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abstract: Fossils and other paleontological information can im-
prove phylogenetic comparative method estimates of phenotypic evo-
lution and generate hypotheses related to species diversification. Here,
we use fossil information to calibrate ancestral reconstructions of suit-
able climate for Sceloporus lizards in North America. Integrating data
from the fossil record, general circulation models of paleoclimate dur-
ing the Miocene, climate envelope modeling, and phylogenetic com-
parative methods provides a geographically and temporally explicit spe-
cies distribution model of Sceloporus-suitable habitat through time. We
provide evidence to support the historic biogeographic hypothesis of
Sceloporus diversification in warm North American deserts and sug-
gest a relatively recent Sceloporus invasion into Mexico around 6 Ma.
We use a physiological model to map extinction risk. We suggest that
the number of hours of restriction to a thermal refuge limited Scelo-
porus from inhabiting Mexico until the climate cooled enough to pro-
vide suitable habitat at approximately 6 Ma. If the future climate re-
turns to the hotter climates of the past, Mexico, the place of highest
modern Sceloporus richness, will no longer provide suitable habitats
for Sceloporus to survive and reproduce.

Keywords: paleobiogeography, climate, evolution, extinction risk,
Miocene, Sceloporus.
Introduction

Recently, scientists have worked urgently toward a new syn-
thesis of ecological, biogeographic, and phylogenetic tools in
an effort to predict the effects of imminent climate change
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on specific organisms (e.g., see reviews by Salamin et al.
2010; Ronquist and Sanmartín 2011). With new advances
in the available data, computation, and theory, one of the
most promising approaches has been to combine geographic
climate niche modeling with phylogenetic comparative meth-
ods (e.g., Dormann et al. 2009; Kozak and Wiens 2010;
Schnitzler et al. 2012; Lavergne et al. 2013; Meseguer et al.
2015). The results have been intriguing but heterogeneous,
emphasizing that any detailed forecast may depend on the spe-
cific climatic variables and phylogenetic methods employed
(e.g., Evans et al. 2009). Here, we go one step further toward
a comprehensive synthesis by adding paleontological infor-
mation, mapping the climate tolerances of hypothetical an-
cestors onto paleoclimatic maps, and using fossils to calibrate
our results. We illustrate the approach by analyzing diversi-
fication patterns in Sceloporus (spiny) lizards related to spa-
tiotemporal climate and geography.
Climate niche modeling uses the massive databases of

detailed climatic measures of each geographic site in which
a species has been found to create a summary of the climate
profile of that species (Franklin 2010; Peterson 2011). By
overlaying these climate profiles on phylogenies, we can ex-
plore climate niche dynamics through time and compare past
geologic or climatic events with hypothesized evolutionary
changes along lineages under different evolutionary models
(e.g., Graham et al. 2004; Hardy and Linder 2005; Evans
et al. 2009). For example, using this type of approach, La-
vergne et al. (2013) found that bird species that have evolved
little in response to changes in climate are also prone to de-
mographic decline. Others have found evidence that rates of
climatic and species diversification are linked in both plants
(Evans et al. 2009; Smith and Beaulieu 2009; Schnitzler et al.
2012) and animals (Graham et al. 2004; Knouft et al. 2006;
Vieites et al. 2009; Kalkvik et al. 2012). The process of map-
ping climatic measures onto phylogenies raises some diffi-
cult concerns for population geneticists and other evolu-
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134 The American Naturalist
tionary theoreticians (Meik et al. 2015), but these too are
beginning to be addressed (Salamin et al. 2010).

Paleoclimate and fossil evidence offer a potentially pow-
erful way to calibrate and verify any historical reconstruc-
tion (Losos 2011; Slater et al. 2012). For example, Yesson
and Culham (2006) included paleoclimate evidence in phy-
logenetic climate niche modeling by projecting the recon-
structed climate niche of a putative ancestor at one node
of a phylogeny onto a geographic map of paleoclimate avail-
able at that time. They found suitable habitat for the ances-
tor in ancient times but in a different geographic region than
extant species are currently found. Here, we use isotopically
scaled general circulation models, which are complex math-
ematical models that infer the climate in ancient times from
a combination of geological and other information about
Earth’s past ocean and atmosphere circulation (e.g., Bra-
connot et al. 2007). Reconstructed climate niches can be
compared to the climates inferred by the general circulation
models to identify regions of the world that were available
to species living at a particular time and to compare those
regions to the locations in which fossils have been found.
For example, this approach has been used to show that cli-
mate changes over the Late Quaternary were faster than the
evolutionary adaptation of reptilian species to the changes
(e.g., Lawing and Polly 2011; Rödder et al. 2013).

