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The importance of the environment in shaping phenotypic evolution lies at the core of evolutionary biology. Chipmunks of the

genus Tamias (subgenus Neotamias) are part of a very recent radiation, occupying a wide range of environments with marked niche

partitioning among species. One open question is if and how those differences in environments affected phenotypic evolution

in this lineage. Herein we examine the relative importance of genetic drift versus natural selection in the origin of cranial

diversity exhibited by clade members. We also explore the degree to which variation in potential selective agents (environmental

variables) are correlated with the patterns of morphological variation presented. We found that genetic drift cannot explain

morphological diversification in the group, thus supporting the potential role of natural selection as the predominant evolutionary

force during Neotamias cranial diversification, although the strength of selection varied greatly among species. This morphological

diversification, in turn, was correlated with environmental conditions, suggesting a possible causal relationship. These results

underscore that extant Neotamias represent a radiation in which aspects of the environment might have acted as the selective

force driving species’ divergence.

KEY WORDS: Climatic niche, morphometrics, natural selection, quantitative genetics, phylogenetic comparative methods.

Understanding the role of separate evolutionary processes in driv-
ing phenotypic diversification and shaping the way species inter-
act with their environment has been a central concern in biology.
Numerous theoretical advances show that even very divergent
phenotypes could evolve through a neutral process of genetic
drift (Lande 1979; Pie and Weitz 2005; Stayton 2008). Therefore,
rather than simply assuming that species have diversified adap-
tively, the initial step in any study should be one that tests if a
random evolutionary process could generate the observed phe-
notypic diversity. Moreover, to understand how species diversify
and adapt to different environments is essential, especially in a
world threatened by human induced changes. One major factor
influencing species’ phenotypic evolution is climate (Barnosky
et al. 2003), which is also one of the major aspects influenced by

This article corresponds to Jeremy C. R. (2017), Digest: Climate effects on
chipmunk cranial morphology. Evolution. DOI:10.1111/evo.13185.
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human actions (IPCC 2014). Therefore, by studying a group of
species that diversified recently to occupy a wide range of climatic
niches we can gain a better understanding of how climate change
might impact species evolution.

The western North American chipmunks, genus Tamias, sub-
genus Neotamias, comprise 23 extant species that originated about
~2.75 million years ago in the early Pleistocene (Reid 2006;
Sullivan et al. 2014). This clade is one of the most speciose
among North American mammals and exhibits the hallmarks of a
recent, rapid radiation (Good et al. 2003; Reid et al. 2012; Sullivan
et al. 2014). In striking contrast, the sister group to Neotamias in-
cludes two lineages, neither of which has apparently undergone
any speciation event since their respective origins: Tamias sibiri-
cus (subgenus Eutamias) is distributed through a large geographic
region in temperate Asia, and Tamias striatus (subgenus Tamias)
occurs throughout the eastern United States and adjacent Canada.
Species of Neotamias are ubiquitous members of the diverse

© 2016 The Author(s). Evolution © 2016 The Society for the Study of Evolution.
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habitats found across western North America, which include
alpine tundra, all types of conifer and western hardwood forests,
sagebrush plains, brush covered montane slopes, and dense tem-
perate rainforest (Nowak 1999), biomes that span an elevational
gradient from sea level to 4000 meters and an environmental gra-
dient from coastal humid areas to the dry intermontane interior
(Johnson 1943; Reid 2006). As many as seven species may be
found along a single elevational transect, as in the central Sierra
Nevada in California (Grinnell and Storer 1924), with up to four
species co-occurring in a single area (Sullivan et al. 2014). Never-
theless, conspicuous niche partitioning is apparent in multispecies
assemblages and sharp elevational zonation patterns are typical,
resulting in limited true syntopy (Grinnell and Storer 1924; Heller
1971; Heller and Gates 1971; Heller and Poulson 1972; Bergstrom
1992).

We chose to study the skull in these chipmunks because it is
one of the most important structures determining how mammalian
species perceive and interact with their environment. In this way,
we hope to gain a better understanding of how these chipmunks
adapted and diversified to their strikingly different environments.
Beyond the obvious role that the jaws and teeth play in food acqui-
sition and initial processing, the interconnected bony elements of
the skull serve to protect the brain and sensory organs (eye, inner
ear, olfactory receptors; Elbroch 2006) and serve in water bal-
ance and temperature regulation (counter-current water and heat
exchange via the nasal passages and convoluted turbinal bones;
Schmidt-Nielsen et al. 1970). Among mammals, rodents exhibit
a great array of feeding specializations, with their characteristic
single pair of gnawing incisors and highly specialized masticatory
muscles hypothesized to underlie their extreme evolutionary suc-
cess (Cox et al. 2012). Moreover, several studies have suggested
that cranial trait differences among chipmunk species resulted
from their response to environmental conditions associated with
the differential habitats occupied (Allen 1890; Patterson 1980,
1983; Sutton and Patterson 2000). Such striking features make
this group a good model for examining underlying evolutionary
processes.

Herein, by using phylogenetic comparative methods within
the framework of quantitative genetics theory, we examined the
pattern of variation in quantitative attributes of the chipmunk
skull. Our goal was to disentangle the relative roles of genetic
drift and selection in their cranial phenotypic evolution and relate
this to possible selective pressures. We started by testing hypothe-
ses of evolutionary diversification in Neotamias, to understand if
the cranial diversity seen among species could be explained solely
by genetic drift, natural selection, or a combination of these two
processes. We then investigated if climatic variables (potential
selective agents) are associated with the evolution of morpho-
logical traits, which would be expected under natural selection.
The phenotype-environmental correlation is thought to be an es-
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sential part of the adaptation process and one of the aspects that
can demonstrate an adaptive radiation (Wainwright and Reilly
1994; Schluter 2000). Therefore, understanding how cranial traits
are correlated with environmental variables might enlighten us on
how ecological variation can promote divergence between species
(Wainwright and Reilly 1994).

