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Two rivers in the hot desert of northwestern México have been considered as filter barriers in the distribution of mammals: Rio Conchos in
Chihuahua and Rio Nazas in Durango. Between both rivers, the black-tailed jackrabbit, Lepus californicus, shows significant differences in exter-
nal morphological traits. We investigated if these differences are supported by phylogenetical signals and compared them with populations
living at similar latitudes in the Baja California Peninsula to determine the importance of the genetic variation caused by the rivers. An external
mophology, and a cranial geometric morphometric analysis were performed using the dorsal, ventral, and lateral views of the skull; and a gene-
tic analysis of cytochrome b gene. Measurements and fur color patterns of specimens from two continental groups, north of Rio Conchos (NRC)
and south of Rio Nazas (SRN), were compared to four groups (A-D) inhabiting different latitudes of the Baja California Peninsula (BCP). The pa-
rietal region, zygomatic arch, and auditory bullae were identified as the main cranial structures related to skull shape; however, no differences
were observed in size and shape between groups. The phylogenetic reconstruction of L. californicus showed that it is a monophyletic species,
with high branch support values (100). It is represented by two polyphyletic subclades, one with haplotypes of the SRN and NRC populations
and the other with haplotypes of the BCP populations. The average genetic distance (p-distance) and genetic differentiation (F ) between
SRN and NRC were low (0.8 % and 0.09, respectively), with higher mean values between the BCP groups (1.23 % and 0.30, respectively). The
statistical parsimony network of Cyt b did not identify a clear geographic genetic structure between haplotypes of SRN and NRC and they did
not share haplotypes with the BCP populations. There are neither cranial geometric morphometric nor genetic differences between L. cali-
fornicus populations related to either the rios Conchos or Nazas; thus, these rivers cannot be considered geographic barriers. However, there
are morphological differences between the populations in Chihuahua and Durango and the populations inhabiting Baja California Peninsula,
which may be associated with evolutionary distance and local habitat characteristics.

Dos rios en el desierto célido del noroeste de México se han considerado como barreras de filtro en la distribucion de mamiferos, el Rio
Conchos en Chihuahua y el Rio Nazas en Durango. Entre ambos rios, la liebre cola negra, Lepus californicus, muestra diferencias significativas
en los rasgos morfoldgicos externos. Investigamos si estas diferencias estan respaldadas por sefales filogenéticas y las comparamos con po-
blaciones que viven en latitudes similares en la Peninsula de Baja California para determinar laimportancia de la variaciéon genética ocasionada
por los rios. Realizamos un andlisis mofoldgico externo, morfométrico geométrico craneal usando las vistas dorsal, ventral y lateral del craneo
y genético con el gen citocrormo b. Las medidas y los patrones de color del pelaje de los especimenes de dos grupos continentales, al norte de
Rio Conchos (NRC) y al sur de Rio Nazas (SRN), se compararon con cuatro grupos (A-D) que habitan en diferentes latitudes de la Peninsula de
Baja California (BCP). La regién parietal, el arco cigomatico y las bullas auditivas fueron las principales estructuras craneales relacionadas con la
forma craneal; sin embargo, no se observaron diferencias en tamafo y forma entre los grupos. La reconstruccion filogenética de L. californicus
mostrd que es una especie monofilética con valores altos de soporte de ramas (100). Estd representada por dos subclados polifiléticos, uno
con haplotipos de poblaciones de SRN y NRC y otro con haplotipos de poblaciones de BCP. La distancia genética promedio (p-distancia) y
diferenciacion genética (F;) entre SRN y NRC fueron bajas (0.8 % y 0.09, respectivamente), con valores promedio mayores entre los grupos de
BCP (1.23 %, 0.30, respectivamente). La red de parsimonia estadistica de Cyt b no identificé una estructura genética geogréfica clara entre los
haplotipos de SRN y NRC y no comparten haplotipos con las poblaciones de BCP. No existen diferencias morfométricas geométricas craneales
ni genéticas entre las poblaciones de L. californicus relacionadas con los rios Conchos o Nazas; por tanto, estos rios no se pueden considerar
como barreras geograficas. Sin embargo, existen diferencias morfolégicas entre las poblaciones de Chihuahua y Durango y las poblaciones
que habitan en la Peninsula de Baja California, que pueden estar asociadas con la distancia evolutiva y las caracteristicas del habitat local.
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POPULATION VARIATION IN LEPUS CALIFORNICUS

Introduction

Physical barriers and climatic variation within the distribu-
tional range of species are factors that influence the spe-
ciation process, and fluvial barriers have been considered
to limit the dispersal of mammal species. This has been
observed in many cryptic species inhabiting both sides
of the Chihuahuan Desert and the drainage basins of the
Altiplano Central (Mexico's central highlands), including the
rodent genera Chaetodipus, Geomys, Neotoma, and Pero-
myscus (Patton 1969; Walpole et al. 1997; Riddle et al. 2000a,
2000b; Edwards et al. 2001; Riddle and Hafner 2006; Patton
et al. 2007; Neiswenter and Riddle 2010; Cornejo-Latorre
et al. 2017; Neiswenter et al. 2019; Camargo and Alvarez-
Castaneda 2020). In addition, this river seems to be a factor
in the divergence between Perognathus flavus phylogroups
within the Chihuahuan Desert, related to the expansion
grasslands in the late Miocene and the Basin and Range
geomorphology of the Miocene-Pliocene (Neiswenter and
Riddle 2010).

The Chihuahuan Desert consists of portions divided
by the Rio Bravo (or Rio Grande) and Rio Conchos rivers
(Figure 1). In addition, these rivers act as physical barri-
ers in a climatic transition zone; the north encompasses
the temperate Chihuahuan Desert, covered primarily by
grasslands and Larrea, and the south includes the Mexi-
can Plateau, a warm desert area with a predominance of
cacti species (Baker 1977). The Rio Conchos is 910 km
long, rising in the Sierra Madre Occidental in Chihuahua
(in the Sierra Tarahumara region), and emptying into the
Rio Bravo. It appears to be a major barrier restricting gene
flow between ancestral populations of mammal species in
the Altiplano Central.

The Rio Nazas is south of the Rio Conchos and flows
across the main axis of the Altiplano Central (Figure 1).
Both the rivers Conchos and Nazas act as physical barri-
ers that limit the north-south dispersal of mammals, and
the Rio Nazas has been considered as part of the Southern
Coabhuila filter barrier (Baker 1956; Hafner et al. 2008) that
separates the north and south Altiplano Central (Arriaga
et al. 1997). The 322 km long Rio Nazas has carved a
canyon about 506 m deep and 33 km wide over the first
two-thirds of its course (Petersen 1976), rising in north-
central Durango, on the eastern slopes of the Sierra Madre
Occidental where it represents a major geographic barrier
(Tocchio et al. 2014). A molecular analysis of pocket mice
showed that the two rivers serve as boundaries of the sis-
ter species Chaetodipus nelsoni south of Rio Nazas, C. col-
lis between the two rivers, and C. intermedius north of Rio
Conchos (Neiswenter et al. 2019).

