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Abstract

Geomyoid rodents provide a great study system for the analysis of sexual dimorphism. They are polygynic and many inhabit harsh arid environ-
ments thought to promote sexual dimorphism. In fact, there has been extensive work published on the sexual size dimorphism of individual
populations and species within this rodent clade. However, little work has been undertaken to assess the evolutionary patterns and processes
associated with this sexual dimorphism. We use multivariate analyses of cranial measurements in a phylogenetic framework to determine the
distribution of size and shape dimorphism among geomyoids and test for Rensch’s rule. Our results suggest that sexual dimorphism is more
common in geomyids than heteromyids, but it is not in fact universal. There is evidence for variation in sexual dimorphism across populations.
Additionally, in many taxa, geographic variation appears to overwhelm existing sexual dimorphism. We find support for the repeated independ-
ent evolution of shape and size dimorphism across geomyoid taxa, but we do not find support for an association between size and shape
dimorphism. There is no evidence for Rensch's rule in geomyoids, whether at the superfamily or family level. Together, our findings suggest that
there is no single explanation for the evolution of sexual dimorphism in geomyoids and that, instead, it is the product of numerous evolutionary
events. Future studies incorporating phylogenetic relationships will be necessary to paint a more complete picture of the evolution of sexual

dimorphism in geomyoids.
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Geomyoid rodents number 109 species distributed across 2
families: Geomyidae and Heteromyidae (Mammal Diversity
Database 2020). They have often been considered an ideal
study system to investigate sexual dimorphism (Table 1).
The reasons for this are manifold. Geomyoids are present
across widely differing habitats, from mesic forests to xeric
shrublands and deserts (e.g., Fernandez et al. 2014). They
also span a range of terrestrial locomotion; pocket gophers
(Geomyidae) are fossorial whereas heteromyids are ricochetal,
terrestrial, or semi-fossorial (Bartholomew and Caswell 1951;
Bartholomew and Cary 1954; Djawdan 1993; Roberts et al.
1997; Wilkins and Roberts 2007; Calede et al. 2019). Harsh
environments and resource scarcity/clustering have been
suggested to promote polygyny and sexual size dimorphism
(SSD) in mammals (Pérez-Barberia et al. 2002; Isaac 2005;
Lukas and Clutton-Brock 2013); resource competition has
specifically been suggested to play a role in controlling SSD
in heteromyids (Garcia-Navas 2017). Geomyoids are also
polygynous (Daly and Patton 1986; Bradley et al. 1991;
Patton and Smith 1993; Garcia-Navas 2017). Polygynous
species are associated with high levels of SSD (Cassini 2020).

Multiple studies have analyzed the sexual dimorphism of
populations, individual species, or small sets of species in
both geomyoid families. Restricted for the most part to sexual

dimorphism in size, they often incorporated multiple oste-
ological measurements (Table 1) and led to the conclusion
that geomyids have high sexual dimorphism (Hafner et al.
2004; Hafner et al. 2014; Spradling et al. 2016) whereas het-
eromyids are little to not sexually dimorphic (Schmidly and
Hendricks 1976; Engstrom et al. 1987; Jones 1993; Anderson
and Jarrin-V 2002; Anderson and Gutiérrez 2009; Andersen
and Light 2012; Garcia-Navas 2017). In both families, how-
ever, sexual dimorphism can be quite variable across taxa or
even populations (Miller 1964; Hoffmeister and Lee 1967,
Schmidly 1971; Baumgardner and Schmidly 1981; Daly and
Patton 1986; Best 1987; Robertson et al. 1992; Best 1993).
The existence of a sometimes-dramatic sexual dimorphism
in Geomyidae remains largely puzzling. Although there have
been 2 studies of SSD across multiple species of heteromyids
(Best 1993; Garcia-Navas 2017), none has ever been under-
taken for geomyids.

There are however some data on the ontogeny of SSD
in geomyids. Thus, in Thomomys bottae, the 2 sexes are
significantly different by approximately 6.5 months of
age, around the age at which males start reproducing;
females start reproducing when they are 3 months old
(Daly and Patton 1986; Patton and Brylski 1987). Males
display a steeper growth curve than females through
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Table 1. Sample of past studies of sexual dimorphism in geomyoids
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F Taxon Variables App Dim? Reference

G Cratogeomys gymnurus D,S U Y Hafner et al. (2004)

G Cratogeomys merriami D,S U Y Hafner et al. (2005)

G Geomys spp. S U,M Y Mauk et al. (1999)

G Geomys bursarius E, Ma, S U Y Hendricksen (1972)

G Heterogeomys hispidus D,S U Y Spradling et al. (2016)

G Heterogeomys hispidus D,S U Y Hafner et al. (2014)

G Thomomys bottae Ma, SL U Y Patton and Brylski (1987)

G Thomomys bottae S M Y Smith and Patton (1988)

G Thomomys bottae P M N Dunmire (1955)

G Thomomys bottae Ma U Y Daly and Patton (1986)

G Thomomys umbrinus S U Y Castro-Campilllo and Ramirez-Pulido (2000)
H Chaetodipus formosus - N Hall (1946)"

H Chaetodipus goldmani S U N* Straney and Patton (1980)

H Chaetodipus hispidus E,S U N* Glass (1947)

H Chaetodipus hispidus S U N Andersen and Light (2012)

H Chaetodipus intermedius E,S U Y Wilkins and Schmidly (1979)
H Chaetodipus intermedius E,S UM Y Weckerly and Best (1985)

H Chaetodipus nelsoni E,S U Y Wilkins and Schmidly (1979)
H Chaetodipus penicillatus E,S U Y Wilkins and Schmidly (1979)
H Chaetodipus penicillatus - - N* Hall (1946)t

H Chaetodipus penicillatus E,S U Y Hoffmeister and Lee (1967)

H Dipodomys (Heermanni group) E,S UM Y Best (1978)

H Dipodomys agilis E,S UM Y Best et al. (1986)

H Dipodomys agilis E,S UM Y Best (1983a)

H Dipodomys californicus E,S U Y Dale (1939)

H Dipodomys californicus P U Y’ Dunmire (19595)

H Dipodomys compactus E,S U N Baumgardner and Schmidly (1981)
H Dipodomys deserti E,S U Y Nader (1978)

H Dipodomys elator E,S U Y Best (1987)

H Dipodomys elator D,E, S U Y Webster and Jones (1985)

H Dipodomys gravipes E,S U Y Best (1983b)

H Dipodomys heermanni P M Y Dunmire (1955)

H Dipodomys merriami - - Y Hall (1946)*

H Dipodomys merriami D,E, S U Y Lidicker (1960)

H Dipodomys microps KMa U N Csuti (1979)

H Dipodomys microps E,S U N Hall and Dale (1939)

H Dipodomys ordii Ma, E, S U Y Desha (1967)