The relationship between climate and diversification of
Sceloporus lizards is particularly important because of the
dramatic anticipated impact of recent climate change on
this genus. Sinervo et al. (2010) estimated that 12% of local
populations of Sceloporus lizards have gone extinct since
1975 and predicted that 20% of Sceloporus species will be
extinct by 2080 due to the reduction of suitable habitat re-
sulting from global climate change. Sceloporus is a large ge-
nus of more than 90 species of lizards (Bell et al. 2003). Al-
though Sceloporus spp. are ectothermic homeotherms that
maintain stable and high body temperatures during their
active periods (Adolph 1990), interspecies variation in active
body temperature is high (from 28.87 to 37.57C; Andrews
1998). Other aspects of Sceloporus biology have also shown
rapid evolutionary change that may be associated with cli-
mate. For example, viviparity has evolved multiple times
within the genus (Méndez-de la Cruz et al. 1998), and Sce-
loporus has high variation in genomic arrangements (Hall
2009; Leaché and Sites 2009). Fortunately, Sceloporus has
been studied extensively, and detailed modern phylogenies
are available (Leaché and Sites 2009; Leaché 2010; Wiens
et al. 2010).

Here, we combine geographic climate niche modeling
with phylogenetic comparative methods to reconstruct the
climatic and geographic history of Sceloporus lizards. We then
calibrate our results using fossil occurrence data and isoto-
pically scaled paleoclimate general circulation models de-
veloped for this purpose. Along the way, we identify climate
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variables that are important in determining the geographic
locations of suitable habitat for Sceloporus. We model the
geographic location and extant lineage richness of the ge-
nus during past climates and compare them with physio-
logically based models of extinction risk.
To do this, we develop a deep time paleoclimatic model

spanning the geological history of the Sceloporus genus,
with an estimate for origination near 23 Ma (Leaché and
Sites 2009). We used isotopically interpolated paleoclimate
data to test these hypotheses because it is computationally
intensive to run general circulation models with durations
of millions of years, so good paleoclimatic models have
been developed for only a few specific points in geological
time. To estimate climate models at other points in time
and to project synchronous climate niche estimates onto
time-appropriate climate models, we use the paleophylo-
geographic approach. This approach was developed initially
to analyze species responses to climate change over glacial-
interglacial timescales (Lawing and Polly 2011; Rödder et al.
2013).
Methods

Species Occurrences (Living and Fossil)

We downloaded geographic occurrences of all Sceloporus
species from the Global Biodiversity Information Facility
(GBIF 2013) on March 17, 2013, and sorted them accord-
ing to the operational taxonomic units of Leaché (2010).
On the same date, we downloaded expert range maps from
the International Union for Conservation of Nature Red
List (IUCN 2012) and used these maps to vet occurrence
data, deleting any samples from the data set that occurred
outside the range maps. We retained occurrences that fell
outside the range map of each species if they were accom-
panied by an accurate location and the taxonomic identity
was well established. This vetting process resulted in 18,658
unique and georeferenced occurrences (n p 53 Sceloporus
species).
Models of suitable habitat can be poor when sample sizes

are low (Wisz et al. 2008). We supplemented GBIF occur-
rence data for two occurrence-poor species within their geo-
graphic ranges to bring the lowest sample size up to 10. Spe-
cifically, we added four points within the range of Sceloporus
grandaevus, an endemic to Isla Ceravello in the Sea of Cor-
tez, and four points within the range of Sceloporus mac-
dougalli, a coastal endemic located in low elevations on the
Pacific Slope in the state of Oaxaca. These points were ar-
bitrarily chosen by randomly sampling from within the
known geographic range of these species. We obtained 53 Sce-
loporus fossil occurrences in 28 unique spatiotemporal lo-
calities from the Paleobiology Database and sorted them
into 1-million-year (myr) intervals.
.153.177.192 on July 24, 2016 15:00:46 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



Fossils and Climatic Niche Evolution 135
Phylogenetic Ancestral Climate Reconstructions

We used BIOCLIM (Nix 1986; Nix and Busby 1986) to de-
scribe the habitats in which each extant Sceloporus species
is found in terms of the minimum and maximum values of
four climate variables including mean annual temperature,
temperature seasonality,minimum temperature of the coldest
month, and precipitation seasonality. The BIOCLIM model
has been used frequently tomap climate and geographic space
along a phylogeny (e.g., Graham et al. 2004; Hardy and Lin-
der 2005; Yesson and Culham 2006; Vieites et al. 2009) and is
consistentwith themultivariate climatic niche concept (Hutch-
inson 1957).We used amaximum entropy approach for spe-
cies habitat modeling, Maxent (Phillips et al. 2006), to help
identify which variables are useful in determining the pres-
ence of most Sceloporus species. Based on the preliminary
analysis, we included temperature seasonality, minimum tem-
perature of the coldest month, and precipitation seasonality,
because they are especially relevant for describing Sceloporus
species’ suitable habitat (fig. 1). We also included mean an-
nual temperature, because it is useful to compare that vari-
able with past climate reconstructions of mean annual tem-
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perature and to compare our results with other studies on
evolution of climatic niches.
To reconstruct ancestral climates, we mapped the mini-

