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Activity patterns have profound implications on primates” morphology, physiology, and behavior and have likely driven their diversification.
The last common ancestor of extant primates has been traditionally considered nocturnal although this notion has been recently debated due
to emerging contradictory evidence. Previous studies underestimated the role of cathemerality (i.e., the ability to remain active throughout a
24-h cycle) by simplifying primate activity to the diurnal-nocturnal dichotomy. \We estimated the evolutionary trajectories of activity patterns
in primates and investigated how these may have influenced their diversification rates. We used a comprehensive data set to test multiple
evolutionary hypotheses, following a robust Bayesian framework by using 5000 calibrated phylogenetic trees to account for phylogenetic
uncertainty. Our results support a nocturnal ancestor that has shifted to diurnality in the Simiformes, has retained nocturnality in Lorisiformes
and most Lemuriformes, and shifted to cathemerality in the ancestor of Lemuridae. The diversification of activity patterns in primates seems
to have mainly arose by speciation rather than shifts between activity patterns, suggesting a low flexibility of diurnal and nocturnal patterns
and the key importance of cathemeral activity as transitional state to shift between more specialized activity patterns. A cathemeral activity
seems to appear well before diurnality in Malagasy lemurs, suggesting an ancient origin of this trait on the island and rejecting the hypothesis
of a recent transition. The present research contributes to further disentangle the adaptive role of activity patterns in primate evolution.
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INTRODUCTION lie on species phylogenetic history that only recently reached a fine-

Earth rotation plays a major role in ecology and behavior of species grained resolution thanks to quantitative genetic information and the

by determining a number of rapid changes throughout the 24-h cycle.
Life on earth has evolved to cope with these cyclic changes by parti-
tioning and exploiting time as an ecological resource (Kronfeld-Schor
and Dayan 2003). Birds and mammals present numerous examples
of time-partitioning strategies, with the former being predominantly
diurnal and the latter being predominantly nocturnal (Charles-
Dominique 1975). The adaptive role of different activity patterns
has thus received considerable attention by both chronobiologists and

chronoccologists (Enright 1970; Halle and Stenseth 2000; Schibler ~ €ffects of activity pattern evolution and lincage diversification.
Today, most extant primates are either diurnal or nocturnal,

whereas only a minority are considered cathemeral (Curtis and

development of new statistical approaches. The analysis of patterns
and mechanisms of activity pattern at macroevolutionary scale is thus
essential to understand the importance of time partitioning for species
diversification. Primates are an ideal model to study macroevolution-
ary trajectories of activity patterns because they represent a speciose
group distributed in both hemispheres, show a variety of activity pat-
terns, and phylogenetic reconstructions including most species are
available. Thus, they provide an opportunity to analyze the reciprocal

et al. 2001). Yet the ultimate reasons for the observed pattern also

Rasmussen 2006). Cathemerality, better known as diel activity

Address correspondence to L. Santini. E-mail: luca.santini@uniromal..it among mammalogists (Halle 2006), indicates a flexible pattern
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phases (Tattersall 1987). This pattern can vary throughout the
year and in different locations. Among primates, cathemerality has
been reported in 4 genera of lemurs (Eulemur, Lemur, Hapalemur,
and Prolemur) and 1 genus of platyrrhine (Aotus) (Curtis 2007,
Fernandez-Duque et al. 2010; Donati et al. 2013). Because of
the growing number of reports of primates active over the 24-h
cycle in recent years, the ecological and evolutionary determi-
nants of activity patterns in primates, compared with other mam-
mals, have aroused considerable attention (Curtis and Rasmussen
2006; Donati and Borgognini-Tarli 2006). Diurnal and nocturnal
primates evolved specific visual adaptations, which are well dis-
tinguished from other mammals (Kay and Kirk 2000; Kirk 2004,
2006; Hall et al. 2012). The degree of specialization of the visual
system in Primates (Heesy and Ross 2001; Bearder et al. 2006)
prevent them to shift their activity between the diurnal phase and
the nocturnal phase. Interestingly, the eyes of cathemeral spe-
cies show a mixture of diurnal and nocturnal traits (Kirk 2006;
Hall et al. 2012), which allow them to operate in very different
light conditions. Thus, cathemerality in primates has been the
focus of several studies over the last decades (Tattersall 1987;
Curtis and Rasmussen 2006; Curtis 2007; Donati et al. 2013) and
has prompted an intense debate on its origin and evolution (van
Schaik and Kappeler 1996; Kappeler and Erkert 2003; Curtis and
Rasmussen 2006; Donati and Borgognini-Tarli 2006; Donati et al.
2013).