Methods
SAMPLE AND MEASUREMENT
We measured 2238 skulls representing 20 of the 23 species of Neo-
tamias and the single species in the subgenus Tamias (T. striatus)
(taxa and sample sizes available in Table S1). All specimens are
deposited in the Museum of Vertebrate Zoology (MVZ, Berkeley,
CA) and National Museum of Natural History (NMNH, Wash-
ington, DC). We included only adult specimens, defined by full
eruption of the permanent premolar 4 and a completely fused
basisphenoid-basioccipital suture. The taxonomic arrangement
used throughout this study follows Wilson and Reeder (2005),
and the phylogeny presented is based on Sullivan et al. (2014).
For polytypic species we included only a single representative
subspecies. In a few cases where specimen availability was lim-
ited (see Table S1), we included individuals assignable to two
subspecies. We removed significant differences due to sex, lo-
cality, subspecies, and age (adults divided in three categories de-
fined by tooth wear: (1) no signs of wear, (2) moderate signs
of wear and (3) extensive signs of wear), prior to the estima-
tion of the pooled within-species phenotypic variance/covariance
(V/CV) matrices, using the residuals of a multivariate analysis
of variance (MANOVA), and a pooled-by-subspecies mean was
used for each trait (Table S1).

One of us (APAA) recorded three-dimensional coordinates
for 27 landmarks on each skull (Fig. 1; Table S2) using a Mi-
croscribe 3D MX digitizer (Microscribe, IL). Landmarks were
positioned at the intersection of sutures or other discrete (and
homologous) cranial features; each landmark was readily identi-
fiable in all specimens. We chose this set of landmarks to reflect
potentially important developmental and functional relationships
among cranial structures while simultaneously representing the
whole skull (Cheverud 1982; Marroig and Cheverud 2001). A set
of 38 linear measurements was then calculated from the landmark
coordinates (Fig. 1); these typically encompass only a single bone
of the skull and thus capture localized developmental/functional
processes. Bilaterally symmetrical measurements were averaged,
and if the skull was damaged on one side, the other was used
instead of the average. All specimens were measured twice, al-
lowing the estimation of repeatability to account for measurement
error (Lessels and Boag 1987). The average of repeated measure-
ments was used in all subsequent analyses. Here, we chose to use a
traditional morphometric approach because most of our analyses
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Figure 1. A skull of T. alpinus displaying the landmarks and linear measurements used in the study. The scale bar = 1 centimeter. A brief

description of each landmark position is available in Table S2.

are dependent on the estimation of covariance between traits. To
do this within the framework of geometric morphometrics would
require much larger sample sizes, beyond the availability of spec-
imens in the visited museums (at least three times the number of
landmarks; Zelditch et al. 2004). Moreover, local variation among
landmarks is not necessarily preserved in covariance matrices ob-
tained through a Procrustes Superimposition procedure (Linde
and Houle 2009; Adams et al. 2013).

GENETIC DRIFT TESTS

We applied two different drift tests to evaluate which evolution-
ary process was responsible for the cranial diversity observed
among Neotamias species. Both are based on quantitative genet-
ics predictions for groups evolving through drift (Lande 1979;
Ackermann and Cheverud 2002; Hohenlohe and Arnold 2008).
The first is referred as a regression test and the second as a prin-
cipal components (PCs) correlation test. Both tests are based
on the premise that the species patterns of covariance have re-
mained relatively stable throughout their diversification. To verify
this premise, we compared phenotypic covariance matrices (P-
matrices) among species using Random Skewers and Krzanowski

methods (Krzanowsky 1979; Blows et al. 2004; Cheverud and
Marroig 2007). Moreover, we also compared P-matrices with a
G-matrix derived from a distant-related rodent species (Akodon
cursor, Porto et al. 2009). We found considerable similarity in
the covariance structure for all matrices using both methods (see
Supplementary Material for further discussion; Tables S3 and
S4 and Fig. S1). These results allowed us to continue with the
investigation of the evolutionary processes responsible for the
diversification of Neotamias.

Regression test: Proposed by Ackermann and Cheverud
(2002), the idea behind this test is that in populations evolv-
ing through genetic drift the amount of observed phenotypic di-
vergence will be proportional to the amount of variation in the
ancestral population (Ackermann and Cheverud 2002; Marroig
and Cheverud 2004). This relationship can be expressed by the
following equation:

B: =G (t/N,). ey

Where B, represents the V/CV matrix between groups at gen-
eration t; G is the additive genetic V/CV matrix of the founding
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population, and N, is the effective population size of the indi-
vidual taxa (Lande 1979, 1980; Lofsvold 1988). For morpholog-
ical traits, and particularly in mammalian skull studies, usually
the phenotypic within-group V/CV matrix (W) is quite similar
to G (Cheverud 1988; Roff 1995; Marroig and Cheverud 2001,
Oliveira et al. 2009), and can therefore be used as a substitute for
G in the above equation. This assumption of G and P-matrices
exchangeability is particularly robust on empirical cases where
P-matrices are structurally similar among species under investi-
gation, as is the case here (see supplementary material for further
discussion, Tables S3, S4). W can be interpreted as an estimate
of the ancestral population matrix. Given that t and N, are con-
stant for a given comparison, the pattern of V/CV between groups
(B) must be proportional to the V/CV pattern within groups (W)
if the populations are evolving through genetic drift (Ackermann
and Cheverud 2002, 2004; Marroig and Cheverud 2004). Alterna-
tively, where B and W are not proportional, directional selection
may have acted upon the evolution of the groups (Ackermann
and Cheverud 2004; Proa et al. 2013). To simplify this relation-
ship of within- to between-groups variation, we transformed W
to its principal components (PCs). On a logarithmic scale, we can
write the relationship between and within groups V/CV as a linear
regression:

