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Abstract

Morphological analyses are critical to quantify phenotypic variation, identify taxa, inform phylogenetic relationships, and shed light on evolu-
tionary patterns. This work is particularly important in groups that display great morphological disparity. Such is the case in geomyoid rodents,
a group that includes 2 of the most species-rich families of rodents in North America: the Geomyidae (pocket gophers) and the Heteromyidae
(kangaroo rats, pocket mice, and their relatives). We assessed variation in skull morphology (including both shape and size) among geomyoids
to test the hypothesis that there are statistically significant differences in skull measurements at the family, genus, and species levels. Our
sample includes 886 specimens representing all geomyoid genera and 39 species. We used the geometric mean to compare size across taxa.
We used 14 measurements of the cranium and lower jaw normalized for size to compare shape among and within taxa. Our results show that
skull measurements enable the distinction of geomyoids at the family, genus, and species levels. There is a larger amount of size variation within
Geomyidae than within Heteromyidae. Our phylomorphospace analysis shows that the skull shape of the common ancestor of all geomyoids
was more similar to the common ancestor of heteromyids than that of geomyids. Geomyid skulls display negative allometry whereas hetero-
myid skulls display positive allometry. Within heteromyids, dipodomyines, and non-dipodomyines show significantly different allometric patterns.

Future analyses including fossils will be necessary to test our evolutionary hypotheses.
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The superfamily Geomyoidea is one of the most species-rich
rodent clades. It includes 109 species in 2 families: the
Heteromyidae (kangaroo rats, pocket mice, and their relatives)
and the Geomyidae (pocket gophers; Fabre et al. 2012; D’Elia
et al. 2019; Upham et al. 2019; Mammal Diversity Database
2021). Geomyoids display large amounts of ecological var-
iation. They are found across many different habitats (e.g.
Anderson and Gutiérrez 2009; Braun et al. 2021; Cervantes
2021; Parsons et al. 2022). Their locomotion ranges from fosso-
rial to semi-fossorial, terrestrial, and ricochetal (Bartholomew
and Caswell 1951; Bartholomew and Cary 1954; Djawdan
1993; Wilkins and Roberts 2007; Calede et al. 2019) and their
diets consist of roots and tubers, sometimes plant stems, incor-
porating grasses, fruits, and seeds (e.g. Martinez-Gallardo and
Sanchez-Cordero 1993; Taylor et al. 2009; Connior 2011). The
great taxonomic and ecological diversities of geomyoids are
associated with an incredible disparity of skull morphologies
(Hafner and Hafner 1988). Prior studies have explored the link
between skull morphology and diet or locomotion in rodents
including geomyoids (e.g. Samuels 2009; Verde Arregoitia et
al. 2017; Calede et al. 2019; Scarpitti and Calede 2022). The
link between skull morphology and taxonomy in geomyoids
remains to be rigorously investigated, yet it may be important
to identify taxa; both extant and fossil geomyoids can be dif-
ficult to identify in some contexts (Calede and Glusman 2017;
Wyatt et al. 2021; Kays et al. 2022).

The systematics of Geomyoidea have been the subject of
much attention (e.g. Demastes et al. 2002; Alexander and
Riddle 2005; Belfiore et al. 2008; Hafner et al. 2008, 2009;
Mathis et al. 2014; Riddle et al. 2014; Spradling et al. 2016).
The family Heteromyidae is divided into the subfamilies
Heteromyinae, composed of Heteromys; Dipodomyinae,
composed of Dipodomys and Microdipodops; and
Perognathinae, composed of Chaetodipus and Perognathus.
All living Geomyidae are included in the subfamily Geomyinae
(Anderson et al. 2006; Hafner et al. 2007; Fabre et al. 2012).
Yet, despite the extensive amount of work dedicated to the
systematics of Geomyoidea, phylogenetic uncertainty remains
and the monophyly of Heteromyidae exclusive of Geomyidae
is still debated (Alexander and Riddle 2005; Hafner et al.
2007; Fabre et al. 2012). Generally speaking, the taxonomy
of Geomyoidea is an active area of research (e.g. ; Hafner et
al. 2014; Mathis et al. 2014; Riddle et al. 2014; Spradling
et al. 2016; Calede and Rasmussen 2020, Ortiz-Caballero et
al. 2020; Gutiérrez-Costa et al. 2021) and morphology is a
critical tool in the identification of geomyoid species and their
relationships (e.g. Russell 1968; Baker and Williams 1974;
Carrasco 2000; Hafner et al. 2004; Jones and Baxter 2004;
Alexander and Riddle 2005; Hafner et al. 2005; Anderson
and Gutierrez 2009; Hafner et al. 2011, 2014; Mathis et al.
2014; Calede and Glusman 2017; Wyatt et al. 2021). Skull
morphology specifically has already been demonstrated to be
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informative in select geomyoids. Thus, the study of the skulls
of Heteromys has enabled the recognition of new species and
taxonomic revisions (Anderson and Jarrin-V 2002; Anderson
2003; Anderson and Timm 2006). Spradling et al. (2016) used
skull morphology to clarify the taxonomy of Heterogeomys
and Orthogeomys. Riddle et al. (2014) used morphometrics
to explore cryptic diversity within a species of Perognathus.

Our goal is to determine the potential of morphology to
inform taxonomy, quantify morphological disparity, and
determine morphospace overlap across a broad sample of
geomyoid species. We build upon Calede and Brown (2021),
which quantified sexual dimorphism in skull shape and size
in geomyoids and explore morphological variation in skull
shape and size across taxa. Combined with phylogenetics,
our morphological data enable an initial study of the pattern
of skull shape evolution within Geomyoidea. It, therefore,
leads us to quantify patterns previously recognized based on
qualitative observations that Heteromyidae displays large dis-
parity in skull morphology, whereas Geomyidae taxa show
little shape variation and, instead, exemplify morphological
convergence (Hafner and Hafner 1988). Our study is also
an opportunity to compare the powers of tooth morphology
(studied by Calede and Glusman [2017], Wyatt et al. [2021],
and Carrasco [2000]) and skull morphology in deciphering
geomyoid taxonomy. We test the following hypotheses: 1) size
is an informative characteristic for geomyoid taxonomy; 2)
skull shape helps distinguish Heteromyidae and Geomyidae
at the family, genus, and species levels; 3) species within
Geomyidae display high levels of convergence in skull shape;
4) Heteromyidae has higher morphological disparity than
Geomyidae; 5) changes in allometric relationships between
skull size and shape help explain the evolution of peculiar
skull morphologies within Heteromyidae, particularly in
Dipodomyinae.