For some species, both rivers can be considered as per-
meable barriers (Hafner and Riddle 2011). This assump-
tion is consistent with information from natural history
collections, spatial environmental analyses, and ecologi-
cal niche modeling based on environmental parameters
(Anderson and Gaunt 1962: Soberén and Peterson 2005;
Peterson et al. 2011).
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The black-tailed jackrabbit, Lepus californicus, is widely
distributed across México and the United States (Elinders
and Chapman 2003; Beever et al. 2018; Brown et al. 2019), is
capable of inhabiting many types of habitat, including graz-
ing by domestic livestock. Its diet (grasses, forbs, shrubs) is
variable dependent upon vegetation availability (Brown et
al. 2019). Originally, 17 subspecies were recognized; cur-
rently 18 subspecies are recognized based on morphologi-
cal and genetic traits (Alvarez-Castafieda and Lorenzo 2017;
Lorenzo et al. 2018).

The distribution of L. californicus stretches beyond sev-
eral filter barriers that effectively restrain the range of other
species. These barriers include both rivers and mountain
ranges (i. e., Rio Colorado, Rio Bravo, Rio Conchos, Rio Nazas,
and the Sierra Madre Oriental; Petersen 1976). Several
geological events in the area also have produced changes
in the pluvial regime, plant community structure, floristic
composition, appearance of vicariance or dispersal events
at various temporal scales (e. g., Miocene to Last Glacial
Maximum), leading to the evolutionary divergence of vari-
ous taxonomic groups (Hafner and Riddle 2011). However,
the Rio Nazas and its canyon (hereafter called Nazas can-
yon), although considered a physical barrier for subspe-
cies of the desert cottontail (Sylvilagus audubonii) and the
white-sided jackrabbit (L. callotis), appears to have no effect
on populations of L. californicus (Petersen 1976; Hall 1981;
Brown et al. 2018).

The combination of the Nazas canyon and Rio Conchos
may nonetheless act as a major barrier limiting the north-
south dispersal of individual animals within the Chihua-
huan Desert and, more specifically, in the Altiplano Cen-
tral. 1t is assumed that the dispersal of L. californicus is in
the north-south direction since it has been postulated that
the first expansion of Leporidae occurred in North America
during the Miocene (Dawson 1981). Further, it has been
suggested that there is a North American origin for the
family Leporidae based on fossil discoveries (Matthee et al.
2004). In addition, these rivers run across a climatic transi-
tion zone that harbors various vegetation types. Therefore,
it is expected there would be an important area of discon-
tinuity between populations of black-tailed jackrabbits in
the Chihuahuan Desert and those in the Altiplano Central.
Under these circumstances, these rivers would influence
species distribution and genetic flow resulting in genetic
breaks from the combined effect of physical barriers, cli-
mate, and ecological differences. This study evaluated the
degree of genetic and morphological variation between
populations on both sides of the Nazas-Conchos barrier
and examined if variation is a consequence of the interrup-
tion or delay of gene flow caused by this barrier or only iso-
lation by distance. Genetic and morphological variation of
L. californicus in the Chihuahuan Desert was compared with
that of other populations at the same latitude, separated
from each other by approximately the same north-south
distance, and associated with similar vegetation and with
no current physical barriers to limit gene flow.




Materials and Methods

Sample Collection. Specimens from 30 geographic locali-
ties in México were collected and examined (Appen-
dix 1; Figure 1). Four trips were made to four localities in
the State of Durango (group south of Rio Nazas, or SRN;
between 24.0242°, -104.2808°, and 25.1902°, -104.0998°)
and three trips to three localities in the State of Chihuahua
(group north of Rio Conchos, or NRC; between 28.7468°,
-106.0882°, and 29.3827°, -106.3504; Appendix 1). The
two localities were separated by approximately 600 km.
Specimens were collected under the scientific collection
permit number FAUT-0143 of CL (official letter No. SGPA/
DGVS/002779/18) and were handled following the rec-
ommendations of the American Society of Mammalogists
(Sikes et al. 2016). Voucher specimens from Durango and
Chihuahua were deposited in the Mammals Collection at El
Colegio de la Frontera Sur (ECO-SC-M).
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Morphological Comparison. Morphological compari-
sons included visual differences in fur color variation, as
well as somatic measurements between specimens of L.
californicus from south Rio Nazas (SRN) and from north Rio
Conchos (NRC). Those two groups were then compared
to four groups from the Baja California Peninsula (BCP),
grouped for comparative purposes according to differ-
ent latitudes from north to south. The four groups were:
group A (29.9342° to 28.7323°; Catavifa, Calamajue, 83 km
N Guerrero Negro, Valle de la Trinidad); group B (28.0786° to
27.0742° Vizcaino, Sierra de San Francisco, Guerrero Negro,
Santa Rosalia, San Ignacio, Bahia Asuncién, San Zacarias);
group C (25.5593° to 25.1800° Ultima Agua, Maria Auxili-
adora, Ley Federal de Agua No. 4, Insurgentes); and group
D (24.1581°to 23.5747°: La Paz, Reforma Agraria, Los Planes;
Todos Santos, Carretera Transpeninsular, Santa Anita) (Fig-
ure 1; Appendix 1). The mean linear distance between the
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Figure 1. Location of black-tailed jackrabbit (Lepus californicus) specimens from north Rio Conchos (1-3; Chihuahua), south Rio Nazas (4-8; Durango), and four groups (9-30; A-D)

from the Baja California Peninsula, México. Geographic group numbers as per Appendix 1.
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four BCP groups was c. a. 250 km. Voucher specimens from
BCP were deposited in the mammal collections of El Cole-
gio de la Frontera Sur (ECO-SC-M) and Centro de Investiga-
ciones Bioldgicas del Noroeste (CIB).

The somatic measurements were taken from the labels
of voucher specimens and compared using descriptive
statistics and a t-test between all pairs of groups using the
software STATISTICA (ver. 8.0; StatSoft, Inc. 2007). Samples
sizes (Appendix 1) were: SRN (n = 7), NRC (n = 7), group A
(n =12), group B (n = 13), group C (n =18), and group D
(h=159).

Geometric Morphometrics Analysis. This analysis included
specimens of the same groups as the morphological analy-
sis. In addition, samples from Isla Magdalena, Isla Margar-
ita, and Isla Carmen were included in group C, and samples
from Isla Espiritu Santo were included in group D (Figure 1;
Appendix 1). We used 85 adult specimens: 4 males, 3
females in SRN; 1 male, 6 females in NRC; 3 males, 9 females
in group A; 4 males, 12 females, 2 not determined in group
B; 11 males, 13 females, 2 not determined in group C;and 8
males, 6 females, 1 not determined in group D. Adult speci-
mens were identified by the fusion of the cranial suture and
the eruption of the last molar (Hoffmeister and Zimmer-
man 1967). Three cranial views were analyzed (sample size
in parentheses): dorsal (n=83; NRC=7,SRN=7,A=12,B=
17,C=25,D=15),ventral (n=79;NRC=7,SRN=6,A=12,
B=17;C=24,D=13),and lateral (n=77;NRC=7,SRN =7,
A=11,B=16;C=24,D = 12; Appendix 1 for details). Pho-
tographs (n = 239) were made with a Nikon D500 fitted with
a macro-focusing lens; a 1 cm scale was included in each
photograph, and the position, distance, and photographic
plane were standardized. All photographs were saved as
JPEG files.

The coordinates X and Y of the shape of each cranial
view were recorded from photographs using the programs
tpsUtil v 1.78 (Rohlf 2019) and tpsDig v. 2.12 (Rohlf 2017).
The selection of landmarks for dorsal and ventral cranial
views was based on the configuration proposed by Ge et
al. (2015). Fourteen landmarks were set for the dorsal view,
27 for the ventral view, and 14 for the lateral view (Figure 2;
Appendix 2).