In(B) = In(t/N,) +bIn(W). 2)

In this case b corresponds to the slope of the regression line,
In(W) corresponds to the log transformed eigenvalues of the W-
matrix, and In(B) corresponds to the log transformed variances
of the B-matrix. W-matrices were estimated for each node of the
phylogeny by taking the mean over sister taxa, weighted by sample
size, using the function PhyloW available in package EvolQG
version 0.2-2 for R (R Core Team 2014; Melo et al. 2015). We
projected the species means in the principal components of W,
and the variance associated with each PC’s projection was used
as an estimate of the B-matrix.

If the observed diversification was due to genetic drift, we
expect the slope of regression not to deviate significantly from
1.0. A significant deviation from a slope of 1.0 indicates a pattern
unlikely to have been produced by drift alone (Ackermann and
Cheverud 2002; Marroig and Cheverud 2004). Regression slopes
above 1.0 indicate that one or more of the first few PCs are more
variable, relative to the other PCs, than expected under genetic
drift. This could happen through diversifying selection acting on
traits contributing to the highly variable PCs and/or by stabiliz-
ing selection on the traits contributing to the later PCs. Slopes
significantly smaller than 1.0 occur when species are relatively
highly divergent along minor PCs. This can occur through strong
diversifying selection along these dimensions and/or stabilizing
selection on the remaining PCs.
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Because genetic drift is rejected if the regression line between
B and W deviates significantly from 1.0, the number of species
involved in the analysis has an influence in the uncertainty of the
confidence interval. The smaller the number of species used, the
higher this uncertainty. Thus, to minimize the occurrence of type
II error, we applied this analysis only to nodes with more than
four descendant species. Type I error rates, on the other hand, for
this test are acceptable when the diverging species satisfy the as-
sumption of similarity in variance/covariance patterns (Proa et al.
2013).

PCs correlation test: By definition, principal components are
uncorrelated with each other. Hence, when we apply a principal
component transformation the result is a new set of uncorrelated
variables. In a macroevolutionary context, therefore, a significant
correlation between the average PC scores of each species in the
PC space defined by the eigenvectors of W-matrix is an indication
of coselection between both traits (in this case PCs). The reason
for this is that the B-matrix expected under diversifying directional
selection is:

B = GCG. 3

Where C is the V/CV matrix among selection gradients for
the traits, in which the off-diagonal elements represent covari-
ance between traits produced by selection (Felsenstein 1988; Zeng
1988). For example, desert environments may favor rodents with
lighter fur and smaller body size. Therefore, when a species oc-
cupy this environment both traits might be coselected (selective
covariance), regardless of the genetic correlation between those
traits. In this way, there are two potential sources of correlated
evolution among traits: common inheritance (captured in G, or
as discussed previously, W in this case) and selective covariance
(captured in C). Because PCs are uncorrelated, G is then a diago-
nal matrix in this case, and any correlation in B must arise from C
(Felsenstein 1988). We are assuming here that natural selection is
independent of the population phenotype. This assumption is ap-
propriate in a macroevolutionary context where the phylogenetic
branches are long enough for the peak movement to dominate the
process. In this way, the main factor affecting populations’ mean
change is the covariance between peak movements (Felsenstein
1988).

To perform this test, each species mean was projected onto
W’s PCs (redefined at each node) and its scores were calculated.
After this, we computed the Pearson correlation between those
PC scores. As a general rule, the number of PCs used in the
comparisons was equal to n-1 (with the maximum of 10 PCs),
with n equal the number of species being compared. We rejected
the null hypothesis of evolution through drift whenever significant
correlations (after Bonferroni correction) were found among at
least one pair of PCs.
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Both regression and correlation tests can be viewed as com-
plementary in investigating hypotheses of phenotypic diversifica-
tion. While the regression test evaluates whether variation within
and between groups is proportional (deviations from proportion-
ality indicate selection), the correlation test detects coselection
(uncorrelated traits being selected together). Both tests are im-
plemented in the R package EvolQG version 0.2-2 (Melo et al.
2015).

DIRECTIONS OF DIVERGENCE AND SELECTION
QUANTIFICATION

We also explored graphically how the divergence observed among
species was distributed along axes of high or low variation of
the W-matrix (i.e., in which morphospace direction divergence
among species was concentrated). Therefore, we projected the
divergence observed in B in the same space of W.

We also reconstructed the potential selection gradients re-
sponsible for the morphological changes of each species. In this
way, we could assess how directional selection was distributed on
the phylogeny. This is a different question than simply estimating
the total amount of morphological change, in the sense that here
we are estimating the magnitude of selection itself, after removing
the effects of patterns of covariance in the evolutionary trajectory
observed. The selection gradients were reconstructed based on
Lande’s (1979) multivariate equation;

B=G Az 4)

Where Az is the vector of evolutionary response, G~ is the
inverse of the genetic matrix, in this case substituted by W=', and B
is the selection gradient vector. Matrices are always estimated with
some degree of error, whether due to sampling or measurement
errors, and this error is amplified whenever a matrix inversion is
required. To control this noise, we calculated inverted W-matrices
using an extension approach (described in Marroig et al. 2012).
We reconstructed the ancestral states of the 38 traits using two
different methods, a Brownian motion-based maximum likelihood
estimator (Schluter et al. 1997) using function ace in the ape
package version 3.4 in R (Paradis et al. 2004; R Core Team 2014)
and linear parsimony using Mesquite version 3.02 (Maddison and
Maddison 2006, 2015). We used the linear parsimony method to
assess the effect of branch length in the estimation of ancestral
states. After reconstructing the ancestral states, we could then
calculate the vector of response to selection (Az) as the difference
vector between two nodes or between an extant species and its
ancestor. We mean-standardized W and Az estimates to obtain
selection gradient values that were comparable among different
nodes and species (Hereford et al. 2004; Hansen and Houle 2008).
The strength of selection was calculated as the norm of the mean
standardized B-vector.

