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Morphological and ecological data confirm Reithrodontomys cherrii 
as a distinct species from Reithrodontomys mexicanus
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The integrative taxonomy approach has recently been widely suggested in systematic studies.  Lines of evidence such as the geometric 
morphometrics and ecological analyses have been useful for discriminating between genetically well-differentiated species.  Within the genus 
Reithrodontomys, R. mexicanus is one of the more taxonomically complex species, being considered a cryptic species complex.  R. cherrii was 
considered a subspecies of R. mexicanus, until molecular evidence raised it to the species-level.  Herein, we evaluate these two forms using 
morphological and ecological data based on the premise that they constitute genetically differentiated species.  We carried out geometric 
morphometric analyses on dorsal and ventral views of the skull.  Landmark and semi-landmark configurations for both views of the skull were 
selected based on previous studies of cricetid rodents.  We tested the presence of sexual dimorphism, and the skull shape and size differences 
between species on both cranial views.  Additionally, we characterized the environmental space of each species habitat using bioclimatic va-
riables, elevation, and the Normalized Difference Vegetation Index (NDVI).  Females and males of R. mexicanus and R. cherrii did not show sexual 
dimorphism in shape or size of both skull views.  We found significant differences between the two species in both shape and size of the skull.  
Cranial structures of the ventral view were more useful to differentiate both species.  R. mexicanus exhibited a broader environmental space 
than R. cherrii, with relatively similar values of temperature and elevation, but not of precipitation.  The pairwise comparison showed significant 
differences in the majority of the environmental variables analyzed.  Although for each view, we found statistical differences in the skull shape 
of R. cherrii and R. mexicanus, the ventral side showed major resolutive power differentiating both species. Our findings suggest that R. cherrii 
tends to have a larger skull than R. mexicanus.  However, the morphological and pelage coloration similarity between these species reported in 
the past, could explain the previous inclusion of R. cherrii as a subspecies of R. mexicanus.  R. mexicanus occurs in a variety of vegetation-types 
coinciding with the broader environmental space that it occupies compared to that of R. cherrii. The natural areas where both species are distri-
buted were associated with high NDVI values.  Our results complement the molecular evidence and, under an integrative taxonomy approach, 
support R. cherrii as a different species from R. mexicanus.

Recientemente, el enfoque de taxonomía integrativa ha sido ampliamente sugerido en estudios sistemáticos.  Líneas de evidencia como la 
morfometría geométrica y los análisis ecológicos han sido útiles para discriminar entre especies genéticamente bien diferenciadas.  Dentro del 
género Reithrodontomys, R. mexicanus es una de las especies más complejas taxonómicamente, siendo considerada un complejo de especies 
crípticas. R. cherrii se consideró una subespecie de R. mexicanus, hasta que la evidencia molecular la elevó al nivel de especie.  En este estudio, 
evaluamos las diferencias entre estas dos formas utilizando datos morfológicos y ecológicos, basados en la premisa de que constituyen espe-
cies genéticamente diferenciadas.  Se realizaron análisis de morfometría geométrica para las vistas dorsal y ventral del cráneo.  Las configu-
raciones de marcas y semimarcas para ambas vistas fueron seleccionadas utilizando estudios previos en roedores cricétidos.  La presencia de 
dimorfismo sexual y las diferencias en la forma y tamaño del cráneo entre las especies se evaluaron en ambas vistas del cráneo.  Asimismo, se 
caracterizó y comparó el espacio ambiental que cada especie ocupa utilizando variables bioclimáticas, la elevación y el Índice de Vegetación 
de Diferencia Normalizada (NDVI).  Hembras y machos de R. mexicanus y R. cherrii no mostraron dimorfismo sexual para la forma y el tamaño 
en ambas vistas del cráneo.  Se encontraron diferencias significativas entre las especies para la forma y tamaño del cráneo.  Las estructuras cra-
neales de la vista ventral resultaron más útiles para diferenciar ambas especies.  R. mexicanus exhibió un espacio ambiental más amplio que R. 
cherrii, con valores relativamente similares de temperatura y elevación, pero no de precipitación.  La comparación por pares mostró diferencias 
significativas en la mayoría de las variables ambientales.  Aunque para cada vista, encontramos diferencias estadísticas en la forma del cráneo 
de R. cherrii y R. mexicanus, el lado ventral mostró mayor poder resolutivo diferenciando ambas especies.  Nuestros resultados sugieren que R. 
cherrii tiende a tener el cráneo de mayor tamaño que R. mexicanus.  No obstante, la gran similitud morfológica y de coloración del pelaje re-
portada entre estas especies en el pasado, pudiera explicar la previa inclusión de R. cherrii como una subespecie de R. mexicanus.  R. mexicanus 
ocurre en distintos tipos de vegetación, coincidiendo con el espacio ambiental más amplio que ocupa en comparación con el de R. cherrii.  Las 
áreas naturales donde se distribuyen ambas especies mostraron asociación con altos valores de NDVI.  Nuestros resultados complementan la 
evidencia molecular y, con un enfoque de taxonomía integrativa, confirman a R. cherrii como una especie diferente de R. mexicanus.
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Introduction
The morphological species concept has been used his-
torically to describe new taxa (Mayden 1997; Mayr 2000).  
In fact, the majority of species that we know today were 
delimited and/or assigned to different taxonomic catego-
ries based on their morphological characteristics (Seifert 
2014).  However, establishing species boundaries in some 
instances is problematic (Mayr 2000).  For example, for cryp-
tic species, which are genetically different entities that do 
not show distinctive morphological characteristics (Struck 
et al. 2018).  In these cases, species concepts with different 
criteria have been proposed, most of them based on the 
use of a single operational criterion to describe new spe-
cies (Sites and Marshall 2003, 2004).  In contrast, the Gen-
eral Lineage concept (de Queiroz 1998, 2007) employs mul-
tiple lines of evidence (genetic, morphological, ecological, 
ethological, etc.) to propose species as a separately evolv-
ing metapopulation lineage.  This approach implements 
the use of an integrative taxonomy, which has been widely 
suggested in systematic studies (Dayrat 2005; Alström et al. 
2008; Sangster 2018).

