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Many animals have strict diel activity patterns, with unique adaptations for either diurnal or nocturnal activity. Diel activity is phy-

logenetically conserved, yet evolutionary shifts in diel activity occur and lead to important changes in an organism’s morphology,

physiology, and behavior. We use phylogenetic comparative methods to examine the evolutionary history of diel activity in skinks,

one of the largest families of terrestrial vertebrates. We examine how diel patterns are associated with microhabitat, ambient

temperatures, and morphology. We found support for a nondiurnal ancestral skink. Strict diurnality in crown group skinks only

evolved during the Paleogene. Nocturnal habits are associated with fossorial activity, limb reduction and loss, and warm tempera-

tures. Our results shed light on the evolution of diel activity patterns in a large radiation of terrestrial ectotherms and reveal how

both intrinsic biotic and extrinsic abiotic factors can shape the evolution of animal activity patterns.

KEY WORDS: Activity times, ancestral state reconstruction, macroevolution, MCMCglmm, phylogenetic ordinal regression, Scin-

cidae.

Almost all organisms have evolved in a rhythmically changing
environment. Daily patterns in an animal’s behavior and physiol-
ogy result from an integration between its endogenous circadian
rhythms, generated by an internal clock mechanism, and the in-
fluence of the environment (entrainment; Kuhlman et al. 2018).
Circadian rhythms, which generate behavioral timing and activ-
ity patterns, allow the anticipation of external and environmental
events (Daan and Aschoff 1982; Horton 2001). These events can
be both abiotic (e.g., insolation, ambient temperatures, humidity,
light intensity) and biotic (e.g., predation risk, timing of repro-

duction, food availability). The circadian clock evolves to adjust
the animal’s behavior both to its changing environment and to sta-
ble conditions in their habitat, allowing it to anticipate and react
to predictive changes around it (DeCoursey 2004). Activity pat-
terns can, thus, converge in distantly related taxa that occupy sim-
ilar habitats. Alternatively, their fitness-inducing role may lead
activity patterns to be phylogenetically conserved despite diver-
gence in other axes of niche spaces such as their spatial distribu-
tions, microhabitat use, or dietary preferences (Daan 1981; Roll
et al. 2006).

© 2022 The Authors. Evolution published by Wiley Periodicals LLC on behalf of The Society for the Study of Evolution.
1 This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,
rovided the original work is properly cited and is not used for commercial purposes.
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A strong phylogenetic signal in activity times has been found
across tetrapods as a whole (Anderson and Wiens 2017), and in
tetrapod taxa, such as the Mammalia (Maor et al. 2017) and Ro-
dentia (Roll et al. 2006), suggesting this trait is phylogenetically
conserved. However, ecological temporal partitioning in the time
niche axis sometimes manifests as divergence in activity times.
Although such shifts are considered rare (Kronfeld-Schor and
Dayan 2003), frequent shifts in activity times have occurred in
some lineages. For example, simiiform primates, squirrels, ele-
phant shrews, and mongooses have all independently shifted to
diurnality, perhaps following the K-Pg mass extinction and the
likely release of diurnal niche space (Maor et al. 2017). Anderson
and Wiens (2017) found that, while tetrapods were probably an-
cestrally nocturnal, and many have remained nocturnal to this
day, shifts to diurnality and back to nocturnality have occurred
multiple times. These shifts can also be important for broader-
scale macroevolutionary dynamics. For example, diurnal lineages
tend to diversify faster than nocturnal lineages (Santini et al.
2015; Anderson and Wiens 2017) and this may explain why some
diurnal tetrapod clades are extremely species rich despite being
relatively young (e.g., Aves; Anderson and Wiens 2017).

Activity times are strongly influenced by environmental con-
ditions such as ambient temperature (Helm et al. 2017). Lower
temperatures at night, and longer nights during the activity sea-
sons, can lead to diurnality being more common in colder habitats
(e.g., for rodents and geckos; Roll et al. 2006; Vidan et al. 2017).
This can be particularly important for reptiles. As ectotherms,
reptiles depend on ambient heat, which they use to regulate their
body temperature behaviorally and achieve suitable body temper-
atures for biochemical processes (Pianka and Vitt 2003). Most
reptiles are diurnal, although some large clades, such as geckos
and snakes, are predominantly nocturnal (Pianka and Vitt 2003;
Vitt et al. 2003; Vitt and Caldwell 2014; Meiri 2020). Vidan et al.
(2017) have shown that nocturnal reptiles are absent from the
coldest regions in Eurasia. The body temperatures of nocturnal
and cathemeral reptiles are correlated with ambient temperatures,
whereas those of diurnal species are not (Meiri et al. 2013), and
nocturnal species generally have lower body temperatures than
diurnal species (Meiri et al. 2013; Moreira et al. 2021). These
observations suggest that low ambient temperatures may serve as
a filter for the presence of nocturnal ectotherms. Thus, we can
expect nocturnal species to be more common in warmer regions,
and completely absent from areas where night-time temperatures
would be too low to enable activity.