Statistical Analysis of Shape Variation. The Morphol 1.07a
program (Klingenberg 2011) was used to perform a super-
imposition by generalized Procrustes analysis. The effects
of size, position, and scale were eliminated to obtain only
shape variation in the data (Rohlf and Slice 1990). No outliers
were found in the three cranial views. A Procrustes ANOVA
between sexes was performed to evaluate the effect of sex
on the size and shape of the cranium. To remove the effect
of size on shape (allometric effect) between groups, a mul-
tivariate regression of Procrustes coordinates (as shape vari-
ables) was used against the log-transformed centroid size
(as size variables; Klingenberg and Maruga-Lobon 2013).

To analyze the variation between groups of L. californi-
cus, a principal component analysis (PCA) and a canonical
variate analysis (CVA) were performed with the residuals
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obtained from the regression in the program Morphol 1.07
(Klingenberg 2011). These analyses included a significance
test with a permutation test for pairwise distance run with
10,000 iterations, using Procrustes distances for the a-priori
groups visualized in the morphometric space of the canoni-
cal variables. To analyze the variation in shape, the average
shape per group was estimated from the regression residu-
als and two PCAs were performed with the mean data, 1)
between SRN and NRC, and 2) with all groups. Additionally,
a broken-stick test was performed to estimate the num-
ber of statistically significant principal components (Fron-
tier 1976; Jackson 1993) using regression residuals with a
variance-covariance matrix with PAST v. 2.17 (Hammer et
al. 2008). Correct assignment between pairs of groups was
performed by discriminant function analysis and cross-val-
idation (to test the predictive capacity of the discriminant
function).

Genetic Analysis. DNA was extracted from 13 muscle
samples. Genomic DNA was extracted from muscle (kept
at -20°C in 70 % ethanol) by immersion in cell lysis solution
(EDTA, Tris HCl, and Proteinase K) followed by purification
with phenol/chloroform-alcohol-isoamyl organic solvent
protocols (adapted from Hamilton et al. 1999). The cyto-
chrome b (Cyt b) gene was amplified in fragments of c. a.
800 bp with the primer pairs MVZ05 (CGA AGC TTG ATA
TGA AAA ACC ATC GTT G-3') and MVZ16 (5'-AAA TAG GAA
ATATCATTCTGG TTT AAT-3’; Smith and Patton 1993; Smith
1998). The following quantities were used for initial dou-
ble-strand amplifications: 12 uyl Master Mix (Promega) solu-
tion, 10 ul nuclease-free water, 2 ul of each primer (10 nM),
and 2-3 ul DNA, to a final volume of 28 pl. The amplifica-
tion conditions consisted of an initial 3-min denaturation at
94°C followed by 37 denaturation cycles, each at 94°C for 45
s. Samples were annealed for 60 s at 50°C, followed by an
extension step at 72°C for 60 s for mitochondrial DNA. The
products of the PCR reactions were visualized by electro-
phoresis on 2 % agarose gel. Subsequently, the purification
and sequencing of each amplified sample were performed
overseas at Macrogen Inc, in Seoul, Korea.

Sequences were aligned (first part of the gene, 625 bp)
with Clustal X ver. 2.1 (Thompson et al. 1997) and a visual
examination in Chromas ver. 2.4.4 (McCarthy 1998, 2016).
Sequences were translated into amino acids to confirm
the alignment. Missing data were coded with a question
mark. Non-redundant haplotypes were identified using
the DNASP software ver. 5.10 (Librado and Rozas 2009).
The null distribution to test for the significance of variance
components and pairwise F-statistic equivalents (F ;) was
constructed from 10,000 permutations with Arlequin ver.
3.1 (Excoffier et al. 2005). A minimum spanning network
was performed based on the 625 bp fragment of Cyt b
from 27 specimens. The genealogical relationships of the
haplotypes were determined from the construction of a
haplotype network, through the Median-Joining method
according to the criteria of Bandelt et al. (1999) and maxi-
mum parsimony implemented in the Network program




version 5.0.1.1. (Fluxus Technology Ltd. 2004-2020). The
parameters used were: 0 epsilon, 1/1 transitions-transver-

sions weight, 5/10 characters weight and the connection
cost criterion.

Genetic variation levels according with the number of
haplotypes (H), unique haplotypes per group (UH), num-
ber of polymorphic sites (P), number of observed sites with
transitions (Tt), number of observed sites with transver-
sions (Tv), mean number of pairwise differences (NP), and
nucleotide diversity () between the 3 groups (SRN, NRC,
and BCP) were examined using the Cyt b gene in Arlequin
ver. 3.1 (Excoffier et al. 2005). Non-redundant haplotypes
were deposited in GenBank under the following accession
numbers: Cyt b — MW940630 to MW940636; MZ055403 to
MZ055408. The genetic distances between groups were
calculated with MEGA ver. 7.0.26 (Kumar et al. 2015) with
the p-distance. A Mantel test was used to evaluate the
correlation between geographic distance and genetic dis-
tance.

Phylogenetic reconstructions based on distance, maxi-
mum likelihood (ML), and Bayesian inference (BI) were
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Figure 2. Location of cranial landmarks. a = dorsal view, b = ventral view, and ¢
= lateral view. Voucher specimen the black-tailed jackrabbit (Lepus californicus; CIBNOR
15520) from Todos Santos, Baja California Sur, México, corresponding to group D.

Lorenzo etal.

performed with non-redundant haplotypes. ML algorithm
(Felsenstein 1981) reconstructions were conducted using
PAUP ver. 4.0b10 (Swofford 2000) with a heuristic search of
1,000 replicates and swapping with the TBR (Tree-Bisection-
Reconnection) algorithm. BI trees were constructed using
MrBayes ver. 3.1.2 (Huelsenbeck and Ronquist 2001).

Two separate analyses were conducted using Bl. Metrop-
olis-coupled Markov chain Monte Carlo (MCMC) sampling
was performed with four chains run for 5 million itera-
tions using default model parameters as baseline values.
The sequence evolution model that best fitted each of our
sequence datasets was determined using jModeltest ver.
2.1.10 (Darriba et al. 2012) with the Akaike Information Cri-
terion (AIC). Trees were sampled every 1,000%" iteration after
examining the output files for convergence using the online
software AWTY (Wilgenbusch et al. 2004). Majority-rule con-
sensus trees were obtained by summarizing all trees after a
burn-in period of 2 million generations. Bayesian probabili-
ties and the frequency of a nodal resolution were taken from
the 50 % majority-rule consensus of the trees sampled.

The ingroup included 49 specimens of L. californicus
obtained from GenBank (Alvarez-Castafieda and Lorenzo
2017; see Appendix 1) representing the same groups as the
geometric morphometrics analysis (Figure 1). Outgroup
comparisons used sequences from Sylvilagus audubonii
(GenBank accession number KU759759) and S. floridanus
(GenBank accession number KU759758).