Recently, Leaché et al. (2009) argued that the use of mor-
phological and ecological data, in addition to molecular 
data, allows better discrimination among species.  Geomet-
ric morphometric analysis is a robust tool to highlight inter-
specific variation in zoological groups, such as mammals, 
corroborating the phylogenetic relationships within them 
(e. g., Bogdanowicz et al. 2005; Camul and Polly 2005; Pavan 
and Marroig 2016).  In addition, ecological niche studies 
are being increasingly used for these same purposes (e. g., 
Rissler and Apodaca 2007; Rivera et al. 2018; Zhao et al. 
2019), and for making inferences related to evolutionary 
questions of both historical distributions and speciation 
processes (Graham et al. 2004).

The genus Reithrodontomys (Cricetidae, Rodentia) con-
stitutes a taxon in which species were originally described 
based on pelage coloration (Allen 1895), and morphologi-
cal characteristics of the skull and dentition (Merriam 1901; 
Hooper 1952).  However, variation in these characters over-
lap among populations of different species (Hooper 1952), 
making taxonomic recognition difficult and leading to mis-
identifications in many cases.  

Reithrodontomys mexicanus (Saussure, 1860) is one 
of the most taxonomically complex species within the 
genus, nowadays considered as a complex of cryptic 
species (Arellano et al. 2003, 2005; Miller and Engstrom 
2008).  Hooper (1952, 1959) recognized 13 subspecies, but 
currently only 10 are remain valid (Bradley 2017).  One of 
the species that has been subject to taxonomic changes is 
R. cherrii (Allen, 1891), restricted to some highland localities 
in central Costa Rica (Hooper 1952; Hall 1981).  Howell 
(1914) relegated R. cherrii as a subspecies of R. mexicanus, 
without a clear justification for this nomenclatural change.  
Almost a century later, Arellano et al. (2005) raised R. cherrii 
back to the species level based on a molecular phylogenetic 
analysis of the mitochondrial cytochrome b gene.  

Specimens of R. cherrii were grouped into a genetically 
well-differentiated clade from R. mexicanus (recognized 
herein as R. mexicanus “classic” clade), with a genetic 
distance value (using the K2P evolutionary model) greater 
than 12 % (Arellano et al. 2006).  Also, the species status of 
R. cherrii was recognized by Gardner and Carleton (2009) 
using traditional morphometrics and pelage coloration.  
However, it is desirable to complement the taxonomic 
distinction between R. cherrii and R. mexicanus with a larger 
sampling and under an integrative taxonomy approach 
employing alternative data sources such as geometric 
morphometrics and ecological attributes.  Therefore, the 
goal of this study is to compare both species using cranial 
features and environmental characteristics of their habitats, 
based on the premise that they constitute genetically well-
differentiated species.

Materials and methods
Geometric morphometrics data.  We examined 47 skulls of 
adult individuals (M3 erupted, age classes following Arellano 
et al. 2012) from different museum collections (Appendix 1), 
and each specimen was photographed in the dorsal and 
ventral views of the skull.  We based the selection of speci-
mens; R. mexicanus (n = 28) and R. cherrii (n = 19); and their 
localities (Figure 1; Appendix 1), on the R. mexicanus “clas-
sic” and R. cherrii clades obtained in the phylogeny reported 
by Arellano et al. (2005).  The specimens used in Arellano et 
al. (2005), but not available for morphometric analysis, were 
replaced by individuals from the same localities or within a 
radius less than 60 km.  Digital images of skulls were taken 
using an Olympus DP73 Digital Camera coupled to an opti-
cal microscope, and to the computer through the CellSens 
program.  The skulls were positioned on a black background, 
always keeping the same distance from the camera lens, 
and using a millimeter rule as a scale bar.

Landmark and semi-landmark configurations for both 
views were selected based on previous studies of cricetid 
rodents (e. g., Martínez and Di Cola 2011).  Configurations 
were digitized assuming positional homology among indi-
viduals (Zelditch et al. 2004), with the TPSdig 2.31 program 
(Rohlf 2015).  We used 17 landmarks, 13 semi-landmarks for 
the ventral view and 12 landmarks, 23 semi-landmarks for 
the dorsal view (Figure 2; Appendix 2).  We aligned, rotated, 
and scaled all landmarks and semi-landmarks configura-
tions using a Generalized Procrustes analysis (GPA; Rohlf and 
Slice 1990) implemented in the package geomorph 3.3.1 
(Adams and Otárola-Castillo 2013) from R library (R Core 
Team 2018).  During this processing, semi-landmarks posi-
tion on the curved structures were allowed to slide along 
their tangent vectors until reaching the minimum point of 
bending energy (Bookstein 1997; Zelditch et al. 2004).  Shape 
variables (Procrustes distances and Procrustes coordinates) 
and centroid size (CZ) were obtained from the GPA.  The CZ 
is related to skull size and computed as the square root of 
the sum of the squared distances between each landmark 
and the configuration centroid (Bookstein 1991).
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Sexual dimorphism and allometry.  We evaluated the sex-
ual dimorphism in shape and size of the skull within species 
for each view.  A Procrustes ANOVA (Goodall 1991; Ander-
son 2001) was performed for skull shape using the function 
ProcD.lm, and a factorial design with shape as the depen-
dent variable, sex as the main factor, and CZ as a covariate.  
Significant differences (P ≤ 0.05) in skull size between sex 
were tested using the function lm.rrpp in the R package 
RRPP (Collyer and Adams 2018).  The allometric component 
(possible effect of the skull size on the shape variation) was 
analyzed using a Procrustes ANOVA and the same factorial 
design previously declared.  Analyses of sexual dimorphism 
(shape) and allometry were carried out in geomorph 3.3.1.