Activity time can be related to body size through the me-
diating effect of thermoregulation. Thermoregulatory efficiency
is determined, in part, by the size of the thermoregulating ani-
mal. Heat gain and loss is faster in smaller ectotherms (Carothers
et al. 1997; Seebacher and Shine 2004; Zamora-Camacho et al.
2014), due to differences in volume and surface area. If it man-
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ages to obtain operating body temperature, a larger ectotherm can
thus be active for longer periods in cooler environments, since
it can retain its heat longer before needing to bask again (Klin-
genbdck et al. 2000). We could expect that nocturnal ectotherms
would be larger, since larger size would allow them to be active
for longer periods of the night while maintaining effective body
temperatures gained during the day (Feldman and Meiri 2014).
Large body size, however, may also be a detriment to nocturnal
activity, since during the night there is no direct source of heat
through basking. Therefore, too large a size may be detrimen-
tal for nocturnal ectotherms, since heat gain would be too slow
(Carothers et al. 1997) without prolonged cryptic basking before
sunset. We could then hypothesize there might be a “Goldilocks”
zone of body size for nocturnal ectotherms—not so small as to
lose heat too rapidly, but not so large as to be unable to heat up in
the first place.

Nocturnal habits are often associated with unique adap-
tations. These can range from greater reliance on acoustic or
olfactory sensory information and communication (Healy and
Guilford 1990; Barton 2006; Chen and Wiens 2020), and im-
proved locomotion at low temperatures (Autumn et al. 1999;
Bars-Closel et al. 2018), to visual adaptations for low-light con-
ditions such as large eyes, lack of foveae, or rod-like receptors
in the retina without oil droplets (Walls 1942; Underwood 1951;
Underwood 1970; Pinto et al. 2019; Roll 2000a, b). Fossorial
habits offer low-light conditions and, at least during hot days, re-
duced temperatures, much like nocturnal habits (Wu et al. 2009).
Some fossorial reptiles exhibit similar metabolic adaptations to
nocturnal reptiles (Withers 1981; Andrews and Pough 1985; Wu
et al. 2009; Bars-Closel et al. 2018), and fossoriality and noctur-
nality have often been thought to be strongly correlated in rep-
tiles (Thomas and Thomas 1978; Vitt and Caldwell 2014), al-
though this hypothesized correlation was never formally tested.
Fossorial reptiles are often (Brandley et al. 2008; Skinner et al.
2008; Siler and Brown 2011; Camaiti et al. 2021), but not always
(Wiens et al. 2006), limbless or limb reduced. Limbs are reduced
or lost, and bodies become elongated and streamlined, to lower
lateral drag while moving through substrate, thus improving lo-
comotor efficiency (Gans 1962, 1975; Lee 1998; Camaiti et al.
2019, 2021). Since fossorial and nocturnal species are thought to
experience similar selective pressures, we can expect nocturnal
habits to be associated both with fossorial habits and the evolu-
tion of limb-reduced and limbless body forms in squamates.

Skinks (Scincidae) comprise the largest family of lizards,
with 1727 species currently described worldwide (Uetz et al.
2021). They occur in almost all terrestrial habitats and display re-
markable ecological diversity (Chapple et al. 2021). Most species
are diurnal, but many are nocturnal or cathemeral (Vitt and
Caldwell 2014). With their almost worldwide distribution, and
presence in a wide range of environments (Roll et al. 2017),
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skinks are one of the most evolutionarily successful radiations
of tetrapods. Skinks have evolved dramatic morphological, phys-
iological, and behavioral changes, such as total limb reduction
and viviparity, many times independently in relatively short time
spans (e.g., Skinner et al. 2008). This makes them an excellent
case study to examine the evolution of activity times in a large
radiation of vertebrates.

We examine the evolution of activity patterns in the family
Scincidae. We test the following hypotheses regarding activity
times and time shifts in skinks, and their evolutionary drivers:

(a) The ancestral skinks were diurnal, as is thought to be the
case for most squamates apart from geckos and snakes
(Gamble et al. 2015; Anderson and Wiens 2017), and since
skinks are predominantly diurnal today (see below).

(b) Fossorial species are often nocturnal or cathemeral (Roll
et al. 2006; Vitt and Caldwell 2014). Fossoriality is also as-
sociated with limb reduction and loss in reptiles in general as
well as in skinks (Camaiti et al. 2021 and references therein).
We thus expect limb reduction and loss to be associated with
nocturnal or cathemeral habits.

(c) Nocturnality will more commonly evolve in warmer habi-
tats, whereas in colder habitats, low night temperatures will
preclude nocturnal activity (Vidan et al. 2017). We, there-
fore, expect nocturnality to be associated with warm tem-
peratures across the skink phylogeny.

(d) Large body sizes improve heat retention (Klingenbock et al.
2000; Zamora-Camacho et al. 2014), but negatively af-
fect heat gain (Carothers et al. 1997). We thus expect the
probability of diurnality to be a U-shaped function of size
(both the smallest and largest skinks are more likely to be
diurnal).

We test these hypotheses using a large-scale dataset on
skink activity times, distribution, and morphology, using a phy-
logenetic framework. We use a time-calibrated phylogeny of
skinks, reconstruct ancestral character histories, and test for cor-
related evolution between activity time, morphology, and habitat
preferences.

Methods

DATA COLLECTION

We used published data on maximum lizard mass, activity time,
and microhabitat use (Slavenko et al. 2016; Meiri 2018) supple-
mented based on personal observations in the field and additional
published sources. We classify skinks based on their degree of
limb reduction based on morphological data in Meiri (2018), up-
dated where necessary using a dataset supplied by Camaiti et al.

(In Press). We collected activity time data for 1300 species, mi-
crohabitat data for 1452 species, and limb reduction data for all
1727 currently recognized skink species (as of May 23, 2021).
Overall, we had activity time and microhabitat data for 1030
species. We refer to this as the “original dataset.”