H Dipodomys ordii D,E, S Y Schmidly (1971)

H Dipodomys ordii E,S U N* Baumgardner and Schmidly (1981)
H Dipodomys ordii E,S U N Schmidly and Hendricks (1976)
H Dipodomys ordii D,S U,M Y Kennedy and Schnell (1978)

H Dipodomys ordii E, S UM Y Robertson et al. (1992)

H Dipodomys ordii S U N Setzer (1949)

H Dipodomys phillipsii D,E, S U N Genoways and Jones (1971)

H Dipodomys simulans E,S UM Y Sullivan and Best 1997

H Dipodomys spectabilis E,S U N Nader (1978)

H Heteromys adspersus D,E, S U Y Genoways (1973)

H Heteromys anomalus S U N Anderson and Gutiérrez (2009)
H Heteromys australis S U N Anderson and Jarrin-V (2002)
H Heteromys catopterius S U N Anderson and Gutiérrez (2009)
H Heteromys gaumeri E,S U N° Engstrom et al. (1987)

H Heteromys irroratus D,E, S U Y’ Genoways (1973)

H Heteromys pictus D,E, S U Y Genoways (1973)
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F Taxon Variables App Dim? Reference

H Heteromys salvini D,E,S U Y Genoways (1973)

H Heteromys teleus S U N Anderson and Jarrin-V (2002)
H Microdipodops megacephalus Ma, E, S U N Hall (1941)

H Microdipodops megacephalus S U N Schitoskey (1968)

H Microdipodops pallidus Ma, E, S U N Hall (1941)

H Perognathus flavescens D,E, S U N* Williams (1978)

H Perognathus flavescens D,E, S U N* Reed and Choate (1986)

H Perognathus flavescens D,S U N* Williams and Genoways (1979)
H Perognathus flavus E,S U N Baker (1954)

H Perognathus flavus E,S U N* Best and Skupski (1994)

H Perognathus longimembris - - N Hall (1946)*

H Perognathus parvus - - Y Hall (1946)t

‘Indicates complex results or lack of statistical tests with the letter reflecting the author’s conclusion.

tConclusion taken from Best (1993). Best (1993, Tables 1 and 2) provides additional results of univariate analyses of SSD in 57 species of heteromyids.
App =approach; D = dental measurements; Dim = dimorphic; E = external measurements; F = family; G = Geomyidae; H = Heteromyidae; K = kidney; M =
multivariate; Ma = mass; N = No; P = postcranial measurements; S = skull measurements; SL = skull length; U = univariate; Y = Yes.

much of development and continue growing for a longer
amount of time (Daly and Patton 1986; Patton and Brylski
1987). However, information on the evolution of sexual
dimorphism in geomyoids is limited to the Heteromyidae.
An analysis of SSD in heteromyids based on sex-specific
species-level averages of snout to vent lengths demon-
strates that resource competition as well as the balanc-
ing of premating and postmating sexual selection play a
role in the low SSD of heteromyids (Garcia-Navas 2017).
Conspicuously missing from the literature is a compar-
ison of sexual dimorphism across geomyoid species that
incorporates shape in addition to size in a phylogenetic
framework. Such work is critical to assessing the broad
pattern of sexual dimorphism in families in which only a
few species have been studied (Table 1), understanding the
pattern of evolution of sexual dimorphism in geomyoids,
and shedding light on the processes at play in its establish-
ment. Such analyses have only been rarely undertaken in
a diverse family of rodents (Matéjii and Kratochvil 2013;
Martinez and Bidau 2016).

We use cranial measurements from several hundred spec-
imens representing more than 35% of the species diversity
of Geomyoidea to investigate the mode of evolution of SSD
and shape dimorphism in a phylogenetic framework. We also
explore whether geomyoids fit Rensch’s rule, an allometric
pattern in which SSD increases with increasing mean body
size in species with larger males and decreases with increased
mean species size when females are the larger sex (Abouheif
and Fairbairn 1997). Prior work has shown that heteromyids
may not conform to Rensch’s rule (Garcia-Navas 2017), but
the high polygyny of geomyids warrants a rigorous analysis
of Rensch’s rule. We specifically test the following hypotheses:
(1) the apparent strong sexual dimorphism within Geomyidae
is a feature of the family and includes both size and shape
dimorphism; (2) in contrast, there is little evidence for sexual
dimorphism in shape or size within Heteromyidae outside of
Dipodomys; (3) the pattern of sexual dimorphism observed
across the 2 families reflects the evolution of sexual dimor-
phism in the common ancestor of all geomyids whereas het-
eromyids display the ancestral condition for Geomyoidea

of little to dimorphism between sexes; and (4) there is no
evidence for Rensch’s rule in Geomyoidea or the families
Heteromyidae and Geomyidae.

Material and Methods

Sampling and data collection

We sampled 39 species of geomyoids including 17 species
of Geomyidae (out of 41) representing all 7 genera and 22
species (out of 68) of Heteromyidae spanning all 5 gen-
era of the family (Mammal Diversity Database 2020). In
total, we collected data from 813 specimens (mean 20.8
per species, median 18), 350 geomyids and 463 hetero-
myids (Table 2) from museum collections (Supplementary
Data 1). We only measured adult specimens (based on the
fusion of cranial sutures and the presence of fully erupted
worn teeth) to avoid introducing ontogenetic variation in
the dataset.

We collected 14 measurements from each set of skull and
dentaries (Figure 1 and Table 3) based on measurements used
in prior studies of geomyoid cranial morphology (e.g. Best
1978; Anderson 2003; Calede and Rasmussen 2020). These
measurements were chosen to represent skull shape in three
dimensions (length, width, and depth) across regions of the
skull (rostrum, palate, braincase, and lower jaw) for all taxa.
The linear measurement approach we adopt enables the
future study of fossil specimens, which are often fragmentary
and would be difficult to incorporate in a geometric morpho-
metric analysis.