Skull shape and size differences.  Principal component 
analysis (PCA) on the Procrustes coordinates were per-
formed for each view of the skull in geomorph 3.3.1.  Then, 
we used the first two components to visualize the ordering 
of the data according to the skull morphometric variation, 
and the extreme variation (minimum and maximum) of the 
shape along component 1 were represented using defor-
mation grids.

We determined shape differences between species for 
each skull view using a Procrustes ANOVA in geomorph 
3.3.1.  A factorial design was used with shape as the depen-
dent variable, species as the main factor, and CZ as a covari-
ate.  The mean skull shape differences between species 
were quantified (Procrustes distances) and tested for its 
statistical significance (P ≤ 0.05; resampling = 1000), using 
a pairwise permutation test (function permudist) in the R 
package Morpho 2.4 (Schlager 2016).

We employed a similar approach to compare skull shape 
between species for skull size.  This analysis was developed 
for each view with the function lm.rrpp of the RRPP pack-

age.  The factorial design consisted of CZ as the dependent 
variable, species as the main factor, and shape as a covari-
ate.  We visualized the results of these analyses using the 
shiny application Extended Boxplot Graphics (Ramirez-
Arrieta et al. 2020).

Ecological niche data.  For the ecological analysis, we 
included the occurrences localities for the specimens 
used in the morphometric analysis.  Additional localities 
were incorporated to represent the largest number of sites 
reported for both species (Figure 1; Appendix 3).  Occur-
rence records were obtained from museums databases or 
downloaded from the VertNet database (http://portal.vert-
net.org).  Geographic coordinates were rectified against the 
known distribution of R. cherrii and R. mexicanus (Hooper 
1952; Hall 1981), to reduce georeferencing errors.

We characterize the species ecological niche using six 
bioclimatic variables from Wordclim 2.0 (Fick and Hijmans 
2017; http://www.worldclim.org): BIO1 = Annual Mean 
Temperature, BIO5 = Max Temperature of Warmest Month, 
BIO6 = Min Temperature of Coldest Month, BIO12 = Annual 
Precipitation, BIO13 = Precipitation of Wettest Month, and 
BIO14 = Precipitation of Driest Month, with a spatial reso-
lution of ~1 km2.  The selection of variables was based on 
previous studies that highlight their importance for small 
mammals ecological analyses (Santos et al. 2017; Guevara 
et al. 2018; Stanchak and Santana 2018).  Because the dis-
tribution of small mammals may also depend on eleva-
tion gradient and vegetation quality (Patterson et al. 1989; 
McCain 2005; Umetsu and Pardini 2007), we also used ele-
vation as a topographic variable derived from a digital ele-
vation model (data available at http://www.worldclim.org), 
and the Normalized Vegetation Difference Index (NDVI; Pet-
torelli et al. 2005).  The NDVI layer was obtained from the 

Figure 1.  Map showing localities of the specimens used in this study. (a) Reithrodontomys mexicanus from Mexico and Central America and (b) R. cherrii from Costa Rica. Localities for 
geometric morphometric analysis are highlight in blue dots.  Gray tones depict elevation gradient: light gray < 1,000 m, gray 1,000 to 2,500 m; and dark gray > 2,500 m.

http://portal.vertnet.org
http://portal.vertnet.org
http://www.worldclim.org
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Climate Engine Platform available at http://ClimateEngine.
org (Huntington et al. 2017), which represents the average 
conditions of this index in the last five years.

Ecological niche differences.  Ecological niche character-
istics of R. cherrii and R. mexicanus were summarized using 
the predictor variables described above (bioclimatic, eleva-
tion, and NDVI).  To determinate the environmental ranges 
of each species, we calculated descriptive statistics (Mean, 
Standard Error, Maximum and Minimum values, Confidence 
Intervals constructed from the percentile method, Stan-
dard Deviation, and Coefficient of Variation) using informa-
tion extracted from the occurrence records.

With the predictor variables, we generated an environ-
mental background using ArcGIS 10.8 (ESRI 2020), which 
included the information extracted from 10,000 random 
points within a buffer of 100 km2, around each occurrence 
record.  This buffer selection allows to consider regions 
with suitable environmental conditions for the species and 
to minimize the inclusion of areas where they would not 
be found due to the presence of physical barriers or biotic 
interactions (Kubiak et al. 2017).

The environmental background and the occurrence 
data were used to visualize the species ecological niche 
in a three-dimensional space constructed from the first 
three principal components (which explained over 95 
% of the variance in the data).  For this, the minimum-
volume ellipsoid (Van Aelst and Rousseeuw 2009) and 
convex polyhedron (Soberón and Nakamura 2009) were 
displayed as a representation of the fundamental and 

realized niche (Qiao et al. 2016) for each species, respec-
tively.  Analyses were performed using NicheA (Qiao et 
al. 2016), a software for exploring and analyzing the envi-
ronmental and geographic spaces of virtual and real spe-
cies.  Niche similarity between species was quantified in 
NicheA, based on Jaccard index (Jaccard 1912), and using 
the minimum-volume ellipsoid calculation method.  This 
index based on the superposition of ellipsoids in the envi-
ronmental space, captures the fundamental niche rather 
than the realized.