We classified skinks as belonging to one of three discrete
activity time categories: “diurnal,” “cathemeral” (including both
cathemeral and crepuscular species), and “nocturnal.” Cathe-
meral species were any that showed a mixed diel activity pat-
tern, ranging from fully cathemeral (active independent of daily
cycle) to mostly, but not strictly, diurnal or nocturnal (e.g., usu-
ally diurnal but with observations of rare nocturnal activity on
warm nights). Diurnal and nocturnal species were those that were
reported with strictly diurnal or nocturnal activity, with no evi-
dence of daily or seasonal shifts in diel activity patterns. Since our
method to classify species as cathemeral is necessarily subjective,
we assessed the sensitivity of our results to this subjectivity by re-
running the ancestral state reconstruction (see below) on a “strict
dataset,” where we coded species as “cathemeral” only if they
were explicitly stated to be cathemeral or crepuscular. Species
that were described as predominantly diurnal or nocturnal, but
with occasional or rare activity in the opposing time period, were
coded according to their predominant activity time, and species
that could not be confidently assigned under this classification
were omitted. This resulted in 56 differently coded species com-
pared to the original classification—45 as diurnal, 6 as nocturnal,
and 5 omitted.

We further classified skinks as belonging to one of six dis-
crete microhabitat categories based on substrate data. Substrate
data were recorded from the literature and, in few cases, from
our own observations in the field (Meiri 2018). Data refer to the
substratum a reptile is active on (or in) when engaging in for-
aging, social, or active thermoregulatory behavior. We defined
substrates as terrestrial (on the ground, including in leaf litter),
fossorial (burrowing below ground), cryptic (species found al-
most always beneath objects such as rocks), arboreal (climbing
vegetation), saxicolous (climbing rocks, boulders, nonhorizon-
tal rocky structures), or (semi) aquatic (swimming in freshwa-
ter). In our final categorization, we generated the following mi-
crohabitat categorizations: “terrestrial,” “scansorial” (arboreal or
saxicolous substrates, or both), “fossorial” (combination of fosso-
rial and cryptic substrates), “semifossorial” (fossorial or cryptic
and either terrestrial or saxicolous substrates), “semiaquatic,” and
“variable” (mixed terrestrial and either arboreal, or saxicolous,
or both). Finally, we classified skinks as belonging to one of
three discrete limb reduction categories: “fully developed,” “re-
duced,” and “limbless.” Limb reduced skinks were those with
either front limb length < 15% of SVL (snout-vent-length) or
hind limb length <20% of SVL (or both) following Camaiti et al.
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(In Press). Limbless skinks were those without limbs or remnants
thereof (i.e., length of forelimb and hindlimb equals zero, without
any spurs or vestigial limbs breaking the body wall).

We used a large-scale, time-calibrated phylogeny of squa-
mates (Zheng and Wiens 2016) and pruned it to only include
species for which we had data for all traits. We refer to this as the
“final dataset,” comprising 595 skink species, with representa-
tives from 131 out of 161 currently recognized genera. The miss-
ing 30 genera are predominantly species-poor (<nine species,
15 of the 30 are monotypic). The phylogenetically pruned “strict
dataset” (different coding of cathemerality; see above) comprised
of 594 species (missing only Amphiglossus reticulatus).

To explore patterns of diel activity in different skink clades,
we follow the higher order classification of skinks of Shea (2021),
which recognizes three subfamilies of skinks: Acontiinae, Scinci-
nae, and Lygosominae, the latter of which is comprised of seven
tribes: Lygosomini, Ateuchosaurini, Tiliquini, Eugongylini, Ris-
tellini, Sphenomorphini, and Mabuyini. However, we note that
whereas most published phylogenies place Eugongylus as the
earliest branching lineage within Eugongylini (e.g., Pyron et al.
2013), the phylogeny we use (Zheng and Wiens 2016) has Eu-
gongylus nested within Sphenomorphini, which also leads to Ly-
gosomini being paraphyletic. Therefore, we treat Eugongylus as a
member of Sphenomorphini for the purposes of this analysis fol-
lowing Zheng and Wiens (2016), although recognizing that the
evidence for this placement is weak (Shea 2021). This placement
is used for the sake of convenience and does not represent any
taxonomic changes or decisions. All analyses were performed in
R version 4.0.2 (R Core Team 2020).

ANCESTRAL STATE RECONSTRUCTION

We used the “fitDiscrete” function from the geiger package
(Pennell et al. 2014) to fit several different models of discrete
character evolution to select the most fitting transition rate ma-
trix for each trait. We fitted three different models for all three
traits: “ER” (equal transition rates between all states), “SYM”
(symmetrical transition rates between states, i.e., ;2 = q; but
q12 # q23, Where qj; is the transition rate between state i to state
J), and “ARD” (all transition rates differ). Furthermore, for ac-
tivity time and limb reduction, we fitted two additional models:
“MER-SYM” (meristic model where transitions occur in a step-
wise manner, i.e., 1 to 2, 2 to 3, but not 1 to 3, with symmetrical
transition rates), and “MER-D” (meristic model where transitions
occur in a stepwise manner and all pairwise transition rates dif-
fer). We defined the stepwise progression for activity time as “di-
urnal” <> “cathemeral” <> “nocturnal,” and for limb reduction
as “fully developed” <> “reduced” <> “limbless.” We then com-
pared models via AICc scores to select the best supported model
for each trait (Burnham and Anderson 2002).