CLIMATIC VARIABLES

We extracted climate data for the last 30 years from each species
locality georeference coordinates from the PRISM database
(PRISM Climate Group 2004). For four species (7. obscurus, T.
cinereicollis, T. ruficaudus, and T. striatus), however, coordinate
locality data from the morphological data were unavailable; for
these, we estimated climate data from random points drawn from
their mapped ranges (distribution maps available from the IUCN,
TUCN 2014). We used Worldclim climate data (Hijmans et al.
2005) for the Mexican species, T. durangae, since the PRISM
dataset does not extend to that country. We used extreme esti-
mates of temperature and precipitation (minimum temperature in
the coldest month; maximum temperature in the warmest month
measured in Celsius degrees; precipitation of wettest and driest
months measured in mm) along with mean annual temperature
and total precipitation indexes. We extracted that information
from the climatic database using function biovars in package
dismo version 1.1-1 for R (Hijmans et al. 2016). Subsequently,
we estimated the impact of the climatic variables on the morpho-
logical variation through an evolutionary regression implemented
in SLOUCH package version 1.0 for R (Hansen et al. 2008). The
idea behind this analysis is to disentangle effects of phylogenetic
inertia, the evolutionary lag between a species’ traits and its op-
timum values, from effects of adapting to an optimum that is
influenced by the predictor variable. The model is built around
an Ornstein—Uhlenbeck model (OU) of adaptive evolution for a
single trait, while the predictor variable is modeled as a Brownian
Motion (BM) process (Hansen et al. 2008). The method uses gen-
eralized least squares to estimate the regression parameters, i.e.
the influence of the predictor variable on the primary optimum.
It also uses maximum likelihood to jointly estimate phylogenetic
inertia (represented by a parameter called phylogenetic half-life,
t12) and stochasticity (vy) effects. Those stochastic effects can
be interpreted as unmeasured selective forces and/or drift effects
(Voje and Hansen 2013). By disentangling phylogenetic effects
due to phylogenetic inertia (slowness of adaptation) from those
due to closely related species adapting to similar environments,
this test is a better choice when trying to estimate the impact of a
certain variable in the evolution of a group (Hansen et al. 2008).
The analysis, thus, returns an estimate of the regression coeffi-
cient of the linear regression, taking into account the phylogenetic
history of a clade.

We used these climatic variables as predictor variables, and
the scores of each species for the first two PCs of W as the
response variables. Measurement error, in both predictor and re-
sponse variables, might impact the estimation of the evolutionary
regression. To accommodate this potential uncertainty, we in-
cluded the variance of each individual parameter in the analyses
(Hansen and Bartoszek 2012). We compared the relative sup-
port for each model in relation to models estimated without the
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predictor variable using Akaike’s Information Criterion correc-
tion for small sample sizes, AICc. A model was considered the
best fit for the data if its AICc value was at least two units lower
than the model without predictor (Hansen et al. 2008). High values
of the coefficient of determination r indicate that a high amount
of morphological variation is explained by the predictor variable.
Because the estimation of phylogenetic inertia (¢,;) is rather in-
accurate in small phylogenies (<30 terminals), we focused our
comparisons in the outcome of the evolutionary regression and
estimated the regression in two different scenarios as suggested
by Hansen et al. (2008). In the first, we explored the likelihood
surface in scenarios with small phylogenetic effect, with ¢!/, rang-
ing from 0 to 0.1 (10% of the total length of the tree scaled to unit
length). In the second, we allowed high values of phylogenetic
inertia, from O to 100% of the total length of the tree.

Lastly, we investigated the relationship between magnitude
of selection and the magnitude of change in climatic niches using
alinear regression. We reconstructed climatic niche using a Brow-
nian motion process and estimated magnitude of climatic niche
change as the norm of the difference vector between reconstructed
climatic values from derived to ancestral nodes. Then we corre-
lated the magnitude of climatic niche change with the magnitude
of selection reconstructed using maximum likelihood, squared
parsimony, and linear parsimony (see Supplementary Material
for details).

All analyses were performed in the free available soft-
ware R version 3.2.1 (R Core Team 2014), using the above
cited libraries and functions. Codes used are available on
Github/paulaassis/Macroevolution and data are available as sup-
plementary files.

Results

GENETIC DRIFT TESTS

Both regression and correlation approaches indicate that morpho-
logical evolution in Neotamias cannot be explained by genetic
drift alone, thus supporting natural selection as the most probable
evolutionary process responsible for Neotamias cranial morphol-
ogy diversification (Fig. 2). In the regression test, of the 12 hier-
archical levels analyzed, four have slopes significantly different
from one: node 1 (all Neotamias + T. striatus), node 2, node 3, and
node 10 (small-bodied Neotamias) (Fig. 2 and Fig. S4, Table 1).
Divergence within these groups is therefore unlikely to be due to
genetic drift alone.