Data were obtained from specimen photos using Image]
1.51 (Schneider et al. 2012) or directly measured on spec-
imens using Mitutoyo CD-6” CSX digital calipers. Photos
were taken using a Canon EOS Rebel SL2 camera or gathered
from public online museum repositories. For each specimen,
we calculated the geometric mean (GM) using the square root
of the product of all 14 measurements (Jungers et al. 1995;
Madar et al. 2002). Each original measurement was then
divided by the GM to provide a size-corrected value for each
morphological feature. All 14 resulting variables and the GM
were log-transformed before analyses. The complete dataset is


http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoab070#supplementary-data
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Table 2. Sample of geomyoid rodents included in this study
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Family Subfamily Genus Species F M Abb.
Geomyidae Geomyinae Cratogeomys castanops 10 14 Ces
Geomyidae Geomyinae Cratogeomys fumosus 9 9 Cfu
Geomyidae Geomyinae Cratogeomys merriami 11 10 Cme
Geomyidae Geomyinae Geomys arenarius 9 8 Gar
Geomyidae Geomyinae Geomys bursarius 7 9 Gbu
Geomyidae Geomyinae Geomys personatus 7 8 Gpe
Geomyidae Geomyinae Geomys pinetis 15 11 Gpi
Geomyidae Geomyinae Heterogeomys heterodus 8 8 Hhe
Geomyidae Geomyinae Heterogeomys hispidus 8 7 Hhi
Geomyidae Geomyinae Orthogeomys grandis 12 11 Ogr
Geomyidae Geomyinae Pappogeomys bulleri 12 12 Pbu
Geomyidae Geomyinae Thomomys bottae 26 22 Tbo
Geomyidae Geomyinae Thomomys monticola 6 8 Tmo
Geomyidae Geomyinae Thomomys talpoides 10 10 Tta
Geomyidae Geomyinae Thomomys townsendii 9 9 Tto
Geomyidae Geomyinae Thomomys umbrinus 7 9 Tum
Geomyidae Geomyinae Zygogeomys trichopus 10 9 Ztr
Heteromyidae Dipodomyinae Dipodomys deserti 9 10 Dde
Heteromyidae Dipodomyinae Dipodomys heermanni 8 13 Dhe
Heteromyidae Dipodomyinae Dipodomys ingens 8 8 Din
Heteromyidae Dipodomyinae Dipodomys merriami 25 25 Dme
Heteromyidae Dipodomyinae Dipodomys ordii 20 20 Dor
Heteromyidae Dipodomyinae Dipodomys spectabilis 9 8 Dsp
Heteromyidae Dipodomyinae Microdipodops megacephalus 7 11 Mme
Heteromyidae Dipodomyinae Microdipodops pallidus 9 10 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 9 Hpi
Heteromyidae Perognathinae Chaetodipus baileyi 8 7 Cba
Heteromyidae Perognathinae Chaetodipus californicus 8 11 Ccl
Heteromyidae Perognathinae Chaetodipus hispidus 8 8 Chi
Heteromyidae Perognathinae Chaetodipus intermedius 13 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 10 10 Plo
Heteromyidae Perognathinae Perognathus parvus 9 11 Ppa

F = number of female specimens; M = number of male specimens; Abb. = Abbreviation used in the multivariate analysis.

being analyzed to test other hypotheses, but it can be obtained
from the corresponding author on reasonable request.

The phylogenetic framework used in our analyses is from
Fabre et al. (2012). We randomly selected 100 trees from a
selection of 1,000 time-calibrated trees developed by Price
and Hopkins (2015) and pruned the trees to keep only the
taxa with morphological data using the package ape 5.3
(Paradis et al. 2004) in R 4.0.3 (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 senior

author to assess the reliability of measurements. These checks
included remeasuring specimens measured once using Image]
or calipers using the same technique and remeasuring spec-
imens 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 were selected. The absolute difference in milli-
meter between first and second measurements was computed.
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Figure 1. Cranial measurements used in the analyses. (A) Cranium in
dorsal view. (B) Cranium in ventral view. (C) Cranium in lateral view. (D)
Dentary in medial view. Abbreviations defined in Table 3.

Errors reported as percentages were calculated relative to the
initial measurement. The effects on the analyses were assessed
by rerunning the analyses (including GM calculations, the
SSD analysis, and the sexual shape dimorphism analysis).

SSD, sampling, and Rensch’s rule

Skull size is an accurate proxy for body mass in Rodentia
(Millien and Bovy 2010; Bertrand et al. 2016). Additionally,
unlike body mass, skull size does not vary seasonally or with
gravidity. As such, it is a useful variable to investigate size dif-
ferences within a species using museum specimens. We used
the GM of all specimens in the dataset to assess sexual dimor-
phism in size in each species of geomyoid studied. For each
taxon, we used a #-test to test for a significant difference in
size between sexes. Additionally, for each species, we calcu-
lated the SSD using the approach adopted by Garcia-Navas
(2017). We predict that SSD will be significant in most spe-
cies of Geomyidae studied as well as the heteromyid genus
Dipodomys. In contrast, we predict that SSD will be non-
significant in Heteromys, Microdipodops, Chaetodipus, and
Perognathus.

Best (1993) reported that the detection of sexual dimor-
phism in heteromyids may be sample-size dependent. To
address this concern, we ran 2 sets of analyses. First, we ran
2 reduced-major axis regressions with the package Imodel2
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Table 3. Description of the measurements used in the analyses

Abb. 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

Abb. = abbreviation used in Figure 1.

1.7-3 (Legendre 2018) in R. We used the absolute value of
SSD we calculated for each species and our sample size data
to assess the relationship between the degree of SSD detected
and the sample size for each species across the entire dataset.
We used the distance between mean male shape and mean
female shape calculated for our shape analysis (see below)
to determine the relationship between the degree of sexual
shape dimorphism we calculated and the sample size for each
species across our entire dataset. Second, we selected the 2
best sampled species representing 2 different genera from
each family; all of which have more than 20 specimens and 2
of which have more than 40 specimens (Table 2). For each of
those 4 species, we assessed the ratio of average female body
size to average male body size for successively smaller sam-
ple sizes of an equal number of males and females. To do so,
we resampled without replacement our full dataset (capped
at X individuals per sex with X the smallest of the number
of males or number of females) at 90 through 20% of the
original dataset every 10%, 100 times. The final distribution
of ratios was subjected to an analysis of variance (ANOVA),
and, when appropriate, post hoc Tukey tests to assess differ-
ences in the accuracy of the sexual dimorphism among sam-
ples of different sizes of the same species. We undertook the
same resampling (and statistical testing) strategy to assess
the potential of sample size to affect our analysis of shape.
To do so, we calculated the Euclidean distance (ED) between
mean male and mean female in an ordination space (principal
component analysis [PCA]) projected for successively smaller
subsamples of the species. We then used an ANOVA and post
hoc tests to determine if there were significant differences in
shape difference between the 2 sexes as the sample of skulls
studied gets smaller.

We used phylogenetic generalized least squares regres-
sions (PGLS; Grafen 1989) of the SSD values on the GMs
to test for Rensch’s rule while accounting for evolution-
ary history. We performed the PGLS for each of the 100
trees in our dataset. Lambda (1) was optimized to find
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the maximum likelihood transformation for each tree
and the mean of each statistic was used in our interpre-
tations. We ran 3 different regressions, 1 for the entire
geomyoid dataset and 1 each for the families Geomyidae
and Heteromyidae. This decision was made because of the
sensitivity of Rensch’s rule to the taxonomic level studied
(Webb and Freckleton 2007) and because the locomotory
and dietary differences between geomyids and heteromy-
ids might influence the pattern of allometry of SSD (Bidau
and Medina 2013; Johnson et al. 2017). The regressions
were run using caper 1.0.1 (Orme 2018) using code modi-
fied from Famoso et al. (2016). We predict that there is no
significant relationship between the log(GM) and SSD in
Geomyoidea, Geomyidae, and Heteromyidae.

