. parringtoni (Gorgonopsia; SAM-PK-K10034). (d ) Undescribed Zambian baurioid (Therocephalia; NHCC LB44). See the electronic
supplementary material for institutional abbreviations. (Online version in colour.)
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sensory processing in low light (scotopic) environments [14]. The

morphology and physiology of the visual system of extant mam-

mals may be consistent with a prolonged nocturnal phase in

the clade’s evolution as well [6,15–19]. However, a recent re-

evaluation of photopigment evolution suggests that ancestral

mammals were active under twilight (mesopic) conditions

[19,20]. Likewise, a proposed mechanism for the hypothesized

evolutionary shift to nocturnality in early mammals [21], compe-

tition with and predation by diurnal dinosaurs, appears weakly

supported. New data suggest that small predatory dinosaurs in

particular were active at night [22], so nocturnal activity could

not provide a complete refuge from dinosaurs for early mam-

mals. Despite these recent findings, there are multiple lines of

evidence supporting the view that at least non-diurnal activity

patterns dominated the history of mammals.

Although details on exact timing and evolution of diel

activity patterns within mammals are still wanting, an even

wider gap of knowledge becomes apparent when considering

a broader phylogenetic framework. Mammals are members

of a larger amniote clade, Synapsida, and there is a large

phylogenetic, morphological and ecological diversity of non-

mammalian synapsids, with a fossil record extending back to

the Late Carboniferous (Westphalian B; ca 312 Ma) [23]. In the

light of this enormous diversity and the excellent quality of

many fossils, studies of synapsid functional morphology are

expected to yield valuable clues about the evolution of diel

activity patterns and temporal resource partitioning among

non-mammalian synapsids. Gaining a better understanding

of the diel activity patterns of non-mammalian synapsids also

may help to improve knowledge of the evolutionary dynamics

of this behavioural trait in synapsids in general.

Our study is guided by a new method to indirectly deter-

mine the diel activity patterns of fossil amniotes: phylogenetic

flexible discriminant analysis [4,22,24] of scleral ring and orbit

dimensions, all of which strongly correlate with eyeball shape

and optical function [3,25]. Discriminant analysis provides

quantitative estimates of ocular image formation in a probabil-

istic framework that accounts for phylogenetic covariance

among species. The morphology and distribution of scleral

rings across tetrapods suggest that they are homologous [26],

but all mammals (living and extinct) lack scleral rings [26]. How-

ever, scleral ossicles occur in nearly all major non-mammalian

synapsid clades (figure 1; see the electronic supplementary

material for further details). The presence of scleral ossicles in
non-mammalian synapsids affords the opportunity to ‘retrodict’

the likely diel activity patterns in members of the mammalian

stem lineage, providing a rich resource of fossil information

about the early history and palaeobiology of the synapsids.
2. Results
Our results (figures 2–4) show that non-mammalian synapsids

featured scleral ring and orbit dimensions (electronic sup-

plementary material) that indicate the presence of the full

spectrum of diel activity patterns. First, we used the optical

plot (the squared internal scleral ring diameter plotted against

the product of external scleral ring diameter and orbit length)

of Schmitz & Motani [3] to explore how fossil data compare to

extant data (figure 2a). Fossil synapsids tend to have slightly

larger overall eye size but are morphologically very similar to

extant species. The optical plot further revealed that some

fossil synapsids have a large internal scleral ring diameter for

given orbit length and external scleral ring diameter, similar

to some extant nocturnal species. Next, we introduced a new

procedure to characterize eye morphology. We plotted the opti-

cal ratio, a proxy for light sensitivity, against the geometric mean

of all three eye variables, a proxy for overall eye size (figure 2b).

Larger eyes improve both light sensitivity and acuity, and by

combining the optical ratio and eye size one may obtain

additional information for separating the eyes of species with

different diel activity patterns. Indeed, the plot shows that

extant diurnal, cathemeral and nocturnal species are well

separated. The eyes of diurnal species tend to be small with

low optical ratio, whereas the eyes of nocturnal species have

high optical ratios. Cathemeral species tend to have inter-

mediate optical ratios but have larger eyes than both diurnal

and nocturnal species overall. The eye morphologies of fossil

synapsids are very similar to those of extant species and over-

lap with diurnal, cathemeral and nocturnal species (figure 2c).