Additionally, we performed PCA on the environmen-
tal data of the occurrence records, to determine whether 
the ecological niches were significantly different (P ≤ 0.05) 
between species, using the first two principal components 
(which explained 99.7 % of the total variance).  Finally, we 
performed a Mann-Whitney U test for each variable in the 
program Statistica 8.0 (STATSOFT 2007), to know which of 
them contributed to the environmental niche differentia-
tion between R. mexicanus and R. cherrii.

Results
Sexual dimorphism and allometry.  Females and males of R. 
mexicanus and R. cherrii did not show sexual dimorphism in 
shape or size of the skull for both ventral and dorsal views 
(Table 1).  Consequently, we did not distinguish between 
sexes to perform the morphometric analyses.  Likewise, 
none of the species demonstrated significant allometry 
between shape or size of any skull view, therefore, we used 
the Procrustes distances matrix in our analyses of interspe-
cific comparison.

Figure 2.  Landmarks (black dots) and semi-landmarks (blue dots) digitized in ven-
tral and dorsal views of the skull.  Anatomical positions of landmarks described in Ap-
pendix 2.  The specimen voucher (BYU 15439) is a male of Reithrodontomys mexicanus.

Table 1. Results of sexual dimorphism and allometry analyses in Reithrodontomys 
mexicanus and R. cherrii, using shape and size (centroid size) of the skull from ventral and 
dorsal views.

SS MS R2 F Z P 

A. Reithrodontomys mexicanus

Ventral view

Shape ̴ Sex 0.002 0.002 0.051 1.416 0.870 0.208

Centroide size ̴ Sex 2.856 2.856 0.028 0.764 0.400 0.404

Shape ̴ Centroide size 0.002 0.002 0.048 1.319 0.809 0.207

Dorsal view

Shape ̴ Sex 0.002 0.002 0.054 1.554 0.985 0.162

Centroide size ̴ Sex 8.509 8.509 0.064 1.779 0.805 0.207

Shape ̴ Centroide size 0.003 0.003 0.079 2.272 1.556 0.078

B. Reithrodontomys cherrii

Ventral view

Shape ̴ Sex 0.002 0.002 0.091 2.017 1.569 0.067

Centroide size ̴ Sex 0.165 0.165 0.012 0.210 0.168 0.651

Shape ̴ Centroide size 0.002 0.002 0.092 2.029 1.448 0.084

Dorsal view

Shape ̴ Sex 0.003 0.003 0.103 1.949 1.288 0.106

Centroide size ̴ Sex 2.310 2.310 0.133 2.612 0.924 0.157

Shape ̴ Centroide size 0.002 0.002 0.063 1.196 0.531 0.283

SS = sum of squares; MS = means squares; Z and P values based on 1000 permuta-
tions

http://climateengine.org
http://climateengine.org
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Skull shape and size differences.  For the ventral view of 
the skull, the first principal component (PC1) separated R. 
cherrii from R. mexicanus almost completely, which together 
with the second component (PC2) explained 63.12 % of 
shape variation (Figure 3a).  For the dorsal view, the first 
two principal components overlapped in the skull shape for 
both species (Figure 3b).  The PC1 segregated the two spe-
cies better than the PC2, explaining 49.67 % and 11.05 % of 
the skull shape variation, respectively.

Procrustes ANOVA analyses revealed differences 
between R. mexicanus and R. cherrii for the ventral (F1.46 = 
6.42; P ≤ 0.01) and dorsal (F1.46 = 3.19; P ≤ 0.01) views of 
the skull shape.  Differences between mean shape for the 
ventral view were found mainly in the posterior region of 
the cranium (Figure 4).  R. mexicanus displayed an expan-
sion of the landmarks of the foramen magnum, and a rela-
tively broader braincase than R. cherrii.  In the dorsal view, 
the most notable differences were located on the anterior 
and middle region of the cranium (Figure 4).  R. cherrii 
exhibited a relatively longer nasal bones, a broader con-
figuration between the 3-4-5 landmarks that described 
the zygomatic plate and the interorbital region, and a 
relatively broader parietal bone.  Skull size differences 
between species (Figure 5) were highly significant for the 
ventral view (F1.46 = 17.01; P ≤ 0.01), and significant for the 
dorsal view (F1.46 = 4.50; P ≤ 0.05).

Ecological niche differences.  Most variables that charac-
terized the ecological niche of each species were relatively 
distinct in mean and ranges (Table 2).  The environmental 
space of R. mexicanus had ranges with higher values of tem-
perature for the warmest and coldest months, although the 

Figure 3.  Principal component analysis of ventral (a) and dorsal (b) views of the 
skull.  Red dots = Reithrodontomys mexicanus and blue dots = R. cherrii.  Deformation grids 
represent the minimum and maximum variation in skull shape along the first component. 

Table 2.  Descriptive statistics used to summarize the ecological niche characteristics of Reithrodontomys mexicanus and R. cherrii based on the environmental information from oc-
currence records.

