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Variation in daily activity patterns facilitates temporal 
partitioning of habitat and resources among species. 
Knowledge of temporal niche partitioning in 
paleobiological systems has been limited by the difficulty 
of obtaining reliable information about activity patterns 
from fossils. On the basis of an analysis of scleral ring and 
orbit morphology in 33 archosaurs, including dinosaurs 
and pterosaurs, we show that the eyes of Mesozoic 
archosaurs were adapted to all major types of diel activity 
(that is, nocturnal, diurnal, and cathemeral) and provide 
concrete evidence of temporal niche partitioning in the 
Mesozoic. Similar to extant amniotes, flyers were 
predominantly diurnal; terrestrial predators, at least 
partially, nocturnal; and large herbivores, cathemeral. 
These similarities suggest that ecology drives the evolution 
of diel activity patterns. 

In animals, bouts of activity are distributed throughout a 24-
hour period (diel activity pattern), and the temporal patterns 
of such activity are classified into four types: diurnal (day-
active), nocturnal (night-active), cathemeral (day- and night-
active), and crepuscular (twilight-active) (1, 2). Conventional 
wisdom holds that temporal niche partitioning in the 
Mesozoic was dictated by phylogeny; that is, nocturnality in 
mammals evolved as consequence of the dominance of 
diurnal dinosaurs (3–5). It has been difficult to test this 
hypothesis because reliable information on diel activity 
pattern of fossil taxa was unavailable. However, it recently 
has been shown that optical information recorded in orbit and 
scleral ring morphology enables quantitative distinction of 
activity patterns. We used this approach (6) in conjunction 
with morphological data on extant species with known 
activity patterns and a time-calibrated phylogeny to make 
inferences about diel activity pattern in Mesozoic archosaurs. 

Our approach is based on optical principles and the 
relation between form and function of the eye (7). Ocular 
image formation relates to retinal illumination, or the 
brightness of the projected image. Three groups of ocular 
image formation, which are correlated with diel activity 
pattern, exist: (i) photopic (diurnal), with no activity in dim 
light; (ii) scotopic (nocturnal), with activity in dim light only; 

and (iii) mesopic (cathemeral), with activity in all light levels. 
We included crepuscular species, or those that are active 
during twilight, in the mesopic group, and we classified 
species that are diurnal plus crepuscular, cathemeral plus 
crepuscular, or nocturnal plus crepuscular as photopics, 
mesopics, and scotopics, respectively. Ocular image 
formation can be identified in fossils that preserve orbit 
length and diameter of the scleral ring (external and internal) 
because both are correlated with optical function (8, 9) and 
informative for classification (7). 

Ocular image formation corresponds to eye shape (6, 7, 
10). Scotopics improve retinal illumination with a large 
aperture for given focal length and retinal area. The 
osteological equivalent is a large internal scleral-ring 
diameter relative to external diameter and orbit length (Fig. 
1). Photopic species have a relatively small aperture and a 
small internal scleral-ring diameter for a given eye size, 
emphasizing acuity. Small maximum aperture probably 
minimizes the energy required to contract the iris for better 
depth of focus and prevention of retina overstimulation. A 
large eye facilitates both high acuity and sensitivity, a 
characteristic important for mesopics. Scleral ring and orbit 
dimensions in 33 Mesozoic archosaurs (10) (Fig. 2, Table 1, 
and tables S1 and S2) varied, with external diameters of 
scleral rings ranging from 9.56 mm (Pterodactylus antiquus) 
to 92.6 mm (Saurolophus osborni). The latter is more than 
twice as large as that of the emu (Dromaius novaehollandiae, 
34.9 mm) (9) but is still less than half the size of scleral rings 
found in ichthyosaurs, marine reptiles of the Mesozoic (11). 
The shape and size diversity of scleral rings and orbits in our 
sample of fossil archosaurs indicates variety in ocular image 
formation, which we can confirm quantitatively. 

The quantitative discrimination of ocular image formation 
with osteological features has its foundation in comparative 
data on extant avians and squamates (6). This taxonomic 
bracket enables analyses of fossil archosaurs that fall between 
avians and squamates in a phylogenetic tree (12). However, 
there is phylogenetic signal in the correlation between form 
and ecology of amniote eyes (6). This phylogenetic signal can 
potentially lead to false inferences of activity pattern, and we 
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therefore analyzed the data set with a discriminant analysis 
accounting for the phylogenetic signal (10) (figs. S1 and S2). 