mum and maximum of each climate variable onto a poste-
rior distribution of 1,000 dated phylogenetic trees (Leaché
and Sites 2009). For each phylogeny, we used a phylogenetic
generalized least squares regression to infer ancestral states
of each climatic measure at each node (Martins and Hansen
1997; Martins and Lamont 1998). When we assume the
usual Brownian motion (BM) model of phenotypic evolu-
tion (Felsenstein 1985), this phylogenetic generalized least
squares approach yields exactly the same ancestral state esti-
mates as do maximum likelihood and least squares parsimony
methods (Martins 1999). In addition, we fit regressions us-
ing three different assumptions regarding the model of phe-
notypic evolution (Brownian motion, Ornstein-Uhlenbeck,
and early burst) and used the corrected Akaike information
criterion (AICc) to choose the model that best fit the data.
We then used the parameters from the model with the best
fit to transform the phylogenetic distance matrix used to re-
construct ancestral climate niches. Finally, we used linear
interpolation between adjacent nodes to estimate the mini-
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Figure 1: Stacked relative permutation importance for variables used to build a Maxent species distribution model for approximately half the
species of the Sceloporus genus (N p 53). Most models rely heavily on Sceloporus response to temperature seasonality, minimum temperature
of the coldest month, and temperature seasonality. M p month; max p maximum; min p minimum; precip p precipitation; Q p quarter;
temp p temperature.
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136 The American Naturalist
mum and maximum values of each climatic variable at each
1-myr interval.

We obtained a second set of ancestral climate estimates by
incorporating climate information from relevant Sceloporus
fossils. To get these data, we used paleoclimate map inter-
polations (see below) to infer the minimum and maximum
of each climatic measure for these fossils and then incorpo-
rated these into our phylogenetic generalized least squares
procedure for estimating ancestral climate variables. Specif-
ically, we used a posterior distribution of 1,000 dated phy-
logenies and randomly placed fossils along lineages within
the 1-myr time interval in which each fossil occurred. This
process involved identifying the lineages present during the
1-myr time interval, randomly selecting the lineage to at-
tach the fossil, randomly selecting a branching time within
the time interval, and randomly selecting a branch length
constrained by the branching time and the time interval.
We repeated this analysis 1,000 times to estimate regression
parameters. We conducted these phylogenetic analyses using
ppgm, an R package available on GitHub specifically devel-
oped for this purpose (https://github.com/michellelawing
/ppgm; R code is available in a zip file).1 The ppgm pack-
age requires gieger for tree transformation and to estimate
the parameters for the evolutionary models (Harmon et al.
2008) and ape for utility functions that allow the user to read,
write, and manipulate phylogenetic trees (Paradis et al. 2004).
All scripts and data for all analyses are available from the
Dryad Digital Repository: http://dx.doi.org/10.5061/dryad
.69fc0 (Lawing et al. 2016).
Paleoclimate Interpolations

Paleoclimate interpolation maps were calculated at 1-myr
intervals using a stable oxygen isotope curve derived from
benthic foraminifera (Ruddiman et al. 1989), changes in
which are proportional to global mean annual tempera-
ture, as a linear interpolator to generalize what the climate
was like between the recent and the geographically explicit
general circulation models of the Tortonian, a stage within
the Miocene that occurred at 11.6–7.2 Ma (Micheels et al.
2011) and the middle Miocene, at approximately 15 Ma
(Krapp and Jungclaus 2011). We sampled geographic space
at 50-km equidistant points to reduce spatial redundancy,
as the paleoclimate general circulation models have rather
low spatial resolution, and also to sample at roughly the same
geographic scale as the catchment area of a typical fossil lo-
cality. This left 9,699 geographic points for which we inter-
polated paleoclimate. Continental position and boundaries
were adjusted at 5-myr intervals via plate tectonic recon-
1. Code that appears in the American Naturalist is provided as a conve-
nience to the readers. It has not necessarily been tested as part of the peer
review.
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structions (Scotese 2001). Paleoclimate-interpolated recon-
structions are distributed within the ppgm package.
Multivariate Environmental Similarity Surface

We used multivariate environmental similarity surfaces
(MESS) to further investigate the ancestral climate esti-
mates that were calibrated with fossil occurrences. MESS
is a measure of the similarity between a set of reference
points and each point in geographic space where the anal-
ysis takes place. It has been used previously to predict suit-
able habitat by comparing the climate of the new environ-
ments with the climates in which species are already found
(e.g., Elith et al. 2006, 2010). Here, we used MESS to com-
pare paleoclimatic maps of North America with our ances-
tral estimates of the climate suitable for Sceloporus. To do
so, we amalgamated our ancestral estimates across the ge-
nus by determining the range (minimum and maximum)
of each climatic variable that was tolerable for at least one
Sceloporus species existing at each of four points in time
(2, 5, 13, and 20 Ma). We chose these four time points be-
cause they are somewhat evenly spread from the Miocene
to present, thus demonstrating how the models progress
over time within our analysis. We then compared these
ranges of tolerance with the paleoclimatic maps of North
America interpolated for that time period at a resolution
of 50 km. Including fossils in the phylogenetic reconstruc-
tions of past suitable habitat should improve the estima-
tions, so we used the phylogenetic models that included
fossil occurrences for the MESS analysis.
We did this comparison separately on four variables re-

flecting measures that are likely important to ectotherms:
(1) mean annual temperature, (2) temperature seasonality,
(3) minimum temperature of the coldest month, and (4) pre-
cipitation seasonality. We then used MESS for a combined
validation across the four climate variables in our analyses.
In addition, we placed the fossils on MESS maps at the lo-
cations in which they were found and at the times to which
they have been dated.
Hindcasting Unsuitable Habitat