Rensch’s rule for shape and shape dimorphism

We determined sexual shape difference (SShD) using an ordi-
nation of the size-corrected morphological measurements. We
first projected all specimens of the dataset into a PCA, then
calculated mean PCA scores for each sex within each species.
We used the mean PCA scores of the males and females to
calculate the EDs between the means of each sex within each
species as a measure of the sexual dimorphism in shape. After
Asttia (2010), we assessed the relationship between body
size and SShD to determine if sexual shape dimorphism is
correlated with size (the “Rensch’s rule for shape” of Astia
[2010]). As for the analysis of Rensch’s rule described above,
we used 3 PGLS regressions of the logged SShD values on the
GMs for this analysis. We predict that there is no significant
relationship between the log(GM) and SShD in Geomyoidea,
Geomyidae, and Heteromyidae.

To determine whether or not the 2 sexes of a species are
significantly different from one another in shape, we ran indi-
vidual PCAs for each species using all 14 size-corrected var-
iables. We tested for differences in PC scores between the 2
sexes using a MANOVA or an ANOVA when only 1 PC axis
was significant. The significance of PC axes was determined
using a Monte Carlo randomization test run using biostats
McGarigal (2015). We predict that sexual shape dimorphism
will be significant in most species of Geomyidae studied as
well as the heteromyid genus Dipodomys. In contrast, we pre-
dict that sexual shape dimorphism will be nonsignificant in
Heteromys, Microdipodops, Chaetodipus, and Perognathus.

Evolution of sexual dimorphism

As a step in understanding the establishment of sexual dimor-
phism in geomyoids, we investigated 2 elements of the pattern
of evolution of sexual dimorphism in Geomyoidea. We used
ancestral character state reconstruction to determine how
many times SSD and SShD evolved in Geomyoidea, whether
geomyids share significant sexual dimorphism because they
inherited it from their common ancestor, and whether signifi-
cant sexual dimorphism is a derived trait within Geomyoidea.
We also used model fitting to explore the pattern of evolu-
tion of SSD and SShD within the superfamily. For both SSD
and SShD, we tested the fit of different models of evolution
(Brownian motion, directional evolution, early burst, and
Ornstein—Uhlenbeck [OU]) using geiger 2.0.7 (Harmon et al.
2008). We ran these analyses for all 100 trees selected (see
above). We evaluated the relative support for each model and
each tree using Akaike weights calculated using qpcR 1.4-1
(Ritz and Spiess 2008) from the AICc. We then calculated
the median weights for each model across all trees to assess
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overall support. We used maximum likelihood to reconstruct
ancestral character states using phytools 0.7-70 (Revell 2012,
2013). We predict that significant sexual dimorphism in
size and shape evolved once, in the common ancestor of all
geomyids.

Results

Sampling

There is no correlation between the size of the sample stud-
ied for a given species and the size difference between the
2 sexes detected for that species (Figure 2A). There is also
no significant difference in size dimorphism among sample
sizes (Figure 2B). In all species, no sample, however small,
leads to a mean size ratio that differs significantly from the
mean ratio found in the highest sample sizes. There is also no
evidence for an important relationship between the sample
size for each species and the shape dimorphism calculated for
that species (Figure 3A). Although the regression calculated
is significant (P = 0.03), sample size explains a very small
amount of the variation in shape dimorphism (R? = 0.072).
However, post hoc tests show significant differences in shape
dimorphism with varying sample sizes in all 4 species studied
(Figure 3B). In Dipodomys merriami, a sample of 16 speci-
mens is necessary to obtain shape dimorphism measurements
that are indistinguishable from those calculated with 45 spec-
imens. In T. bottae, reliable estimates of shape dimorphism
are obtained with samples of 12 specimens or more. Samples
of only 6 specimens yield estimates of shape dimorphism that
are not significantly different from those obtained a sample of
20 specimens in Geomys pinetis. In Chaetodipus intermedius,
at least half of the original number of specimens need to be
included in the calculations; this corresponds to a sample of
12 specimens or more.

Measurement errors

Because the same measurements were taken following the
same guidelines and in the same orientations (Figure 1 and
Table 3) whether they were measured with calipers or through
Image], errors in the dataset studied are minimal; they range
from < 0.2 to < 9%. There is no evidence that 1 of the 2
methods (measurements using calipers or from photographs)
leads to higher errors. Errors are largest (as a percent) for the
smallest variables measured (PW and DMND), which were
sometimes <1.5 mm. There was no systematic pattern of bias
between males and females. The largest error only affected
the GM value analyzed by 1%; it does not affect the results
of our analyses of SSD. A theoretical calculation of the effect
of the worst measurement error detected applied uniformly
to all 14 variables of the smallest specimen in the dataset (a
specimen of Perognathus longimembris) yields a small change
in the log of the GM for that specimen of 4.6%. We could
not detect any effect on our multivariate analyses of shape of
measurement errors.

Sexual size dimorphism

Within geomyids, 9 of the 17 species display a significant dif-
ference in logged GMs between males and females (Figure 4A
and Table 4). These include 1 of the 3 species of Cratogeomys
studied, C. merriami, 1 of the 4 species of Geomys studied, G.
pinetis, both species of Heterogeomys as well as Orthogeomys
grandis, 3 of the 4 species of Thomomys, and Zygogeomys
trichopus. In all cases, the male is larger than the female. We
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Figure 4. Size differences between males and females for each species studied. Size is represented by the logged GM. (A) Geomyidae. (B)
Heteromyidae. Dark boxes represent males. Light boxes represent females. Asterisks indicates significant differences between sexes.

do not detect any SSD in Pappogeontys. Within heteromyids,
only 6 of the 22 species studied show significant sexual dimor-
phism (Figure 4B). These include 4 species within the genus
Dipodomys and 2 of the 9 species of perognathines studied,
Chaetodipus californicus and P. longimembris. In all species,
the male is larger than the female. Neither Microdipodops nor
Heteromys display size dimorphism.

Our calculations of SSD show an overwhelming pattern of
males being larger than females across Geomyoidea (Figure
SA). Of the 39 species studied, only 7 have a positive SSD (i.e.
the female is larger than the male); 6 of those are heteromyids.
Females are, on average, larger than males in both species of
Microdipodops, 3 species of perognathines, and Dipodomys
ordii. Within Geomyidae, only Thomomys townsendii has an
average female larger than the average male. An analysis of

the SSD for all species pooled by family shows that geomyids
have significantly larger males (relative to females) than heter-
omyids (ANOVA: F = 6.295, P = 0.017; Figure SB).