In order to account for the confounding effects of phylogeny as

well as to obtain quantitative predictions of light sensitivity for

fossil synapsids, we employed phylogenetic flexible discrimi-

nant analysis. The resulting discriminant space is informed

by morphology, overall size and phylogenetic covariance and

thus cannot be interpreted as a traditional morphospace

(figure 2d; electronic supplementary material). Posterior prob-

abilities (figure 3) suggest that nine species were scotopic
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Figure 2. Scleral ring and orbit morphology of birds, lizards and fossil synapsids. (a) Optical plot sensu Schmitz & Motani [3] showing the similarity of eye
morphologies across all groups, including synapsids. (b) The optical ratio [3] plotted against overall eye size showing clear separation between species with different
diel activity patterns. (c) Fossil synapsids fall in the range of diurnal, cathemeral and nocturnal birds and lizards. (d ) Discriminant space formed by scleral ring and
orbit morphology. The two axes were defined with a phylogenetic flexible discriminant analysis of 164 extant saurian species and three categories of ocular image
formation (mesopic ¼ cathemeral, photopic ¼ diurnal, scotopic ¼ nocturnal) [23]. Species with large internal ring diameter (INT) compared with external diam-
eter (EXT) tend to have small scores on discriminant axis (DA) 1, and species with large INT for given orbit length (OL) tend to have small values on DA 2. Hence,
this discriminant space is in part a graphical representation of the optical ratio (INT2/EXT � OL) [3,22]. Values for fossil synapsids (triangles) occupy a larger area of
discriminant space than extant saurians. This pattern is in part driven by their larger eyes, because scores of DA 1 and 2 are correlated with overall eye size [4], but it
also reflects phylogenetic differences (electronic supplementary material).
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(active in low light conditions), seven mesopic (intermediate

light conditions) and five photopic (bright light conditions).

Two species were ambiguously classified as mesopic/scotopic

(figure 4). A strong latitudinal effect [28] on ocular image

formation resulting from seasonal day length changes is un-

likely. None of the species in our sample occurred deep within

the polar regions, although species from the Karoo Basin lived

at fairly high latitudes (approx. 608 South; electronic sup-

plementary material). Therefore, we assume that the predicted

ocular image formation type largely corresponds to diel activity

patterns, but acknowledge the possibility that mesopic recon-

structions of ocular image formation may be partially

influenced by seasonal changes in environmental light levels.
3. Discussion
The phylogenetic distribution of diel activity patterns in

fossil synapsids indicates a surprisingly deep origin of
nocturnality in the clade. All four basal ‘pelycosaur-grade’

species (Aerosaurus wellesi, Dimetrodon milleri, Heleosaurus
scholtzi and Sphenacodon ferox) are reconstructed with scotopic

ocular image formation (figure 4). The majority of therapsids

also are reconstructed as being mesopic or scotopic; the pri-

mary exceptions to this pattern are the herbivorous

anomodonts, which have scleral ring and orbit dimensions

consistent with diurnal activity under photopic conditions

(figure 4). Preliminary ancestral state reconstructions using

maximum-likelihood and Bayesian approaches (electronic sup-

plementary material) imply that activity under scotopic

conditions is the ancestral character state for synapsids.

Given that the earliest synapsids occur in the Late Carbonifer-

ous (ca 312 Ma) [28] and that scotopic taxa in our analysis such

as Sphenacodon and Dimetrodon originate below the Permo-

Carboniferous boundary [29], the initial invasion of nocturnal

niches by synapsids must have occurred over 300 Myr ago [27],

more than 100 Myr before the Late Triassic origin of mammals

[8]. Moreover, when combined with recent observations for
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basal reptiles [30], our results raise the possibility that noctur-

nal activity patterns were relatively widespread in the early

radiation of amniotes.

Although juvenile tetrapods tend to have relatively

larger eyes than adults of the same species, it is unlikely

that ontogenetic effects have biased our inferences of diel

activity patterns among basal synapsids. Only three speci-

mens in our dataset represent very early ontogenetic

stages (defined here as having a basal skull length less

than 25% of known maximum size for the species) and 21

of the 33 specimens for which we could make numerical

estimates are 50% of maximum size or larger (electronic

supplementary material). There are also six species in

our dataset that are represented by multiple individuals

that vary in size. These specimens largely give consistent

estimates of optical light sensitivity for each species, and

inconsistent cases almost always stem from poor preservation

(electronic supplementary material). For example, two of the

four specimens of Cyonosaurus we sampled were classified as

photopic, one was classified as scotopic and one was classified

as mesopic. However, the two best preserved specimens con-

sistently returned a photopic result, and one of these two
specimens is the smallest Cyonosaurus specimen in the dataset

(approx. 46% of maximum size).