To determine the activity pattern of fossil archosaurs, we 
performed phylogenetic discriminant analysis at Pagel’s 
lambda, a measure of the strength of phylogenetic signal, of 
0.08, the optimal value for correlation between ocular image 
formation and hard-tissue traits (6). For classification 
purposes, we allowed an error of 0.01 around the optimum 
because the vertex of the likelihood distribution is wide. To 
make inferences about the activity pattern in fossil 
archosaurs, we modified a published script to allow inclusion 
of data with unknown activity pattern (10). Prior probabilities 
are based on proportions of photopics, scotopics, and 
mesopics among extant amniotes (squamates, avians, and 
mammals) (10) (Fig. 2 and tables S3 and S4). Although 
archosaurs are nested within the saurian lineage (12), the 
amniote prior is reasonable. A prior based on extant saurians 
alone would misrepresent the ecological diversity recognized 
in Mesozoic archosaurs. Ecological niches previously 
occupied by nonavian dinosaurs are now filled by mammals, 
and thus the inclusion of mammals is integral for accurate 
prior probabilities. We estimate that the majority of extant 
amniotes are photopic (58.5%), followed by scotopics 
(27.1%) and mesopics (14.4%). Photopics are dominant 
among active flyers (77.5%), whereas scotopics and 
photopics form the largest proportions among the terrestrials, 
or nonflyers (41.6% and 41.0%, respectively) (Fig. 3). 
Our results (Table 1) suggest that a variety of ocular image 
formations existed in the Mesozoic. Fourteen species were 
identified as mesopics, 9 as scotopics, and 8 as photopics, 
whereas 2 were ambiguously classified as mesopic/scotopic. 
There is no clear phylogenetic clustering of ocular image 
formation. Euparkeria capensis and Proterosuchus 
vanhoepeni, both found near the base of the archosaur tree 
(13), were scotopic and mesopic, respectively. This finding is 
congruent with the hypothesis that archosaur ancestors had 
visual pigments adapted to dim light (14). Given the plasticity 
of ocular image formation across clades in extant amniotes 
and fossil archosaurs, however, estimates of ancestral states 
should be postponed until we have sampled more species. 
Moreover, E. capensis and P. vanhoepeni may require further 
investigation because they occurred near a polar circle (table 
S5). Polar species experience periods of continuous sunlight 
or darkness depending on season. However, the majority of 
the examined archosaurs inhabited low and temperate 
latitudes (table S5). 

Comparisons with extant amniotes suggest that 
proportions of activity patterns are ecology-specific and 
largely independent from phylogeny. Similar to extant 
amniotes, the majority of flyers in our sample, including three 
pterosaurs and all four avians, were photopic. Four pterosaurs 
were scotopic; another one, mesopic. Ctenochasma elegans, 
C. taqueti, and Rhamphorhynchus muensteri were likely 
piscivorous and possibly had diel activity patterns 
comparable to those of nocturnal procellariiform birds (15). 
The filter-feeder Pterodaustro guinazui may have had diel 

activity similar to nocturnal filter-feeders among anseriform 
birds (16). Nocturnality in an extinct flyer has been suggested 
for an ornithurine bird, on the basis of the relative size of 
brain region impressions (17). Anurognath pterosaurs may 
have been nocturnal as well (18), yet we could not test this 
because a specimen with preserved scleral ring is currently 
unavailable. Five of the analyzed pterosaurs are part of the 
Late Jurassic Solnhofen fauna (early Tithonian; Hybonotum 
Zone, Solnhofen Limestone), which allows for examination 
of temporal niche partitioning (19). Our results suggest that 
the Solnhofen pterosaur fauna is characterized by a photopic 
(Archaeopteryx lithographica, Pterodactylus antiquus, and 
Scaphognathus crassirostris) and a scotopic (Ctenochasma 
elegans and Rhamphorhynchus muensteri) group. 

We also recognized similarities between extant and fossil 
amniote activity patterns for herbivores. All herbivores in our 
analysis were found to be mesopic, except for the photopic 
ornithischian Agilisaurus louderbacki, the smallest analyzed 
herbivore, and two, Lufengosaurus huenei and Ornithomimus 
edmontonicus, ambiguously classified as mesopic/scotopic. 
These results confirm previous hypotheses, based on 
thermoregulatory considerations (20), of partially nocturnal 
behavior in large dinosaurs. Recently, the relatively large 
orbit size of the ceratopsian dinosaur Protoceratops andrewsi 
was interpreted as a nocturnal adaptation (21); however, our 
results suggest that P. andrewsi was adapted to mesopic light 
levels. Constraints for foraging time and thermoregulation 
likely influenced diel activity pattern of herbivorous 
dinosaurs, as is the case for extant herbivores (22). The daily 
foraging budgets of herbivores increase with body mass, and 
a study (22) suggests that herbivorous mammals exceeding a 
body mass of 423 kg are expected to forage more than 12 
hours a day. Constraints on foraging time in herbivorous 
dinosaurs, often exceeding extant terrestrial vertebrates in 
size, are reasonable from anatomical and energetic 
perspectives. Lower metabolic rate (23) could decrease food 
requirement and daily foraging time. Furthermore, 
sauropodomorphs may have had higher food intake rates and 
shorter daily foraging time budgets because they did not 
masticate (24). However, thermoregulatory constraints as 
consequence of size dictate a shift to cathemerality, in 
particular in the light of high mean annual temperatures in the 
Mesozoic (25). Many terrestrial vertebrates avoid high mid-
day temperatures and show bimodal diel activity to minimize 
overheating (22, 26, 27), a substantial problem for large 
animals. The change in diel activity pattern as response to 
high mid-day temperatures, in combination with the necessity 
to meet food requirements, can lead to partially nocturnal 
behavior. 