Rensch’s rule

A PGLS analysis of SSD and mean GM enables the investiga-
tion of Rensch’s rule while accounting for phylogenetic rela-
tionships (Figure 6A). Our regression of the entire geomyoid
dataset shows a significant relationship between the 2 variables
(P = 0.013) with increasingly large male-biased size dimorphism
with increasing body size. However, the R?* for this regression
is low (0.13). When the relationships between mean GM and
SSD are calculated for each of the 2 families, Geomyidae and
Heteromyidae, independently, no significant relationship is
found (P = 0.33 and 0.68, respectively). The analyses of Rensch’s



478

Current Zoology, 2022, Vol. 68, No. 4

Table 4. Summary of results of analyses of size and shape sexual dimorphism across geomyoid species studied

Family Subfamily Genus Species Abb. Size Shape
Geomyidae Geomyinae Cratogeomys castanops Ccs N N
Geomyidae Geomyinae Cratogeomys fumosus Cfu N N
Geomyidae Geomyinae Cratogeomys merriami Cme Y Y
Geomyidae Geomyinae Geomys arenarius Gar N Y)
Geomyidae Geomyinae Geomys bursarius Gbu N N
Geomyidae Geomyinae Geomys personatus Gpe N Y
Geomyidae Geomyinae Geomys pinetis Gpi Y N
Geomyidae Geomyinae Heterogeomys heterodus Hhe Y Y
Geomyidae Geomyinae Heterogeomys hispidus Hhi Y Y
Geomyidae Geomyinae Orthogeomys grandis Ogr Y Y
Geomyidae Geomyinae Pappogeomys bulleri Pbu N N
Geomyidae Geomyinae Thomomys bottae Tbo Y Y
Geomyidae Geomyinae Thomomys monticola Tmo N N
Geomyidae Geomyinae Thomomys talpoides Tta Y Y
Geomyidae Geomyinae Thomomys townsendii Tto Y N
Geomyidae Geomyinae Thomomys umbrinus Tum N Y
Geomyidae Geomyinae Zygogeomys trichopus Ztr Y N
Heteromyidae Dipodomyinae Dipodomys deserti Dde Y N
Heteromyidae Dipodomyinae Dipodomys heermanni Dhe N N
Heteromyidae Dipodomyinae Dipodomys ingens Din Y N
Heteromyidae Dipodomyinae Dipodomys merriami Dme Y Y
Heteromyidae Dipodomyinae Dipodomys ordii Dor N N
Heteromyidae Dipodomyinae Dipodomys spectabilis Dsp Y N
Heteromyidae Dipodomyinae Microdipodops megacephalus Mme N N
Heteromyidae Dipodomyinae Microdipodops pallidus Mpa N N
Heteromyidae Heteromyinae Heteromys anomalus Han N N
Heteromyidae Heteromyinae Heteromys desmarestianus Hde N N
Heteromyidae Heteromyinae Heteromys gaumeri Hga N N
Heteromyidae Heteromyinae Heteromys irroratus Hir N N
Heteromyidae Heteromyinae Heteromys pictus Hpi N N
Heteromyidae Perognathinae Chaetodipus baileyi Cba N N
Heteromyidae Perognathinae Chaetodipus californicus Ccl Y Y
Heteromyidae Perognathinae Chaetodipus hispidus Chi N Y
Heteromyidae Perognathinae Chaetodipus intermedius Cin N (Y)
Heteromyidae Perognathinae Chaetodipus penicillatus Cpe N N
Heteromyidae Perognathinae Perognathus flavescens Pfl N N
Heteromyidae Perognathinae Perognathus flavus Pfu N N
Heteromyidae Perognathinae Perognathus longimembris Plo Y N
Heteromyidae Perognathinae Perognathus parvus Ppa N N

Parentheses indicate taxa with sexes significantly different at a > 0.06.

Abb. = abbreviation used in the multivariate analysis.

rule for shape at the superfamily level and the family level do not
provide evidence for a significant relationship between species
size and shape dimorphism (Figure 6B).

Sexual shape dimorphism

Eight species of Geomyidae display significant differences in
shape between sexes (Figure 7 and Table 4). A ninth species shows
a marginally significant difference (P = 0.055) and is included in
the group of sexually dimorphic species. Pocket gophers sexually
dimorphic in shape include Geomys arenarius and G. personatus,

both species of Heterogeomys as well as O. grandis, T. bottae, T.
talpoides, T. umbrinus, and Cratogeomys merriami. There is no
evidence for sexual dimorphism in shape in Pappogeomys and
Zygogeomys. In G. arenarius, males are characterized by a wider
rostrum, wider maxillary region, and anteroposteriorly shorter
skulls than females. In G. personatus, males have generally longer
diastemata, longer lower jaws, longer skulls and nasals, wider
rostra, and deeper skulls in the rostral and maxillary regions than
females. Females have wider skulls in the maxillary and basi-
cranial regions, deeper jaws, and deeper skulls in the auditory
region than males. The males of H. heterodus generally display
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Figure 5. SSD (SSD) for the taxa studied. (A) SSD for all species. (B) boxplot of variation in SSD within each family of geomyoids. Dark color represents
geomyids. Light color represents heteromyids. Negative values indicate larger males whereas positive values indicate larger females.

longer diastemata, deeper rostra and maxillae, wider basicrania,
and wider anterior portions of the maxilla, as well as longer den-
taries than females. Females have generally longer skulls with
deeper lower jaws and basicrania, as well as wider rostra and
wider zygomatic arches than males. In H. hispidus, males have
deeper skulls that are wider in the basicranial region as well as
longer and deeper lower jaws than females. Females have pro-
portionately wider rostra and maxillary regions as well as longer
diastemata. In O. grandis, males tend to have longer skulls with
longer nasals, wider basicranial and zygomatic regions, a deeper
maxillary region, and deeper dentaries that are also longer than
in females. Females have wider maxillae and broader as well
as deeper rostra than males. The basicranium of females is also
deeper than that of males. In T. bottae, males have longer dias-
temata, wider zygomatic arches, longer skulls and nasals, a wider
rostrum, and a deeper lower jaw than females; these females have
a wider maxillary region and a deeper basicranium than males.
Males of T. talpoides have longer diastemata and longer nasals, a
wider anterior portion of the maxilla, wider zygomatic arches, a
wider basicranium, a deeper maxillary region of the skull and
a deeper lower jaw than females. Females of T. talpoides have
longer lower jaws, longer skulls, a deeper basicranial region of the
skull, a wider rostrum, and a wider posterior portion of the max-
illa. Within T. umbrinus, females tend to have a wider anterior
portion of the maxilla and a deeper rostrum than males whereas
they are smaller than males in all other variables studied. The
males of C. merriami have longer diastemata, a longer and deeper
lower jaw, wider zygomatic arches, and a wider rostrum than the
females; females, in contrast, have wider maxillary regions, and a
deeper basicranial region than males.