Some authors have argued that the co-occurrence of both
diurnal and nocturnal species in previous primate communities
suggests a considerable evolutionary flexibility in activity pattern
(Ankel-Simons and Rasmussen 2008) and that diurnality and noc-
turnality may have evolved independently several times throughout
primate evolutionary history (Tan et al. 2005; Williams et al. 2010;
Griffin et al. 2012; Joffe et al. 2013). A secondary return to noc-
turnality is widely accepted for the genus Aotus (Martin 1990) but
has also been suggested for Avahi (Miller and Thalmann 2000),
Tarsius, Lepilemur, Daubentonia, and the Lorisiformes (Lorisidae +
Galagidae) (Tan et al. 2005; Joffe et al. 2013). However, the infor-
mation from the eye characteristics and phylogenetic inferences is
contradictory and the number of transitions between activity pat-
terns during the primates’ radiation is still unknown (Heesy and
Ross 2001, 2004; Tan et al. 2005; Ross et al. 2007; Ankel-Simons
and Rasmussen 2008; Joffe et al. 2013; Melin et al. 2013; Veilleux
et al. 2013).

Primates are thought to have originated from small, arboreal,
insectivorous mammals, resembling modern tree shrews and pos-
sums (Bloch and Boyer 2002) between the Cretaceous and the
Paleocene (~65-75 Ma) (Martin et al. 2007; Meredith et al. 2011).
The last common ancestor of extant primates has long been con-
sidered nocturnal (Cartmill 1972, 1974, 1992; Charles-Dominique
1975; Allman 1977; Rasmussen 1990; Crompton 1995; Lemelin
1999; Ravosa et al. 2000) although this notion has recently been
debated due to emerging contradictory evidence (Heesy and Ross
2001, 2004; Tan et al. 2005; Ross et al. 2007; Ankel-Simons and
Rasmussen 2008; Joffe et al. 2013; Melin et al. 2013; Veilleux et al.
2013). Parsimony reconstructions based on activity pattern, chro-
matic vision, and opsin genes point to nocturnal-like species (Heesy
and Ross 2001, 2004; Ross et al. 2007; but see Ankel-Simons and
Rasmussen 2008%). In contrast, chromatic vision and opsin gene
relaxation in living strepsirrhines species suggest a different picture
where earliest primates may have been diurnal or cathemeral (Tan
and Li 1999; Tan et al. 2005; Melin et al. 2013; but see Veilleux
et al. 2013).