Materials and Methods

Taxonomic sampling and data collection

Our sample is built upon that of Calede and Brown (2021),
which analyzed sexual dimorphism in skull size and shape in
geomyoids. It contains 886 specimens (Table 1). We included
data from 396 geomyid specimens representing all 7 gen-
era and 17 of 41 species as well as 490 heteromyid speci-
mens representing all 5 genera and 22 of 68 species (mean
22.7 per species, median 18). Based on prior results of the
sampling necessary to accurately quantify size and shape in
geomyoids (Calede and Brown 2021), we included a mini-
mum of 16 specimens per species in our analyses in all but
one species. We only analyzed data from adult specimens
(based on the fusion of cranial sutures and the presence of
fully erupted worn teeth) to avoid ontogenetic effects on
morphology. We included both males and females for every
taxon, sampling a subequal or equal number of specimens for
both sexes whenever possible. Whenever possible, we sam-
pled specimens across a large proportion of the geographic
range for the species to cover geographic and environmental
variation. The role of geographic variation in geomyoid mor-
phology is discussed in part in Calede and Brown (2021). We
also included, when possible, a range of sampling expedition
dates, in part by selecting specimens across museums. Only 1
species (Cratogeomys merriami) was sampled from a single
museum, yet our sample for this species still spans 5 different
provinces of Mexico and 3 different collection years.
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For each specimen, we measured 14 skull variables repre-
senting skull shape in 3 dimensions (length, width, and depth)
across 4 regions of the skull (rostrum, palate, braincase, and
lower jaw; Figure 1, Table 2). Measurements were taken from
a prior analysis of morphological variation in geomyoids
(Calede and Brown 2021), photos of the specimens using
Image] 1.51 (Schneider et al. 2012), or directly from spec-
imens using “Mitutoyo CD-6” CSX digital calipers. Photos
were taken using a Canon EOS Rebel SL2 camera and a copy
stand or gathered from public online museum repositories.
Measurements not on the mid-sagittal plane were taken on
the left side of the specimen when possible; the right when
the left side was not available. All measurements were logged
prior to analyses except for the calculations of the multivari-
ate coefficient of variation (see below) for which negative log
values would skew the results. For each specimen, we cal-
culated the geometric mean of the measurements using the
square root of the product of all 14 measurements (Jungers et
al. 1995, Madar et al. 2002). We normalized the data for size
by dividing each measurement by the geometric mean result-
ing in a new variable that represents form and can be com-
pared across specimens of different sizes (Calede and Brown
2021). The complete dataset is provided in Supplementary
Data 1. The phylogenetic framework we used is from Fabre
et al. (2012). We randomly selected 100 trees from the 1000
time-calibrated trees developed by Price and Hopkins (2015)
and pruned the trees to keep taxa with morphological data
using the package ape 5.5 (Paradis et al. 2004) in R 4.0.5 (R
Core Team 2019).

Measurement errors

Measurements were recorded to the nearest 0.01 mm. Data
checks were performed across the entire dataset by the sen-
ior author to assess the reliability of measurements. These
checks included remeasuring specimens measured once using
Image] or calipers using the same technique and remeasuring
specimens measured with calipers using photos (in Image]). A
subset of specimens was selected at random from the entire
dataset to assess possible errors in the measurements made
from photographs. This sample covered all species included
in this study measured using photographs. For the 2 com-
parisons involving calipers, a smaller number of specimens
selected randomly across species covering both heteromyids
and geomyids was selected. The absolute difference in milli-
meters between the first and second measurements was com-
puted. Errors reported as percentages were calculated relative
to the initial measurement. The effects on the analyses were
assessed by rerunning the analyses (including geometric mean
calculations and skull shape analyses). These measurement
errors were assessed and reported on by Calede and Brown

(2021).

Analyses of size and shape

We used Shapiro-Wilk tests to test for normality in the distri-
bution of our size data. Based on the results, we used Kruskal-
Wallis tests to assess statistical differences in geometric means
among the 17 geomyid species and 22 heteromyid species
studied. The significant tests were followed by post hoc Tukey
honest significance tests (THSD) to investigate pairwise dif-
ferences. We predicted that skull size is significantly different
among genera within each family, and across species within
each genus based on prior analyses of size in geomyoids (e.g.
Calede and Brown 2021; Wyatt et al. 2021).


http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoac055#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoac055#supplementary-data
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Table 1. Sample of geomyoid rodents included in this study
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Family Subfamily Genus Species F M Abbreviations
Geomyidae Geomyinae Cratogeomys castanops 10 14 Ces
Geomyidae Geomyinae Cratogeomys fumosus 9 10 Cfu
Geomyidae Geomyinae Cratogeomys merriami 12 12 Cme
Geomyidae Geomyinae Geomys arenarius 9 9 Gar
Geomyidae Geomyinae Geomys bursarius 8 10 Gbu
Geomyidae Geomyinae Geomys personatus 8 8 Gpe
Geomyidae Geomyinae Geomys pinetis 15 12 Gpi
Geomyidae Geomyinae Heterogeomys heterodus 9 9 Hhe
Geomyidae Geomyinae Heterogeomys hispidus 9 8 Hhi
Geomyidae Geomyinae Orthogeomys grandis 14 15 Ogr
Geomyidae Geomyinae Pappogeomys bulleri 12 13 Pbu
Geomyidae Geomyinae Thomomys bottae 26 23 Tbo
Geomyidae Geomyinae Thomomys monticola 6 9 Tmo
Geomyidae Geomyinae Thomomys talpoides 15 15 Tta
Geomyidae Geomyinae Thomomys townsendii 12 11 Tto
Geomyidae Geomyinae Thomomys umbrinus 12 12 Tum
Geomyidae Geomyinae Zygogeomys trichopus 10 10 Ztr
Heteromyidae Dipodomyinae Dipodomys deserti 9 10 Dde
Heteromyidae Dipodomyinae Dipodomys heermanni 10 13 Dhe
Heteromyidae Dipodomyinae Dipodomys ingens 9 9 Din
Heteromyidae Dipodomyinae Dipodomys merriami 24 25 Dme
Heteromyidae Dipodomyinae Dipodomys ordii 20 20 Dor
Heteromyidae Dipodomyinae Dipodomys spectabilis 9 9 Dsp
Heteromyidae Dipodomyinae Microdipodops megacephalus 10 14 Mme
Heteromyidae Dipodomyinae Microdipodops pallidus 10 11 Mpa
Heteromyidae Heteromyinae Heteromys anomalus 8 8 Han
Heteromyidae Heteromyinae Heteromys desmarestianus 9 8 Hde
Heteromyidae Heteromyinae Heteromys gaumeri 8 8 Hga
Heteromyidae Heteromyinae Heteromys irroratus 11 10 Hir
Heteromyidae Heteromyinae Heteromys pictus 9 10 Hpi
Heteromyidae Perognathinae Chaetodipus baileyi 9 9 Cba
Heteromyidae Perognathinae Chaetodipus californicus 9 12 Ccl
Heteromyidae Perognathinae Chaetodipus hispidus 8 8 Chi
Heteromyidae Perognathinae Chaetodipus intermedius 15 17 Cin
Heteromyidae Perognathinae Chaetodipus penicillatus 11 11 Cpe
Heteromyidae Perognathinae Perognathus flavescens 8 8 Pfl
Heteromyidae Perognathinae Perognathus flavus 8 9 Pfu
Heteromyidae Perognathinae Perognathus longimembris 11 12 Plo
Heteromyidae Perognathinae Perognathus parvus 11 13 Ppa

Abbreviations: F, number of female specimens; M, number of male specimens.

The 14 skull measurements were included in a princi-
pal component analysis (PCA) to explore morphospace
occupation at the superfamily level (Geomyoidea). The
PCA was repeated at lower taxonomic levels to assess sim-
ilarities and differences in skull morphology among gen-
era and species. Eigenvalues were determined for each of
the principal components identified and eigenvectors were
used to assess the weight of skull features on the overall
eigenvalue. We only retained significant axes in our anal-
yses. The determination was made using a Monte Carlo
randomization test run in biostats (McGarigal 2015).
PCAs were followed by a multivariate analysis of variance

(MANOVA), to assess statistical differences. Significant
MANOVAs were followed by ANOVAs and THSDs on
individual principal components as appropriate to inter-
pret the pattern of morphological variation. We predicted
that there would be statistically significant differences in
skull measurements among taxa.

We used a phylomorphospace to overlay phylogenetic
information on the mean PC scores for each species using
phytools 0.7-80 (Sidlauskas 2008, Revell 2012). This ena-
bled us to explore the pattern of evolution of skull morphol-
ogy within Geomyoidea and test the hypotheses of Hafner
and Hafner (1988) that geomyids are highly convergent in
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skull shape whereas heteromyids display a large disparity
in skull shape.

The transformed skull variables were used in a series of
canonical variate analyses (CVA) run at the family, genus,
and species levels to determine the usefulness of skull
morphology in classifying specimens into their taxonomic
groups. We used a jackknife to assess how reliably each
taxon in the training set can be assigned to their a priori
taxonomic category (Strauss 2010). We predicted that skull
measurements help identify specimens at all taxonomic lev-
els based on qualitative observations of skulls and published
case studies (Anderson and Jarrin-V 2002; Anderson 2003;
Anderson and Timm 2006; Riddle et al. 2014; Spradling et
al. 2016).