4 EVOLUTION 2022

We reconstructed ancestral states using Stochastic Character
Mapping (SCM; Bollback 2006) with the “make.simmap” func-
tion in the phytools package (Revell 2012). We ran 100 itera-
tions with the best-fitting discrete character evolution model for
each trait to obtain posterior probabilities (PP) for each charac-
ter state at each internal node in the phylogeny. We considered a
PP of 0.67 or higher as strong support for the ancestral state at
the internal node, as it represents a best-supported state that is at
least twice as likely as the next best-supported state (Maor et al.
2017). We also obtained posterior distributions for the number of
shifts between each pair of character states during the evolution-
ary history of skinks. To ascertain the robustness of our results
to competing methods of ancestral state reconstruction, we also
performed maximum likelihood estimation of ancestral states us-
ing the “ace” function in the ape package (Paradis and Schliep
2019), and ancestral state estimation with the rerooting method
(Yang et al. 1995) using the “rerootMethod” function in the phy-
tools package (Revell 2012). We then compared the estimated
probabilities for ancestral states derived using the three methods.

To assess whether our ancestral reconstruction is robust to
the inclusion of particular taxa, we performed two supplemen-
tary analyses: in the first, we included representatives of the three
other scincoid families that together are sister to the Scincidae
(Pyron et al. 2013; Zheng and Wiens 2016)—the predominantly
diurnal Cordylidae (42 species included) and Gerrhosauridae (28
species included), and the predominantly nondiurnal Xantusiidae
(11 species included). We refer to this as the “extended dataset.”
In the second, we excluded the skink subfamily Acontiinae from
the analysis, due to them being the sister clade of all other skinks
and their unusual combination of features fixed across the en-
tire lineage (acontiines are all limbless, nondiurnal, and fosso-
rial; see Results). We refer to this as the “reduced dataset.” We
repeated the procedures described above, including selection of
best model of trait evolution and ancestral state reconstruction,
using both the “extended dataset” of skinks and closely related
taxa (676 species), and the “reduced dataset” of skinks excluding
Acontiinae (587 species).

Since our results are robust (see below) both to different cod-
ing of the cathemeral state (“strict dataset”), and to the inclusion
of outgroups and exclusion of Acontiinae (“extended dataset” and
“reduced dataset,” respectively), all results shown below refer to
the “final dataset” unless stated otherwise.

EVOLUTIONARY DRIVERS OF ACTIVITY TIMES

We tested for correlations between the evolution of activity times
and microhabitat, and between activity times and degrees of
limb reduction, using posterior predictive tests (Huelsenbeck
et al. 2003), as implemented with SCM (Bollback 2006). We
used the “Dtest” function in the phytools package (Revell 2012),
to measure the difference between the expected and observed
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association between each two pairs of character states from
the different traits’ simulated character histories (Leschen and
Buckley 2007). Negative values of the association test statistic,
D, indicate that character states are associated less than expected
by chance, whereas positive values indicate associations that
are more common than expected by chance. Associations were
assessed by calculating p values, with significance set at an o
of 0.05.

Next, we examined correlated evolution between activity
time and body size (measured as maximum mass; data from
Slavenko et al. 2016 and subsequent additions) and mean tem-
perature (BIO1 from CHELSA; Karger et al. 2017). Mean tem-
perature was used as a proxy for the typical temperature regimes
species are exposed to, although we recognize that in some cases,
temperature minima or maxima may be more relevant to bi-
ological function. To calculate the mean temperature for each
species, we overlapped polygons of species ranges from an up-
dated version of Roll et al. (2017) over the BIOI1 raster at a 30
arc-second resolution in ArcGIS. We then averaged the values of
BIO1 across each species range to arrive at one mean value per
species. The dataset for this analysis included only 590 species,
since five species lacked climatic data.

To implement the best-supported meristic model of activity
time evolution (see below), we performed phylogenetic ordinal
regression using the MCMCglmm package (Hadfield 2010). We
used activity time as an ordinal response value (arbitrarily as-
signing “Diurnal” to 0, “Cathemeral” to 1, and “Nocturnal” to
2, to replicate the stepwise progression between the states), and
maximum body mass (in g, log;o-transformed) and mean temper-
ature (in°C) as fixed effects. We also examined quadratic effects
for mass and temperature, and scaled them to have a mean of 0
and variance of 1 to allow easier comparison between their ef-
fect sizes. We also tested a model with an interaction term be-
tween the two predictors, but the interaction was found to be
nonsignificant (results not shown). We used the “ordinal” fam-
ily with a probit link function and assigned species as a ran-
dom factor to account for phylogenetic relatedness. Following
recommendations for models with the “ordinal” family (Had-
field 2010), we fixed the prior for residual variance at a value
of 1 and set a weak prior for the random effect variance by us-
ing a low value of nu (0.002). We allowed for parameter expan-
sion by setting the prior means (alpha.mu) to 0, and the prior
covariance matrix (alpha.V) to 10000. We ran the MCMC algo-
rithm for 5 x 10® generations, sampling every 2.5 x 10° gen-
erations, and discarded the first 10% as burn-in. We ascertained
that acceptance ratios were above 0.25, visually assessed trace
plots (Supporting information Fig. S1), and calculated effective
sample sizes (ESS) to ensure proper mixing and exploration of
parameter space.

Results

Skinks are mostly diurnal. We classify 63.7% of species in the
“final dataset” as diurnal, 31.3% as cathemeral, and 5.0% as noc-
turnal (379, 186, and 30 species, respectively). These propor-
tions are similar to those in the original dataset (72.3% diurnal,
21.5% cathemeral, and 6.2% nocturnal species). The proportion
of diurnal species varies greatly between skink clades (Fig. 1;
Supporting information Table S1).