Environmental Variables Mean ± SE Min - Max CI SD CV

R.
 m

ex
ic

an
us

Annual Mean Temperature 17.87 ± 0.53 10.44 - 25.43 12.36 - 21.57 3.61 20.26

Max Temperature of Warmest Month 25.94 ± 0.62 18.80 - 36.00 19.50 - 31.30 4.21 16.25

Min Temperature of Coldest Month 9.58 ± 0.50 1 - 18.90 5.50 - 13.20 3.42 35.68

Annual Precipitation 1906.39 ± 128.08 482 - 4875 1145 - 2943 868.68 45.57

Precipitation of Wettest Month 346.09 ± 22.38 103 - 886 223 - 546 151.82 43.87

Precipitation of Driest Month 34.80 ± 4.45 2 - 144 6 - 68 30.16 86.85

Elevation 1696.91 ± 82.87 438 - 3083 997 - 2434 562.09 33.12

NDVI 0.77 ± 0.02 0.34 - 0.90 0.58 - 0.87 0.12 15.90

R.
 c

he
rr

ii

Annual Mean Temperature 17.88 ± 0.56 8.41 - 22.03 12.51 - 20.42 3.28 18.36

Max Temperature of Warmest Month 24.35 ± 0.62 14.1 - 29 18.10 - 27.20 3.61 14.85

Min Temperature of Coldest Month 11.92 ± 0.56 2.3 - 16.3 6.70 - 14.60 3.28 27.55

Annual Precipitation 2721.65 ± 90.67 1961 - 4052 2197 - 3562 528.75 19.43

Precipitation of Wettest Month 426.48 ± 11.73 317 - 592 340 - 520 68.42 16.04

Precipitation of Driest Month 46.29 ± 5.50 10 - 131 10 - 100 32.07 69.29

Elevation 1629.76 ± 96.25 900 - 3297 1170 - 2573 561.28 34.43

NDVI 0.67 ± 0.03 0.23 - 0.87 0.38 - 0.83 0.17 25.87

SE = Standard Error, Min = Minimum, Max = Maximum, CI = Confidence Intervals (Percentile method), SE = Standard Deviation, CV = Coefficient of Variation

mean annual temperature was similar for both species.  
With respect to precipitation, the environmental space of 
both species showed similar means for the driest month, 
but not for the wettest month.  Annual precipitation values 
were notably different, the environmental niche of R. cherrii 
exhibited a higher mean value than that reported for the 
geographic region where R. mexicanus is distributed.  The 
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elevation gradient occupied by R. cherrii ranged from 900 
to almost 3,300 masl, whereas in R. mexicanus it ranged 
from over 400 to around 3,000 masl.  Distribution areas of 
R. mexicanus presented NDVI ranges slightly higher than 
those of R. cherrii, although in both species the NDVI means 
were above 0.6.

The ecological niche visualization using the first three 
components showed that R. mexicanus occurs in a broader 
environmental space than R. cherrii (Figure 6a).  The mini-
mum-volume ellipsoids displayed a partial overlap of the 
environmental conditions of each species, with a low niche 
similarity of Jaccard index (0.08).  The statistical compari-
son of the principal component scores showed significant 
differences (U = 313; P = 0.02) between the environmen-
tal niche of each species for the first component, while no 
differences were found (U = 458; P = 0.25) for the second 
component (Figure 6b, 6c).  In the pairwise comparisons, all 
variables were statistically different, except for BIO1, BIO14, 
and elevation (Figure 7).

Discussion
Geometric morphometrics has shown great applicability in 
mammal taxonomic studies, mainly for anatomical struc-
tures such as the cranium, dentition, or mandibles (e. g., 
Cordeiro-Estrela et al. 2008; Barčiová 2009; Kryštufek et al. 
2021).  As part of an integrative taxonomy, this morphologi-
cal tool has allowed researchers to corroborate hypotheses 
derived from phylogenetic studies and to establish spe-
cies boundaries (Camul and Polly 2005; Pavan and Marroig 
2016).  This taxonomic approach also includes other lines of 
evidence, such as ecological data (Dayrat 2005).  In particu-
lar, the environmental niche characteristics can be useful to 
delimit cryptic species or phylogenetically related groups, 
especially when their relationships are known, something 
that has been confirmed in several rodent species (Mar-
tínez-Gordillo et al. 2010).  This could be the case of the 
harvest mice R. mexicanus and R. cherrii, for which genetic 
differences are well established, but lack modern morpho-
metrics and ecological data.  In this study, we tested the 
premise that differences in the skull and the environmental 
characteristics would be consistent with the genetic diver-
gence documented between these species (Arellano et al. 
2003, 2005, 2006).

Our findings of sexual non-dimorphism in both species 
coincide with that previously described for Reithrodonto-
mys (Hooper 1952).  In R. mexicanus, the absence of sexual 
dimorphism was reported by Arellano et al. (2012) analyz-
ing the morphometric variation in a population from Sierra 
Juárez, Oaxaca.  Whereas for R. cherrii, here we report for the 
first time sexual non-dimorphism for cranial characteristics.

The PCA revealed some overlap in the skull shape for 
both ventral and dorsal views.  However, the cranial struc-
tures on the ventral view were more useful to differenti-
ate R. cherrii from R. mexicanus.  The greater discriminative 
power of the ventral side versus the dorsal of the skull 
has been noted for other cricetid rodents (Martínez and 

Di Cola 2011).  Particularly for Reithrodontomys, Mayares 
(2012) evaluated the morphometric variation in the skull 
ventral view among R. sumichrasti populations distributed 
on both sides of the Isthmus of Tehuantepec in Mexico 
and correctly differentiated populations grouped accord-
ing to genetic clades suggested as different species by 
Hardy et al. (2013).

Despite the overlap in skull shape, we found statistically 
significant differences between R. cherrii and R. mexicanus 
for ventral and dorsal views.  Gardner and Carleton (2009) 
used craniodental measurements to compare different 
Reithrodontomys taxa distributed in Costa Rica and Panama, 
including R. cherrii, R. m. garichensis, and R. m. potrerogran-
dei.  The skull of R. cherrii was differentiated by “its overall 
robust size and evenly arched dorsal profile, especially over 
the braincase and occiput; it is notably broad across the 
braincase and zygomata but has a proportionally shorter 
rostrum” (Gardner and Carleton 2009:167).  These charac-
teristics partially differ from our results, since R. cherrii has 
a narrower foramen magnum region and braincase than 
R. mexicanus, while the nasal bone was relatively longer.  
Hooper (1952) compared specimens of R. cherrii from cen-
tral Costa Rica to R. m. lucifrons central Honduras.  Hooper 
(1952) described R. m. lucifrons as possessing a rostrum and 
incisive foramen that were slightly smaller than that of R. 
cherrii, consistent with the differences we documented for 
the ventral view of the skull.