Morphological variation

Prior analyses of variation in geomyoids have focused on
intraspecific variation in isolated taxa using univariate sta-
tistics (e.g. Desha 1967). Here, we used all 14 variables in
our analyses to calculate the multivariate coefficient of vari-
ation (multiCV) for each family, genus, and species. We fol-
lowed the approach of Lal et al. (2015) originally described
by Van Valen (1978) and used by Soulé and Zegers (1996)
in a prior analysis of the geomyid taxon Thomomys bot-
tae. We predicted higher multiCV values for Heteromyidae
than Geomyidae and greater variation in multiCV across
Heteromyidae genera based on qualitative observations of
skulls and prior research (Hafner and Hafner 1988). We
explored the relationship between size and multiCV using a
phylogenetic generalized least squares regression (PGLS). We
expected a statistically significant regression with increased
variation associated with increased size, as a consequence of
the uniquely enlarged bullae found in Dipodomyinae.

Figure 1. Cranial measurements used in the analyses. (A) Cranium in
dorsal view. (B) Cranium in ventral view. (C) Cranium in lateral view. (D) Allometry

Dentary in medial view. Abbreviations defined in Table 2. Figure from We used PGLS in caper 1.0.1 (Orme 2018) to analyze allom-

Calede and Brown (2021).

etry at the family level and determine the possible covariance

Table 2. Description of the measurements used in the analyses

Abbreviations Description

GCL Greatest cranium length from anterior edge of nasal to posterior edge of skull

NL Nasal length

IMW Intermaxillary width at M3

MAW Maxillary arch width at widest point

GCD Greatest cranium depth from dorsal edge of parietal to ventral edge of auditory bulla
GCW Greatest cranium width across tympanic bullae

RW Rostral width

RD Rostral depth

DM2 Depth of skull at M2 alveolus

PW Palatine width between toothrows at P4

LD Length of upper diastema

LDL Length of lower diastema

DMND Depth of dentary at m1

MANL Mandibular length from anterior face of incisor to posterior edge of condyloid process

Note: Abbreviation used in Figures 2-8.



460

of size and shape. Allometric analyses were run separately
for the 2 families. The natural log of the geometric mean
was used as the x-axis variable; PC values were used for
the y-axis. The PGLS was run on all 100 trees to account
for uncertainties in branch lengths. For the Heteromyidae,
we ran follow-up PGLS analyses for the Dipodomyinae and
non-dipodomyine heteromyids to further explore the role of
allometry in the peculiar inflated bullae of dipodomyines.
When discussing the allometric scaling of individual mor-
phological variables, we only retained those with the highest
eigenvectors.

Results

Measurement errors

As previously reported in Calede and Brown (2021) for a sub-
set of the dataset studied herein, errors in our measurements
are minimal; they range from <0.2% to under 9%. There is
no evidence that 1 of the 2 methods (measurements using cali-
pers or from photographs) leads to higher errors. Errors are
largest (as a %) for the smallest variables measured (PW and
DMND), which were sometimes <1.5 mm. There is no other
systematic pattern of bias. The largest error only affected the
geometric mean value by 1%. A theoretical application of the
worst measurement error detected to all 14 measurements of
the smallest specimen in the dataset yields a change in the log
of the geometric mean for that specimen of only 4.6%. We
could not detect any effect on our multivariate analyses of the
shape of measurement errors.

Size

There is a dispersion of geomyid species’ geometric means
between 7.9 and 20.1. The means range between 5.3 and
12.6 in Heteromyidae (Figure 2). There is a greater size var-
iation in geomyid species than heteromyid species. The size
distribution in each of the 2 families is not normally dis-
tributed (Geomyidae: W = 0.974, P < 0.001; Heteromyidae:
W = 0.966, P < 0.001). Within Geomyidae, Geomys and
Thomomys have the largest range of values. Within hetero-
myids, Perognathus longimembris, Heteromys gaumeri, and
Chaetodipus hispidus have the largest range of values. Skull
size is significantly different among species within both geo-
myids (Kruskal-Wallis: y* = 347.65, P < 0.001, R? = 0.88)
and heteromyids (Kruskal-Wallis: > = 467.93, P < 0.001,
R? = 0.96); it is also significantly different among genera
in both families (Kruskal-Wallis: y> = 303.52, P < 0.001,
R? = 0.77 and %% = 419.02, P < 0.001, R? = 0.85, respec-
tively). Among geomyids, only 3 pairs of genera are not sig-
nificantly different in size: Orthogeomys and Heterogeomys,
Zygogeomys and Cratogeomys, as well as Thomomys and
Pappogeomys. Within Heteromyidae, only Microdipodops
and Chaetodipus are not significantly different in size. Post
hoc comparisons show significant differences in over 82%
of the species pairs within Geomyidae; only 8 pairs that are
not significantly different are congeneric (Supplementary
Data 2), and 90% of taxon pairs within Heteromyidae,
only 7 that are not significantly different are congeneric
(Supplementary Data 3).

Phylomorphospace and family-level differences

The 2 families occupy distinct regions of the morphospace
(MANOVA: F = 4788.8, P < 0.001; Figure 3) and differ sig-
nificantly along PC1 (ANOVA: F = 760.9, P < 0.001, R? =
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0.97). All geomyids have negative PC1 scores, which corre-
spond to broader zygomatic arches (MAW), larger mandi-
ble length (MANL), longer diastemata (LD, LDL), deeper
mandibles (DMND), and deeper maxillary regions (DM2)
(Supplementary Data 4). Heteromyids have positive PC1
scores, which correspond to wider palates (PW) and longer
skulls (GCL). There is a greater disparity among Heteromyidae
than Geomyidae along PC2; heteromyids span all of PC2.
Heteromys displays the lowest PC2 scores (larger rostral
width [RW] and narrower skulls [low MAW and GCW]).
Dipodomyines occupy the positive end of PC2 (broader and
deeper skulls but very narrow rostra). Perognathines occupy
an intermediate position (-1 < PC2 scores < 1). The most
recent common ancestor of Heteromyidae is reconstructed
to be most similar in morphology to Chaetodipus. The most
recent common ancestor of Geomyoidea is itself reconstructed
as very similar to the common ancestor of Heteromyidae. The
most recent common ancestor of Geomyidae is estimated
to be most similar in morphology to Thomomys. The CVA
shows that both families are 100% correctly identified a pos-
teriori (Figure 4A).

Genus-level variation

The PCA of the Geomyidae shows distinct morphospace occu-
pation across genera (MANOVA: F = 21.85, P < 0.001). The 2
significant axes explain over 34% of the variance (Figure SA).
PC1 is positively correlated with IMW, GCD, and DMND
and negatively correlated with LD, LDL, and MRD. PC2 is
positively correlated with GCW and RW and negatively cor-
related with PW (Supplementary Data 4). Orthogeomys and
Geomys have negative PC1 scores. Pappogeomys has positive
PC1 scores. Heterogeomys, Zygogeomys, and Cratogeomys
occupy intermediate values; Thomomys range across most of
PC1. Thomomys and Geomys cluster at the negative end of
PC2; Zygogeomys, Heterogeomys, and Cratogeomys cluster
at the positive end. The PCA of the Heteromyidae also shows
distinct morphospace occupation across genera (MANOVA:
F = 184.4, P < 0.001). The 2 significant axes explain over
53% of the variance (Figure 5B). PC1 is positively corre-
lated with MANL, RW, LD, and NL, and negatively corre-
lated with GCW, GCD, and PW. PC2 is positively correlated
with GCL and IMW, and negatively correlated with MAW,
LDL, and DMND. Microdipodops has the most negative PC1
scores; Heteromys and Chaetodipus have positive PC1 scores.
Dipodomys and Perognathus occupy intermediate values.
The first axis of the genus-level CVA for the Geomyidae
(Figure 4B) represents 60.9% of the variance; CV2 17.6%.
Positive CV1 scores correspond to larger GCL, MAW, and
GCD; negative CV1 scores correspond to larger RW, GCW,
and DM2. Positive CV2 scores represent larger MANL and
DM2; negative CV2 scores represent larger LDL, GCW, GCD,
and MAW. Cratogeomys has positive PC1 and PC2 values.
Heterogeomys and Orthogeomys have negative PC1 values,
but positive PC2 values. Thomomys has negative PC1 and
PC2 values; Pappogeomys, Zygogeomys, and Geomys have
positive PC1, but negative PC2 values. In the heteromyid anal-
ysis (Figure 4C), CV1 represents 74.5% of the variation; CV2
17.3%. Positive CV1 scores are associated with larger GCW
and MAW. Negative CV1 scores correspond to larger MANL.
Positive CV2 scores correspond to larger GCL whereas neg-
ative CV2 scores correspond to larger MAW. Heteromys is
characterized by negative CV1 scores and CV2 scores around
zero; Perognathus and Chaetodipus also have CV2 scores


http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoac055#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoac055#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoac055#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoac055#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoac055#supplementary-data