Results
Morphological Comparison. Specimens from south of Rio
Nazas (SRN) and north of Rio Conchos (NRC) differed in
some external morphological characteristics despite having
been collected in the same season (Figure 3). SRN speci-
mens had short fur, and the back was whitish-gray; belly
was white; a black nape patch extended towards the base
of the ears; the tip of the ears had a black patch on the back
that extended to the distal edge of the ear; ears were light
yellowish-brown on the front with a white outer border (Fig-
ure 3). On the other hand, NRC specimens had longer fur
and lacked any black stripe on the nape; back was whitish-
brown; belly was white; nape patch was light gray; the tip
of the ears had a black patch on the back that extended to
the distal edge; ears were light brown with whitish hairs on
the front of the ears and white outer border (Figure 3). The
specimens in the BCP groups A-D show no noticeable dif-
ferences in pelage coloration; all had medium fur, and the
back was blackish-brown mixed with white; belly was yel-
lowish (slightly darker brown in group D); the nape patch
was blackish brown and extended towards the base of the
ears; the tip of the ears had a black patch on the back that
extended to the distal edge of the ear; ears were gray mixed
with white on the front with a white outer border (Figure 3).
Somatic measurements are displayed in Table 1. Ear
length was slightly shorter in specimens in BCP Groups B,
C, and D; hindfoot length also was shorter in Groups C and
D. In general, NRC and SRN specimens were larger in body
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Table 1. Average and ranges (in parenthesis) of somatic measurements of specimens of Lepus californicus from the Altiplano Central (SRN = South Rio Nazas; NRC = North Rio Conchos)

and Baja California Peninsula (Groups A-D), México. n = sample size; lowercase letters represent different sample sizes by group:a (n=2),b (n=12),c(n=10),d (n=62).

Hind foot length (mm)

Ear length (mm)

Weight (g)

Group n Body length (mm) Tail length (mm)
SRN 7 620.1 (590-678) 88.6 (77-95)
NRC 7 600.4 (563-650) 79 (70-89)
Group A 12 521.9 (460-570) 89.2 (80-102)
Group B 13 528.5 (445-630) 73.4 (55-100)°
Group C 19 515.1 (480-544) 89.7 (75-115)
Group D 63 500.3 (390-795)¢ 81.6 (50-130)

121.1(111-135)
127.6 (115-150)
115.3 (102-130)
114.5 (90-150)
101.7 (88-110)
106.8 (88-125)

146.3 (140-160)
147 (138-160)
153.2(104-185)
120.5 (70-151)
111.6 (90-128)
120.3 (102-157)¢

2,435.7 (2,200-2,600)
2,414.3 (2,100-2,700)
1,900.0 (1,700-2,100)°
2,110.1 (1,800-2,750)¢
1,876.3 (1,350-2,300)
1,876.6 (1,200-4,400)

length, hindfoot length, and ear length, relative to BCP spec-
imens (except group A). There were significant differences
between NRC and SRN groups in tail length (t-value 2.44, d.f.
=12, P=0.03). Significant differences (P < 0.05) by t-test val-
ues were observed between NRC-SRN and A-D groups in all
somatic measurements. In addition, significant differences
(P < 0.05) were observed between groups A-D in tail length,
hindfoot length, and ear length.

Geometric Morphometrics Analyses. The skulls of L.
californicus specimens from the Altiplano Central and the
Baja California Peninsula were not significantly different in
size between sexes (ANOVA of log centroid size, P > 0.05;

a

hos

= Nortﬁ Rio Conc

Appendix 3); therefore, data from both sexes were combined
in subsequent analyses. The allometric correction (changes
in shape correlated with changes in size) between groups
showed a highly significant relationship between skull size
and shape in dorsal, ventral, and lateral views of the skull,
explaining 6.94 %, 11.39 %, and 8.25 % of the variation,
respectively. The main cranial structures related to cranial
shape were the parietal region (dorsal view), zygomatic
arch (dorsal, ventral, and lateral views), and auditory bullae
(ventral view); however, no difference was observed in size
and shape between any of the groups analyzed. The first
two principal components (PC1 and PC2) of the three cranial

C

Figure 3. Comparison of external morphology among black-tailed jackrabbit (Lepus californicus) specimens from north Rio Conchos (ECO-SC-M 9500), south Rio Nazas (ECO-SC-M
9490), and four groups from the Baja California Peninsula (BCP), México: A (CIBNOR 16459); B (CIBNOR 2870); C (CIBNOR 15200); and D (CIBNOR 15508). See Appendix 1 for details of
specimens. A-D = groups from the Baja California Peninsula. a = Dorsal view. b =Ventral view. c¢ = Lateral view. d = Nape view.
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views failed to identify the different groups (Figure 4a-c);
therefore, the variation in the average shape by group
was analyzed. This was confirmed by the broken-stick
model that indicated that none of the first five eigenvalues
obtained for the three views are significant, indicating that
each explains less than the minimal variation of the analysis
(Appendix 4).
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Relative to the canonical variate analysis (CVA) for the
three cranial views, the canonical variate 1 (CV1) was the
most useful variate for differentiating between L. californi-
cus from PBC vs. SRN-NRC. The canonical variate 2 (CV2)
of the dorsal and lateral views distinguished between NRC
and SRN; however, SRN and NRC were not differentiated
based on the ventral view (Figure 5a-c).
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Figure 4. Principal component analysis (PCA) graph, displaying the first two principal components (PC1 and PC2), and deformation grids for PC1 (above) and PC2 (below) for each
cranial view of black-tailed jackrabbits (Lepus californicus) specimens: a) dorsal, b) ventral, ¢) lateral. NRC = north Rio Conchos. SRN = south Rio Nazas. A-D = groups from the Baja California

Peninsula.

www.mastozoologiamexicana.org 263



POPULATION VARIATION IN LEPUS CALIFORNICUS

Skull Dorsal View. The PCA between NRC and SRN indi-
cated that the variation in shape was related primarily to the
parietal region, which was higher in NRC and lower in SRN
specimens. In contrast, for the BCP group the main differ-
ences in the skull concerned the zygomatic arch. The analy-
sis of the continental and peninsular populations combined
in PC1 was related primarily to the anterior extension of the
zygomatic process, which was larger in NRC-SRN specimens
and smaller in the BCP group; PC2 was related to the parietal
region, differentiating between NRC (expansion) and SRN
(contraction).

The first three canonical variates of the CVA explained
87.7 % of the total variation (Appendix 5). CV1 separated
the BCP group from SRN-NRC due to the relative length
of the nasals (shorter for SRN-NRC) and the anterior end
of the zygomatic process (longer for SRN-NRC). CV2 par-
tially separated SRN from NRC due to the broader inner
edge of the orbit, being broader for NRC specimens. The
Procrustes distances showed statistically significant dif-
ferences between NRC and SRN, and between the BCP
(except C) and the SRN-NRC groups.
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Figure 5. Canonical analysis of variance (CVA) graph, displaying the first two canonical variables (CV1 and CV2), and deformation grids for CV1 (above) and CV2 (below) for each
cranial view of black-tailed jackrabbits (Lepus californicus) specimens: a) dorsal, b) ventral, ¢) lateral. NRC = north Rio Conchos. SRN = south Rio Nazas. A-D = groups from the Baja California

Peninsula.
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Skull Ventral View. The PCA between NRC and SRN indi-
cated that the differences were related to the posterior
expansion of the zygomatic arch and the auditory bul-
lae (larger in NRC). The variation in shape was minimal
between BCP groups A-D, mainly related to the zygomatic
arch and auditory bullae; among the four groups, group
C showed the lowest variation. The average variation in
shape between continental and peninsular populations
associated with PC1 was related to the zygomatic arch and
the auditory bullae. SRN-NRC differed from BCP in a smaller
zygomatic arch and lateral expansion of the bullae. PC2
discriminated between NRC and SRN due to the smaller
bullae in SRN.

In the CVA, the first three factors explained 92.4 % of the
total variation (Appendix 5). CV1 (65.2 %) discriminated
between SRN-NRC and BCP due to the zygomatic arch and
auditory bullae; in CV2 (17.8 %), SRN and NRC overlapped,
and no differences were observed. A similar result was
detected for the BCP groups A-D. The P values for the Pro-
crustes distances indicated statistically significant differ-
ences between SRN-NRC and BCP groups A-D.