The differences in size (CS) for both views of the skull 
showed that R. cherrii tends to have a larger cranium than 
R. mexicanus.  These results are consistent with the linear 
measurements given by Hooper (1952) and traditional 
morphometric analyses carried out by Gardner and Car-
leton (2009).  Hooper (1952) highlighted R. cherrii as one of 
the largest subspecies within R. mexicanus, comparing it in 
body size and skull length with Peromyscus maniculatus.

Although our morphometric analyses statistically dif-
ferentiate R. cherrii from R. mexicanus, both species showed 
overlap in shape and size of the skull.  The degree of mor-
phological overlap among species of Reithrodontomys has 

Figure 4. Differences in mean shapes of ventral and dorsal views of the skull, us-
ing the Procrustes distances.  Red dots = Reithrodontomys mexicanus and blue dots = R. 
cherrii, PD = Procrustes distances, asterisks = significant differences based on pairwise 
permutation test (P < 0.05).
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been evident since the earliest monographs of the genus 
(Howell 1914; Hooper 1952).  This may be why the taxo-
nomic identification of Reithrodontomys species is difficult, 
leading to an underestimation of the actual number of 
species within this genus.  For R. mexicanus, Hooper (1952) 
reported cranial and body measurements very similar or 
with very wide ranges among all its subspecies, including 

the former R. m. cherrii.  The strong similarity of morpho-
logical (cranial and body measurements) and pelage col-
oration among these subspecies explains the inclusion of 
R. cherrii within R. mexicanus (Howell 1914), even though it 
was originally described as a species (Allen 1891).

Reithrodontomys mexicanus has one of the widest dis-
tributions within the subgenus Aporodon (Arellano 2015), 
whereas R. cherrii is restricted to the highlands of central 
Costa Rica and the Cordillera de Talamanca (Gardner and 
Carleton 2009; Villalobos-Chaves et al. 2016).  Throughout 
its distribution, R. mexicanus is associated with a variety 
of vegetation-types such as humid oak forests, cloud for-
ests, deciduous arid forests, and deciduous lowland forests 
(Hooper 1952), which coincides with its broader environ-
mental space here reported compared to that of R. cherrii.  
R. mexicanus also occupies areas with high mean values of 
temperature and low values of precipitation compared to 
those for the distribution area of R. cherrii.  The overlap of 
the minimum-volume ellipsoids in a small region, as well as 
the low Jaccard similarity index value, may be due to shared 
environmental characteristics between cloud forests and 
montane pluvial forests, the main plant formations where 
R. mexicanus and R. cherrii occurs, respectively.

The bioclimatic variables used in this study have been 
previously used in mammal ecological studies (Santos et 
al. 2017; Guevara et al. 2018; Stanchak and Santana 2018).  
BIO5, BIO6, BIO14, and BIO15 are variables that may be lim-
iting the distribution of cloud forest species (Guevara et al. 

Figure 5. Skull size differences (based on centroid size variable) between Reithro-
dontomys mexicanus and R. cherrii for ventral and dorsal views. Statistical significance 
considered with P ≤ 0.05.

Figure 6.  Environmental niche of Reithrodontomys mexicanus (red ellipsoid) and R. cherrii (blue ellipsoid) displayed in a three-dimensional space and based on the occurrence re-
cords and a background data (a). On the right (b and c) show the statistical comparisons using the scores of the first two principal components derived from the environmental variables.  
Statistical significance considered with P ≤ 0.05.
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2018).  Of these four variables, only BIO14 (Precipitation 
of the driest month) was not significantly different, while 
the annual precipitation values were the most divergent 
among regions occupied by these species.  These values 
were higher than 2,000 mm per year for R. cherrii, coincid-
ing with the physical-geographical characteristics of the 
Central Valley (Gómez 1986), which is the climatic region 
where it is distributed in Costa Rica.

Additionally, we used elevation and NDVI variables 
to characterize the environmental space of each species.  
Although the minimum and maximum elevation values 
were higher for R. cherrii, the mean was similar between 
species.  The altitudinal gradient of Aporodon species is vari-
able, but most of them inhabit above 1,000 masl (Hooper 
1952; Hall 1981).  This could explain the lack of statistical 
differences when comparing this variable between the 
two species.  Elevation has been widely used in studies 
focused on small rodents (McCain 2005), and it is useful to 
characterize the habitat in this group.  However, this vari-
able should be treated with caution when carrying out eco-
logical analyses, such as niche modeling, due to the high 
association to temperature and precipitation, especially for 
small mammals distributed at high elevations (Rubidge et 
al. 2011; Santos et al. 2017; Guevara et al. 2018).

The NDVI is related to different vegetation parameters 
(Pettorelli 2013), with values ranging between 0.2 and 0.8, 
where higher numbers are indicators of photosynthetic 
activity linked to vegetation types such as temperate forest, 
rain forest, among others (Meneses-Tovar 2011).  Beyond 
the statistical differences found for this index between R. 
mexicanus and R. cherrii, it is important to highlight that the 
natural areas where these two species are distributed could 
be considered high quality ecosystems following Pettorelli 
et al. (2007), considering that the mean values were greater 
than 0.6.  However, quantitative and qualitative indicators 
are needed to assess integrative ecosystem health (Lu et al. 
2015).  The NDVI application in animal ecology appears to 
be helpful, especially since it can be linked to animal distri-
bution and abundance (Pettorelli et al. 2005).  Its use in car-
nivorous and omnivorous mammal species has been well 
explored but little is known for small mammals (Pettorelli 
et al. 2011).  Our results confirm the utility of this index in 
habitat characterization and encourages their inclusion in 
ecological studies for small rodents.