Noftz and Calede - Skull morphology of Geomyoidea

461

o
A - T, o pg 0=347.65, P<000T, =088
EE —
1.2 . R - o E_‘_
s : _ _—
o - L
1.0 - - _,_- —_
09 -
[ I I I I <lI> I I I I I CIJ é I I EI |
0 ) 9] o 2 a o I 5 > o 9 =
§ 858468 & 28 ¢ 8 F 2 F &R
Species
B1.1— -
— - X?=467.93, P<0.001, R?=0.96
— = ==
m-T =
1.0 o B o sm S R
_ _ LoTT  mmemge
= ; I —
© 09 — - |
14 - ' - '
P mo T g .
_._!I — = :
0.8 ' N -_6_ _:_-
I mme ru N -
,’3 - . _C')_- o)
° - =
0.7 - 5 1
(I‘j T 1 I I I I I I I I I I I I T ql) & I ; I |
$ 5 £ £ ¢ ¢ o c ¢ 5 & c o & E § g 5 2 9o g
c 0o o g8 FfbD faod g REPTITE S oooog
Species

Figure 2. Results of the size comparison among species of geomyoids. (A) Size variation within Geomyidae. (B) Size variation within Heteromyidae.

Abbreviations for species names are provided in Table 1.

distributed around zero, but more positive CV1 values than
Heteromys. Microdipodops has both positive CV1 and positive
CV2 scores. Dipodomys has positive CV1 scores and negative
CV2 scores. Within Geomyidae, specimens of Zygogeomys
are correctly identified most accurately (90%). Thomomys
specimens are accurately identified at a slightly lower rate
of 84.4%. Cratogeomys and Heterogeomys have accurate
classification rates around 75%. Orthogeomys and Geomys
have accurate classification rates above 60%. Pappogeomys
has the lowest accurate rate of classification (40%). Within
Heteromyidae, all genera are accurately identified at rates at
or above 80%. Both Microdipodops and Dipodomys are cor-
rectly identified 100% of the time. Heteromys is accurately
identified 92% of the time. Chaetodipus and Perognathus
have the lowest accurate classification rates for the family at
81.2 and 80%, respectively.

Species-level variation

Cratogeomys

The PCA of Cratogeomys (Figure 6A) shows significant dif-
ferences among species (MANOVA: F = 24.9, P < 0.001).
PC1 accounts for 21.5% of the variance in the dataset; PC2
14.5%. The PC1 scores of the 3 species are significantly

different (ANOVA: F = 24.5, P < 0.001, R? = 0.43). PC1 is
positively correlated with MAW and negatively correlated
with DM2, MRD, GCD, and PW (Supplementary Data 4).
Cratogeomys fumosus occupies the positive end of PC1. A
post hoc Tukey test demonstrates that C. fumosus is sig-
nificantly different from the other 2 species in PC1 scores
(both THSD P < 0.001). PC2 is positively correlated with
NL and negatively correlated with PW and IMW. The 3
species are significantly different (ANOVA: F = 9.75, P <
0.001, R? = 0.23). Cratogeomys merriami has higher PC2
scores than the other 2 species (THSD: P < 0.001 for both
comparisons).

CV1 explains 72.9% of the variation; CV2 27.1% (Figure
8A). Positive CV1 scores correspond to larger GCW and
IMW, negative CV1 scores correspond to larger DM2 and
LDL. Positive CV2 scores correspond to a larger DM2; neg-
ative CV2 scores correspond to a larger LDL. Cratogeomys
castanops has low CV1 and CV2 scores; C. fumosus has
low CV2 but high CV1 scores; specimens of C. merri-
ami have high CV1 scores and intermediate CV2 scores.
Cratogeomys castanops was identified correctly 92% of the
time, C. fumosus 84% of the time, and C. merriami 79%
of the time.
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Geomys

Geomys species occupy distinct regions of the morphospace
(Figure 6B; MANOVA: F = 14.05, P < 0.001). The 3 signif-
icant axes explain over 65% of the variance in the dataset.
The PC1 scores of the 4 species are significantly different
(ANOVA: F = 25.29, P < 0.001, R? = 0.50). PC1 is positively
correlated with LDL and LDj; negatively correlated with
GCD, IMW, and DM2 (Supplementary Data 4). Geomys pin-
etis and G. bursarius occupy the positive end of PC1 whereas
G. personatus and G. arenarius occupy the negative end of
the axis. The species within each of these 2 clusters do not dif-
fer significantly from one another but species across clusters
do (P values <0.001). PC2 is positively correlated with LD
and negatively correlated with PW. The PC2 scores are signifi-
cantly different across species (ANOVA: F = 13.82, P < 0.001,

= 0.36). Geomys personatus displays positive PC2 scores
whereas G. arenarius displays negative PC2 scores. All species
differ significantly from one another in PC2 scores (P val-
ues <0.03), except G. pinetis and G. bursarius. CV1 accounts
for 55.7% of the variation (Figure 8B). Positive CV1 scores
correspond to larger GCL and LD; negative CV1 scores cor-
respond to a larger MAW. CV2 accounts for 36.4% of the
variation. Positive CV2 scores correspond to a larger MRD;

negative CV2 scores correspond to larger MANL, GCW, and
GCL. Geomys bursarius, G. arenarius, and G. pinetis have
high PC2 scores; G. personatus specimens have low CV2
scores. Geomys arenarius was correctly identified over 83%
of the time; the classification rate for G. bursarius is some-
what lower at 72%. Classification rates for G. personatus and
G. pinetis are the highest (>92%).

Heterogeomys
The 2 species of Heterogeomys occupy distinct regions of the
morphospace (Figure 6C; MANOVA: F = 12.8, P < 0.001). The
first 2 axes of the PCA account for 42.2% of the variance in the
dataset. The 2 species differ significantly in PC1 scores (#-test:
t=4.8,df = 32.7, P < 0.001). PC1 is positively correlated with
LDL, LD, DM2, and MANL, and negatively correlated with
MAW, PW, and GCW (Supplementary Data 4). Heterogeomys
hispidus occupies the negative end of PC1, and H. heterodus
the positive end. PC2 is positively correlated with IMW and
GCD; negatively correlated with MRD and NL.
Heterogeomys heterodus occupies the negative end of CV1,
H. hispidus the positive end (Figure 8C). Heterogeomys het-
erodus is classified correctly 88% of the time; H. hispidus
77.8%.
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Thomomys

The 5 species of Thomomys occupy distinct regions of the
morphospace (Figure 6D; MANOVA: F = 16.6, P < 0.001).
There are 4 significant axes explaining the variance in the
dataset (PC1 represents 26.4%, PC2 15.5%). The PC1 scores
of the 5 species are significantly different (ANOVA: F = 34.28,
P <0.001, R? = 0.50). PC1 is positively correlated with IMW,
RW, GCL, and GCD and negatively correlated with LD and
LDL (Supplementary Data 4). Thomomys monticola and T.
talpoides occupy the positive end of PC1 whereas T. townsen-
dii and most specimens of T. umbrinus occupy the negative
end of the axis. The remaining specimens of T. townsendii
have positive PC1 scores. All species of Thomomys differ sig-
nificantly from one another except for the pair T. umbrinus—T.
townsendii (P = 0.97). PC2 is positively correlated with PW
and negatively correlated with several morphological varia-
bles including MANL, LDL, and GCW. The PC2 scores of
the 5 species are significantly different (ANOVA: F = 28.73,
P < 0.001, R? = 0.46). Thomomys monticola, T. townsendii,
and T. talpoides occupy the negative end of PC2 whereas T.
bottae occupies the positive end. Thomomys umbrinus ranges
widely along PC2. All species pairs of Thomomys differ sig-
nificantly except for T. monticola-T. townsendii (P = 0.54)
and T. umbrinus-T. talpoides (P = 0.59).