For the correlation test, significant correlations were found
for nodes 1 (all Neotamias + T. striatus), 2, 3, 4, 7 (quadrivittatus
group), 8, and 11 (townsendii or large-bodied group), indicating
deviations from the expectation under genetic drift in each case
(Fig. 2, Table 1). In most comparisons, PC1 was significantly
correlated with the remaining PCs, except for node 11 (fownsendii
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or large-bodied group), where the only correlation observed was
between PC3 and PCS5. Considering results of both drift tests
together, genetic drift was rejected as an explanation for the three
more inclusive nodes in phylogeny (node 1, 2, and 3; Fig. 2,
Table 1). As one moves further along the phylogeny, shallower
branches show a less clear picture with genetic drift being rejected
for at least one test for the majority of nodes. In only four, out of
12 nodes, phenotypic diversification was consistent with the null
hypothesis of genetic drift (nodes 5, 6, 9, and 12).

DIRECTIONS OF DIVERGENCE AND SELECTION
QUANTIFICATION

Most of the divergence observed between Neotamias species was
along the first principal component of W. For some nodes, ~80%
of the total divergence among species occurred along PC1 (nodes
1,2, 3,6, and 10; Fig. 3). PC1 is an allometric vector representing
variation in cranial size and associated shape, with most load-
ings pointing in the same direction (Table S6, Fig. 4). Moreover,
species means projection on PC1 is highly correlated with cen-
troid size corroborating that it is a good estimate of size (r* =
0 .99, Table S7). Therefore, most of the divergence in this group
can be attributed to size-related change. The only group that de-
viates from this pattern are species in the southern Rocky Moun-
tains (as defined by Reid 2012; including 7. umbrinus, T. rufus,
T. quadrivittatus, T. cinereicollis, T. dorsalis, T. canipes). In this
group, PCs 3 and 4 both had higher percentages of divergence
than expected by drift, while PC1 divergence was in accordance
with a drift scenario.

The magnitude of selection varied greatly among branches
and the models used to reconstruct (linear parsimony and maxi-
mum likelihood). In general, smaller estimates are concentrated
on more basal nodes, indicating that selection was stronger in
the more recent branches (Fig. 5). Moreover, even though both
methods showed large differences in the estimates for the small-
bodied chipmunks clade (T. alpinus, T. amoenus, T. ruficaudus,
and T. minimus), the group leading to the species T. alpinus and
T. minimus presented the highest estimates of selection (Fig. 5),
indicating that in this particular clade selection was very strong.

PHENOTYPE-ENVIRONMENT CORRELATION

We found several high correlations between the first two PCs
and climatic variables. The first two PCs of the pooled-within-
species variance/covariance (V/CV) matrix are displayed in Table
S6 and Figure 4, with the 38 cranial traits classified according to
functional/developmental groups. Together, these PCs account for
42.2% of the total within-species variation. PC1, as mentioned, is
an allometric size vector, while PC2 is mainly a contrast between
traits that affected the length of the face and the width of the neu-
rocranium (Fig. 4). In the context of the functional/developmental
groups, PC2 contrasts larger oral/nasal group distances with
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T. quadrimaculatus
» T. sonomae

e rejected drift in both tests
e= rejected drift in correlation test
«oo rejected drift in regression test
——> did not reject drift

— test not applied

_I—E T. senex
= T. siskiyou
—|_» T. townsendii
........... T. ruficaudus
—= T. minimus
;, T. alpinus

» T. amoenus

T. umbrinus
— T. rufus

|:» T. quadrivittatus

+ T. cinereicollis

T. dorsalis
——— T. obscurus
—— T. merriami

' T. speciosus

» T. panamintinus
T. durangae

T. striatus

[ I I I I I I 1
7 6 5 4 3 2 1 0 Myr

Figure 2. Phylogeny displaying the results of the genetic drift tests. The values close to the nodes represent the node number referred
in the Table 1 and Figure S4. No tests were performed for nodes with three or fewer species. The scale bar represents time in million of
years. Phylogeny based on four nuclear genes from Reid et al. (2012) and Sullivan et al. (2014).

Table 1. Genetic drift test results, showing the slope (b) of the regression line calculated between W-matrix and B-matrix for the
regression test with confidence interval.

Regression test Correlation test
95% CI

Node label b Lower Upper PCs included Correlated PCs
1 1.215 1.082 1.349 10 1-(2,4,9); 4-(9)
2 1.204 1.071 1.337 10 1-(2,4,9);2-(9); 4-(9)
3 1.166 1.007 1.325 10 1-(4,8)
4 1.094 0.961 1.226 10 1-(8)
5 1.072 0.936 1.209 9 -
6 0.979 0.733 1.225 3 -
7 1.017 0.846 1.189 5 1-(5)
8 1.008 0.808 1.207 4 1-(3)
9 0.975 0.769 1.182 3 -
10 1.328 1.051 1.606 3 -
11 1.012 0.838 1.186 4 3-(4)
12 0.958 0.753 1.162 3 -

Regression coefficients significantly different from 1.0 are shown in bold. The node labels correspond to the node number displayed in Figure 2. For each
node all species in the node were included in the drift tests. For the correlation test we present the number of PCs included (n-1 of the number of species
with a maximum of 10) and the PCs where we found any correlation. The first number corresponds to a specific PC and the numbers in parentheses are the
PCs to which a significant correlation was found.
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Figure 3. Directions of divergence between species (B) projected into the first 10 principal components of the W-matrix (black lines and

points). Gray lines represent the percentage of variance explained by each principal component of the ancestral W-matrix (Table S6). For
the majority of nodes most divergence between species occurred along PC1, in some cases it represented more than 70% of the total

divergence among species (nodes 1, 2, 3, 4, 5, 6, and 10).

smaller zygomatic ones, suggesting a narrowing of the zygomatic
arch. The second PC also represents a factor where an enlarged
frontal bone contrasts with a smaller cranial vault (Table S6).
For the comparisons involving PC1, minimum temperature
of the coldest month and mean annual temperature were the only
climatic variables that had a better predictive power than the
model without predictor (AICc values more than 2 units smaller).
Minimum temperature of the coldest month explained from 39.9
to 48.7% of the total variance in the scenario of strong and mild
phylogenetic inertia, respectively (Table 2). For the annual mean
temperature, the total amount of variance explained was smaller,
ranging from 24.5 to 34.2 % (Table 2, strong and mild phyloge-
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netic inertia). Since PC1 is an allometric size vector, these results
suggest that smaller animals live in relatively colder environments
(Fig. 6).