Howell (1914) included R. cherrii within R. mexicanus 
as one of its largest and brightest subspecies (Hooper 
1952).  In mammals, environment can include changes in 
structures such as skull and jaw, leading to ecophenotypic 
variations (Camul and Polly 2005).  This phenotypic change 
due to habitat could justify R. cherrii misclassification at the 
subspecific level.  However, the high genetic divergence 
reported between this former subspecies and R. mexica-
nus, translates into different evolutionary histories that vin-
dicates it at the species-level, now as a member of the R. 
tenuirostris species group (Arellano et al. 2003, 2005).  We 
found these two species to be different based on the skull 

morphometry and environmental.  Thus, complementing 
the previous molecular evidence as a whole integrative tax-
onomy approach that supports R. cherrii as a different spe-
cies from R. mexicanus.
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Appendix 1
 List of Reithrodontomys mexicanus and R. cherrii voucher specimens and their associated collecting localities used in the 
geometric morphometric analyses.  Abbreviations before catalogue number represent the mammal collection housing the 
specimens: AMNH = American Museum of Natural History; BYU = Brigham Young University; CMC = Colección de Mamíferos 
del Centro de Investigación en Biodiversidad y Conservación; ECOSUR = Colección Mastozoológica de El Colegio de la Fron-
tera Sur, Unidad San Cristóbal; UMMZ = Museum of Zoology, University of Michigan.

Voucher Species Locality

UMMZ-109894 R. mexicanus Los Esesmiles, Chalatenango, El Salvador

UMMZ-109897 R. mexicanus Los Esesmiles, Chalatenango, El Salvador

UMMZ-109900 R. mexicanus Los Esesmiles, Chalatenango, El Salvador

UMMZ-109903 R. mexicanus Los Esesmiles, Chalatenango, El Salvador

UMMZ-109905 R. mexicanus Los Esesmiles, Chalatenango, El Salvador

UMMZ-116882-116884 R. mexicanus Santa María de Ostuma, 9 km N of Matagalpa, Nicaragua, 1,400 m

UMMZ-118145-118146 R. mexicanus Municipio La Libertad, Hacienda El Injerto, río Aguacate, Huehuetenango, Guatemala, 1600 m.

UMMZ-118147-118150 R. mexicanus Barillas, Hacienda Santa Gregoria, Huehuetenango, Guatemala

UMMZ-118152-118153 R. mexicanus Barillas, Hacienda Santa Gregoria, Huehuetenango, Guatemala

UMMZ-118154-118155 R. mexicanus Finca Concepción, Tucurú, Alta Verapaz, Guatemala

AMNH-142460 R. mexicanus Coto Brus, Cañas Gordas, Puntarenas, Costa Rica

AMNH-142462-142463 R. mexicanus Coto Brus, Cañas Gordas, Puntarenas, Costa Rica

AMNH-142465 R. mexicanus Coto Brus, Cañas Gordas, Puntarenas, Costa Rica

AMNH-142468-142472 R. mexicanus Coto Brus, Cañas Gordas, Puntarenas, Costa Rica

BYU-15426 R. mexicanus Municipio Santiago Comaltepec, 11 km SW (by road.) La Esperanza, Oaxaca, México

BYU-15436 R. mexicanus Municipio Teotitlán de Flores Magón, 1.5 km S Puerto de la Soledad, Oaxaca, MX

BYU-15439 R. mexicanus Municipio Ixhuacán, 18 km NW Teocelo, Veracruz, México

BYU-20781 R. mexicanus Rancho La Providencia, Chiapas, México, 1775 m

CMC-872 R. mexicanus Municipio Huatusco, 1.9 km N Las Cañadas (Eco reserva), Veracruz, México 

CMC-874 R. mexicanus Municipio Huatusco, 1.9 km N Las Cañadas (Eco reserva), Veracruz, México

CMC-877 R. mexicanus Municipio Huatusco, 1.9 km N Las Cañadas (Eco reserva), Veracruz, México

ECOSUR -2842 R. mexicanus Santo Tomás Oxchuc, Mercado Indígena, Chiapas, México

ECOSUR-3000 R. mexicanus Ejido Sombra Chica, 1 km NW Tumbalá, Chiapas, México

ECOSUR-931 R. mexicanus Las Grutas. PN Lagos de Montebello, 3.45 Km N El Vivero, Chiapas, México

AMNH-7905 R. cherrii Cerro La Carpintera, Cartago, Costa Rica

AMNH-123503 R. cherrii Cerro La Carpintera, Cartago, Costa Rica

AMNH-7902-7904 R. cherrii Cerro La Carpintera, Cartago, Costa Rica

AMNH-7908 R. cherrii Cerro La Carpintera, Cartago, Costa Rica

AMNH-131739 R. cherrii Escazú, San José, Costa Rica

AMNH-135258 R. cherrii Vázquez de Coronado, Nubes, San José, Costa Rica

AMNH-135924 R. cherrii Alajuela, Sabanilla, Costa Rica

AMNH-138088 R. cherrii Escazú, Los Higuerones, San José, Costa Rica

AMNH-139284 R. cherrii Montes de Oca, Sabanilla, San José, Costa Rica

AMNH-139289 R. cherrii Montes de Oca, Sabanilla, San José, Costa Rica

AMNH-141878 R. cherrii Alajuelita, Santa Teresa, Peralta, Costa Rica

AMNH-141880-141881 R. cherrii Alajuelita, Santa Teresa, Peralta, Costa Rica

AMNH-141883 R. cherrii Alajuelita, Santa Teresa, Peralta, Costa Rica

AMNH-19187-19188 R. cherrii Montes de Oca, San Pedro, San José, Costa Rica

AMNH-19192 R. cherrii Montes de Oca, San Pedro, San José, Costa Rica
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Appendix 2
Anatomical and numerical position (see Figure 2) of landmarks and semi-landmarks used in the geometric morphometric 
analyses for ventral and dorsal views of the skull.  