Only 4 of the 22 species of heteromyids studied show sig-
nificant shape dimorphism between sexes (Figure 8 and Table
4); 1 of those species shows a marginally significant difference
(P = 0.059). These species include D. merriami and three spe-
cies of Chaetodipus: C. californicus, C. hispidus, and C. inter-
medius. None of the species of Heteromys, Perognathus, or

Microdipodops show evidence of sexual shape dimorphism.
Males of D. merriami have deeper rostra and maxillary
regions than females; they also have longer skulls and den-
taries as well as wider zygomatic arches and wider anterior
portions of the maxilla than females. Females have deeper
lower jaws, a longer lower diastema, a wider rostrum, and
a wider posterior portion of the maxilla than males. Males
of C. californicus display a deeper lower jaw, a longer upper
diastema, and a wider basicranium than females. Females
have deeper rostra, longer skulls, a deeper basicranium, and
a wider posterior portion of the maxilla. Within C. hispi-
dus, males display wider rostra and deeper associated with
a longer upper diastema and longer nasals than females; this
is associated with overall longer skulls and longer lower jaws
than in females. The skulls of female C. hispidus are generally
deeper than those of males. In general, males of C. interme-
dius are characterized by wider and deeper skulls in the ros-
tral, maxillary, and basicranial regions as well as longer skulls
than females. Females have deeper dentaries, longer diastem-
ata, longer nasals, and wider zygomatic arches than males.

Evolution of sexual dimorphism

The evolution of SSD on tree shows a complex pattern in
which the common ancestor of Geomyoidea displayed a
slight male-biased size dimorphism (Figure 9A). This slight
male-biased SSD was retained for much of the evolution
of the clade; the common ancestor of Heteromyidae as
well as that of Geomyidae both display similar SSD as the
common ancestor of all geomyoids. In fact, the common
ancestors of each geomyoid genus we analyzed except for
Microdipodops is reconstructed with a slight male-biased
SSD. Female-biased SSD evolved 4 times in geomyoids: once
in the common ancestor of the 2 species of Microdipodops,
a second time in Perognathus parvus, a third time in C.
intermedius, and only once in Geomyidae, in T. townsendii.
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Figure 6. Phylogenetic Generalized Least Square Regressions for Rensch’s rule. (A) Regression of SSD on mean GM (Rensch's rule). (B) Regression of
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of the 100 regressions generated by our analyses. The P values are the mean for all 100 trees. Dark color represents geomyids. Light color represents
heteromyids. Dashed line represents the regression for the entire Geomyoidea.

Male-biased SSD evolved 5 times: once in P. longimembris
and 4 times within Geomyidae including once in each of the
2 subgenera of Thomomys (T. umbrinus for Megascapheus
and T. talpoides for Thomomys), once in C. merriami, and
once in Heterogeomys heterodus. Significant SSD evolved
9 times within Geomyoidea. Parsimonious interpretation
of the tree suggests that Dipodomys is ancestrally dimor-
phic with 2 independent decreases in size dimorphism,
once in D. ordii and once in D. heermanni. Significant
SSD also evolved in P. longimembris, and C. californicus
within Heteromyidae. Within geomyids, significant SSD
evolved twice in Thomomys, once in each of the 2 subge-
nera, C. merriami, the common ancestor of Orthogeomys

and Heterogeomys, G. pinetis, and Z. trichopus. The best-
fit is found with the OU model (median Akaike weights
across all analyses—trend: 9.5 x 104, Brownian motion:
1.4 x 10, Early burst: 4.4 x 10-5, OU: 0.99).

The analysis of the evolution of SShD on tree shows that
the common ancestor of Geomyoidea displayed a small SShD
(Figure 9). A similar SShD is reconstructed for the common
ancestor of Heteromyidae. Low levels of SShd evolved in the
common ancestor of the Dipodomyinae with an even smaller
SShD reconstructed for the common ancestor of Dipodomys.
Higher levels of SShD than in the common ancestor evolved
in Heteromys and Perognathinae. The common ancestor
of all Geomyidae show low levels of SShD with increases
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Figure 7. Morphospaces for the 9 geomyid species showing significant shape dimorphism. (A) Geomys arenarius, (B) G. personatus, (C) H. heterodus,
(D) H. hispidus, (E) O. grandis, (F) T. bottae, (G) T talpoides, (H) T umbrinus, (I) C. merriami. Light color denotes females. Dark color denotes males. Dark
squares represent mean male shape. Light squares represent mean female shape. The apparent outlier for T umbrinus is the holotype of T umbrinus
pullus, which displays a distinct rostrum shape. Description of the measurements provided in Table 3. P values are provided for each species in the

upper right corner of each graph.

in ED between the average male and the average female in
Thomomys umbrinus, Cratogeomys castanops, Pappogeomys
bulleri, H. heterodus, G. pinetis, G. arenarius, and G. perso-
natus. Significant shape dimorphism evolved at least twice
within Heteromyidae including once in D. merriami. Within
Chaetodipus, significant sexual dimorphism may have
evolved once in the common ancestor of the genus and be
lost in both C. baileyi and C. penicillatus; it could also have
just as parsimoniously evolved independently in all 3 species
in which it is present: C. intermedius, C. californicus, and
C. hispidus. Within the family Geomyidae, significant sexual
dimorphism evolved at least 5 times including once in each of
the 2 subgenera of Thomomys, a third time in C. merriami,
a fourth time in the common ancestor of Orthogeomys and
Heterogeomys, and at least once in Geomys. Within that lat-
ter genus, significant sexual dimorphism could have evolved
in the common ancestor of G. arenarius, G. bursarius, and
G. personatus before to be lost in G. bursarius; it could also
have evolved independently in G. arenarius and G. persona-
tus, leading to a sixth instance of the evolution of significant
sexual shape dimorphism. The model-fitting supports the OU
model as the best fit (median Akaike weights across all anal-
yses—trend: 6.3 x 10-%, Brownian motion: 8.4 x 10-°, Early
burst: 2.6 x 10-%, OU: 0.99).