CV1 accounts for 53.8% of the variation (Figure 8D). It is
positively correlated with GCL and negatively correlated with
MAW. Thomomys monticola and T. talpoides occupy the posi-
tive end of CV1; the other 3 species the negative end of the axis.
CV2 accounts for 26.3% of the variation. Positive CV2 scores
correspond to larger IMW and DM2 particularly; negative CV2
scores correspond to larger RW and GCL. Thomomys townsen-
dii occupies the positive end of the axis whereas T. bottae occu-
pies the negative end of PC2. The other species are intermediate.
Thomomys talpoides was accurately classified 70% of the time,
T. townsendii over 78% of the time, and T. monticola over 93%
of the time; T. umbrinus and T. bottae were correctly identified
54% and 67% of the time, respectively.

Chaetodipus

The 5 species of Chaetodipus (Figure 7A) differ significantly
in shape (MANOVA: F = 8.8, P < 0.001). The first 2 of the
4 significant axes account for nearly 39% of the variance.
PC1 is positively correlated with DMND and LDL,; it is neg-
atively correlated with IMW, GCL, GCW, PW, and GCD
(Supplementary Data 4). Chaetodipus intermedius and C. cal-
ifornicus occupy the negative end of PC1; the other 3 species
the positive end (Figure 7A). The PC1 scores are significantly
different among all species (ANOVA: F = 29.8, P < 0.001,
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R? = 0.53) and species pairs (all THSD: P < 0.05), except for
Chaetodipus penicillatus and C. baileyi (P = 0.73) as well
as C. intermedius and C. californicus (P = 0.44). All species
range widely along PC2, which is little significant biologically
(ANOVA: F = 1.58, P = 0.19, R? = 0.06).

The first 2 axes of the CVA represent over 65% of the var-
iation (Figure 9A). Positive CV1 scores correspond to a larger
IMW; negative scores correspond to a larger GCD. Chaetodipus
californicus and C. intermedius occupy the positive end of the
axis; C. baileyi and C. hispidus the negative end. Positive CV2
scores correspond to larger MANL, MAW, and MRD; negative
CV2 scores correspond to larger GCL and GCW. Chaetodipus
baileyi and C. intermedius occupy the negative end of CV2; C.
californicus, C. penicillatus and C. hispidus the positive end of
the axis. Chaetodipus baileyi (55.6%) and C. bispidus (68.8%)
were classified correctly the least often. Chaetodipus penicil-
latus was correctly identified 77.3% of the time; C. californi-
cus 71.4%. Chaetodipus intermedius was accurately identified
most often (81.3% accuracy).

Dipodomys
The PCA of Dipodomys (Figure 7B) shows significant differ-
ences among species (MANOVA: F = 67.5, P < 0.001). The 2

significant axes explain over 41% of the variance in the data-
set. PC1 is positively correlated with DMND, LDL, MANL,
and MANW and negatively correlated with PW and IMW
(Supplementary Data 4). Dipodomys spectabilis, D. heer-
manni, and D. ingens occupy the positive end of PC1; the other
3 species the negative end. The PC1 scores of the 6 species are
significantly different (ANOVA: F = 123.8, P < 0.001, R? =
0.79). Dipodomys ingens, D. ordii, D. heermanni, D. merriami,
and D. spectabilis are all statistically different (all THSD: P <
0.001), excluding the pair D. ordii and D. merriami (P = 0.99).
PC2 is positively correlated with GCL, GCW, and NL; it is
negatively correlated with DM2. Dipodomys deserti occupies
the positive end of PC2; all other species cluster on the lower
end of the axis. Dipodomys species differ significantly in PC2
scores (ANOVA: F = 41.02, P < 0.001, R? = 0.56). Specifically,
Dipodomys deserti differs significantly from all other species
(all THSD: P < 0.001) and D. ingens from D. heermanni (P =
0.03). No other taxon pair is significantly different.

The first 2 axes of the CVA (Figure 9B) represent 83% of the
variation. Positive CV1 scores correspond to larger GCL and
MRD; negative CV1 scores correspond to larger MAW and
MANL. Dipodomys ordii and D. merriami occupy the positive
end of CV1; D. spectabilis, D. ingens, and D. heermanni the
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negative end; D. deserti the middle of the axis. Positive CV2
scores correspond to a larger MANL in particular. Negative
CV2 scores correspond to a larger GCW. Dipodomys deserti
occupies the negative end of CV2; all other species have the
positive end. Dipodomys deserti was accurately classified
100% of the time. Dipodomys heermanni was correctly iden-
tified over 91% of the time; D. spectabilis and D. ingens about
77% of the time; D. merriami and D. ordii 71% and 67% of
the time, respectively.

Perognathus

The PCA of Perognathus (Figure 7C) shows significant differ-
ences among species (MANOVA: F = 7.6, P < 0.001). The first
2 of the 4 significant axes represent 38 % of the variance in the
dataset. PC1 is positively correlated with GCL, MANL, LD,
and several other variables; it is negatively correlated with
DMND (Supplementary Data 4). Perognathus longimembris
and P. parvus occupy the positive end of PC1; P. flavus and
P. flavescens the negative end. Perognathus species differ sig-
nificantly in PC1 scores (ANOVA: F = 27.01, P < 0.001, R? =
0.52). Perognathus flavescens is significantly different in PC1
scores from all other species (THSD: P < 0.001); no other
species pair is significantly different. PC2 is not biologically
very informative (ANOVA: F = 6.36, P < 0.001; THSD: P <
0.03, R? = 0.20).

The first 2 axes of the CVA represent 92% of the variation
(CV1: 49.4%, CV2: 43.3%). Positive CV1 scores correspond
to larger IMW and LDj; negative CV1 scores correspond to a
larger GCD. Perognathus parvus occupies the center of CV1,

P. flavus and P. longimembris the positive end, P. flavescens
the negative end. Positive CV2 scores correspond to a larger
NL, GCD, and MANL; negative CV2 scores correspond to a
larger MAW. Perognathus parvus occupies the positive end of
CV2. Perognathus flavus, P. longimembris, and P. flavescens
occupy the negative end of the axis. Perognathus flavus and
P. longimembris specimens were the most poorly identified
(under 60% of the time). Perognathus parvus specimens were
identified correctly 63% of the time. All specimens of P. fla-
vescens were accurately classified.