For PC2, all climatic variables analyzed had a better predic-
tive power than the model without predictor (lower AICc values).
However, maximum temperature of the warmest month and pre-
cipitation of the driest month explained very little of the mor-
phological variation (1.10-3.26 % and 10.53-6.14% strong and
mild phylogenetic inertia, respectively). Annual mean tempera-
ture, minimum temperature of the coldest month, annual precipi-
tation, and precipitation of wettest month explained a high amount
of the morphological variation ranging from 22 to 45% (Table 2).
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Figure 4. Schematic representation of the Neotamias ancestral W-matrix principal components loadings for each trait. The first row

corresponds to a skull’s lateral view and second row to ventral view. Distances represented can be identified in Figure 1 and loadings in
Table S6. The color scheme represents the loadings estimated for each PC.

Since PC2 is a contrast between face length and neurocranium
width, this result indicates that species with shorter faces in rela-
tion to a wider neurocranium (lower PC2 scores) tend to live in
colder and dryer areas (Fig. 6).

The regression between climatic niche reconstruction and
selection strength showed inconclusive results, with the recon-
struction method greatly affecting the regression results (Fig. S5).
For ancestral states reconstructed with maximum likelihood and
squared parsimony there is an indication that the higher the selec-
tion strength the higher the climatic niche change. On the other
hand, for reconstruction using linear parsimony no correlation
was observed.

Discussion

Neotamias chipmunks represent one of the most speciose clades
of North American mammals, exhibiting the hallmarks of a
recent and rapid radiation, one that contrasts sharply with its
sister group that apparently has not undergone any speciation
event (Good et al. 2003; Reid et al. 2012; Sullivan et al.
2014). Here, we provide evidence supporting the long-held
hypothesis that morphological variation in the group cannot

be explained solely by genetic drift but rather evolved in
association with the ecological niches occupied (Allen 1890;
Patterson 1980, 1983; Sutton and Patterson 2000). To this end,
we used an integrative framework that combines phylogenetic
comparative methods with quantitative genetics to provide a
comprehensive means to examine the association between evo-
lutionary processes and potential selective agents during species
diversification.

The overall pattern for the 20 species in the Neotamias clade
is one of too much variation between populations for divergence to
have occurred solely by genetic drift. Eight of the 12 phylogenetic
groups where tests could be applied rejected drift by one or both
of the tests we applied; three of the four nodes that did not reject
drift had only four descendent species. Since the power of both
tests is dependent upon sample size in each comparison, that
power diminishes substantially when too few species are included
(Marroig and Cheverud 2004; Harmon and Gibson 2006). It is
likely that sample size in these three tests influenced the results.
That natural selection has shaped the phenotypic evolution of
these species is not surprising, since most biologists agree that
natural selection is important at the morphological level. On the
other hand, the mere existence of a speciose lineage does not
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Figure 5. (A) Phylogeny displaying the strength of selection estimates: on the left are values obtained using a maximum likelihood

ancestral state reconstruction, on the right are selection strength values reconstructed using linear parsimony. Colors represent the
magnitude of selection (absolute value above branch) with increasing values going from gray to black. The estimated r?> between the

different reconstructions methods is equal to 0.43 and P < 0.001.

necessarily imply that member taxa have diversified solely or
mainly by adaptive means (Schluter 2000).

Most of the divergence observed among species was along
the first principal component, which at first glance might sug-
gest that genetic constraints dominated the diversification in this
group. In this multivariate context, genetic constraints can be un-
derstood as the impact of the axis of greatest variation (PC1) on
the evolutionary change. In other words, simply because there is
more variation in the direction of PC1, the response to selection
could be biased along PC1, even if selection was acting in an-
other direction. The hypothesis that patterns of variation might
constrain and bias evolutionary change was first proposed by
Schluter (1996), who emphasized that this bias should be more
marked during rapid radiations, as is Neotamias (Sullivan et al.
2014). Alternatively, divergence along PC1 could be the result of
selection in the direction of PC1. We will deal with disentangling
the relative contributions of genetic constraints and selection in
those observed patterns of divergence in a future contribution.

The correlations observed between morphological traits and
several climatic variables (PC1 x minimum temperature of cold-
est month and annual mean temperature; PC2 x minimum tem-
perature of coldest month, annual mean temperature, annual
precipitation, and precipitation of wettest month) suggest that
some morphological differences among species likely reflect the
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climatic differences among the habitats they occupy. Even though
we were unable to access the relative role of phylogenetic inertia
(because of the limited number of species in the phylogeny), the
amount of variance explained by the predictor variables remained
similar under both low and high degrees of phylogenetic inertia,
indicating that the regression coefficient estimates were robust.
Considering the temperature variables, minimum temperature of
the coldest month had both the higher regression coefficients
for both PC1 and PC2 and a better model fit (smaller AICc-
Table 2, Fig. 6). This indicates that minimum temperatures had
a greater impact on the expressed morphological variation than
higher temperatures or mean annual temperature. These correla-
tions also suggest that species with higher scores on these two
PC axes inhabit places with higher temperatures and species with
lower scores occur in colder habitats (Fig. 6). Considering that
the first morphological PC is an allometric size component, this
is exactly the opposite of what would be expected according to
Bergmann’s Rule, the ecogeographic prediction that organisms
living in colder climates should have larger body sizes and, al-
ternatively, that warm-climate denizens should have smaller body
sizes (Bergmann 1847; Mayr 1970). This positive correlation is
not surprising since the smaller chipmunks are those that inhabit
the highest elevations (7. minimus scrutator and T. alpinus, e.g.,
both of which extend into the arctic-alpine zone above 10,000
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Table 2. Phylogenetic evolutionary regressions for effects of climatic variables on morphological PCs scores.