Skull Lateral View. The PCA between SRN and NRC indi-
cated that the variation in shape was due to the posterior
extension of the zygomatic arch (larger in SRN) and audi-
tory bullae (larger in NRC). The variation in shape in BCP
was lower compared to NRC-SRN and was related to the
zygomatic arch. The average variation in the shape of the

Lorenzo etal.

continental and peninsular populations associated with
PC1 was related to zygomatic arch length. SRN and NRC
had a dorsoventrally shorter zygomatic arch compared to
the BCP group. PC2 indicates slight differences between
SRN and NRC associated with the relative length of the
nasal, which was smaller in NRC.

The first three canonical variates explained 90.2 % of the
variation (Appendix 5), CV1 (63.3 %) discriminated between
SRN-NRC and BCP due to the dorsoventrally smaller zygo-
matic arch in SRN-NRC. CV2 (14.4 %) showed a slight over-
lap between SRN and NRC due to the larger auditory bullae
in NRC. The Procrustes distances did not show significant
differences between NRC and SRN, but did so between
NRC-SRN and BCP (except for group B).

Discriminant Function Analysis. Assessment of correct
classification between pairs of groups by the discriminant
function resulted in high allocation percentages (> 92 %)
between SRN and NRC and between the different BCP pop-
ulations for the three cranial views (Table 2). The cross-vali-
dation analysis indicated high percentages (83 to 100 %) of
correct classification between SRN-NRC and the BCP groups
for the ventral and lateral views and low allocation percent-
ages for the dorsal view (45 to 100 %). Regarding the dor-
sal and lateral views, the incorrect classification of NRC and
SRN was 14 % (n = 1) and vice versa, whereas for the ventral
view it was 28.57 % (n = 2) and 33.33% (n = 2), respectively.
Between NRC and the BCP group, only the ventral view of

Table 2. Percentage of correct assignment for the Lepus californicus groups according to the discriminant function analysis/cross-validation (DFA/CV). See Figure 1 for allocation of

localities by group.

Dorsal cranial view DFA/CV Group A Group B Group C Group D North Rio Conchos South Rio Nazas
Group A -- 100/35 100/65 100/67 100/100 100/86
Group B 100/44 - 88/58 93/40 100/71 100/86
Group C 100/67 95/50 - 87/47 100/71 100/86
Group D 100/44 95/60 85/61 - 100/43 100/86
North Rio Conchos 100/100 100/45 100/88 100/80 - 86/43
South Rio Nazas 100/78 100/95 100/85 100/87 86/43 -
Ventral cranial view DFA/CV
Group A - 100/55 100/76 100/61 86/57 100/83
Group B 100/55 - 100/72 100/77 100/71 100/100
Group C 100/89 100/70 - 92/38 100/100 100/100
Group D 89/78 100/75 92/48 - 100/100 100/83
North Rio Conchos 100/100 100/90 92/96 100/100 - 67/50
South Rio Nazas 100/100 100/100 100/100 100/100 71/43 -
Lateral cranial view DFA/CV
A - 100/53 100/72 100/75 100/100 100/100
B 100/62 - 100/72 100/75 100/100 100/100
C 100/62 100/74 - 92/75 100/86 100/100
D 100/62 100/68 100/56 — 100/86 100/86
SRC 100/100 100/100 100/92 100/100 - 86/57
SRN 100/100 100/95 100/96 100/83 86/57 -
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the skull misclassified 14 % of cases (n = 1). No incorrect
classifications were identified between SRN and BCP.

Genetic Analysis. In total, 27 haplotypes for the Cyt b
gene were found in 49 sequences (5 SRN, 5 NRC, and 19
BCP; Appendix 1). Eighteen haplotypes were unique: 2 from
SRN, 2 from NRC, and 16 from BCP (Table 3). In the Altiplano
Central, four haplotypes were shared: two across the rivers
between SRN and NRC (haplotypes 4 and 8), one within
SRN (haplotype 3), and one within NRC (haplotype 5). The
statistical parsimony network of Cyt b (Figure 6b) did not
show a clear geographic genetic structure between hap-
lotypes of SRN and NRC. The localities are separated from
each other between 1 and 2 mutational steps and they do
not share haplotypes with those of BCP group. The haplo-
types of BCP group were separated from SRN and NRC by
1 mutational step. The most frequent haplotype was hap-
lotype 9 in seven individuals between groups A and B. In
the BCP, five haplotypes were shared among all groups (A
to D; haplotypes 9, 17, 19, 24, 26). The Mantel test shows
a significant correlation (P < 0.05) between geographic dis-
tance and genetic distance between SRN-NRC and for the
BCP between A-C and B-D.

The population with the greatest genetic diversity
within-variation was the BCP group D with higher values
of H (10), UH (6), P (10), NP (3.25), and 77 (0.13), followed by
BCP group C and SRN (Table 3). Values for the genetic varia-
tion parameters of Cyt b are given in Table 3. The average
p-distance between individuals from SRN-NRC is 0.8 %, and
among all BCP groups was 1.23 % (0.5 to 1.6; Table 4). For
populations BCP and NRC, the p-distance was 1.52 % (1.0
to 2.0), and between BCP and SRN, 1.5 % (1.1 to 2.0). The
pairwise F . value between NRC and SRN was 0.09; within
BCP groups, 0.14 to 0.43; between NRC and BCP groups,
0.43 to 0.58; and between SRN and BCP, 0.39 to 0.56 (Table
4). Statistically significant differences (P < 0.05) were found
between specimens from NRC-SRN and BCP (groups A to B).

The phylogenetic reconstructions used the sequence
evolution model TIM3+I+G that best fit our sequence data
set. In the Bl tree, the Cyt b gene converged on tree topolo-
gies that were virtually identical to those of distance and ML
(data not shown) analyses. Lepus californicus was found to

be monophyletic in the Cyt b gene, with higher bootstrap
support (100), and is represented by two subclades (A and
B). Subclade A is polyphyletic, including haplotypes of SRN
and NRC populations, and subclade B is polyphyletic, includ-
ing haplotypes of BCP populations (Figure 6a; Appendix 1).

Discussion

Groups of L. californicus from SRN and NRC did not show
statistical differences in size and shape versus any of the
other groups analyzed in cranial views. Only minor differ-
ences were found in four specific skull regions: 1) parietal
(dorsal and ventral views), 2) nasal (dorsal and lateral views),
3) zygomatic arch (dorsal, ventral, and lateral views), and 4)
auditory bullae (ventral view). Compared to SRN, the NRC
population has an expanded parietal region, reduced nasals,
wider zygomatic arch, and more prominent auditory bullae.
SRN has a contracted parietal region, wider nasals, narrower
zygomatic arch, and less prominent auditory bullae.

It has been postulated that skull variation can be asso-
ciated with ecological and biological aspects and results
from the adaptation to specific environmental, dietary, and
physiological pressures (Bowers and Brown 1982; Cox et al.
2012; Klingenberg 2013). The variations in morphology in L.
californicus may be related to physiological and nutritional
adaptations, making populations capable of inhabiting
many types of habitats with diverse ecological and climatic
characteristics (Brown et al. 2019). The absence of signifi-
cant differences between SRN and NRC populations could
be considered as a similar adaptation process to the differ-
ent environments associated with dietary and physiological
pressures. Therefore, the genetic differences found between
SRN and NRC (0.8 %) are similar or lower than those within
BCP populations (0.5 to 1.6 %) without a physical barrier that
can restrain the dispersal across populations. On the other
hand, the genetic differences between east and west across
the Gulf of California are far greater (1.0 to 2.0 %). These find-
ings suggest that the east-west analysis across the Gulf of
California-Colorado River reveals a very strong effect, with
a greater genetic distance; however, the genetic distance
between north and south across the Conchos-Nazas rivers is
lower than in the BCP, which lacks a fluvial barrier.