Discussion

Our analysis of the best sampled species in our dataset does
not support the need for very large sample sizes to detect SSD

in geomyoids. There is no correlation between sample size and
SSD in geomyoids. Additionally, small samples of geomyoids
enable the detection of SSD as accurately as large ones. Even
estimates of SSD from samples of 4 specimens from each sex
are comparable to those obtained with more than 20 speci-
mens per sex. A little more caution is necessary when studying
shape dimorphism between sexes. Our results support using
samples as small as 3 specimens per sex to assess SShd in 1 of
the 4 species we analyzed. The highest number of specimens
necessary to accurately estimate shape differences in geomy-
oid rodents is 8 specimens per sex. Our analyses appear to
contradict a previous conclusion that the detection of sexual
dimorphism is sample size dependent in heteromyids (Best
1993). This conclusion was partly drawn from qualitative
comparisons of SSD across populations. However, sexual
dimorphism varies across geomyoid populations (Miller 1964;
Hoffmeister and Lee 1967; Schmidly 1971; Baumgardner and
Schmidly 1981; Daly and Patton 1986; Best 1987; Robertson
etal. 1992). It was also drawn from comparisons of univariate
analyses between different sample sizes of Dipodomys. Our
multivariate approach shows that a relatively small number of
specimens is necessary to overcome population-level morpho-
logical variation and reveal species-level sexual dimorphism
in several geomyoid taxa. This finding will greatly expand the
possibility of studying SSD in Geomyoidea.

The results of our analyses of sexual dimorphism in
Geomyidae are generally consistent with published evi-
dence. Of the 17 species we studied, 5 have previously been
analyzed. Three were found to display significant SSD (C.
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Figure 8. Morphospaces for the 4 heteromyid species showing significant shape dimorphism. (A) Dipodomys merriami, (B) C. californicus, (C) C.
hispidus, and (D) C. intermedius. Light color denotes females. Dark color denotes males. Dark squares represent mean male shape. Light squares
represent mean female shape. Description of the measurements provided in Table 3. P values are provided for each species in the upper right corner of

each graph.

merriami, Heterogeomys bhispidus, and T. bottae); we also
find support for the presence of significant SSD in these
species (Tables 1 and 4). Another species previously stud-
ied, Geomys bursarius, does not display significant SSD in
our analyses. However, prior work showed significant SSD
in this species (Hendricksen 1972). This could be an effect
of differences in SSD between populations. The specimens
studied by Hendricksen (1972) were from Colorado and
Kansas whereas our sample includes specimens from North
Dakota, South Dakota, Minnesota, Nebraska, Illinois, and
Texas. Alternatively, this may indicate a weak SSD relative
to geographic differences in morphology. The last species
we analyzed that has already been studied, T. umbrinus,
shows a complex pattern in which although we did not
detect the significant SSD reported previously (Castro-
Campilllo and Ramirez-Pulido 2000), we do recover sig-
nificant sexual shape dimorphism. This pattern hints at the
importance of considering size-corrected analyses of shape
dimorphism in addition to overall size comparisons. In fact,
when considering shape dimorphism in T. umbrinus, males
are larger than females in 12 of 14 variables, a pattern not
unlike that seen in Castro-Campilllo and Ramirez-Pulido
(2000), although we do not find the same size difference
for the depth of the rostrum. Finally, our analysis also
detects significant SSD in half of the species that had not
previously been analyzed. Of the genera including more
than 1 species, only Heterogeomys displays SSD in all taxa.
Our results also suggest multiple evolutions of SSD within
Geomyidae.

SShD is best explored in geomyoids by assessing differen-
tial morphospace occupation in species-specific ordinations of
morphological data. This is because the tremendous cranial
disparity represented by the superfamily Geomyoidea (Hafner
and Hafner 1988) leads to difficulty comparing intraspecific
variation in an ordination that includes several genera from
both families. Among the 9 species of geomyids displaying
significant SSD, 7 also display significant SShD. In contrast,
only 3 of the 8 species that do not show significant SSD dis-
play significant SShD, 1 of them marginally so. A chi-square
analysis does not support a significant association between
the 2 types of sexual dimorphism (y*> = 2.95; P = 0.086) but
studies of this possible association in additional species will
be necessary to conclude definitively. Across species displaying
significant SShD, there is no consistent pattern of morpholog-
ical difference between sexes. The lengths of the diastemata
appear to be the only traits we studied that are reliably (but
not uniformly) greater in males across taxa; the basicranium is
largely deeper in females. The differences in the nature of the
shape dimorphism in crania among most species of geomyids
suggests that it evolved independently multiple times. Closely
related species (H. heterodus, H. hispidus, and O. grandis) that
could have inherited SShD from a common ancestor do dis-
play greater similarity in the nature of their SShD.

Overall, there is little support for the hypothesis that strong
sexual dimorphism is a feature of the family Geomyidae.
Although most geomyid taxa we studied display some form
of sexual dimorphism, almost half (8 of 17) do not show sig-
nificant size dimorphism between sexes; the same is true of
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Figure 9. Ancestral character state reconstructions of sexual dimorphism. (A) SSD. (B) ED between average males and females for each species in
morphospace. Species names in black represent taxa with significant sexual dimorphism.

shape dimorphism. In fact, 5 of the species we studied show
neither size nor shape dimorphism. Even within genera, the
pattern of sexual dimorphism is complex. Thus, only 1 of
the 3 species of Cratogeomys we studied shows dimorphism.
Within Geomys, 1 species displays no dimorphism, 1 signif-
icant size dimorphism only, and 2 significant shape dimor-
phism only. A similarly complex pattern is observed within
Thomomys with 1 species without dimorphism, 1 with
size dimorphism only, 1 with only significant shape dimor-
phism, and 2 with both size and shape dimorphism. Studies
of additional species of Thomomys within both subgenera
(Megascapheus and Thomomys) will be necessary to provide
a complete picture of the evolution of sexual dimorphism in
the genus. Consistent with the varying nature of SShD across
taxa, our analysis of SShD on tree suggests the evolution of
significant SShD in geomyids 7 times, with 1 instance in the
common ancestor of Orthogeomys and Heterogeomys and 6
other instances in individual species across the family. Our
ancestral character state reconstruction does not support our
hypothesis that significant sexual dimorphism evolved once
in the common ancestor of all geomyids. However, the model
fittings for both SSD and SShD remain equivocal. Although
the support for an OU model is overwhelming in both cases,
this support should be interpreted with caution (Cooper et
al. 2016). A careful analysis of the o value (a = 2.718 for
SSD and 2.198 for SShD) rescaled following the approach of
Ives and Garland (2010) suggests that the phylogenetic cor-
relation, although not negligible, is not very strong. A larger
sampling of taxa will likely be necessary to definitively assess

the mode of evolution of sexual dimorphism in geomyoids,
but the presence of multiple optima appears to be a reasona-
ble hypothesis.