Heteromys

The PCA of Heteromys (Figure 7D) shows significant differ-
ences among species (MANOVA: F = 17.8, P < 0.001). The
2 significant axes account for almost 47% of the variance in
the dataset. PC1 is positively correlated with GCW, GCD, and
several other variables; it is negatively correlated with MRD,
MANL, LD, and LDL (Supplementary Data 4). Heteromys
pictus, H. gaumeri, and H. irroratus occupy the positive end
of the axis; the other 2 species the negative end. The PC1
scores of the 5 species are significantly different (ANOVA: F
=27.5,P < 0.001, R? = 0.57). Three of the 10 pairwise com-
parisons of PC1 scores between species are not significantly
different: H. pictus and H. irroratus (THSD: P = 0.06), H.
irroratus and H. gaumeri (THSD: P = 1.00), and H. anom-
alus and H. desmarestianus (THSD: P = 0.70). PC2 is posi-
tively correlated with DMND and negatively correlated with
PW. Heteromys gaumeri, H. desmarestianus, and H. anom-
alus occupy the positive end of PC2; the other 2 species the
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negative end of the axis. The species are significantly differ-
ent along PC2 (ANOVA: F = 11.3, P < 0.001, R? = 0.35).
Heteromys gaumeri has significantly higher PC2 scores than
all other species (THSD: P < 0.001 for all comparisons)
except H. desmarestianus. Heteromys pictus has signifi-
cantly lower PC2 scores than H. desmarestianus (THSD: P
=0.007).

CV1 represents 70.6 % of the variation (Figure 9D). Positive
scores correspond to larger MAW and GCW); negative scores
correspond to a larger MRD. Heteromys gaumeri, H. pictus,
and H. irroratus occupy the positive end of CV1; the other 2
species the negative end. CV2 represents 15.1% of the varia-
tion. Positive scores correspond to a larger GCW, MANL, and
MRD; negative scores correspond to a larger GCL. Heteromys
pictus, H. anomalus, and H. irroratus occupy the positive end
of the axis; H. desmarestianus and H. gaumeri the negative
end. Heteromys gaumeri was identified correctly most often,
at 93.8%; H. irroratus the least, at 62%. Heteromys pictus
was accurately identified 68.4% of the time; H. anomalus
87.5%; H. desmarestianus 82.4%.

Microdipodops
The PCA of Microdipodops (Figure 7E) shows significant dif-
ferences among species (MANOVA: F = 13.96, P < 0.001).
The 2 significant axes account for 44% of the variance in the
dataset. The 2 species are not significantly different along PC1
(¢-test: ¢ = 1.21, P = 0.24). PC2 is positively correlated with
MRD and NL; it is negatively correlated with GCD and sev-
eral other variables. Microdipodops pallidus has significantly
higher PC2 scores (¢-test: t = -4.8, P < 0.001).

The CVA retains a single significant axis. Positive CV1
scores correspond to M. pallidus and negative CV1 scores to
M. megacephalus (Figure 9E). Microdipodops megacephalus

was accurately classified over 83% of the time; M. pallidus
over 90% of the time.

Multivariate coefficient of variation

Both families display multivariate coefficient of variation
(multiCV) values below 9% (Figure 10A). The multiCV is
lower for Geomyidae (mean: 4.46%; median: 4.33%) than
Heteromyidae (mean: 3.59%; median: 3.58%). The genus-
level multiCVs show that all geomyid genera display greater
variation in skull morphology than all heteromyid genera.
Among geomyids, Thomomys has the highest multiCV (mul-
tiCV = 6.06%), Heterogeomys the lowest (multiCV =4.73%).
Within Heteromyidae, Chaetodipus displays the highest level
of variation (multiCV = 4.52%), Dipodomys the lowest (mul-
tiCV = 3.58%). The standard deviation in multiCV differs lit-
tle between the 2 families (Heteromyidae: 0.74, Geomyidae:
0.71). The species-level multiCV values of geomyids reveal
a range of variation within all genera, except Cratogeomys.
Geomys personatus displays the lowest amount of variation
(Figure 10B). Thomomys bottae and T. umbrinus display the
highest amount of variation. The species-level multiCV for
heteromyids reveals that all species of Dipodomys show rel-
atively low amounts of variation (Figure 10C); high levels of
variation are present across all other genera. Dipodomys mer-
riami displays the lowest amount of variation. Chaetodipus
baileyi and Perognathus longimembris display the largest
amount of variation. There is no significant relationship
between taxon size and multiCV (PGLS: mean ¢ = 0.002,
mean P = 0.617).

Allometry

In Geomyidae, the regression between size and PC1 is neg-
ative (R? = 0.24, P = 0.044; Figure 11A) and positive for
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Figure 10. Multivariate coefficients of variation across taxonomic levels:. (A) family and genus-level coefficients; (B) species-level coefficients within
Geomyidae; (C) species-level coefficients within Heteromyidae. Genera are color coded. Species abbreviations are provided in Table 1.

PC2 (R? = 0.67, P = 0; Figure 11B). In Heteromyidae, the
regression is positive for PC1 (R? = 0.73, P = 0.006; Figure
11C), negative for PC2 (R? = 0.59, P = 0; Figure 11D). The
subfamily Dipodomyinae displays a different allometric
slope compared to perognathines and heteromyines (Figure
11C). When the 2 groups are considered independently, the
allometric relationship is much stronger (Figure 11E,F). In
both dipodomyines (R? = 0.92, P = 0) and non-dipodomyines
(R? = 0.88, P = 0), the relationship between size and shape
is positive.

Discussion

Our results show that most geomoyid taxa can be distin-
guished by their size. The greater size variation we observe
in Geomyidae compared to Heteromyidae is consistent
with prior, narrower, studies of size variation across pocket
gophers (Hafner and Hafner 1988; Hafner et al. 2014). The
higher prevalence of sexual size dimorphism in geomyids
compared to heteromyids (Calede and Brown 2021) likely
contributes to the greater size variation in Geomyidae,
although there is no evidence that the species with the
largest size variation in our analyses are also those with
significant sexual size dimorphism (Calede and Brown
2021). The lack of size difference between Heterogeomys
and Orthogeomys we recover is consistent with prior
analyses (Spradling et al. 2016). Our finding that species

of Perognathus are mostly smaller than those of the sister
genus Chaetodipus is also consistent with previous research
(Wyatt et al. 2021); the exact rank order of species and
statistical differences differ somewhat between our analy-
ses based on skull measurements and those of Wyatt et al.
(2021) based on toothrow length. Future analyses building
upon prior work on geomyoid body mass (Hopkins 2008)
will be necessary to determine the best approach to quan-
tifying size in pocket mice, and other geomyoids. At the
species level, our results show that H. heterodus is larger
than H. hispidus, but not significantly so, a pattern con-
sistent with that of Spradling et al. (2016). Our data also
show that many species of pocket mice can be differentiated
using size. Wyatt et al. (2021) also found that toothrow size
was an informative trait when identifying Perognathus and
Chaetodipus specimens.

Our analyses demonstrate that the 2 geomyoid families
can be reliably identified using skull shape, a result con-
sistent with prior qualitative analyses (Hafner and Hafner
1988). Our phylomorphospace displays a clear association
between the evolution of geomyids and the increase in the
relative size of the lower jaw, and both diastemata as well
as the deepening of the maxillary region and dentary. Our
analyses also show that skull shape can be used to discrim-
inate between geomyoid genera. Within Heteromyidae,
species from the same genus are similar in shape. On the
contrary, within Geomyidae, many species of a single genus
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Figure 11. Allometric relationships within Geomyoidea. Allometric relationship between (A) size and PC1 scores within Geomyidae; (B) size and PC2
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are scattered in morphospace and can closely resemble
species from different genera. This pattern is suggestive
of widespread morphological convergence and consistent
with prior observations that geomyids greatly resemble
one another in shape (Hafner and Hafner 1988) and that
Geomyidae display low levels of skull divergence (Wahlert
1985). Wahlert (1985, p. 17) suggested that “either recent
diversification or long conservation of a successful design
after a period of rapid evolution” was responsible for this
pattern of morphological similarity. Our results demon-
strate that the ancestral geomyid morphology is highly
apomorphic and divergent from the ancestral heteromyid
morphology. Further testing of the competing hypotheses of
Wabhlert (1985) will require the analysis of morphological
evolution in a time-calibrated phylogenetic framework that
includes fossil species.