Nocturnal or cathemeral activity was also common among 
predators, as our results suggest. All terrestrial predators in 
our sample were either scotopic or mesopic, which matches 
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the pattern seen in extant mammalian carnivores (28). Our 
results are consistent with the interpretation that sensory areas 
in the brain of the small theropod Conchoraptor gracilis were 
adapted to a crepuscular or nocturnal lifestyle (29). 
Differences in relative orbit size have led to suggestions of 
niche separation in this group, with small theropods being 
nocturnal and large theropods being diurnal (30). Although 
we confirm that some small theropods were at least partially 
scotopic, data on ocular image formation of large theropods 
are not available yet. However, we can make an inference of 
predator-prey interaction. Velociraptor mongoliensis from the 
Campanian Djadokhta Formation (Upper Cretaceous) in 
Mongolia was scotopic, whereas an herbivore of this fauna 
(P. andrewsi) was mesopic. It is plausible that the 
Velociraptor attack on Protoceratops, one of the few 
examples of predatory behavior directly documented in the 
vertebrate fossil record (31), occurred in twilight or low-light 
conditions. 

Our results suggest that the previous assumption of a 
dichotomous split in temporal habitat and resource use among 
terrestrial amniotes in the Mesozoic, with archosaurs being 
diurnal and mammals being nocturnal (3–5), is inaccurate. 
Although quantitative inferences of Mesozoic mammals are 
not available yet, our results show that many Mesozoic 
archosaurs were active day and night. We reject the 
hypothesis of a phylogenetic split between nocturnal and 
diurnal activity patterns. Instead, we argue that partition of 
diel activity pattern depends on body size, diet, and habitat in 
both extant amniotes and Mesozoic archosaurs. In conclusion, 
ecology emerges as major evolutionary driver of diel activity 
patterns. 
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Fig. 1. Scotopic (nocturnal) species [(A) cross section, (B) 
lateral view along the optical axis] have a much larger lens 
and aperture for given eye size compared with photopics 
[diurnals (C and D)]. Scotopics and photopics can also be 
distinguished with skeletal structures alone [(E) the scotopic 
Rhachodactylus and (F) the photopic Varanus]. Not to scale. 

Fig. 2. Scleral rings used to infer diel activity pattern in fossil 
archosaurs. (A) The pterosaur Scaphognathus crassirostris 
was photopic (diurnal), whereas the pterosaur (B) 
Ctenochasma elegans and the theropod dinosaurs (C) 
Velociraptor mongoliensis and (D) Juravenator starki were 
scotopic (nocturnal). Not to scale. 

Fig. 3. Estimated proportions of photopic (diurnal, white), 
scotopic (nocturnal, black), and mesopic (cathemeral, gray) 
extant mammals, squamates, and avians. Photopics are 
common when all species are considered (A). The dominance 
of photopics is pronounced among flapping flyers [(B) avians 
and chiropterans combined], whereas photopics and scotopics 
are equally common among other terrestrial species (C). We 
used proportions in (A) as prior probability for phylogenetic 
discriminant analysis.
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Table 1. Inferred ocular image formation in fossil archosaurs. 

Ocular image formation Ecology 
Basal archosaurs 

Euparkeria capensis scotopic predator 
Proterosuchus vanhoepeni mesopic predator 

Pterosaurs 
Ctenochasma elegans scotopic flyer 
Ctenochasma taqueti scotopic flyer 
Pterodactylus antiquus photopic flyer 
Pterodaustro guinazui scotopic flyer 
Rhamphorhynchus muensteri scotopic flyer 
Scaphognathus crassirostris photopic flyer 
Tapejara wellnhoferi mesopic flyer 
Tupuxuara sp. photopic flyer 

Ornithischian dinosaurs 
Agilisaurus louderbacki photopic herbivore 
Corythosaurus casuarius mesopic herbivore 
Prosaurolophus maximus mesopic herbivore 
Protoceratops andrewsi mesopic herbivore 
Psittacosaurus mongoliensis mesopic herbivore 
Saurolophus osborni mesopic herbivore 

Basal saurischian dinosaur 
Herrerasaurus ischigualestensis mesopic predator 

Sauropodomorph dinosaurs 
Diplodocus longus mesopic herbivore 
Lufengosaurus huenei mesopic/scotopic herbivore 
Nemegtosaurus mongoliensis mesopic herbivore 
Plateosaurus longiceps mesopic herbivore 
Riojasaurus incertus mesopic herbivore 

Nonavian theropods 
Garudimimus brevipes mesopic herbivore 
Juravenator starki scotopic predator 
Megapnosaurus kayentakatae scotopic predator 
Microraptor gui scotopic predator 
Ornithomimus edmontonicus mesopic/scotopic herbivore 
Sinornithosaurus sp. mesopic predator 
Velociraptor mongoliensis scotopic predator 

Avians 
Archaeopteryx lithographica photopic flyer 
Confuciusornis sanctus photopic flyer 
Sapeornis chaoyangensis photopic flyer 
Yixianornis grabaui photopic flyer 
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