Table 3. Parameters used for assessing genetic variation of Cytochrome b among groups of Lepus californicus. Abbreviations as follows: total sample size (N); number of haplotypes
(H); unique haplotypes per group (UH), number of polymorphic sites (P); number of observed sites with transitions (Tt); number of observed sites with transversions (Tv); mean number of
pairwise differences (NP); nucleotide diversity (m); and Fu’s Fs (F). *Indicates significance at P < 0.001.

N H UH P Tt Tv NP m F
49 27 25 16 9 4.110+£2.082 0.164 + 0.092 -17.057
Group
North Rio Conchos 7 5 2 4 3 1 2.000 + 1.276 0.000 +0.058 -1.547
South Rio Nazas 7 5 2 6 4 2 2.190 +1.320 0.087 +0.062 -1.352
Group A 3 1 0 0 0 0 0.0+0.0 0.0+0.0 0*
Group B 8 5 4 8 5 3 2.000 + 1.256 0.080 + 0.057 -1.151%
Group C 7 5 4 8 8 0 3.238+1.895 0.129 £ 0.086 -0.552*
Group D 17 10 6 10 5 5 3.250+1.761 0.130 £ 0.078 -3.125*
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Figure 6. a) Bayesian inference (BI) tree generated by the consensus tree with the 50% majority-rule algorithm of Lepus californicus from north Rio Conchos, south Rio Nazas and
groups of the Baja California Peninsula, based on Cyt b haplotypes. The tip of each branch includes the group and its location number (in parenthesis; see Appendix 1 and Figure 1 for
details). Values of branch support are indicated on the phylogenetic tree. b) Haplotype network of 27 non-redundant haplotypes (H) recovered from the Cyt b (625 bp) dataset that in-
cluded all populations of L. californicus. Transverse lines crossing the lines connecting haplotypes represent the number of base-substitution differences. The size of each circle represents

the frequency of the haplotype in the gene.

The morphological differences found between SRN and
NRC could be more closely related to selective traits that
can increase or decrease the predation rate of individuals
and as a plastic response to ecological differences (as in
small rodents; Neiswenter and Riddle 2010; Neiswenter
et al. 2019), such as color pattern variations of the body.
Each group was found in a different habitat: SRN in thorn
scrubs and savannas and NRC in grasslands. The BCP

populations possessed differences in coloration, total
size (approximately 20 %), and leg and ear sizes. These
characters are associated with semidesert grasslands and
scrub vegetation growing in sandy habitats with coastal
vegetation (Lorenzo et al. 2010). Therefore, CVA and DFA
show differences in the skull between the mainland and
peninsular populations, but not within either the mainland
or the peninsula.

Table 4. Average genetic p-distances estimated from Cyt b sequences between groups of Lepus californicus (above diagonal) and F; values (below diagonal) for pairs of populations.

North Rio Conchos South Rio Nazas Group A Group B Group C Group D
North Rio Conchos - 0.8 1.0 13 1.7 2.0
South Rio Nazas 0.09 - 1.1 1.4 1.5 2.0
Group A 0.58 0.56 - 0.5 1.1 1.5
Group B 0.49 0.48 -0.17 - 1.4 1.6
Group C 0.43 0.39 0.35 0.32 - 13
Group D 0.52 0.53 043 0.41 0.14 -
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Also, data from mitochondrial DNA support two distinct
genetic groups in the distance, ML, and Bl methods. The
first includes SRN-NRC specimens with no phylogenetic
break associated with barriers such as Rio Conchos and Rio
Nazas; the second comprises BCP specimens and multiple
ramifications suggesting a cryptic structure and genetic
diversity (Neiswenter et al. 2019) within L. californicus.

Among the specimens of different groups collected
throughout BCP (at similar latitudes and with no geo-
graphic barriers), the genetic p-distance between their
populations was greater (1.23 % on average), as well as
the genetic differentiation between groups (0.14 to 0.43;
Table 4). The results of the Mantel Test were similar for the
population with the presence of the rivers as possible bar-
riers (SRN-NRC) that those which do not have a physical
barrier (BCP: A-C and B-D). In the three cases, the genetic
distances were significantly correlated with the geographi-
cal distance in the same geographical distance (c. a. 600
km) among groups (SRN-NRC, A-C and B-D). It is probable
that the evolutionary process in L. californicus has occurred
differentially. It may be slower in the Rio Conchos and Rio
Nazas area, so that it is not reflected as a vicariant process.
In contrast, evolutionary rates may be faster in BCP, leading
to morphological and genetic differences among its popu-
lations (Alvarez-Castafieda and Lorenzo 2017).

Four conclusions that can be taken from this study
are as follows. A) The canyon system that separates SRN
and NRC can limit the gene flow of many species and the
dispersal of small mammals (mostly small rodents) and
lead to subspeciation, as in S. audubonii and L. callotis;
however, it does not seem to be an effective barrier for
L. californicus. B) The canyon system in the mainland can
be equivalent to the ecological barrier in the BCP (as gene
flow between populations is seemingly limited in both
cases and the Gulf of California-Rio Colorado barrier is far
stronger than that of the Rios Nazas and Conchos. C) The
phenotypic differences between populations may be due
to the unique selection pressures in each one, according
to their particular distribution occupying different habi-
tats, probably leading to expeditious local adaptations
associated with vigorous demographic expansion and
probably rapid radiation (Melo-Ferreira and Alves 2018),
as suggested by the Fu’s Fs test values for Cyt b. D) The
high vagility of L. californicus, favored by changes in land
use in addition to its broad distribution range, have prob-
ably induced the conditions for a continuous gene flow
throughout the Altiplano Central driven by dispersal
across the canyon system.
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Appendix 1

Localities of Lepus californicus from north Rio Conchos (Chihuahua), south Rio Nazas (Durango), and four groups of L. cali-
fornicus from Baja California Peninsula, México. Haplotype numbers (H) and GenBank accession numbers are provided.
Museum acronyms as follows: ECO-SC-M = Mammal Collection at El Colegio de la Frontera Sur; CIB = Mammal Collection
at Centro de Investigaciones Bioldgicas del Noroeste; CNMA = National Mammal Collection at Instituto de Biologia. The
nomenclature and classification of the subspecies of the Baja California Peninsula is according to Alvarez-Castafieda and
Lorenzo (2017). Subscripts indicate genetic o geometric morphometrics , and morphological  analyses.