When temperatures are high, lizards restrict even impor-
tant activities to instead take refuge in cool retreats and
thereby potentially risk extinction (Sinervo et al. 2010).
Thus, following Sinervo et al. (2010), we calculated and
mapped the number of hours of restriction to a thermal
refuge (hr) for lizards across North America throughout
the last 20-myr history of Sceloporus. The number of hours
of restriction to a thermal refuge (hr p 6:121 0:74#
[Tmax 2 Tb]) is a function of the maximum environmental
temperature (Tmax) and the preferred body temperature of
a particular species (Tb). It serves as a proxy for extinction
.153.177.192 on July 24, 2016 15:00:46 PM
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Fossils and Climatic Niche Evolution 137
risk, since extinction is expected to occur when hr 1 4 (Si-
nervo et al. 2010). We used the mean temperature of the
wettest quarter as Tmax in our calculations because Scelo-
porus usually breed during that quarter (Sinervo et al. 2010)
and there is a strong positive relationship between mean and
maximum temperatures in the WorldClim database. For pre-
ferred body temperature (Tb), we considered four possibil-
ities: 287, 327, 357, and 387C, using each to calculate hr, be-
cause most Sceloporus have body temperatures ranging from
28.67 to 37.57C (Andrews 1998; Sinervo et al. 2010). We then
plotted the resulting values on a map of North America and
highlighted regions in which hr 1 4.
Results

Species Occurrences

Although most modern Sceloporus are found in Mexico,
they occur from Panama to the northern United States,
with a latitudinal range from 8.77N (Sceloporus malachiticus)
to 48.77N (Sceloporus graciosus and Sceloporus occidentalis).
Sceloporus occur in habitats including forest (n p 59),
savanna (n p 5), shrubland (n p 37), grassland (n p 9),
rocky areas (e.g., inland cliffs and mountain peaks; n p 29),
desert (n p 11), coastal intertidal marine (n p 1), and
coastal supratidal marine (n p 1; IUCN 2012). Sceloporus
range in altitude from sea level to 4,400 m asl, with Sce-
loporus bicanthalis and Sceloporus palaciosi occurring at
the highest elevations just east of Mexico City in the Si-
erra Madres Oriental and just south of Mexico City in the
Distrito Federal (Flores-Villela and Santos-Barrera 2007a,
2007b). Many species occur at sea level. Within Sceloporus,
10 species are listed as near threatened, vulnerable, endan-
gered, or critically endangered (Hammerson 2007a, 2007b;
Lavin et al. 2007; Mendoza-Quijano 2007a–2007d; Mendoza-
Quijano and Flores-Villela 2007; Vazquez Díaz et al. 2007a,
2007b). The modern Sceloporus genus is the most rich where
the tropical rainforest and deciduous forest biomes meet
in southern Mexico and is second-most rich where these
two biomes meet the desert biome in northeastern Mexico
(fig. 2A).

The oldest Sceloporus fossils (20.6–16.3 Ma) were found
in the Marsland Quarry in Nebraska and in the Wood Moun-
tain Formation in Saskatchewan, Canada (fig. 2B). These
fossils were assigned as Sceloporus sp. (fig. 2C). The fossil
communities include large and small mammals, lizards,
snakes, and fish. Fossil evidence from plants and herbivores
indicates that precipitation in this region averaged some-
where between 500 and 1,000 mm per year, similar to today,
and that mean annual temperatures were about 20.37C, 107C
warmer on average and less seasonal in its temperature ex-
tremes than today (Leopold and Denton 1987; Miller et al.
1987; Janis et al. 2004). Phytoliths and other plant fossils
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suggest that the region was covered by riparian deciduous
forestsmixedwith shrub steppe grasslands that differed from
today’s steppe ecosystems in being dominated by C3 plants,
which gave way to more modern open grasslands dominated
by C4 photosynthesis in the Late Miocene at about 8–5 Ma
(Leopold and Denton 1987; Strömberg 2002; Fox and Koch
2004). The lizard assemblage from Marsland Quarry is sim-
ilar at the generic level to living herpetofaunas from the Si-
erra Madres and the southern desert and plains of North
America (Savage 1960; Yatkola 1976). The morphology of
the Sceloporus sp. teeth and jawbone segments that were
preserved theremost closely resemblemodern Sceloporus jar-
rovii (Yatkola 1976). Sceloporus jarrovii is a montane species
and occurs in rocky canyons, cliffs, and hillsides. It occurs
mostly in rocky outcrops but also climbs trees. The vegeta-
tion associated with living S. jarrovii occurrences is oak
woodland, thorn scrub, and mixed oak and pine (Stebbins
2003).
The next oldest Sceloporus fossils (16–13.6 Ma) are from

the Egelhoff Quarry site in Nebraska, which contains a larger
mammalian fauna including lagomorphs, rodents, insecti-
vores, proboscideans, rhinos, horses, carnivores, bats, and
artiodactyls, as well as lizards, snakes, and amphibians. The
site occurred at the time of the Miocene Climatic Optimum
and appears to have been frost free in the winter and to
have had less continental zonation of rainfall than its mod-
ern climate (Holman 1987). The sediments suggest still wa-
ters surrounded by marshy grasses, with grasslands and gal-
lery woodland in the region. One of the Sceloporus fossils
had unicuspid teeth and was possibly ancestral to Sceloporus
merriami, whereas the other had tricuspid teeth. Sceloporus
merriami occurs on canyon walls and rocky slopes with
sparse vegetation. It shelters in crevices and buries its eggs
beneath soil surface (Hammerson et al. 2007).
Fitting Evolutionary Models and the
Evolution of Climate Tolerances