*These citations amended 18-03-15 to move the words ‘but see’ from
before ‘Heesy and Ross...” to before ‘Ankel-Simons and Rasmussen...".
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Over the last decade, several pieces of evidence have prompted
the idea that lemurids or even the whole Primates order may have
had a cathemeral common ancestor. First, recent estimates of body
mass in ancestral primates fall within the range of extant cath-
emeral and diurnal species (but see Gebo 2004; approximately
>1000g; Soligo and Martin 2005). In fact, with the exception of
Daubentonia madagascariensis, Nycticebus javanicus, Nycticebus bengalensts,
Otolemur crassicaudatus, and Otolemur garnettr, all nocturnal primates
weigh less than 1000g (Charles-Dominique 1975; Wright 1989).
Second, looking at the fossil record, the Paleocenic Plesiadapiformes
(i.e., by many considered the earliest known stem primates) exhibit
a relative orbit size that is smaller than in extant primates (Kay and
Cartmill 1977). In addition, stem euprimates such as Teilhardina asi-
atica (N1 et al. 2004) and Archicebus achilles (N1 et al. 2013) show an
orbit diameter within the range of current diurnal and cathemeral
species, dating the appearance of diurnality and/or cathemerality
to the earliest Eocene (54.8-55.8 Ma). Third, although many mam-
mal species are labeled as either diurnal or nocturnal depending on
their predominant phase of activity, there is a remarkable flexibil-
ity between individuals, locations, and seasons (Halle and Stenseth
2000; Curtis and Rasmussen 2006; Rafinetti 2008). In contrast,
cathemerality seems to be an exception in primates where a strict
diurnal-nocturnal dichotomy has been considered the rule (Curtis
and Rasmussen 2006).

Species diversification rates result from the balance of specia-
tion and extinction rates. Life-history traits may allow species to
take advantage of new ecological opportunities (Losos 2010) as well
as determine their vulnerability to different threats (Purvis et al.
2000; Cardillo et al. 2005). As a consequence, species traits play
a fundamental role in diversification by both promoting speciation
and affecting extinction risk (Maddison et al. 2007). Activity pat-
tern strongly influences many aspects of primate behavioral ecol-
ogy (Charles-Dominique 1975; Wright 1989) and thus likely leads
to differential rates of diversification, as demonstrated both in pri-
mates and other groups of mammals for other ecological traits such
as diet, social behavior, and species interactions (Goémez and Verdd
2012; Magnuson-Ford and Otto 2012; Price et al. 2012; Rojas et al.
2012).

Griffin et al. (2012) recently estimated ancestral activity patterns
in Primates, finding support for a nocturnal ancestor. However, the
reciprocal interaction between rates of trait evolution and diversi-
fication rates is critical to understand the evolution of any group
and has been demonstrated as pervasive in many clades of the tree
of life (Maddison et al. 2007; FitzJohn et al. 2009; Goldberg et al.
2011; Goldberg and Igi¢ 2012). Therefore, it is critical to test for
the relation between the evolution of diurnality, nocturnality, and
cathemerality and the diversification of primates. Magnuson-Ford
and Otto (2012) found an association between speciation rates and
diurnality in primates; however, the authors reduced the diversity
of activity patterns to the diurnal-nocturnal dichotomy. Given the
adaptations that are associated with cathemerality, this trait likely
yields different effects on extinction and speciation rates compared
with diurnality and nocturnality.

Here, we estimated the evolutionary trajectories of activity pat-
terns in primates and investigate how these may have influenced
their rates of diversification. We tested multiple evolutionary
hypotheses following a Bayesian framework and used a large num-
ber of phylogenetic trees to account for phylogenetic uncertainty
(Pagel 1994).

Because of the evidence from fossil records (Kay and Cartmill
1977; Ni et al. 2004; Ni et al. 2013) and the estimated body size of
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ancestral primates (Soligo and Martin 2005), as well as the flexibil-
ity in activity that characterizes nonprimate mammals (Halle and
Stenseth 2000; Curtis and Rasmussen 2006; Rafinetti 2008), 1) we
predict cathemerality to appear early in primate evolution and to
be retained or secondarily acquired in particular ecological context.
Also, 2) we predict activity patterns to be associated with diversi-
fication rates as suggested by the paramount role of activity pat-
terns in primates ecology (Charles-Dominique 1975; Wright 1989;
Fleagle 2013). Since cathemerality has been recently reported in
lemurs previously considered diurnal (Donati et al. 2013)), we pre-
dict this trait to have had an early origin during primate evolution.
Finally, because of the morphological specialization that charac-
terizes diurnal and nocturnal primates (Kay and Kirk 2000; Kirk
2004, 2006; Hall et al. 2012), 4) we predict transition rates to be
low between diurnal and nocturnal species but high from and to
cathemeral species.