TRANSITIONS BETWEEN ACTIVITY TIMES AND
HABITAT USE AND ANCESTRAL STATES

The MER-D model (transitions occur in a stepwise manner
and all differ) was best supported for activity times (“diur-
nal” < “cathemeral” <> ‘“nocturnal”; Fig. 2), and for limb
reduction (“fully developed” <« “reduced” <« “limbless”),
whereas the ARD model (transition rates between all charac-
ter states differ) was the best supported for microhabitat use
(Supporting information Table S2). The highest reconstructed
rate was for shifts from nocturnality to cathemerality, almost
twice as high as the rate for shifts from cathemerality to diur-
nality, itself twice as high as either shifts from diurnality to cath-
emerality, or from cathemerality to nocturnality (Fig. 2B). Across
the 100 iterations, there were on average 238.7 transitions in ac-
tivity times along the skink phylogeny in the simulated character
histories (Supporting information Table S3; Fig. S2). The most
common were shifts from cathemerality to diurnality, which oc-
curred on average 104.8 times per simulated character history.
The least common shifts were from nocturnality to cathemerality
(31.8 times on average), despite the high reconstructed rate for
these shifts—likely due to the rarity of the nocturnal state in the
data.

Our ancestral state reconstruction suggests that the common
ancestor of all skinks was most probably not strictly diurnal
(PP = 0.06), with similar support for a cathemeral (PP = 0.43)
and nocturnal (PP = 0.51) ancestral state (Table 1 and Fig. 2).
This was likely also true for the common ancestors of the Scinci-
nae (both clades) and of the massive radiation of sphenomorphin
skinks. The first moderately supported shift to diurnality
occurred roughly around the K-Pg boundary (~64.6 Mya;
Table 1) in the common ancestor of Ristellini, Tiliquini,
Mabuyini, and Lygosomini (Fig. 2A), the latter three of which
are also the three clades with highest proportion of diurnal
species and almost no strictly nocturnal species (Fig. 1B). Two
major shifts to diurnality also occurred on the branch leading
to the mostly North American genera Plestiodon and Mesoscin-
cus (Scincinae), and on the branch leading to the Australian
genus Ctenotus (Sphenomorphini). Most Tiliquini, Mabuyini,
and Lygosomini retained the diurnal state despite several
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Figure 1. (a) Phylogeny of skinks, with tips color-coded according to discrete traits. The inner ring encodes activity time, the middle ring
encodes limb reduction, and the outer ring encodes microhabitat. (b) Bar plots designating the proportions of species of each activity
time in the nine clades of skinks annotated on the phylogeny in panel A.
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Figure 2. (a) Ancestral character state reconstruction of activity time for skinks, generated using stochastic character mapping based on
100 simulated character histories. The different activity times are coded to different colors: yellow for diurnal, blue for cathemeral, and
black for nocturnal. The pie charts at the interior nodes denote the posterior probabilities of each character state in that node. The K-Pg
boundary is denoted by a pale blue circle. (b) Transition rates between the different activity times, calculated based on a meristic model
of discrete trait evolution. The widths of the arrows are proportional to the transition rate between each pair of states. (c) Lineages-
through-time plot showing the accumulation of lineages with strong support (posterior probability at node > 0.67) from each of the
activity times. Periods of cooling and warming during the Paleogene are marked by light blue and pink rectangles, respectively.
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Table 1. Posterior probabilities of each of the three character states for activity time (diurnal, cathemeral, nocturnal), estimated using
SCM, for the nodes denoting the common ancestors of several key clades in the phylogeny of skinks.

Clade Diurnal Cathemeral Nocturnal Crown Age
Scincidae 0.06 0.43 0.51 97.3
Acontiinae 0.00 0.24 0.76 36.4
Scincinae (Brachyemeles) 0.19 0.57 0.24 58.5
Scincinae (all else) 0.13 0.66 0.21 69.8
Ophiomorus + Plestiodon + Mesoscincus 0.48 0.41 0.11 58.7
Lygosominae 0.16 0.70 0.14 75.3
Ateuchosaurini + Sphenomorphini 0.13 0.74 0.13 72.0
Sphenomorphini 0.16 0.76 0.08 65.0
Australian Sphenomorphini 0.00 1.00 0.00 33.6
Ctenotus 0.78 0.22 0.00 254
Tiliquini + Ristellini + Mabuyini + Lygosomini + 0.64 0.35 0.01 64.6
Eugongylini
Tiliquini 0.77 0.22 0.01 51.2
Ristellini 0.67 0.32 0.01 49.8
Mabuyini 0.92 0.08 0.00 51.2
Lygosomini + Eugongylini 0.68 0.31 0.01 61.3
Lygosomini 0.61 0.36 0.03 56.6
Eugongylini 0.97 0.03 0.00 479
Cathemeral Oligosoma 0.04 0.96 0.00 11.9
Nannoscincus 0.03 0.97 0.00 20.4

For each clade, the crown age (in Mya) is also listed. The state with the highest posterior probability for each node is shaded in grey—if the state is also

strongly supported (i.e., PP > 0.67), it is in bold.

reversions to cathemerality, most prominently in a cathemeral
subclade within the New Zealand endemic genus Oligosoma,
and in the New Caledonian endemic genus Nannoscincus (all
cathemeral). The reconstruction of the last common ances-
tor of skinks as nondiurnal is robust to a different coding of
cathemerality using the “strict dataset” (Supporting informa-
tion Fig. S3), to the inclusion of Cordylidae, Gerrhosauri-
dae, and Xantusiidae as outgroups in the “extended dataset”
(Supporting information Fig. S4A), to the exclusion of Acon-
tiinae in the “reduced dataset” (Supporting information Fig.
S4B), and to different methods of ancestral state reconstruction
(Supporting information Fig. S5).