The climate tolerances of Sceloporus most likely evolved in
a manner similar to an Ornstein-Uhlenbeck (OU) process
(table 1). Although this model is a simple representation
of OU, it was the best fit of the three evolutionary models
tested. The AICc is always less than two integers from the
next best model, indicating that the OU model is a signif-
icantly better fit to the data. This result is robust regardless
of the inclusion of fossils in the phylogenetic reconstruc-
tions. The strength of a, the OU parameter that represents
the strength of the pull toward the optimum, had a few rec-
ognizable trends within and between the variables. We re-
port the phylogenetic half-life, which is an intuitively ap-
pealing parameter and can be considered the resistance to
adaptation (Hansen 1997). Temperature seasonality has by
far the greatest phylogenetic half-life of the climate variables
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considered in this analysis. The maximum of each variable
almost always has a higher phylogenetic half-life than the
minimum of each variable, except when fossils are included
for the minimum temperature of the coldest month.
Phylogenetic Ancestral Climate Reconstructions

Sceloporus climates during the most recent 10 myr can be
reconstructed reasonably well from data based on modern
taxa alone. During the most recent 10 myr and for all four
climate variables, the ranges of climates reconstructed for
ancestral Sceloporus were remarkably consistent, whether
based on measures of the climates of modern taxa alone
or calibrated by the inferred paleoclimates of the Sceloporus
fossils (fig. 3). Results for some climate variables (e.g., mean
annual temperature) were more concordant than others
(e.g., temperature seasonality), and there appears to be high
discordance between suitability of temperature seasonality
and precipitation seasonality near the root of the phylogenies
(fig. 3D, 3H). However, the reconstructions were reasonably
good for the earliest Sceloporus for several of the climate
variables (fig. 3B, 3F). For mean annual temperature, mean
temperature of the coldest month, and precipitation season-
ality, we were able to estimate ancestor climates for mini-
mum measures better than the maximum measures.
Incorporating fossil data was critically important to re-

constructing the deep history of the maximum measures
of these variables and for both the minimum and maxi-
mum of temperature seasonality. For example, according
to the paleoclimate maps, the very oldest Sceloporus fossils
lived in a context of extreme seasonal changes in tempera-
ture (fig. 3D, high temperature seasonality), with a relatively
low annual minimum temperature (fig. 3G, low mean tem-
perature of the coldest month) and a relatively low seasonal
precipitation range (fig. 3I, low precipitation seasonality)
than do most extant Sceloporus. These sorts of directional
changes cannot be detected by phylogenetic reconstructions
unless fossil information is included. As a result, there was
a discrepancy between ancestral reconstructions based on
data from extant taxa and the inferences derived from the
paleoclimate of known fossils that could be due to either
the inability of phylogenetic comparative methods to detect
a consistent long-term trend (e.g., resulting from the global
climatic cooling following the Miocene Climatic Optimum)
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Figure 2: Modern and fossil Sceloporus occurrences.A, Modern rich-
ness at 50-km equidistant points. The color of the point indicates the
number of species; the higher the richness, the hotter the color. B,
Fossil occurrences of Sceloporus binned and colored by the geologi-
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Fossils and Climatic Niche Evolution 139
or problems with the general circulation models used to re-
construct the paleoclimate maps.

Paleoclimates and Multivariate
Environmental Similarity Surfaces

Global warming was the dominant trend during the first
5 myr of Sceloporus diversification, with the warmest con-
ditions occurring during the Miocene Climatic Optimum,
∼16–14.8 Ma (Flower and Kennett 1994; Barnosky et al.
2003). Global cooling ensued with the increased produc-
tion of cold Antarctic waters and the expansion of the East
Antarctic ice sheet, which occurred at approximately 14.8–
14.5 Ma. On the long-term average, global temperatures
have been cooling ever since (Zachos et al. 2001).

The MESS maps (fig. 4) confirmed that suitable climates
for Sceloporus were widely available in geographic space
through time. The variables mean annual temperature and
mean temperature of the coldest month were probably more
restricting to Sceloporus distributions than temperature sea-
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sonality and precipitation seasonality (fig. 4). In addition,
these MESS maps indicate that southern North America
probably did not provide suitable climates for Sceloporus
during the early evolutionary history of this genus (fig. 4S,
4T). The multivariate MESS maps show that the fossil oc-
currences are in the areas of highest similarity (red areas in
fig. 4Q–4T), with their MESS scores showing 190% similar-
ity between paleoclimate and the fossil-informed phyloge-
netic reconstructions. There is less available suitable habitat
for Sceloporus regarding the mean temperature of the cold-
est quarter at 5 and 13 Ma (fig. 4J, 4K ). Nevertheless, the
MESS maps confirm that the ancestral climate reconstruc-
tions are useful indicators of potentially suitable habitat for
Sceloporus species lineages through time.