Model type 2: Mild phylogenetic inertia

Model type 1: Strong phylogenetic inertia

Response
variable

PCI
PC1
PCI
PC1
PCI
PC1
PCI
PC2
PC2
PC2
PC2
PC2
PC2
PC2

Slope + SE

AlCc

72 (%var)
34.24

Slope + SE
0.047 £+ 0.018
0.008 £ 0.19
0.046 + 0.012
0.003 £ 0.002
0.018 + 0.008
—0.006 £ 0.064

AlCc

% (%var)
24.59

Predictor variable

0.068 £ 0.021
0.033 £ 0.026
0.061 £ 0.014
0.004 £ 0.002
0.021 £ 0.010
—0.025 £+ 0.087

110.75

101.57

Annual mean temperature (°C)

117.70

743
48.97
16.74
18.51

106.64

0.89
39.94

Max temperature of Warmest month (°C)
Min temperature of Coldest month (°C)

Annual precipitation (mm?)

105.60

97.69
103.72

115.56

16.07
18.59
0.04

115.13

103.20

Precipitation of wettest month (mm?)
Precipitation of driest month (mm?)

119.19

0.42

106.79

116.11

103.63

0.014 £ 0.005
0.005 £ 0.006
0.012 £ 0.003
0.001 £ 0.000
0.005 £ 0.002
—0.020 £+ 0.019

49.98
56.11

30.67

0.013 £ 0.005
0.002 £ 0.005
0.012 £ 0.003
0.001 £ 0.000
0.005 £ 0.002
—0.023 £ 0.018

46.26
51.51
44.30
48.90
47.58
49.96
101.95

29.45

Annual mean temperature (°C)

3.26
43.54
21.73

26.93

1.10
41.54

Max temperature of warmest month (°C)
Min temperature of coldest month (°C)

Annual precipitation (mm?)

46.26
52.15

17.35
25.20

Precipitation of wettest month (mm?)
Precipitation of driest month (mm?)

50.88

55.51

6.14

10.53

113.04

The analyses were performed in two different scenarios: model type 1 where strong phylogenetic inertia was explored (t'/, values ranging from 0-total length of the tree) and model type 2 where a mild

phylogenetic inertia was allowed (t'/, values ranging from 0-10% of total tree length). The values correspond to the best estimate model-fit in a given scenario. Lower values of AlCc indicate models with

best fit compared to the model with no predictor variable (Brownian motion). The amount of variance explained by the predictor variable in each model (r?), evolutionary regression slope, and standard

error are also shown.

ft) and, therefore, endure the lowest temperatures. Interestingly,
the branch leading to these two species was also the one where
we observed the strongest selection strength, which also supports
the hypothesis that minimum temperature (or other environmen-
tal aspect correlated with minimum temperature) has been an
important selective agent. At the other extreme, species of the
townsendii group (T. townsendii, T. senex, T. siskiyou, T. quadri-
maculatus, T. sonomae) are the largest chipmunks and occupy
mostly coastal areas at lower elevations and with seasonally more
moderate climate. One possible explanation for this trend is that
species living in warmer climates experience longer growing sea-
sons and shorter hibernation periods, attributes that may lead to
greater growth potential and thus to larger body size, which has
already been demonstrated for other hibernating mammals (Ozgul
et al. 2010; Eastman et al. 2012).

In a similar fashion, species with higher loadings on the sec-
ond PC axis, those with longer faces and narrower neurocrania,
inhabit hotter climates while those with lower scores (wider neu-
rocrania and shorter faces) occur in colder environments. This
pattern conforms to what we would expect according to Allen’s
rule, which predicts that animals living in colder environment
should have relatively shorter and stouter extremities (such as the
snout) to reduce heat loss (Allen 1877; Yom-Tov and Nix 1986).
One of the species with small loadings in both PC1 and PC2, the
least chipmunk (7. minimus), occupies the widest distribution of
all western chipmunks (Reid 2006), and therefore occurs in places
with very different temperature indices. Our analyses, however,
are exclusive to the subspecies 7. minimus scrutator, which is
confined to sagebrush steppe in the Great Basin and eastern slope
of the Sierra Nevada, extending above treeline in some parts of
that high range (Johnson 1943; Reid 2006). Thus, a more broad-
based geographic sampling of 7. minimus would represent an
opportunity to assess if the interspecific patterns of morphologi-
cal and climatic relationship observed have correspondence at the
intraspecific level. If so, this would reinforce the important role of
environmental variables in determining morphological variation.

Precipitation has been hypothesized to be equally important
to temperature as the mechanistic basis for body size trends
observed in mammals (Burnett 1983; Millien et al. 2006). The
rationality behind this hypothesis is that wetter habitats will
have higher primary productivity, and consequently greater
food availability, which could lead to bigger animals (Burnett
1983). However, in our analyses precipitation variables explained
a low amount of the morphological PC1 (allometric size;
Table 2), and the associated AICc values were similar to the
model without a predictor. Those results contravene Burnett’s
hypothesis of precipitation as an evolutionary driver of body size
diversification, at least in these chipmunks. On the other hand,
the evolutionary regressions between PC2 and both precipitation
of the wettest month as well as annual precipitation had smaller
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Figure 6. Schematic plots of the observed mean values for morphological (PC1, PC2 score) and climatic variables (the ones with greater
explaining power in Table 2). The scale bars under each phylogeny indicate the observed values in the scores of the morphological PCs

or the respective temperature or precipitation index.