All shifts to diurnality occurred, with high probability, af-
ter the K-Pg boundary (Fig. 2 and Table 1; Supporting informa-
tion Fig. S6). Shifts back to nocturnality predominantly occurred
much later, with the median ages for strongly supported noctur-
nal nodes younger than the median age for either diurnal or cath-
emeral nodes (Fig. S6). Following the K-Pg boundary there was
also an increase in the rate of accumulation of diurnal lineages,
overtaking the accumulation of cathemeral lineages toward the
mid-Paleogene (Fig. 2C).
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EVOLUTIONARY DRIVERS OF ACTIVITY TIMES

Diurnal skinks almost always have fully developed limbs
(Table 2; Fig. 1A) and are most often terrestrial or partially terres-
trial (“variable”; Table 3; Fig. 1A). Both cathemeral and noctur-
nal habits are strongly associated with reduced limbs (Table 2;
Fig. 1A) and with fossorial or semifossorial habits (Table 3;
Fig. 1A), although some species do not fit this pattern. For ex-
ample, the giant slender bluetongue (Cyclodomorphus maximus)
is a nocturnal terrestrial skink with fully-developed limbs, and
several species of water skink (Tropidophorus spp.) are noctur-
nal and semiaquatic with fully-developed limbs. Scansoriality is
positively associated with diurnal habits, and semiaquatic species
are often cathemeral—but neither of these associations are statis-
tically significant (Table 3).

Diel activity time is positively associated with mean tem-
perature (p = 0.06), with a significant negative quadratic term
(p = 0.02; Supporting information Fig. S7; Table S4). In our
model, all activity times are common at high temperatures, but
skinks inhabiting low temperatures are highly likely to be diur-
nal (Fig. 3), and the probability of being cathemeral or noctur-
nal increases with increasing temperature, but plateaus around
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Table 2. Summary of posterior predictive tests for activity time and limb reduction.

Fully-developed Limbless Limb Reduced
Cathemeral —0.07 (1.00) 0.01 (0.17) 0.06 (0.00)
Diurnal 0.09 (0.00) —0.02 (0.96) —0.07 (0.99)
Nocturnal —0.02 (1.00) 0.01 (0.02) 0.01 (0.03)
Cathemeral 105 species 11 species 70 species
Diurnal 342 species 9 species 28 species
Nocturnal 10 species 5 species 15 species

For each pairwise combination of character states, D statistic is listed implying the strength of the association between the two, and the p value in paren-
theses. Significant associations are shaded grey. The bottom three rows show the numbers of species in each pair of categories.

Table 3. Summary of posterior predictive tests for activity time and microhabitat.

Fossorial Scansorial Semiaquatic Semifossorial Terrestrial Variables
Cathemeral 0.03 (0.02) —0.01 (0.81) 0.01 (0.11) 0.05 (0.01) —0.04 (0.98) —0.03 (1.00)
Diurnal —0.04 (0.98) 0.01 (0.21) —0.01 (0.89) —0.06 (0.99) 0.06 (0.00) 0.04 (0.00)
Nocturnal 0.01 (0.03) 0.00 (0.62) 0.00 (0.11) 0.01 (0.03) —0.02 (0.99) —0.01 (1.00)
Cathemeral 40 species 7 species 9 species 67 species 59 species 4 species
Diurnal 12 species 41 species 15 species 34 species 199 species 78 species
Nocturnal 10 species 2 species 1 species 13 species 3 species 1 species

For each pairwise combination of character states, D statistic is listed implying the strength of the association between the two, and the p value in paren-
theses. Significant associations are shaded grey. The bottom three rows show the numbers of species in each pair of categories.

~15°C. Diel activity is also positively associated with mass
(p = 0.01; Fig. 3), but its quadratic term is not significant (p =
0.34; Supporting information Fig. S7; Table S4), such that the
probability of being cathemeral or nocturnal generally increases
with increasing body mass.

Discussion

Shifts in activity times occurred often across skink evolution—
at least 167 times—and were often associated with shifts in
microhabitat preferences and the degree of limb development.
In particular, low temperatures appear to be a strong driver of
skink diurnality. Surprisingly, and although there is uncertainty
around our ancestral reconstructions, we reconstructed the com-
mon ancestor of all skinks as not diurnal (Fig. 2). This find-
ing contradicts our hypothesis (a), despite most extant skink
species being diurnal (Fig. 1B; Vitt and Caldwell 2014), and
squamate reptiles likely being ancestrally diurnal (Anderson and
Wiens 2017).

Insight on the ancestral activity pattern of skinks could be
gained from examining adaptations they may have for different
diel patterns. For instance, squamates have long been considered
ancestrally diurnal (Vitt et al. 2003) even before explicit exami-
nation in a phylogenetic framework (Anderson and Wiens 2017).