Hindcasting Unsuitable Habitat and Extinction Risk

Twenty million years ago, suitable habitat for Sceloporus
appears to have been concentrated in central North Amer-
ica (fig. 4T ). While no Sceloporus fossils are known from
Table 1: Best tree transformation model and the phylogenetic half-life
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Parameter
Mean annual temperature:

No fossils:
Min
 518.63
 500.38
 520.88
 .25

Max
 461.46
 445.87
 463.71
 3.01
Fossils:

Min
 980.09
 938.38
 982.21
 .00

Max
 972.92
 914.16
 974.44
 1.33
Temperature seasonality:

No fossils:
Min
 631.11
 592.45
 633.36
 3.65

Max
 523.19
 513.15
 525.44
 34.66
Fossils:

Min
 1,172.7
 1,120.8
 1,174.8
 1100

Max
 1,087.2
 1,047.1
 1,089.1
 1100
Min temperature of coldest month:

No fossils:
Min
 640.50
 603.80
 642.75
 .25

Max
 581.54
 576.26
 583.79
 3.85
Fossils:

Min
 1,192.6
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 1,194.7
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 1,150.1
 1,124.3
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No fossils:
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 1,936.0
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Note: BM p Brownian motion; EB p early burst; max p maximum; min p minimum; OU p Ornstein-Uhlenbeck. We
used the minimum corrected Akaike information criterion to identify the best model fit of the phylogenetic reconstructions.
The OU model is a significantly better fit for all of the variables, regardless of the inclusion of fossils. The parameter column
reports the phylogenetic half-life (ln(2)=a) (Hansen 1997), where a is the optimized parameter for the OU model.
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south of this area, three fossil sites provide glimpses of the
environment. A rich site dated around 22 Ma from Newton
County, Texas, preserves a tropical coastal forest fauna with
an amphiumid salamander, soft-shelled turtles, an erycine
boid snake, an anguid lizard, tapirs, rhinos, rodents, extinct
carnivores, and other mammals (Albright 1994, 1999). Far-
ther inland, a fauna of about the same age from Big Bend,
Texas, suggests a drier subtropical savanna that includes an
extinct helodermatid lizard, a didelphid marsupial, small to
medium-sized rodents, carnivores, camels, and a small rhino
(Stevens 1977). During the onset of global cooling at approx-
imately 14.8–14.5 Ma, all of our estimates (regardless of var-
iable set and phylogenetic hypothesis) show a slow south-
ward geographic expansion during this period, producing a
highly suitable habitat across the center of North America.

On the long-term average, global temperatures have been
cooling ever since (Zachos et al. 2001), with a break in global
cooling occurring at approximately 9–7 Ma (Prothero 1998),
before beginning again. If the age of the crown clade is ap-
proximately 23 Ma, as we assume in our analysis and as cal-
culated by Leaché and Sites (2009), Sceloporus species rich-
ness appears to have been relatively stable after the initial
bout of diversification and continuing through the lag in
cooling (from 14 to 7 Ma). Sceloporus underwent a second
burst of speciation at the end of the break, when global cool-
ing began again at the time that grasslands expanded across
the Great Plains of North America (∼7 Ma). Sceloporus
reached current levels of species richness at about 6 Ma.
Many species with modern geographic distributions inMex-
ico had greatly reduced or no suitable habitat in Mexico be-
fore ∼6 Ma.

Mapping extinction risk through time, we found that
most of Mexico was inhospitably hot before 5 Ma for spe-
cies with body temperatures 327C or lower (fig. 5B–5D,
5F–5H). It would have been difficult for species with such
low body temperatures to maintain enough activity to find
mates and eat, because they would have been restricted to
thermal retreats for long daily periods. The fossils indicate
that early Sceloporus were found at higher latitudes, and
these species would have had little pressure to spend long
hours in thermal refuge, regardless of their body temper-
ature. However, the MESS maps indicate that there is mod-
erately suitable habitat for early Sceloporus in the northern
regions of Mexico. If Sceloporus actually inhabited this re-
gion, the species would have had to maintain body tem-
peratures 1357C. Thus, the fossil locality at 5 Ma likely
represents a species that had a very high body temperature
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(fig. 5J ). Species with body temperatures ≥387C did not
have any locations or times in our analyses in which they
were restricted to !4 h of daily activity.
All of our analyses greatly overestimated where Scelo-

porus actually occurs today, finding moderately suitable
Sceloporus habitat in Greenland, Alaska, and the Caribbean
islands (fig. 4). Our hindcast ranges can thus be considered
conservative in regard to where Sceloporus could not have
lived in the past. Most likely Sceloporus had a smaller range
than our hindcasts suggest because of dispersal limitations
and biotic interactions that likely further restricted its geo-
graphic range. The geographic results for models with fossil
calibrations were similar to those for models without fossil
calibrations in more recent times. Deeper in the phylogeny,
fossil calibrations had a more important effect, leading to
projections that were always geographically north of those
without fossil calibration.
Discussion