MATERIALS AND METHODS
Data collection

We collected activity data for 349 species of primates from
PanTHERIA database (Jones et al. 2009) and its raw data files
(http://www.utheria.org/; last accessed December 2012). We
complemented this information by collecting data from addi-
tional sources (Rowe 1996; Nowak and Paradiso 1999; Curtis
2007; Redding et al. 2010; Donati et al. 2013; Myers et al. 2013).
Activity patterns were categorized as diurnal (D), nocturnal (N),
and cathemeral (C). The official definition of cathemerality, that is,
“significant amount of activity, particularly feeding and travelling,
occurring within both the light and dark portions of the 24-hour
cycle” (Tattersall 1987), contains the problem of quantifying the
term significant and it has little operational power when comparing
animals sampled very differently and/or over different time win-
dows. Thus, we decided to use a nonquantitative but more com-
parable operational definition by considering cathemeral a species
when it was reported to perform nonoccasionally all main daily
activities (particularly feeding and travelling) both during the day
and at night. Additionally, Tattersall’s definition (1987) recognizes
that cathemerality may in some cases describe a seasonal rather
than a year-round activity pattern. Thus, because of the intrinsic
flexibility of this pattern, we included in the definition also species
that are known to be cathemeral only in particular seasons or loca-
tions (e.g., Donati et al. 2009, 2013). On the contrary, we excluded
occasional reports of activity during one or the other phase, often
due to disturbance of nocturnal animals during the diurnal phase.

Phylogenetic trees for the order Primates were downloaded from
10kTrees Website (Arnold et al. 2010). These phylogenies are sam-
pled from a Bayesian phylogenetic analysis of 11 mitochondrial and
6 nuclear loci. We downloaded 10 000 time-calibrated phylogenies
and the 50% majority rule consensus tree. 10K'Trees phylogenies
(Version 3) contain 301 species of primates of which 299 were pres-
ent in our data set. We adapted the database of activity patterns
to the taxa from the phylogeny. Whenever we lacked information
about the activity pattern of a subspecies, we assigned the pattern
of the corresponding species.

Association between diversification and activity
patterns

We used the multistate speciation and extinction (MuSSE) model
to analyze the relation between the tempo of evolution of activity
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pattern and the diversification rate on the evolutionary history
of extant Primates. MuSSE (FitzJohn 2012) is a generalization
of BiSSE (binary state speciation and extinction; Maddison et al.
2007), and both models are implemented in the R package diversi-
tree (IitzJohn 2012). These are character-dependent diversification
models, in which lineages follow a birth—death process, and specia-
tion and extinction rates at any given time depend on the value of
the trait at that time (Maddison et al. 2007; FitzJohn 2012). The
algorithm simultaneously estimates 3 parameters related to specia-
G0N (Agiyrmaly Mocturnals Meathemeral)s 3 Parameters related to extinction
(Biurnaly Mnocturnals Peathemera)s and 6 parameters related to transition
rates (¢) between any pair of activity patterns.

The estimation of the parameters was first performed with maxi-
mum likelihood (ML) across a distribution of 5000 time-calibrated
trees. These trees were randomly chosen from the 10 000 trees
that we downloaded from 10kTrees. To examine the uncertainty
in the parameter estimates, 2 independent analyses using Bayesian
Markov Chain Monte Carlo methods were also performed on the
consensus tree (we ran each chain for 10 000 steps and discarded
the first 1000 steps as “burn-in”). For each tree, we tested 4 mod-
els: a full model (FM), where speciation, extinction, and transition
rates vary independently in each of the 3 activity patterns, and 3
models in which speciation rates (equal speciation, ES), extinction
rates (equal extinction, EE), or both (equal diversification, ED)
were constrained to be the same across activity patterns. To test
the robustness of our results to a potential variation of speciation
rates through time, we implemented the same 4 models described
above but assuming that speciation rates vary linearly through time,
such that A#) = Ay + b (Rolland et al. 2014). The parameter A, is
the speciation rate at present and & controls the rate of change in
speciation rate through time (f). Extinction rates and transition rates
are assumed constant through time. We compared the 8 models
using the second-order Akaike information criterion (AICc) and the
Akaike weights (w) as the weight of evidence for each model given
all the tested models (Burnham and Anderson 2002).