Early mammals feature an array of morphologies that are

considered to be consistent with a nocturnal lifestyle, such as

impedance-matched hearing capability, a keen olfactory

sense and an elevated metabolic rate [31]. These traits are

absent or rudimentary in non-mammalian synapsids, but

comparisons with extant tetrapods show that they are not

required for nocturnal activities. Many amphibians and squa-

mates are nocturnal [32,33], despite having much lower

metabolic rates than mammals. Likewise, the Caecilia and

Caudata lack tympanic ears [34,35], yet many species in

these two clades are nocturnally active [32,36]. Some anurans

and squamates also lack tympanic ears [34,37]. Most of these

species are diurnal (a few, such as Bombina bombina, are active

both day and night), but some have been documented to

have alternate means for detecting airborne sound [37–41],

underscoring that the lack of a tympanic ear does not elimin-

ate all hearing ability. Conversely, the dorsal sail of the basal

synapsid Dimetrodon might be considered as an indicator of

diurnal habits, contradicting our reconstruction of D. milleri
as nocturnal, because the hypothesized heat exchange function
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of the sail is usually framed in the context of activity during

daylight conditions [42–48]. Several recent studies have

questioned the thermoregulatory role of the sail [49–52],

however, and alternative functions have been proposed that

do not require Dimetrodon to have been diurnal (electronic

supplementary material).

Beyond the implications for the evolutionary origins of diel

activity patterns in non-mammalian synapsids, our results hint

at potential relationships between diel activity and other

aspects of ecology. Diurnal activity appears to be correlated

with the adoption of herbivorous diets in the synapsids we

sampled, with 50% of the included herbivores being classified

as photopic versus 6% of the included carnivores (figure 4).

These findings are congruent with the patterns observed in

Mesozoic archosaurs and extant mammals [22]. The herbivores

among non-mammalian synapsids are not as large as their

dinosaurian and some mammalian counterparts, so for-

aging and thermoregulatory constraints dictating a shift to

cathemeral activity have diminished influence. Even among
herbivores, diel activity patterns may have greater ecological

importance than previously considered. For example, the dicy-

nodonts Tropidostoma dubium and Oudenodon bainii display a

high degree of morphological similarity, requiring varied

data to be reliably differentiated [53], and their stratigraphic

ranges overlap in the South African Karoo Basin. In our analy-

sis, T. dubium is reconstructed as mesopic, whereas O. bainii is

photopic, offering potential insight into how these species were

able to successfully coexist. Diel activity plays an important

role in temporal and spatial resource partitioning in modern

terrestrial communities [1]; the example of T. dubium and

O. bainii suggests that this partitioning was underway by the

Late Permian (ca 258 Ma).

In summarizing our results, we emphasize the large diver-

sity of scleral ring and orbit morphology in non-mammalian

synapsids as well as the variety of inferred diel activity patterns.

Our data indicate that non-diurnal activity patterns are far older

than the origin of mammals, and even include the possibility

of a largely nocturnal phase at the base of Synapsida. Eye
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morphologies consistent with intermediate light levels were

slightly more prevalent among the sampled therapsids, with

the exception of the mainly photopic anomodonts. The cyno-

dont Tritylodon longaevus, the closest relative to mammals in

our sample, is inferred as mainly active in low-light conditions.