Our results emphasize the importance of incorporating
fossil data and paleontological approaches into the recon-
struction of historical climates and biogeographies, partic-
ularly over very long periods of time. Although phyloge-
netic comparative methods did a good job back to 10 Ma,
older models of paleoclimate and geographic range benefited
from including the associated paleoclimate data from the
53 fossil localities. Fossil information was especially impor-
tant for inferring variables relevant to temperature, season-
ality, and fluctuation. The mapping of extinction risk sug-
gests that Sceloporus is particularly vulnerable to rapid global
warming because the current center of diversification will
become completely inhospitable.
There are two sources of uncertainty that we did not ac-

count for in this analysis: uncertainty in the interpolated
paleoclimates and uncertainty in the age of the crown clade
of Sceloporus. The interpolated paleoclimates were derived
from two general circulation models that are known to un-
derestimate temperature increases over northern latitudes,
especially during the mid-Miocene (Micheels et al. 2007,
2011; You et al. 2009; Herold et al. 2011). That bias might
account for the slight trend in the mean annual temperature
and the mean temperature of the coldest month (fig. 3B,
3F). It might also account for the trend in temperature sea-
sonality (fig. 3D). However, the difference in the tempera-
ture seasonality during the Miocene and recent is greater
than the variation within the Miocene general circulation
Figure 3: Ancestral reconstructions for the minimum (gray lineages) and maximum (blue lineages) of four climate variables for the posterior
distribution of phylogenies. The X-axis represents time in millions of years before present (Ma [mya]). A, C, E, and G do not include fossils in
the ancestral climate envelope estimations. B, D, F, and H include fossils in the estimations. Black points represent estimates of the climate in
which the fossils occurred, and the beige bars represent the available climate at four points in the geological past. Data and scripts underlying
this figure are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.69fc0 (Lawing et al. 2016).
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models or between Miocene general circulation models built
with different algorithms but for the same time (Tong et al.
2009).

Our analysis was based on an estimated age of ∼23 Ma
for the origin of the crown clade of Sceloporus (Leaché and
This content downloaded from 184
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Sites 2009), but the origin of the crown clade has also been
estimated at 40–38 Ma (Zheng and Wiens 2015), ∼45 Ma
(Wiens et al. 2013), ∼70 Ma (Pyron and Burbrink 2014),
and 80–75 Ma (Schulte and Moreno-Roark 2010). The
older divergence dates do not affect the climate niches at-
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Figure 5: Hours of restriction to a thermal refuge for species with various body temperatures. A–D, Hours of restriction for species with a
body temperature of 287C or lower. E–H, Hours of restriction for species with a body temperature from 287 to 327C. I–L, Hours of restriction
for species with a body temperature from 327 to 357C. A, E, I, Models of restriction plotted at 2 Ma (mya). B, F, J, Models of restriction plotted
at 5 mya. C, G, K, Models of restriction plotted at 13 mya. D, H, L, Models of restriction plotted at 20 mya. Shades of red indicate ≥4 h of
restriction, and the darker the shade, the higher the number of hours of restriction. Gray shading indicates !4 h of restriction. Black points
indicate fossil occurrences. Data and scripts underlying this figure are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061
/dryad.69fc0 (Lawing et al. 2016).
Figure 4: Univariate and multivariate environmental similarity surface (MESS) for reconstructed climate envelopes at 2, 5, 13, and 20 Ma (mya).
MESS is the similarity of a set of reference points to the modeled paleoclimate at each geographic location. Hotter colors indicate higher sim-
ilarity between the reference set and the modeled paleoclimate. The set of reference points includes all the lineages present for each modeled
interval and consists of the reconstructed ancestral climate envelopes estimated by incorporating fossil occurrences. A–D, Mean annual temper-
ature. E–H, Temperature seasonality. I–L, Minimum temperature of the coldest month. M–P, Precipitation seasonality. Q–T, The combined
MESS maps. A, E, I, M, and Q show the models at 2 mya. B, F, J, N, and R show the models at 5 mya. C, G, K, O, and S show the models
at 13 mya. D, H, L, P, and T show the models at 20 mya. Black points indicate fossil occurrences on the maps. Data and scripts underlying
this figure are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.69fc0 (Lawing et al. 2016).
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tributed to the fossils given the paleoclimate maps, but if
true, would have resulted in a more drastic increase in the
rate of change of the climate variables that show strong
trends, because the suite of possible lineages a fossil might
attach to is larger and younger. We repeated our analysis,
pushing back the crown age of Sceloporus to 70 Ma, and
found that our main conclusions still hold. The OU model
was always the best fit to the data (both with and without
including fossils in the phylogenetic reconstructions), youn-
ger node estimates were more reliable than the older node
estimates, and there was no suitable habitat in the southern
part of North America for this genus before the Early Plio-
cene, approximately 5 Ma and earlier.