According to Davis et al. (2013), a sample of at least 200, ide-
ally 300, species is necessary to achieve a high power in the per-
formance of diversification analyses. In addition, each state of the
trait analyzed should be represented in at least 10% of the species
in the tree. In the phylogenies we downloaded, however, cathem-
eral species comprise 8% of the tips. Thus, to test for the robustness
of our model to the unbalanced tip ratio, we performed a sensi-
tivity analysis. Because we cannot increase cathemeral species in
our sample, we decreased the number of diurnal species (the most
represented category) thus increasing the proportion of cathemeral
species, and we assessed how sensible the estimated rates are to the
unbalanced tip ratio. For this, we randomly sampled and removed
24, 49, 74, 99, 124, and 149 diurnal species from our consensus
tree, hence obtaining trees of 275, 250, 225, 200, 175, and 150
species and increasing the proportion of cathemeral species from
8% to 16%. We repeated this sampling 100 times and estimated
speciation, extinction, and transition rates from the resulting sub-
sampled trees.

RESULTS

The time-independent FM was the evolutionary model that fitted
the data best according to the ML results (Table 1). This model indi-
cates that the Most Recent Common Ancestor (MRCA) of primates
was most likely nocturnal (posterior probability = 0.93), with lower
probability of being cathemeral (0.07). Nocturnality was retained
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Table 1

Models specifications and performance

Time dependence Model k Log L w
Independent ™M 12 —881.8902 0.6024
Independent ES 10 —885.1430 0.2034
Independent EE 10 —885.9168 0.0959
Independent ED 8 —892.5514 0.0011
Dependent M 15 —881.9023 0.0222
Dependent ES 11 —885.1434 0.0692
Dependent EE 13 —885.9118 0.0037
Dependent ED 9 —892.6115 0.0004

FM = full model; ES = equal speciation; EE = equal extinction; ED = equal
diversification; £ = number of parameters; Log L = log likelihood;
w = Akaike weights.

in the MRCA of Haplorhini (0.93), whereas diurnality may have
appeared in the MRCA of Simiformes (Catarrhines + Platirrhines;
D = 0.51; N=0.29; ¢ = 0.21) but was more certainly present in
the respective MRCAs of Catarrhines (0.93) and Platirrhines (0.99).
Within Platirrhines, the MRCA of Aotus reversed to nocturnality,
and later 3 Aotus species shifted to cathemerality. In strepsirrhines,
most species retained nocturnality while Propithecus sp. became diur-
nal and the MRCA of Lemuridae shifted to cathemerality, with an
independent origin of diurnality in Varecia (Figure 1).

Under the time-independent FM, speciation rates were high in
cathemeral species (hereafter all rates are multiplied by 10°, and
values represent median * interquartile range: D = 217.0%£36.4;
N = 198.0£53.5; ¢ = 563.0£274.0), whereas extinction rates
were higher in nocturnal and cathemeral species (D = 75.9£60.3;
N=155.0£65.4; C = 562.0%304.0). This resulted in higher diver-
sification rates in diurnal species (D = 142.0 £ 33.9; N = 42.7 £24.8;
C =2.3%78.2) (Figure 2). The fastest rates of transition are found
from nocturnal to cathemeral species (12.1£11.2), followed by
transition from cathemeral to diurnal species (7.5%8.7) and noc-
turnal species (5.8 £9.7). Lower rates were found for the transition
from nocturnal to diurnal species (1.7%£2.1) and from diurnal to
nocturnal species (2.1£2.3) (see Supplementary Table SI for all
estimated rates in the 4 models).