Among the 22 species of Heteromyidae we analyzed, our
results are consistent with published evidence in 15 and con-
tradict previous findings in only 3. Alike Best (1993); Hall
(1941); and Schitoskey (1968), we find no evidence for signif-
icant SSD in Microdipodops. We also do not recover any evi-
dence for significant SSD in Heteromys. This result is broadly
consistent with the literature including Best (1993); Engstrom
et al. (1987); and Anderson and Gutiérrez (2009). Although
Genoways (1973) recovered significant SSD for several meas-
urements of the skull and body of H. pictus, Best (1993) could
not find such dimorphism in any of the 19 variables he analyzed.
Our results are consistent with Best (1993). It is worth noting
that the sample studied by Genoways (1973) was limited to
the state of Jalisco. Our sample covers 4 other states (Colima,
Guerrero, Oaxaca, and Chiapas). The population-level sex-
ual dimorphism recovered by Genoways (1973) is overcome
by morphological differences among populations. Genoways
(1973) also analyzed SSD in a sample of H. irroratus from the
state of Jalisco and found males to be larger than females in 7
of the 13 measurements he studied. Best (1993) recovered sig-
nificant SSD in 4 of the 19 measurements he analyzed for this
species. We do not find significant SSD in this taxon when ana-
lyzing our sample of specimens from Tlaxcala, Chihuahua, San
Luis Potosi, Oaxaca, Puebla, and Texas. When sexual dimor-
phism is present in Heteromys, it represents a smaller effect on
morphological variation than geographic variation.
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Best (1993) found mixed support for the presence of SSD in
Chaetodipus; our results are consistent with this conclusion.
Like Best (1993), we do not recover a significant SSD in C.
baileyi, C. hispidus, and C. penicillatus. These findings are
also consistent with those of Glass (1947) as well as Andersen
and Light (2012) for C. hispidus and Hall (1946) for C. peni-
cillatus. Wilkins and Schmidly (1979) detected significant SSD
for several measurements in a Trans-Pecos population of C.
penicillatus. Another study found that SSD is quite variable
across populations (Hoffmeister and Lee 1967). Our analy-
sis of a sample including specimens from Arizona, California,
Texas, and Utah shows that SSD is dwarfed by geographic
variation in morphology in C. penicillatus. On the contrary,
our analysis of a C. californicus sample spanning 12 counties
and representing much of the geographic range of the species
shows significant SSD (unlike Best 1993), suggesting a strong
dimorphism that can overwhelm geographic variation. Past
analyses of C. intermedius in New Mexico (Weckerly and
Best 1985) and Texas (Wilkins and Schmidly 1979) found
significant SSD for a minority of the cranial measurements
studied as well as some external measurements although the
2 studies differ in the nature of some of the measurements
that are dimorphic. We do not find evidence for significant
SSD in our sample of C. intermedius dominated by specimens
from Arizona (27 of 28 specimens with locality information).
Sexual dimorphism in this species, alike several other hetero-
myids, is population specific.

Within the genus Perognathus, the lack of significant SSD
for P. flavescens and P. flavus is consistent with Baker (1954);
Williams (1978); Williams and Genoways (1979); Reed and
Choate (1986); Best (1993); and Best and Skupski (1994).
Despite previous research that found no SSD in P. longimem-
bris (Hall 19465 Best 1993), we recover significant dimor-
phism in this species. The sample of Hall (1946) was restricted
to Nevada; there is no published information on the sample
of Best (1993). Our sample is dominated by specimens from
S counties in California, but includes material from Arizona,
Nevada, and Utah. Our results also differ from published
findings with regards to P. parvus. We do not find significant
SSD in this species unlike Best (1993) and Hall (1946). Our
sample does not include any specimen from Nevada, unlike
Hall (1946); instead, it is composed of specimens from Utah,
Montana, California, Oregon, and Arizona. Together with
our data from the genera Heteromys and Chaetodipus, these
data show that SSD is best assessed using samples that cover
a wide portion of the geographic range of the species and
include populations with varying degrees of dimorphism.

Our analyses of 6 species of the genus Dipodomys yield
results identical to Hall (1946); Lidicker (1960); Nader
(1978); and Best (1993) for D. deserti and D. merriami. Nader
(1978) and Best (1993) found contradictory evidence for D.
spectabilis; our findings are consistent with those of Best
(1993). Nader (1978) studied 2 populations from Arizona;
our sample includes specimens from Arizona, New Mexico,
Texas, and 3 states within Mexico (Sonora, Chihuahua, and
Aguascalientes). Support for SSD in D. ordii is equivocal.
Some populations from west Texas show strong sexual dimor-
phism (Desha 1967; Schmidly 1971; Robertson et al. 1992)
whereas populations from the southern part of the state and
Mexico do not (Schmidly and Hendricks 1976; Baumgardner
and Schmidly 1981). An analysis across the entire geographic
range of the species (Kennedy and Schnell 1978) recovered
significant SSD using univariate analyses. Our multivariate

Current Zoology, 2022, Vol. 68, No. 4

approach of a large sample dominated by west Texas spec-
imens does not support the presence of significant SSD in
D. ordii, providing evidence that sexual dimorphism in this
species is subtle and highly variable. We find support for a
significant SSD in D. ingens alike Best (1993). Best (1993)
recovered only weak evidence of SSD in D. heermanni (2 of
19 measurements significantly different between sexes). Our
multivariate analysis broadly agrees; we do not find support
for significant SSD in D. heermanni.

Sexual shape dimorphism is rare in heteromyids. Only 1
species of Dipodomys and 3 of the 5 species of Chaetodipus
studied display significant shape dimorphism. There is no
published analysis of sexual shape dimorphism in heteromy-
ids to compare to these results. There is no apparent associ-
ation between the presence of SSD and SShD. Dipodomys
merriami and C. californicus are the only 2 species to display
both size and shape dimorphism. Additionally, the nature
of the variables involved in the SShD varies across species,
particularly within the genus Chaetodipus. This supports a
scenario whereby sexual dimorphism evolved independently
within each species rather than in their common ancestor.
Eight of the 22 species of heteromyids we studied display
some form of significant sexual dimorphism, in size, shape, or
both. Half of those are species within the genus Dipodomys;
they represent two-third of the species studied from this
genus. Four species of perognathines also display sexual
dimorphism. These data support the hypothesis that sexual
dimorphism is limited within Heteromyidae and that, when
present, it appears to be mostly within Dipodomys as well
as perognathines (see also Best 1993; Garcia-Navas 2017).

Our analysis of Rensch’s rule show a very weak relation-
ship between species size and SSD at the superfamily level
and no relationships at the family level. None of the analyses
of Rensch’s rule for shape show any significant relationship.
These results support our hypothesis that there is no evidence
for Rensch’s rule in geomyoids, consistent with the findings in
heteromyids of Garcia-Navas (2017). Other studies have also
failed to support Rensch’s rule in ground squirrels (Matéju
and Kratochvil 2013), the burrowing rodent Ctenomys
(Martinez and Bidau 2016), the bat Myotis (Stevens and Platt
2015), didelphimorph marsupials (Astda 2010), and canids
(Johnson et al. 2017). Prior analyses have showed support
for an intraspecific form of Rensch’s rule in some, but not
all, burrowing rodents, including the gopher C. castanops
(Martinez and Bidau 2016). Our data provide additional sup-
port for the conclusion that Rensch’s rule is a rare pattern
mostly observed at the intraspecific level.
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