AICc values compared to the model without predictor, explaining
about 20% of the morphological variation in PC2 (Table 2).
These relations mean that species with shorter faces and wider
neurocrania inhabit dryer habitats and those with longer faces
and narrower neurocrania occur in wetter places (Fig. 6). Species
of the townsendii group, with higher loadings in PC2 living
in the wettest environments, once again are on one extreme of
this trend, while those living in dry-habitats have smaller PC2
scores (Fig. 6). Ball and Roth (1995) argued that the presence of
cheek pouches in chipmunks affects the relative size of the snout,
creating a larger diastema between incisors and posterior tooth
row. Therefore, species with relative longer snout might have
bigger cheek pouches, which would be advantageous in a high
productivity environment (wetter environments).

Felsenstein (1988) defined “selective covariance is the co-
variance in the distribution of traits, owing to covariance of the
changes in these traits brought about by a correlation of their
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selection pressures.” Therefore, a more holistic picture of these
chipmunks’ skull evolution can be gained by considering all anal-
ysis together. The selective covariance recovered between PC1
and PC2 (Table 1), the results from the evolutionary regression
and the estimates of selection strength point to a scenario where
minimum temperature of the coldest month has been the most
important agent in cranial diversification and a potential source
for the selective covariance. Thus, the lower the temperature the
higher the selective force on morphological attributes. A possi-
ble functional explanation for this trend is that species in colder
climates experience shorter growing seasons, leading to smaller
animals (PC1). Simultaneously, colder environments may have
selected for stouter extremities to prevent heat loss, which in
turn may have led to the positive correlation observed between
PC1 and PC2 between species, as discussed above. An interest-
ing follow-up to our work would be to examine the degree of
convolution, which would measure the area of the nasomucosal
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membrane system, of the turbinate bones in species at the opposite
end of the PC2 spectrum. Given that these membranes are respon-
sible, in large part, for controlling heat and water loss in mammals
(Schmidt-Nielsen et al. 1970; Van Valkenburgh et al. 2004).

It is important to keep in mind that we used P-matrices as a
substitute for the genetic counterpart in all analyses performed.
By definition, P-matrices occupy a larger volume than that of
their underlying G-matrices (due to the addition of the envi-
ronmental effects; Falconer and Mackay 1996). Therefore, the
selection strengths reconstructed here cannot be directly com-
pared to estimates derived from G-matrix studies. Thus, we used
the P-matrix only in a comparative way, to inform us where se-
lection was strongest inside the phylogenetic history of western
chipmunks. Moreover, even though we found a high degree of
similarity among P-matrices, comparisons involving 7. durangae
showed moderate dissimilarity between matrices (lowest com-
parison 0.64, Table S3 and S4). This is the species with the low-
est sample size, which could be the reason for such low values
of matrix comparisons. Moreover, covariance matrices estimated
with small sample sizes cause an upward bias for the leading
eigenvalues (Marroig et al. 2012). In our study, the regression
between eigenvalues coefficient of variation and sample size was
marginally significant (> = 0.14, P = 0.052, Fig. S2 and S3).
This indicates that particularly for 7. durangae, this might influ-
ence the results drawn from this taxon, especially for the recon-
structed selection gradient in the branch leading to this species.
Therefore, we advise caution when interpreting any result re-
garding this particular species. Sample size unbalance does not
appear to be affecting the estimation of the ancestral W-matrices
(Table S5).

The distribution of some of these chipmunk species has
changed in the last century due to climate change (Moritz et al.
2008): some have shifted their elevational distribution (e.g., T.
alpinus), others their latitudinal distribution (e.g., 7. senex). In
the Sierra Nevada of California, which encompasses the range
of nine chipmunk species, including both 7. alpinus and T. senex,
minimum temperature of the coldest month has increased over the
past century while maximum temperature of the warmest month
has remained constant (Rowe et al. 2015). We showed that mini-
mum temperature is one of the most important climatic variables
associated with morphological attributes of chipmunks. Hence,
we might expect that climatic change would affect not only their
distribution, but also their morphology. Consequently, we might
predict that species living in colder areas will be most affected
by those changes, and might respond by becoming morpholog-
ically more similar to their warm climate cousins. In fact, one
study analyzing two of those chipmunk species (7. alpinus and T.
speciosus) found that in the last 100 years 7. alpinus (which lives
in colder environments) is indeed responding to climate change
more pronouncedly than 7. speciosus. This study also showed

that this species has actually changed its diet, suggesting another
mechanism by which climate might influence morphological vari-
ation in these species, that is by changing food resources (Walsh
et al. 2016).

Although we cannot pinpoint the mechanistic factors that
led to the correlations observed, the association between climatic
variables and cranial morphology suggests that abiotic environ-
mental conditions are remarkably important in determining skull
morphology in Tamias, either directly through influences on the
growth period or indirectly via food availability (Patterson 1980,
1983; Sutton and Patterson 2000). We only tested a few a priori hy-
potheses of the abiotic niche dimensions of these species thought
to be important for the group (Allen 1890; Patterson 1980, 1983;
Sutton and Patterson 2000). Thus, it is likely that unmeasured
ecological variables are equally important determinants of mor-
phological variation as are those climatic variables we examined.
A study measuring exactly the availability of food in the habitats
of each species would be an interesting follow-up to our work
and a very informative way to specifically test the importance of
both temperature and precipitation variables. Another important
venue of future research would be to investigate the biophysical
functional significance of the traits we examined structurally.
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