The sensitivity analysis shows that increasing the least represented
category above 10% does not considerably change the results. The
uncertainty around the estimated rates slightly increases as tree size
decreases. However, even with a sample of 200 species and a pro-
portion of cathemeral species of 12%, the pattern obtained for the
values of the estimated coefficients is consistent with the pattern
that was obtained with the full data set (Supplementary Figures S2
and S3).

DISCUSSION
Ancestral activity patterns in Primates

This study provides the first approach to the reciprocal effects of a
complex behavior (i.e., cathemerality) and lineage diversification in
a group of vertebrates. Here, we characterized activity patterns by
including also cathemerality, a trait that has evolved independently
in many taxonomic orders of vertebrates (e.g, Charadriiformes,
Anseriformes, Falconiformes, Cetartiodactyla, Carnivora, and
Rodentia) but has been rarely considered in comparative analyses
(Healy et al. 2015). Our results provide support for a nocturnal
ancestor, in line with the traditional view of primate origins and
supports previous parsimony analyses based on morphological,
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physiological, behavioral, and paleontological data sets (Heesy
and Ross 2001, 2004). In our model, Lorisiformes and the genera
Tarsius, Avahi, Lepilemur, and Daubentonia retained nocturnality from
primates MRCA and did not reverse to nocturnality from diurnal/
cathemeral ancestors as suggested by some authors (Martin 1990;
Miiller and Thalmann 2000; Tan et al. 2005; Williams et al. 2010;
Griffin et al. 2012; Joffe et al. 2013; Veilleux et al. 2013). Shifts in
activity occurred in Aotus sp., first to nocturnality and secondarily
to cathemerality in a few species, in Propithecus sp. to diurnality, and
in the ancestor of Lemuridae to cathemerality. It has been sug-
gested that Aofus might have shifted to nocturnality to avoid diur-
nal food competitors and predators (Wright 1989). Interestingly,
Aotus species exhibit partial diurnal activity in areas that seem to
be characterized by low predation and competition (Wright 1985).
However, this adaptive explanation has been recently challenged
because thermoregulatory aspects seem to play a more important
role than the presence of predators/competitors in triggering diur-
nal activity of Aotus (Fernandez-Duque 2003; Fernandez-Duque
and Erkert 2006). As a matter of fact, cathemeral Aotus are only
found at the highest latitudes of the genus distribution, and equa-
torial species exhibit strict nocturnality (Khimji and Donati 2014).
Beside the adaptive reasons for this activity shift, however, Aotus
retained the ability to shift from a nocturnal to a diurnal life, as
some traits of their visual adaptations in common with the cathem-
eral lemurids, for example, the absence of a tapetum lucidum, would
also suggest (Kirk 2006). Thus, on a more speculative ground,
species with mixed visual adaptations that we consider nocturnal
might be cathemeral under certain conditions, which would imply
in the case of Aotus only 1 main shift from diurnality to cathem-
erality. Within the Lemuridae, the genus Varecia may have shifted
to diurnality although TVarecia diurnal activity is still questionable
as long-term studies on their nocturnal activity are lacking (Donati
et al. 2013). Our estimation of ancestral states of activity pattern
for the lemurids contrasts with previous findings where the MRCA
was predicted to be diurnal and less likely cathemeral (Griffin et al.
2012). This mismatch may have arisen from differences in sample
sizes, from the inclusion of the genus Lemur among cathemeral spe-
cies (Donati et al. 2013), and because we tested a group of models
that explicitly account for the reciprocal evolutionary interaction
between activity pattern and lineage diversification. As previous
analysis revealed (Ankel-Simons and Rasmussen 2008; Donati et al.
2013), this finding points out that cathemerality appeared early
during the lemur radiation, around 20 Ma (Figure 1), and strongly
rejects a scenario where this pattern was only recently acquired by
lemurs as consequence of an ecological release (van Schaik and
Kappeler 1996; Kappeler and Erkert 2003). Interestingly, our esti-
mation also suggests that cathemerality actually preceded diurnality
during the 60 million years of lemur evolution and most taxa did
not shift to diurnality once this trait was acquired, thus highlighting
the adaptive advantage that diel activity may have had over diur-
nality in the Madagascar island environment (Wright 1999; Curtis
and Rasmussen 2006; Tattersall 2008; Donati et al. 2009, 2013).