North Rio Conchos

Lepus californicus texianus (n =7 ). Chihuahua: Group 1: Ejido Colaguna, km 100 Carretera a Cd. Juarez 1,620
msnm, 29.3827°, -106.3504°, ECO-SC- M 9503 GenBank MW940634, HS; 9504 GenBank MW940636, H5. Group 2:
Rancho Experimental La Campana INIFAP, Km 82 Carretera Chihuahua-Cd Juarez 1 560 msnm, 29.2717°,-106.3468°, ECO-
SC-M 9498 . GenBank MW940635, H5; 9499 . GenBank MW940633, H4. Group 3: Ejido la Flor, 5 km NW de la Cd. de
Chlhuahua i 460 msnm, 28.7675° -106.1068°, ECO SC M 9500 - GenBank MZ055407, H6; 9501 GenBank MZ055408,
H7;9502 , . GenBank MZ055406, H8. ! a

South Rio Nazas

Lepus californicus texianus (n = 7 0 ) Group 4: Durango: Nazas, Cerro de la Cruz. 1.5 km SW del Poblado de Nazas,
1,276 msnm, 25.1902°,-104.0998°, ECO SC- M 9497 - GenBank MZ055403, H4. Group 5: Pefion Blanco, Rancheria Los Jaca-
les 21 km por terraceria al NW de Pefién Blanco, 1 544 msnm 24.9404°,-104.1310°, ECO-5C-M 9494 , GenBank MW940630,
H3; 9495 , GenBank MZ055405, H3; 9496, , GenBank MW940632, H4. Group 6: Mapimi, 140 krn E Mapimi, 26.6751°,
-103. 7499° GenBank KP735419 , H8. Group 7 Nombre de Dios, Brecha Saca Cosecha. 3.65 km NW de Tuitan 1,881 msnm,
24.0242°,-104.2808°, ECO-SC- M 9491 n GenBank MW940631, H2; 9492 . Group 8: Suchil, La Laguna 3.8 km N Suchil 1,979
msnm, 23.6553°,-103.9174°, ECO-SC- M 9490 ..m G€NBank MZ055404, H1

Baja California Peninsula
Group A

Lepus californicus martirensis (n=3 _,12_ ). Group 9:Valle de la Trinidad, 31.3556° -115.6250°, CIB 2868, 18630,
18631, ., 18632 . Group 10:Baja California: Catavifa, 26 km N, 14 km W Catavifa, 29.9342°,-114.8983°, CIB 2352 . Gen-
Bank KP735407, H9. Group 11: Calamajue, 12.5 km S, 19 km W Calamajue, 484 msnm, 29.5294°, -114.3055°, CIB 18638

GenBank KP735409, H9; CIB 18635, . 18636, . 18637 18639, ., 18640, . Group 12:Guerrero Negro, 83 km N Guer-
rero Negro, 129 msnm, 28.7323°, -1 14 1080° CIB 12570, , GenBank KP735410, H9. Guerrero Negro, 28.0786° -113.9187°, CIB

16459 to 16461,
Group B
Lepus californicus martirensis (n = 8y 18,y 13 ). Group 13: Baja California: Vizcaino, 14.5 km N, 14.5 km W Guer-

rero Negro, 52 msnm, 28.0786° -113.9187°, CIB 164(8)1 © GenBank KP735411, H10. Baja California Sur: Group 14: Palo de
Rayo, Sierra de San Francisco, 1,187 msnm, 27.6106° -113.0277°, CIB 17359 | GenBank KP735413, H11; CIB 16463 | GenBank
KP735414, H9; CIB 2869, 8670 8671 ,16462t0 16464 ., 16465 to 16467 17357 t0 17359 ,. San Francisco de la Sierra,
1,187 msnm, 27.5899°, —1 13. 0923° CiB 2870 » CIB 8670 GenBank KP735403 H9; CIB 10906 o 11657 . Group 15: Guer-
rero Negro, Corral de Berrendos, 61 km S, 5 kaGuerrero Negro 27.4017°,-114.0192°,CIB 18641, CIB 18642  GenBank
KP735415,H12. Group 16: San Ignacio, 17 km S, 5 km W San Ignacio, 48 msnm, 27.1183°,-112. 9675° CIB 8422 GenBank
KP735417,H13;8668 , , 8669 11656 . Group 17:San Zacarias, 27.1419° -112.9130° CIB 12489, 12490(a) Bahla Asun-

cion, 9 km S, 24.5 km E Bahia Asuncion, 14 msnm, 27.0742°,-114.0750°, CIB 10894 | GenBank KP735412, H9. Group 18: Baja
California Sur: Santa Rosalia, 2 km SE Santa Rosalia. 27.38102°, -112.4400°, CNMA 40823 GenBank KP735416, H9.

Group C

Lepus californicus xanti (n =3, 9 .8 ). Group 19:Baja California Sur: Ultima Agua, 265 msnm, 25.5593°, -111.2708°,
CiB 15188, , GenBank KP735423, H16; CIB 15187 , 15188 15189 ,15190, 15191 . Group 20: Maria Auxiliadora, 7
msnm, 25. 4463° -111.9509°, CIB 15193 GenBank KP735421 H14 CIB 15195 KP735422 H15 CIB 15192 to 15195,

Lepus californicus magdalenae (n =2 8 11 ). Baja California Sur: Group 21: Ley Federal de Agua No. 4, 78 msnm,
25.1904°,-111.5381°, CIB 15200, , GenBank KP735425 H17; CIB 15196 to 15201, . 15202 to 15206 . Group 22: Insurgen-
tes,9km S, 3.37 km E Ciudad Insurgentes 47 msnm, 25.1800°,-111.7417°,CIB 718 GenBank KP735424 H17. Group 23:Isla
Magdalena, 24.6607°, -112.1521°, CIB 15184, 19141 , 19142 | Isla Margarita, 244604° -111.8441°, CIB 18883 to 18885
18981 .. Lepus californicus sheldoni (n =5 ) Baja Callfornla Sur Group 24:Isla Carmen, 25.8259°,-111.2139°, CIB 15185
15186(a),15222 15224 ,21328

@’ @’
Group D
Lepus californicus insularis (n = 2 ). Group 25: Baja California Sur: Isla Espiritu Santo, 24.4563°, -110.3069°; CIBNOR

21322,,21335,,.

(9,2, m)

, m)°
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Lepus californicus xanti (n = 19,14, 63,). Baja California Sur: Group 26: La Paz, 11 km S, 28 km W La Paz, 187 msnm,
24.0244° -110.6625°, CIB 17679, GenBank KP735442, H24; CIB 17680, GenBank KP735443, H24. La Paz, El Mogote, 4 km
N, 9 km E La Paz, 5 msnm, 24.1581°,-110.3482°, CIB 15506( GenBank KP735434, H17; CIB 15505 to 15510, . Baja California
Sur: Carretera Transpeninsular, 25.2569°,-111.7732°,CIB 6603(m), 6604 , 8423 . El Centenario, 14.5 km W La Paz, 24.1496°,
-110.4343°, CIB 892 to 894(m). Brisamar, 25 km W La Paz, 24.1490°, -1 10 5430° CIB 4907 4908 , 13442 13443 v 2.5
km'S, 12.2 km W La Paz, 24.1392°,-110.4365°, CIB 15212 15213 . El Comitan, 17.5 km W La Paz, 24.1376°, -1 10.4670°,
CiB 891(m). 3.18 km S, 1.43 km E La Paz, 24.1101°, -1 102922° CiB 15214 my 11 km S, 28 km W La Paz, 24.0244°, -110.6625°,
CIB 17678, 17679, 17680 . Group 27: Los Planes, km 7 carretera Los Planes, 24.1529°,-110.4869°, CIB 15511, Gen-
Bank KP735435, H18. 1 km N 6 km E Los Planes, 23.9665°, -109.9362°, CIB 15215 . Los Planes, 4.24 km S, 400 m W Los
Planes, 45 msnm, 23.9326°,-109.9467°, CIB 15218 GenBank KP735432,H19; ECO- SC M 2869 KP735445, H26; CIB 15217(gl>
KP735446, H26; CIB 15221 KP735447, H27; CIB 15219 KP735448, H19; ECO-SC-M 2870 KP735449, H17. 424 km S,
400 mts W Los Planes, 23. 9326° -109.9467°, CIB 15216 to 15221 , 18643 to 18646 Group 28: 7 km S, 6 km W Reforma
Agraria, 24.0545°,-110.9761°, CIB 17667 to 17677, 17691 to 17694 . Reforma Agraria 7 km'S, 6 km W Reforma Agraria, 10
msnm, 24.0545°,-110.9761° CIB 17661 GenBank KP735436 H20; CIB 17674 KP735437 H21; CIB 17667 KP735438 H22;
ciB 17691, KP73544O H19; CIB 17670 KP735441 H23; CIB 17676 KP735444 H25. Group 29: Todos Santos 13.5km N,
10 km WTodos Santos. 23.5867°,-110. 3441° CiB 15520 , GenBank KP735450 H19. Todos Santos, 16 km N, 12.5 km W Todos
Santos. 23.5747°,-110.3257°, CIB 15517 GenBank KP735451 H26, CIB 15518 KP735452 H19. 13.5 km N, 10 km W Todos
Santos, 23.5867°,-110.3441°, CIB 15519 » 15520 . 18 km N, 11.5 km WTodos Santos, 23.5747°,-110.3257°, CIB 15516, .
15517 to 15520,,.16 km N, 12.5 km WTodos Santos 23.5717°,-110.3257°, CIB 15517, 15518 . Group 30: Santa Anlta