The greater morphological disparity within Heteromyidae
reflects variation in the relative width of the skull in the ros-
tral, zygomatic, and basicranial regions. No extant geomy-
ids occupy the region of the morphospace that corresponds
to skulls with narrow basicranial and zygomatic regions but
broad rostra. This may be a product of extinction, but it could

also be the consequence of the evolution of fossoriality. The
effect of extinction could be tested by adding fossil gophers
to the dataset, which could increase the morphospace occupa-
tion by geomyids, with some species occupying its lower half.
Thus, although they do not have broad rostra, entoptychine
gophers have narrower crania than their geomyine relatives
(Calede and Rasmussen 2020). In fact, a prior ecomorpho-
logical analysis of skull shape in select fossil geomyids show
that entoptychine and geomyine gophers can differ greatly in
skull shape (Calede et al. 2019). Some fossil species of extant
geomyid genera, particularly Geomys garbanii, also display
skull morphologies that are divergent from those observed
in congeners (White and Downs 1961; Calede et al. 2019).
The association of the evolution of fossoriality and changes in
skull morphology across subterranean rodent groups should
be rigorously explored in a phylogenetic framework, but
existing data already show that there is a strong association
between broad zygomatic arches and burrowing (Hopkins
and Davis 2009) as well as broad basicrania and burrow-
ing (Hopkins 2005; Calede et al. 2019; Scarpitti and Calede
2022). Broad rostra are documented in other fossorial taxa,
particularly head-lift diggers (e.g. Mylagaulidae; Hopkins
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20035), but no extant or extinct geomyid has been determined
to use head-lifting in burrowing.

Our phylomorphospace shows that the skull shape of the
most recent common ancestor of all geomyoids resembled
that of the most recent common ancestor of heteromyids
(as opposed to that of geomyids) and specifically was most
similar to Chaetodipus and Perognathus. As such, our results
support the hypothesis that pocket mice represent a morphol-
ogy similar to that of the most recent common ancestor of
Geomyoidea (see Hafner and Hafner 1988). The future inclu-
sion of fossil geomyoids into the framework we present here
will enable a test of the accuracy of these ancestral character
state constructions.

Although we do recover some similarities (mainly the rel-
atively narrow rostrum of Geomys compared to Thomomnrys,
Cratogeomys, and Heterogeomys), our results of the genus-
level morphological variation within Geomyidae do not
mirror prior findings of a clear segregation between claw-dig-
ging and tooth-digging taxa based on a smaller (and slightly
different) set of measurements (Lessa and Stein 1992). For
example, Zygogeomys, a scratch-digging taxon (Hopkins and
Davis 2009), and T. bottae, a chisel tooth—-digging animal
(Hopkins and Davis 2009), are found to have very similar
morphologies in our analyses. In that regard, our results are
similar to those of Samuels and Van Valkenburgh (2008: Fig.
2) who found strong morphological similarities among the 4
geomyid species they studied notwithstanding digging mode.
However, we did not measure some traits that are likely asso-
ciated with burrowing in chisel tooth—-digging gophers (e.g.
upper incisor procumbency and bite force; Lessa and Thaeler
1989; Kalthoff and Mérs 2021). A more complete picture of
the link between evolutionary morphology and ecology in
this family will require the inclusion of these measurements
as well as fossil taxa. Indeed, one would expect higher bite
force and greater incisor procumbency in chisel tooth—digging
species (Marcy et al. 2016; Kalthoff and Mors 2021).

It appears from our findings that ecomorphological adapta-
tions concentrated in the incisors (such as procumbency and
incisor shape) may not require major rearrangements in cra-
nial morphology across geomyid genera. That is apparently
not true within Thomomys. Indeed, within this genus, we
recover a similar pattern of convergence in cranial morphol-
ogy between T. talpoides and T. bottae that was documented
by Marcy et al. (2016) that supports the conclusion that
changes in cranial morphology were critical to the evolution
of chisel tooth digging. Additionally, data from our size anal-
ysis also show that size increases in these 2 species could have
played a role in their adaptation to chisel tooth digging alike
Marcy et al. (2016). The scaling of procumbency and bite
force with size in geomyids should be rigorously investigated
to further test these hypotheses across a broad sample of taxa.

We do find morphological differences between dolichoce-
phalic gophers (e.g. Orthogeomys and Heterogeomys) and
so-called generalized ones (e.g. Geomys, Pappogeomys, C.
castanops, and C. merriami; Wilkins and Woods 1983). In
a prior analysis restricted to the 2 genera, Orthogeomys and
Heterogeomys occupied different regions of the morphos-
pace, in part as a consequence of differences in interorbital
constriction, a variable we did not measure (Spradling et al.
2016). Our CVAs show that most geomyoid genera can accu-
rately (>75%) be identified using skull measurements. Only
Orthogeomys, Geomys, and Pappogeomys are difficult to
identify from skull measurements. The lower rate of accurate
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classification for Orthogeomys is a consequence of its similar-
ity with Heterogeomys in the absence of data on interorbital
constriction. The low rates for Pappogeomys and Geomys are
associated with the convergence between these 2 genera, par-
ticularly between P. bulleri and G. personatus. Pappogeomys
has historically been difficult to delineate systematically in
the absence of molecular data (Hafner et al. 2009). Tooth
shape appears to be more informative than skull morphol-
ogy in identifying Geomys, Orthogeomys, Heterogeomys,
and Thomomys, but not Cratogeomys (Calede and Glusman
2017). Tooth shape outperforms skull morphology in distin-
guishing between perognathine genera (Wyatt et al. 2021).
Our analyses demonstrate that geomyid species can relia-
bly be identified using skull morphology. Indeed, major mor-
phological differences among species within each genus can
be observed (Figure 6) and inform taxonomic identification
(Figure 8). Skull morphology is highly informative of taxo-
nomic identity within Cratogeomys. This result is consistent
with prior analyses of skull shape in the genus (Hafner et al.
2005, 2008). All Cratogeomys specimens can be identified
accurately over 79% of the time. These rates of classification
are overall higher than those found using dental morphol-
ogy (Calede and Glusman 2017). The pattern of overlap we
observe within Geomys is similar to the one described by
Mauk et al. (1999), although G. pinetis was not included
in their analyses. The overlap of G. bursarius with both G.
pinetis and G. arenarius explains the lower correct identifi-
cation percentage for this taxon (72.2%) compared to the
other species of the genus, which can all reliably be identi-
fied using skull measurements. The high rates of accurate
classification for G. pinetis using skull measurements mir-
ror the results of an analysis using tooth shape (Calede and
Glusman 2017). Another taxon, G. arenarius, is more easily
identified using skull measurements than tooth shape. Within
Heterogeomys, there is little overlap in morphology between
the 2 species. Although H. hispidus is more often accurately
classified, both species can be reliably identified using skull
measurements. Spradling et al. (2016) found H. heterodus
to be more often correctly identified than H. hispidus with
a different set of craniodental measurements, but Calede and
Glusman (2017) found similar rates of correct classification
using dental morphology. Our findings are consistent with the
validity of skull measurements as a taxonomic tool in this
genus. Within Thomomys, the 2 subgenera (Thomomys and
Megascapheus) overlap in cranial shape, more so than in the
analyses of Marcy et al. (2016) in which only females were
included. Further, overlaps in morphology of T. bottae with
essentially all other species lead to a low rate of correct clas-
sification for the taxon (67.3%); this same species was also
difficult to differentiate from others using dental morphology
(Calede and Glusman 2017). The wide morphospace occu-
pation of T. umbrinus, with 2 clusters of specimens, leads to
the low rate of accurate identification for this species. Prior
analyses of the morphospace occupation of T. umbrinus spec-
imens have showed the presence of morphologically divergent
subspecies (Calede and Brown 2021), and a detailed analy-
sis of the species demonstrates the presence of morphologi-
cal variance across populations and subspecies of the taxon
(Mathis et al. 2014). Future analyses including large samples
of subspecies of T. umbrinus as well as other sympatric and
parapatric Thomomys species will help determine the poten-
tial for skull morphology to help resolve the identification of
uncertain specimens in museums. Thomomy monticola and
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T. townsendii, 2 taxa with low morphological disparity, can
reliably be identified using skull measurements, better so than
using tooth morphology (Calede and Glusman 2017).