Diversification of activity patterns in primates

Our results suggest that diversification rates in primates were
constant through time although we cannot exclude that models
with nonlinear time dependency could better explain the diver-
sification of the clade. Our results also show that diurnal species
diversify faster than nocturnal and cathemeral species because
of their much lower extinction rate over time. We suggest 3
nonmutually exclusive hypotheses to explain this finding. First,
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Estimated activity pattern at ancestral nodes of the consensus phylogeny under the FM. The pies at the nodes represent the posterior probabilities associated

with each activity pattern. Diurnal = pale blue; nocturnal = black; cathemeral = purple.

the higher speciation rates in diurnal species may be related to
the more frugivorous diet and the mutualistic relationships with
plants compared with nocturnal primates (Lambert 2011). On
average, seed dispersers have larger geographic ranges, possi-
bly because they have expanded their own range in evolution-
ary times, and this may have indirectly promoted speciation and
reduced extinction probability as found in previous phylogenetic
comparative analyses (Gomez and Verda 2012). Second, lower
rates of diversification in nocturnal primates may be due to a
higher competition with other nocturnal arboreal mammals
(e.g., flying squirrels, sloths, procyonids, possums, and pteropo-
dids), whereas heavier diurnal primates may have filled previ-
ously unoccupied niches (Charles-Dominique 1975). Although

this hypothesis has not been supported by any specific analysis
so far, the available data indicate that most arboreal nonprimate
mammals are nocturnal (Supplementary Iigure SI1). Third,
a recent analysis strongly indicates that diurnal lifestyle have
favored gregarious life (Shultz et al. 2011), probably to com-
pensate for the increased predation risk associated with diur-
nal activity. Sociality may in turn have provided a number of
advantages in terms of predator deterrence and mobbing, access
to resources and mates, and protecting and rearing offspring
(Fleagle 2013). In fact, sociality has been found to be associated
with high speciation rates (Magnuson-Ford and Otto 2012), sug-
gesting that diurnality may have indirectly prompted primate
radiation.
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Speciation (a), extinction (b), and diversification rates (c) of diurnal (lighter color), nocturnal (darker color), and cathemeral (intermediate color) primates. The
shaded areas correspond to the 95% credibility intervals of the posterior probability distributions. Drawings by Dawid Adam Iurino.

The model characterizes cathemeral species by high speciation
and extinction rates. A more flexible pattern may have favored
speciation allowing faster adaptation to new conditions of ther-
mal stress, diet quality, and predation and competition intensity
(Fernandez-Duque 2003; Curtis and Rasmussen 2006). Cathemeral
animals, however, are potentially less competitive than more spe-
cialized species in stable environments and potentially more vulner-
able to competitive exclusion (Futuyama and Moreno 1988; Kassen
2002). Intriguingly, our model suggests that cathemerality may have
been the best strategy during transitional environmental conditions
on the main continents and then be quickly replaced by more spe-
cialized, less flexible patterns. On the contrary, in less predictable
environments, such as Madagascar, a cathemeral activity seems
to have become a stable evolutionary strategy. Madagascar has a
highly unpredictable environment characterized by extreme sto-
chastic events (e.g, cyclones and storms), cyclical years of drought,
and long and irregular phenological intervals compared with other
tropical forests (Wright 1999; Bollen and Donati 2005; Dewar and
Richard 2007). These environmental conditions have been used
to explain many lemurid traits such as female dominance, mono-
morphism, low metabolic rates, and cathemeral activity as strate-
gies to conserve energy (Wright 1999). It is then plausible that in
Madagascar, optimal adaptive strategies for primates are different
from those employed outside the island (Tattersall 1987; Curtis and
Rasmussen 2006; Donati and Borgognini-Tarli 2006; Curtis 2007;
Donati et al. 2013). Unfortunately, limitations due to sample size
to perform robust phylogenetic analyses (Davis et al. 2013) do not
allow to test Lemuriformes separately and we cannot exclude that
in Madagascar, activity patterns have played a different role in the
diversification of primates. Thus, until more fossil evidence will
be collected and predictive morphometric measurements will be
identified to estimate activity pattern in fossils, our interpretation
remains on a speculative ground.