23.1902°,-109.7610°, CIB 176810 17688, .
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Appendix 2

Definition of landmarks in three cranial views of the black-tailed jackrabbit (Lepus californicus).

Dorsal cranial view. 1.Tip of nasal bone. 2. Point of tangency along anterior lateral margin of nasal bone. 3. Intersection
point of the nasals with frontal bone. 4. Posterior tip of suture between nasal and frontal bones. 5. Anterior tip of zygomatic
arch in the lateral edge. 6. Anterior meeting point between zygomatic arch and frontal bone in the interior edge of the orbit.
7. Most lateral point along the interior edge of orbit. 8. Most posterior point along the interior edge of the zygomatic pro-
cess. 9. Middle point between the frontal and the two interparietal bones. 10. Lateral posterior middle point between frontal
y parietal bones. 11. Meeting point of parietal bone and supraoccipital bone along longitudinal axial of cranium. 12. Most
posterior point of the supraoccipital bone along longitudinal axial of cranium. 13. Most posterior point of parietal bone. 14.
Most lateral point of parietal bone.

Ventral cranial view. 15. Meeting point of incisor tooth. 16. Lateral contact point of incisor and premaxilla. 17. Most
extreme anterior point of the incisive foramen. 18. Most extreme anterior and lateral point of the suture of the premaxilla
and maxilla. 19. Most extreme anterior point of palatal bridge along the longitudinal axial of cranium. 20. Posterior end
of the incisive and palatal foramen. 21. Most lateral tangent point of the incisive and palatal foramen. 22. Most extreme
anterior point of the first premolar. 23. Most extreme posterior point of the palatal bridge. 24. Anterior end of palatal bridge
along the lateral margin of entopterygoid crest. 25. Anterior concave point of the zygomatic process along the lateral mar-
gin. 26. Most extreme posterior point of the last molar. 27. Most anterior end of orbit. 28. Most interior lateral end of orbit.
29. Most posterior end of orbit. 30. Tangent point where the posterior lateral margin of zygomatic arch expanded in the
internal edge of orbit. 31.Tangent point where the posterior lateral margin of zygomatic arch expanded in the lateral edge
of orbit. 32. Most anterior point of basioccipital bone along the longitudinal axial of cranium. 33. Lateral end of basioccipital
bone meeting with basisphenoid bone. 34. Most extreme anterior point of the tympanic bullae. 35. Lateral meeting point of
tympanic bullae and basisphenoid bone. 36. Apophysis of the bullae. 37. Carotid foramen. 38. Most internal contraction of
basioccipital bone along lateral margin. 39. Most extreme anterior point of the foramen magnum. 40. Most extreme lateral
point of the foramen magnun. 41. Most extreme posterior point of the foramen magnum.

Lateral cranial view. 42. Most extreme anterior point of the nasal bone. 43. Most extreme posterior point of the skull. 44.
Most extreme anterior and lateral point of the nasal bone. 45. Most extreme anterior point of the maxilla. 46. Most extreme
anterior point of the zygomatic arch. 47. Most extreme posterior point of the zygomatic arch. 48. Nasal bone suture with
frontal bone at the middle part of the skull. 49. Ventral suture between premaxilla and maxilla bones. 50. Parietal bone
suture with frontal bone at the middle part of the skull. 51. Posterior dorsal part of the jugal bone. 52. Inteparietal and
occipital bones suture at the middle part of the skull. 53. Most extreme lateral superior point meeting the tympanic bullae
and the squamous temporal bone. 54. Most extreme lateral posterior point between the bullae and the styloid process. 55.
Most extreme inferior point of the bullae.
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Appendix 3

ANOVA of log centroid size and Procrustes shape in groups
of the black-tailed jackrabbit (Lepus californicus) between
sexes in different cranial views. SS = sums of squares, MS =
mean squares, df = degrees of freedom, F = F statistics, P =
parametric P-values.

Appendix 5

Canonical Variate Analysis (CVA) of variations in cranial
shape between groups of Lepus californicus. CV = Canonical
variate.

cv Eigenvalues % Total variance % Cumulative

Ss Ms df F P

Dorsal cranial view

Size 125.19 65.60 2 1.48 0.2341
Shape 0.0062 0.0001 48 178  0.001
Ventral cranial view

Size 54.10 27.05 2 0.31 0.7375
Shape 0.0016 0.0001 100 0.59  0.999
Lateral cranial view

Size 176.06 88.03 2 1.69 0.1919
Shape 0.0035 0.0001 48 0.85  0.760

Appendix 4

Principal Component Analysis (PCA) of cranial shape
between cranial views of Lepus californicus. Only PCs that
are informative according to the broken-stick test are pre-
sented. PC = Principal Component.

PC Eigenvalues % Total variance % Cumulative

Dorsal cranial view

1 0.0004 27.57 27.57
2 0.0002 13.76 41.33
3 0.0002 10.74 52.06
4 0.0001 833 60.40
5 0.0001 6.22 66.62

Ventral cranial view

1 0.0003 28.04 28.04
2 0.0001 8.86 36.90
3 0.0001 6.62 43.53
4 0.0001 6.16 49.69
5 0.0001 5.55 55.24
6 0.0001 4.80 60.05
7 0.0001 4.06 64.11
8 0.0001 3.50 67.61

Lateral cranial view

1 0.0003 22.12 22.12
2 0.0002 14.72 36.84
3 0.0002 11.61 48.45
4 0.0001 8.45 56.90
5 0.0001 6.80 63.70
6 0.0001 5.63 69.33
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Dorsal cranial view

1 445303 63.26 63.26
2 1.01223 14.38 77.65
3 0.70594 10.03 87.67
4 0.55458 7.88 95.55
5 0.31292 445 100.00

Ventral cranial view

1 21.66371 65.16 65.16
2 5.93506 17.85 83.01
3 3.13309 9.42 9243
4 1.48733 447 96.90
5 1.02966 3.10 100.00

Lateral cranial view

1 8.01007 73.47 7347
2 1.00460 9.21 82.68
3 0.82288 7.55 90.23
4 0.59524 5.46 95.69
5 0.47030 4.31 100.00
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