This was supported in part by their purely cone-based visual
systems (Underwood 1951, 1970). Similarly, geckos have been
considered ancestrally nocturnal thanks to numerous elements of
their visual systems being adapted to low-light conditions such
as large relative eye size, lack of foveae, and rod-like photorecep-
tors (Walls 1942; Underwood 1951, 1970; R61l 2000a, b; Gamble
etal. 2015; Pinto et al. 2019). These adaptations suggest the entire
clade is ancestrally adapted for nocturnal activity. Few studies,
however, have examined the visual systems of skinks in depth.
Some skinks possess classic diurnal adaptations, such as shallow
foveae (R611 2001¢) and many contain oil droplets in the cones
(New et al. 2012). However, not all skink retinas possess foveae
(New et al. 2012; Zhao et al. 2019), and while many studies
have focused on strictly diurnal surface-dwelling species (such
as Tiliqua rugosa; New et al. 2012), there is evidence that eyes
of some fossorial species are adapted for low-light conditions
(Zhao et al. 2019). Furthermore, even in the ancestrally noctur-
nal geckos, species that have shifted to diurnality have secondar-
ily evolved ocular adaptations for photopic environments such as
foveae, smaller eyes, and cone-like photoreceptors (R61l 2001a,
b). Since shifts in diel activity can lead to secondary evolution of
ocular adaptations, we caution against deriving the ancestral diel
activity of skinks based on the limited data currently available on
the visual systems of extant species.
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Figure 3. Phylogenetic ordinal regression, showing the probabil-
ity of occurring in different activity times (diurnal in yellow, cath-
emeral in blue, and nocturnal in black). The model includes maxi-
mum mass (in g, logqo-transformed) and mean temperature (in°C)
as fixed effects. The red line represents the predicted probability
(and confidence interval) for mass (top) and mean temperature
(bottom) when the other predictor is held constant at its mean
value. The density plots on the top and bottom of the panels repre-
sent the distribution of mass and mean temperature (respectively)
in the three activity time states.

While our analyses show that the ancestral skink was prob-
ably not diurnal, we could not determine whether it was cath-
emeral or nocturnal (Fig. 2; Table 1). A cathemeral ancestral
skink is plausible, at least under the liberal definition of cath-
emerality we use here (although we note this result still holds
under a stricter definition of cathemerality in our “strict dataset”;
Supporting information Fig. S3). Some of the skinks we clas-
sified as cathemeral lean more strongly toward either diurnality
or nocturnality but can shift their activity patterns due to sea-
sonal changes in temperature, precipitation, and food availability.
For instance, multiple species in the genus Chalcides are more
likely to be active nocturnally during summer, when nights are
warm, and diurnally during winter (Schleich et al. 1996; Szczer-
bak 2003; pers. obs.). Thus, it is not unlikely that the ancestral
skink, rather than being a diurnal or nocturnal specialist, was able
to shift its activity patterns seasonally as do many extant skinks,
particularly among scincid groups such as Scincinae.

What kind of animal was the ancestral skink? The well-
supported, earliest phylogenetic split in the skink tree is between
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Acontiinae and all other skinks (Wiens et al. 2012; Pyron et al.
2013; Lambert et al. 2015; Tonini et al. 2016; Zheng and Wiens
2016). Acontiines are all limbless, elongated, fossorial, and either
nocturnal or cathemeral. However, they are unlikely to represent
the ancestral skink condition and instead clearly possess a highly
derived phenotype. Total limb loss is widely considered to be irre-
versible (Skinner et al. 2008; Camaiti et al. 2021), despite some
evidence that limb reduction, but not loss, might be reversible
(Bergmann et al. 2020). If so, while a limbless ancestral skink
is unlikely, a limb-reduced ancestral skink, at least through the
measure of limb length as a proportion of body length, could give
rise to secondarily fully-limbed descendants. The ancestral skink
might then have either had fully developed, relatively long limbs,
or relatively short, reduced limbs.

We have uncovered limb reduction to be strongly associated
with nocturnal and cathemeral habits, as per our hypothesis (b)
(Fig. 1; Table 3), and the ancestral skink to have been nondiur-
nal (Fig. 2). This might suggest a scenario of an at least partially
fossorial, cathemeral or nocturnal ancestral skink with relatively
short limbs (e.g., “a somewhat clumsily built, rather long-bodied
and short-legged creature”; Smith 1937). However, the earliest
known stem scincoid fossils are fully limbed (Tatanda 2018), and
the correlation between limb reduction and nondiurnality, while
it exists (Table 3), is not absolute. Long-limbed cathemeral or
nocturnal skink species exist including many species in the New
Zealandian genus Oligosoma and multiple nocturnal Sphenomor-
phus species. Therefore, while we can claim with confidence that
it was likely not a strictly diurnal species, the exact condition of
the ancestral skink in terms of activity time, microhabitat use,
and limb development remains ambiguous at least until we have
better representation in the fossil record of stem scincids.

As per our hypothesis (c), lower temperatures are associ-
ated with a greater probability of being diurnal. While in warm
areas skinks show all activity patterns, nocturnal skinks are ab-
sent from regions with mean annual temperatures lower than
15°C, and cathemeral species are absent from regions colder than
10°C (Fig. 3). Our results therefore support previous findings in
Palearctic lizards, few of which were skinks (Vidan et al. 2017),
that suggest that night-time temperatures are a strong limiting
factor on the distribution of terrestrial nocturnal ectotherms. Sim-
ply put, if temperatures at night are too low, nocturnally active
reptiles will have difficulty maintaining high enough body tem-
peratures for prolonged activity.