It has been argued that activity in primates has not severely
constrained their evolution allowing transition from one state to
another (Ankel-Simons and Rasmussen 2008) and shifts have prob-
ably happened several times (Joffe et al. 2013). However, transition
rates In activity patterns are very low in our estimation, and the
current diversity in activity pattern is mostly explained by diversifi-
cation rates rather than shifts, suggesting a little potential for diur-
nal and nocturnal species to shift to the opposite activity pattern.

Activity shifts are in fact predicted to be rare events in primates if
we consider the highly specialized visual adaptations in this group
of mammals (Bearder et al. 2006; Kirk 2006). Moreover, it seems
unlikely that the complex machinery of the endogenous circadian
clock setup to opposite phases for a nocturnal or a diurnal animal
may have shifted many times during primate evolution (Aschoff
et al. 1982; Erkert and Cramer 2006). However, it is interesting to
note that the highest shift velocity in our model are found in the
transition from/to cathemerality, suggesting that cathemerality may
had a role as a transitional stage between more specialized activity
patterns.

Caveats

As a note of caution, we must stress that the estimation of ances-
tral primates’ activity only applies to the ancestors of extant pri-
mates and cannot be generalized to past primates’ communities.
Early primate communities may have included diurnal, noctur-
nal, and cathemeral species, coexisting by filling different available
niches, as found in extant primate communities (Ankel-Simons and
Rasmussen 2008). Also, our estimations rely on the known diversity
of extant primates. Many likely diurnal Lemuriformes, for exam-
ple, went extinct in historical times (van Schaik and Kappeler 1996;
Kappeler and Erkert 2003) and thus they are missing from our
sample. Finally, although in recent years there has been an increas-
ing discovery of nocturnal species (Bearder 1999; Nekaris and
Bearder 2007; Olivieria et al. 2007; Mittermeier et al. 2008; but see
Yoder et al. 2000; Tattersall 2007), nocturnal primate diversity is
probably underestimated because of the less evident morphological
differences and the paucity of studies (Bearder 1999; Nekaris and
Bearder 2007). However, the MuSSE analysis allows inferences to
be made regarding the effect of a trait on diversification without
complete phylogenetic information while still providing robust esti-
mates (IitzJohn et al. 2009).

CONCLUSIONS

The present research contributes to further disentangle the adap-
tive role of activity patterns in primate evolution. Our Bayesian
modeling over a large data set suggests that early primates were
probably nocturnal and that diurnality, nocturnality, and cathem-
erality have been characterized by very different diversification
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rates. The diversification of activity patterns in primates seems to
have mainly arisen by speciation rather than shifts between activity
patterns, suggesting a low flexibility of diurnal and nocturnal pat-
terns but a key importance of cathemeral activity as transitional
state between more specialized activity patterns. Cathemerality
seems to have originated early during the lemur radiation where it
has been fixed as a stable evolutionary strategy in the island unsta-
ble environment.

Time-partitioning strategies may have important implications in
shaping the evolution and thus the behavior and ecology of species;
further comparative analyses are needed to investigate the role of
activity in the diversification of other taxa and to discern its effect
from that of correlated traits.
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