Given that we exclusively analysed non-mammalian synapsids,

we cannot evaluate the timing of the origin of nocturnality in

mammals, but we show that mammals were re-occupying the

nocturnal niche and not invading a temporal niche that was fun-

damentally novel to Synapsida. Our findings demonstrate that

eye morphology and likely diel activity patterns vary in a com-

plex way among non-mammalian synapsids. Recognition of

this complexity is an important step towards a more nuanced

picture of the evolutionary history of diel activity patterns in

synapsids. Future research will be needed to determine whether

nocturnality was a novel behaviour pattern evolved by basal

synapsids, or if they inherited it from an even more distant

amniote or tetrapod ancestor.
141642
4. Material and methods
(a) Construction of the time-calibrated phylogeny
The topology of the phylogenetic tree is a composite derived

from several works. The backbone topology is primarily based

on the study by Sidor & Hopson [54] and Cisneros et al. [55],

although the topology also is consistent with Benson’s [56] results

for pelycosaur-grade synapsids. The topologies for Biarmosuchia

and Therocephalia are based on the study by Sidor & Smith

[57] and Sigurdson et al. [58], respectively, and the topology for

Anomodontia is derived from Kammerer et al. [59]. In order to

time-calibrate the tree, we collected information on the full

stratigraphic ranges of the included taxa from various literature

sources including [29,53,55,57,60–69], ultimately resulting in a

non-ultrametric tree (electronic supplementary material). Strati-

graphic ranges were converted to numerical time with two main

resources, the modelled dates of Montañez et al. [70] for the varano-

pids and sphenacodontids, and the radiometric dates of Rubidge

et al. [71] for the therapsids. In a few cases (e.g. T. longaevus), we

used dates presented in [72] to estimate the ages of reported first

and last occurrences. In order to convert the stratigraphic ranges

and the topology into a fully time-calibrated tree, we followed an

approach similar to [22]. In cases where a species was known from

a single specimen, we arbitrarily assigned the species a branch

length of 1 Myr. We verified that qualitative classification of fossils

did not vary when terminal branches were excluded. In cases

where stratigraphic ranges imply zero branch lengths, we arbitrarily

added 0.5 Myr. After we time-calibrated the synapsid tree, we

merged it with the previously established saurian tree by [22],

using the bind.tree() function of the ‘ape’ package [73] for the statisti-

cal platform R [74]. We set the age of the amniote node to 324.5 Ma

[75,76]. The entire nexus file of the complete tree is available in the

electronic supplementary material.
(b) Phylogenetic flexible discriminant analysis
To characterize diel activity patterns in non-mammalian synapsids,

we measured scleral ring and orbit dimensions with optical rel-

evance in 38 synapsid specimens (electronic supplementary

material) representing at least 24 species and belonging to eight

major clades (Varanopidae, Sphenacodontidae, Biarmosuchia,

Dinocephalia, Gorgonopsia, Anomodontia, Therocephalia and

Cynodontia). We inferred ocular image formation for species

averages (where applicable) using classification rules established

by phylogenetic flexible discriminant analysis of a comparative

dataset of 164 extant terrestrial saurians [22,24]. Discriminant

analysis is a useful statistical method for predicting a categorical

variable (such as ecology or behaviour) on the basis of continuous

variables (such as morphological measurements). Group classifi-

cation rules are established on the basis of a training dataset with

known categorical variables, i.e. extant species in palaeobiological

applications. The classification rules (‘discriminant functions’) are

formed by combinations of those continuous variables that best dis-

criminate between groups. Flexible discriminant analysis uses

nonlinear group boundaries, but note that the type of discriminant

function varies between different methods. Samples with unknown

group membership, such as fossils, are assigned to groups by pos-

terior probabilities calculated for each test sample. Phylogenetic

flexible discriminant analysis accounts for phylogenetic covariance

when predicting group membership, which should minimize erro-

neous conclusions. The correctly classified proportion in the

training dataset of 164 extant terrestrial saurians is 79.3%, with

most of the 34 misclassifications (70.6%) being false inferences of

photopic image formation. We performed the analysis on a

branch-length transformed tree that maximizes the correlation

between form and function [22,24] (Pagel’s l ¼ 0.08). Because the

vertex formed by the likelihood distribution is wide, we allowed

an error of 0.02 for classification purposes. We informed the

discriminant analysis with prior probabilities for diel activity

proportions of extant amniotes considered to reflect the full ecologi-

cal diversity of Late Palaeozoic and Mesozoic ecosystems, with the

majority of extant amniotes being photopic (58.5%), followed by

scotopic (27.1%) and mesopic species (14.4%). Hence, the classifi-

cation of non-mammalian synapsids as photopic is favoured

a priori, whereas the inference of scotopic and mesopic ocular

image formation is penalized. More background information on

the method is provided in the electronic supplementary material.
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