We found conflicting support for our hypothesis (d) that in-
termediate body masses would be associated with increasing noc-
turnality. Our model predicts that the probabilities of being cath-
emeral or nocturnal increase with increasing mass (Fig. 3), but
the quadratic term was nonsignificant (Supporting information
Table S4). Many of the largest skinks, such as the Australian
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land mullet (Bellatorias major), are diurnal, yet there are a few
exceptionally large cathemeral species (Fig. 3). These include
the centralian bluetongue skink (7iliqua multifasciata), of which
at least some populations shift their activity patterns seasonally
(Christian 1977), the crepuscular Solomon Island skink (Coru-
cia zebrata; Mann and Meek 2004), and the extinct, cathemeral,
Cape Verde giant skink (Chioninia coctei; Greer 1976). This re-
sult is not particularly surprising considering the mechanisms
through which body size affects thermoregulation. Since rates of
both heat gain and loss would be slower in large skinks, large
cathemeral species would be able to absorb heat during the day
and retain it long enough for activity after sunset—whereas large,
strictly nocturnal species would be constrained by slow heat gain
from even achieving optimal temperatures for activity unless they
bask cryptically before sunset. Additionally, for fossorial species,
nocturnal surface activity may actively reduce rates of heat loss
via conduction, as the rapidly cooling ground would only be in
contact with the abdomen, rather than the entire body if the ani-
mal is below the surface.

Our results suggest that lineages began to acquire the di-
urnal state more rapidly toward the end of the Paleogene, and
the accumulation of diurnal lineages outpaced that of cathe-
meral lineages toward the end of the Paleogene (~23 Mya;
Fig. 2C; Table 1). In particular, the massive radiation of the al-
most entirely diurnal clade that is comprised of Tiliquini, Ris-
tellini, Mabuyini, Lygosomini, and Eugongylini (Fig. 1B) only
arose after the K-Pg (Fig. 2). The early Paleogene was a period
of warming. Temperatures reached their peak during the Early
Eocene Climatic optimum (~50 Mya; Zachos et al. 2001), fol-
lowed by a period of relatively prolonged cooling until ~27 MA.
The onset of cooling (although in times when temperatures were
still very warm), coincided with the large increase in the number
of diurnal skink lineages (Fig. 2C). Conversely, strictly noctur-
nal skinks (crown acontiines and a subclade of Lerista) evolved
during the Oligocene and early Miocene, a short period of rela-
tively warm and stable climate following the Oligocene glacia-
tion and lasting until the mid-Miocene Climatic Optimum (~14
Mya; Zachos et al. 2001) when cooling recommenced. However,
the warmest temperatures during the Paleogene occurred during
the Eocene, and so we must ask why no strictly nocturnal lin-
eages evolved during this long period of warm climate. A pos-
sible explanation is that such lineages did evolve, but failed to
persist to current times, perhaps due to rapid temperature drops
during the Oligocene glaciation. However, this hypothesis will
need to be rigorously tested by examining the fossil record and
temporal dynamics in skink diversification. We further note that
the interpretation of the diversification of lineages with differ-
ent activity times relies on the assumptions that the reconstructed
ages of branching events in the phylogeny are accurate, and that

inferred lineage-through-time plots reflect the true evolutionary
dynamics in diversification in this clade. However, uncertainty
exists around dates calibrated using fossil taxa representing min-
imal ages of splits, and recent evidence suggests that diversifi-
cation rates can be extremely difficult to accurately infer from
reconstructed phylogenies (Louca and Pennell 2020). Despite
this caveat, the general pattern of proliferation of diurnal species
during the Paleogene, followed by a later evolution of nocturnal
skinks, is likely to hold true even if the exact dates are uncertain,
and might be tested by employing state-dependent speciation and
extinction models that can detect changes in diversification rates
associated with shifts in discrete character states (Maddison et al.
2007, FitzJohn et al. 2009; Beaulieu and O’Meara 2016).

The end-Cretaceous mass extinction event has previously
been linked to the evolution of diurnality in mammals (Maor
et al. 2017). One of the leading explanations for this pattern is
the “nocturnal bottleneck” hypothesis, which posits that mam-
mals were limited to nocturnal habits by antagonistic interactions
with the ecologically dominant diurnal dinosaurs until their ex-
tinction at the K-Pg (Walls 1942; Crompton et al. 1978; Gerkema
et al. 2013). This “nocturnal bottleneck™ hypothesis also origi-
nally posited that endothermy evolved in mammals in order to
“escape” into the nocturnal niche due to competition and pre-
dation by diurnal ectothermic dinosaurs (Crompton et al. 1978).
This concept has come under scrutiny because of conflicting evi-
dence about the supposed ectothermy and diurnality of dinosaurs
(Hut et al. 2012). Nevertheless, empirical evidence seems to sup-
port an acceleration of diurnal species diversification following
the K-Pg for mammals (Maor et al. 2017). The end-Cretaceous
mass extinction event likely also severely impacted squamates,
with recovery lasting well into the Paleogene (Longrich et al.
2012; but see Rage 2013). Thus, the surviving skinks after the
K-Pg may have been ancestrally cathemeral and evolved strictly
diurnal temporal niches during the Paleogene recovery of squa-
mate diversity as cooling temperatures following the early eocene
climatic optimum favored diurnal habits. This hypothesis needs
to be carefully evaluated.

In conclusion, we uncovered a surprisingly elaborate and
complicated history of diel activity evolution in skinks. Despite
common conceptions of them as generally diurnal animals, they
are likely to have been ancestrally nondiurnal, with strict diurnal-
ity and nocturnality having only evolved more recently, possibly
due to expansion of temporal niche space following shifting tem-
peratures during the recovery phase after the K-Pg mass extinc-
tion. We encourage more study on diel activity times of various
species of skinks, and particularly on physiological and anatomi-
cal adaptations to different activity times. Such studies could help
shed further light on the evolution of diel activity in one of the
most ecologically diverse radiations of terrestrial vertebrates.
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