Ventral Dorsal

1 Rostralmost point of the upper incisor tooth next to the midline 1 Rostralmost point of the nasal bone

2 Anteriormost point of the incisive foramen 2 Anteriormost point of suture between nasal bone and nasal process of the incisive

3 Posteriormost point of the incisive foramen 3 Rostral end of zygomatic plate in a dorsal projection

4 Rostral end of zygomatic plate in a ventral projection 4 Anteriormost point of the orbit in a dorsal projection

5 Anteriormost point of the orbit in a ventral projection 5 Narrowest point of the interorbital region

6 Caudalmost point of the orbit in a ventral projection 6 Rostralmost point of the parietal bone

7 Posterior end of zygomatic bar in a ventral projection 7 Caudalmost point of the orbit in a dorsal projection

8-20 Semi-landmarks 8 Posterior end of zygomatic bar in a dorsal projection

21 Lateral margin of the basioccipital 9-31 Semi-landmarks

22 Lateral margin of the foramen magnum 32 Caudal end of the curvature of the occipital bone

23 Posteriormost point of the occipital foramen in the midline 33 Intersection of the sagittal and parietal-interparietal sutures

24 Anteriormost point of the occipital foramen in the midline 34 Intersection of the coronal and sagittal sutures

25 Midpoint of suture between basisphenoid and basioccipital 35 Intersection of the naso-frontal suture in the midline

26 Posteriormost extent of palate at the midline

27 Posteriormost point of the third molar

28 Contact point between second and third molars

29 Contact point between first and second molars

30 Anteriormost point of the first molar



128    THERYA     Vol. 13 (1): 115-128

SUPPORTING SPECIES OF HARVEST MICE

Appendix 3
Geographical coordinates (Datum WGS-84) of localities used in the ecological analysis for Reithrodontomys mexicanus and 
R. cherrii.

Species Longitude Latitude Species Longitude Latitude

R. mexicanus -89.133 14.383 R. mexicanus -92.016 15.566

R. mexicanus -85.925 13.005 R. mexicanus -90.066 15.300

R. mexicanus -91.315 15.803 R. mexicanus -96.447 17.555

R. mexicanus -97.220 18.356 R. mexicanus -92.340 15.216

R. mexicanus -97.064 19.525 R. mexicanus -91.720 16.130

R. mexicanus -96.984 19.258 R. cherrii -83.984 9.881

R. mexicanus -92.346 16.794 R. cherrii -84.216 10.076

R. mexicanus -92.315 17.270 R. cherrii -84.144 9.894

R. mexicanus -87.106 14.208 R. cherrii -84.136 9.913

R. mexicanus -96.305 17.599 R. cherrii -84.029 9.947

R. mexicanus -96.016 17.176 R. cherrii -84.021 9.944

R. mexicanus -92.340 15.216 R. cherrii -83.962 9.987

R. mexicanus -93.120 17.190 R. cherrii -84.083 9.933

R. mexicanus -91.700 16.100 R. cherrii -83.849 9.979

R. mexicanus -92.640 15.650 R. cherrii -83.798 9.768

R. mexicanus -93.070 15.800 R. cherrii -83.981 9.896

R. mexicanus -92.692 16.684 R. cherrii -84.153 9.913

R. mexicanus -92.400 16.963 R. cherrii -84.406 10.221

R. mexicanus -90.031 15.089 R. cherrii -84.059 9.705

R. mexicanus -92.851 16.990 R. cherrii -83.850 9.983

R. mexicanus -92.975 17.208 R. cherrii -83.902 9.833

R. mexicanus -91.932 15.485 R. cherrii -83.916 9.839

R. mexicanus -86.339 13.080 R. cherrii -84.244 10.102

R. mexicanus -89.366 14.400 R. cherrii -83.982 9.950

R. mexicanus -90.455 14.558 R. cherrii -84.107 9.868

R. mexicanus -89.623 15.136 R. cherrii -84.183 9.950

R. mexicanus -96.605 17.579 R. cherrii -83.548 9.450

R. mexicanus -96.842 18.168 R. cherrii -83.877 9.823

R. mexicanus -97.040 18.618 R. cherrii -83.916 9.650

R. mexicanus -97.028 19.037 R. cherrii -83.881 9.833

R. mexicanus -96.798 17.811 R. cherrii -83.903 9.879

R. mexicanus -90.062 15.385 R. cherrii -83.983 9.890

R. mexicanus -97.024 18.869 R. cherrii -83.803 9.753

R. mexicanus -91.394 15.571 R. cherrii -84.139 9.883

R. mexicanus -89.481 15.166 R. cherrii -84.333 10.277

R. mexicanus -91.560 15.984 R. cherrii -83.707 9.566

R. mexicanus -90.251 15.236 R. cherrii -83.968 9.888

R. mexicanus -96.436 17.386 R. cherrii -84.233 10.183

R. mexicanus -92.591 16.051 R. cherrii -84.465 9.920