The skull morphology of heteromyids (Figure 7) can be
used to inform species-level taxonomic identification (Figure
9), although not as well as in geomyids (54 % vs. 59% of spe-
cies 75% accurately identified or better). Within Chaetodipus,
there is a lot of overlap in morphospace among species.
Variation within C. intermedius is driven largely by RW,
greater cranial length, mandible length, greater cranial depth,
and mandible length. These are all very important variables in
the analysis of intraspecific variability of skull measurements
(Weckerly and Best 1985). Our results suggest that these var-
iables are also important in driving the intraspecific variation
within C. hispidus and C. penicillatus. The rates of classifi-
cation for the species are low in 3 of the 5 taxa (C. hispidus,
C. baileyi, and C. californicus), but this is a consequence of
single outliers in each species that suggest that larger sample
sizes for all taxa, which help capture more of the morpholog-
ical variation across populations, would help improve these
classification rates. Chaetodipus intermedius and C. peni-
cillatus can be reliably identified from skull measurements.
Interestingly, C. intermedius is also one of the species of the
genus with the most distinctive dental morphology (Wyatt et
al. 2021). Chaetodipus penicillatus is not and C. hispidus is,
however, suggesting a lack of association between morpho-
logical divergences in the dentition and the cranium. Within
Dipodomys, there is a lot of overlap in morphospace among
clusters of species. Dipodomys deserti is distinct in morphol-
ogy from all other species of the genus, largely because of
a relatively larger cranium (including length and width); it
can be reliably identified from skull measurements, better so
than using tooth morphology (Carrasco 2000). Dipodomys
merriami and D. ordii as well as D. ingens, D. heermanni,
and D. spectabilis are very similar in morphology. As a conse-
quence, the rates of classification are low for 2 of these taxa
(D. merriami and D. ordii) for which dental morphology is
more useful (Carrasco 2000). Within Perognathus, there is a
lot of overlap in morphospace between P. longimembris and
P. flavus; it is largely driven by similarities in rostral and max-
illary morphology. These variables are also important in driv-
ing the intraspecific variation within P. longimembris and P.
flavus. Prior analyses of the variation within P. parvus failed
to recover particular morphological variables as indicative of
populations (Riddle et al. 2014). The rates of classification
are low in 3 of the 4 taxa (P. flavus, P. longimembris, and P.
parvus), which overlap greatly in morphospace, and very high
for P. flavescens. A similar pattern of morphological overlap
and high misidentification rates was recovered in the tooth
shape analysis of Wyatt et al. (2021). Heteromys pictus and
H. irroratus, 2 species that display important intraspecific
variation, overlap one another heavily in morphospace and
show low rates of classification. Heteromys desmarestianus,
H. gaumeri, and H. anomalus, however, can reliably be iden-
tified from skull measurements. There are 2 clusters of spec-
imens within H. desmarestianus, which suggests that future
analyses of the intraspecific variation within this species may
reveal interesting taxonomic information. Prior studies of the
variation in skull shape within Heteromys have contributed
to the identification of several species (Anderson and Jarrin-V
2002; Anderson and Timm 2006; Anderson and Gutierrez
2009). Within Microdipodops, the separation in morphos-
pace between the 2 species is a consequence of the longer and
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deeper rostrum of M. pallidus and the longer diastemata as
well as deeper maxilla and basicranium of M. megacepha-
lus. Microdipodops pallidus specimens are identified correctly
more often than M. megacephalus specimens, but the rates
of classification for both species are high. The variable and
complimentary powers of skull and tooth morphologies in
identifying geomyoid taxa suggest that a combined approach
including both elements of the craniomandibular apparatus
could be a powerful tool in identifying phenotypically similar
species, cryptic species, and recently extinct taxa within diffi-
cult-to-identify taxa like Perognathus.

Our analysis of morphological disparity using the mul-
tiCV shows that Heteromyidae displays greater variation
than Geomyidae. This is consistent with the morphospace
occupation observed in the phylomorphospace and prior
observations (Hafner and Hafner 1988). It may reflect a
canalization of morphology associated with burrowing evo-
lution. Thus, the absence of geomyids with low MAW may be
a consequence of the muscular attachments on the zygomatic
arch associated with burrowing (Hopkins and Davis 2009).
Similarly, the absence of geomyids with narrow basicrania
likely reflects adaptations to burrowing of the occipital bone
(Scarpitti and Calede 2022). Contrary to the family-level
analysis, the multiCVs of geomyid genera tend to be larger
than those of heteromyid genera. Unlike for dental morphol-
ogy (Calede and Glusman 2017), Thomomys does not display
lower disparity in skull morphology than Geomyini genera.
The range of squared multiCVs we recover across geomy-
oid species is narrower than that found across populations
of T. bottae (Soulé and Zegers 1996). None of the species
we studied reach the highest level of morphological variation
observed by Soulé and Zegers (1996). Nonetheless, T. bottae
displays the second highest level of variation of any geomyid
(or even geomyoid) species we studied, after T. umbrinus. On
the contrary, T. monticola and T. townsendii display very low
levels of multivariate variation. Thus, Thomomys shows the
highest range of multiCV values among species of any geomy-
oid genus; Cratogeomys shows the lowest level. There are a
few outlier species that display unexpected levels of variation
for the genus. Geomys personatus has a very low multiCV
compared to congenerics; the same is true for P. flavescens.
Future analyses exploring the correlation between morpho-
logical and genetic variation in geomyoids (following Soulé
and Zegers 1996) may shed new lights on the taxonomy of
the family, particularly with regards to cryptic taxonomy in
geographically widespread and highly phenotypically varia-
ble taxa, and the effects of possible bottlenecks on phenotype
in species that are little variable.

Notable morphological variables that scale with negative
allometry within Geomyidae include IMW, GCD, DMND, PW,
and GCL, whereas the variables that scale with positive allom-
etry include LDL, LD, MRD, and GCW. The relative positions
of T. monticola, T. talpoides, T. bottae, and T. townsendii in
our analysis mirror those recovered by Marcy et al. (2016)
in their analysis of the cranium of the genus, particularly the
analysis of the ventral view of the skull. Within Heteromyidae,
the morphological variables that scale with negative allom-
etry include GCD, GCW, PW, MAW, and LDL, whereas the
variables that scale with positive allometry include MANL,
GCL, RW, LD, NL, and MRD. Both families share common
allometric patterns for 4 morphological variables (PW, GCD,
LD, and MRD), which may be inherited from the common
ancestor for the 2 families. In the case of NL (in heteromyids
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only) and LD (in both families), the pattern of elongation of
these features with body size corresponds to a positive cran-
iofacial evolutionary allometry that has been documented
extensively in placentals broadly (Cardini 2019) and rodents
specifically (Marcy et al. 2020; Alhajeri 2021, 2022). Two of
the variables associated with the extreme inflation of the bul-
lae of dipodomyines (GCD and GCW, but not GCL) scale with
negative allometry. The allometric difference in slope between
dipodomyines and non-dipodomyines supports an important
role of heterochrony in the evolution of the morphology of the
subfamily (Hafner and Hafner 1988). The exact importance of
heterochrony in driving skull evolution within Heteromyidae
should be further explored by incorporating fossil dipodomy-
ines in the framework we present herein (Wood 1935; Voorhies
1975). This will enable the specific test of the hypothesis that
Dipodomyinae is pedomorphic and geomyids are hypermor-
phic as suggested by Hafner and Hafner (1988) and supported
in part by our analyses so far.

The framework presented herein should be used to inves-
tigate the disparity of skull morphologies observed in the
geomyoid fossil record. In fact, fossils will enable formal
tests of several hypotheses of skull evolution in Geomyoidea
combined with analyses of rate of morphological evolution.
Future work incorporating juvenile morphology will also be
important to rigorously test developmental hypotheses.
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