Fossil data are especially useful for reconstructing evo-
lutionary history of measures that show directional trends
and that act on all lineages simultaneously, such as global
warming or cooling, or as in our study, seasonal tempera-
ture fluctuations. Currently, phylogenetic comparative meth-
ods using data only from modern taxa are not able to detect
directional trends and so are unlikely to estimate very old
(110 Ma) climates accurately unless fossil data are incor-
porated. Fossil records, though sparse, provide indisputable
lines of evidence for where organisms occurred in the past
and can be critical for inferring geographic history and re-
lationship to paleoclimate (Svenning et al. 2011). Other re-
searchers have also begun to use fossil data to corroborate the
results of phylogenetic comparative analyses (Polly 2001;
Finarelli and Flynn 2006) and to develop techniques for in-
corporating fossil evidence into phylogenetic comparative
analyses (e.g., Slater et al. 2012; Bapst 2014). More will be
needed as we work toward a new evolutionary synthesis that
includes paleobiology (Fritz et al. 2013; Pennell and Harmon
2013).

Our estimates of the place of origin of Sceloporus are
in sharp contrast to previous studies that suggested an or-
igin in the southwestern United States (Hall 1973) or west-
ern Mexico (Sites et al. 1992). The earliest fossil Sceloporus
are from Nebraska and Canada, our MESS analysis of pa-
leoclimate maps finds very little suitable Sceloporus habitat
in Mexico before 13 Ma, and our geographic reconstruc-
tions of extinction risk based on physiological models and
activity periods conclude that Mexico was inhospitable to
Sceloporus with normal ranges of body temperature before
6 Ma. Thus, several lines of evidence suggest that the genus
Sceloporus originated in what is currently the central United
States.

Other early fossils that have been inconclusively identi-
fied as Sceloporus are from Saskatchewan (16.3–13.6 Ma)
and South Dakota (30.8–20.6 Ma; Holman 1970; Macdon-
ald 1972), and other closely related lizard fossils from the
same time period (Miocene) are also found in Nebraska:
Holbrookia (Yatkola 1976) and Phrynosoma (Estes and
Tihen 1964). Although more work is needed on fossil rep-
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tiles in Miocene sites, especially in Mexico, no Sceloporus
fossils have been reported from any of the Miocene sites
that document squamate reptiles in the southwestern United
States (eight sites) and Mexico (four sites; http://pbdb.org).
Our results agree with earlier hypotheses that Sceloporus orig-
inated in a thorn scrub environment similar to that in the
modern Sonoran Desert (Sites et al. 1992). In northwest Ne-
braska during the Miocene, the vegetation shifted from pre-
dominantly forest to shrubland at the time of Sceloporus’
origin and to grassland by ∼8–6 Ma (Strömberg 2002). In
contrast, the Sonoran Desert is a geologically recent biotic
community (assembling at ∼8 Ma as the shrub of the earlier
Miocene shifted southward) that was a tropical forest (not
thorn scrub) during the Early Miocene (Martínez-Cabrera
et al. 2006). Note also that Mexico was much hotter and drier
at 20 Ma, so any future discoveries of Miocene Sceloporus
fossils from there would only add support to our conclusion
regarding the deep historical shifts in seasonal temperature
fluctuation and the importance of including fossils in phy-
logenetic comparative reconstructions.
In Sceloporus, the evolution of viviparity may account, in

part, for the pattern of diversification. Viviparity has arisen
independently several times within the Sceloporus genus
(Guillette et al. 1980; Shine 1985; Sites et al. 1992) and
has been linked to cooling (Lambert and Wiens 2013). Pro-
nounced global cooling during the evolution of Sceloporus
provided environmental cues acting on all lineages at the
same time that may have induced similar responses of egg re-
tention and increased vascularity, potentially resulting in the
parallel evolution of viviparity (Shine and Guillette 1988).
The evolution of viviparity may also promote both prezygotic
speciation through links to evolutionary shifts in communi-
cative signals (Ossip-Klein et al. 2013) and postzygotic spe-
ciation because of subsequent maladaptation to warmer cli-
mates (Pincheira-Donoso et al. 2013). Further studies are
needed to determine whether viviparity is also linked to the
unusually high variation in chromosome number and sex
chromosome heteromorphisms (Hall 2009), which has been
linked to rapid diversification within Sceloporus (Leaché and
Sites 2009).
The predicted effects of climate change on lizard diver-

sity are alarming. Sinervo et al. (2010) found that in as few
as 70 years, 39% of local populations and 20% of species
are projected to become extinct. Our results confirm the ur-
gency of this concern. Conservative climate models (Hough-
ton et al. 2001) predict that the mean annual surface tem-
perature in North America will increase by approximately
3.27 and 4.47C by the years 2050 and 2080, respectively.
Not since the Late Miocene, 9–5 Ma, has North America
had mean annual temperatures that high (Barnosky et al.
2003). It was only after North America cooled to that tem-
perature (∼6 Ma) that Sceloporus reached modern levels
of species richness and expanded. Our models also suggest
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that any Sceloporus with body temperatures lower than 387C
occurring in Mexico at 5 Ma would have been subject to very
high levels of extinction risk. Most Sceloporus have body
temperatures ranging from 28.67 to 37.57C (Andrews 1998;
Sinervo et al. 2010). Thus, if the future climate returns to
the hotter climates of the past, Mexico, the place of highest
modern Sceloporus richness, will no longer provide suitable
habitats for Sceloporus to survive and reproduce.
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