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CHROMOSOME EVOLUTION IN THi GENUS DIPODOMYS
AND ITS PHYLOGENLTIC IMPLICATIONS

CHAPTER I
INTRODUCTION

The use of karyotypes has recently become increasingly
useiul in establishing phylozenetic relationships and in
helping to solve taxonomic problems. The development of
modern cell culture and colchicine hypotonic-citrate
techniques has given a high level of rellability to mammal-
lan cytosystematics not possible with previous methods and
has resulted in a rapid accumulation of karyological data
in most mammallian groups. within the rodent family iHeter-
omyldae, the subfamily Perognathinae has been studied by
Patton (1967), and the diploid number and chromosome morph-
ology is known for most species. According to Patton
(1967:36) the evolution of distinctive karyotypes has
paralleled the evolution of morphological features in the
pocket mice, and his arrangement of the species groups
largely supports other arrangements based on aspects of the
pelage, baculum, and skull. Whlle the pocket mice have

recelved considerable attention, the members of the sub-



2
family Dipodomyinae, the kangaroo rats, have recelived
little notice. <ther than three inaccurate counts in the
literature for D. merriami by Cross (1931, 25=86) and
Matthey (1952, 28=70; 1956, 2N-68), karyological infor-
mation has not previously been available.

This research was undertaken to determine the amount
and kinds of chromosome variation within the genus
Dipoodmys in order to illucidate the relationships between
chromosome evolution and the evolution of morphological
features in kangaroo rats. The study included (1) deter-
rining the karyotype of each oif the specles of the genus
Dipodomys; (2) determining the intraspecific and inter-
specific chromosomal variation present within the genus and
Iformulating a theory or theories concerning the factors
contributing to the observed trends of karyotype evolution;
(3) presenting a phylogeny for the genus based on the
karyotyplec evidence and that available from paleontological

studies and more conventional tyves of mammallian taxonomy.



CHAPTER II

MATERIALS AND METHODS
Animals used in this study (N=287) were live trapped
and either processed in the rfield or transported alive to
the University oi OCklahoma for processing. All animals
examined Wwere saved as conventional museum specimens and
deposited in the collection of mammals, otovall xuseum, The

University of Oklahoma. JSlides o D. pitratoides, D.

heermanni, D. venustus, D. elephantinus, and . ingens

were provided by Howard 3. Shellhammer of sSan Jose sState
College, as slides only, as well as two heermanni and one

elephantinus which were sent to me alive. Identiflication

was verified using cranial and external morphology (Eall
and Kelson, 1959; Huey, 1951; and Grinnell, 1922).

ifetaphase chromosomes oi bone marrow cells were
prepared by a modification of the Ford and Hamerton (1959)
colchicine hypotonic-citrate technique. 3Some of the mod-
ifications suggested by Lee (1969) were incorporated and in
combination with other changes, such as the use o1r hypotonic
KCL (1.563%) under certain conditions, yielded greatly
improved results. 3Spleen cells wWere also utilized on

occasion and were processed as with marrow material. The

3
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follovwing description of the technique used applies to both
Tield and lab processed specimens: animals Wwere injected
intraperitoneally with 0.05% colchicine solution at 0.01
ml/g body wieght and sacrificed after 1-5 hours but usually
less than 3 hours. Bone marrcw was flushed from the sharfts
of tibiae and femurs into 12 ml. centriiuge tubes with pre-
warmed (37 C) XKCL sciution or 1.C% sodium citrate solution.
The marrow material was then aspirated by forcing in and
out of a 2cc syringe with a 21g needle to suspend cells and
break up tissue clumps. Tne cell suspension was incubated
10-12 minutes depending on the species involved (1C minutes
is usually surfficient). Aiter incubation, the suspension
was centrifuged for 3-5 minutes with a nand centrifuge at
approximately 600 «P¥s and the supernate was carefully re-
moved by pipetting; 3-5 ml. of fixitive (3 parts methanol
and one part glacial acetic acid) were carefull; added
without disturbing the cell button. The cells were allow-
ed to fix for 2-4 minutes and any o1l droplets.or flocating
debris removed from the surface oi the fixitive with a
pipette. The cells were then resuspended by gentle
bubbling with a plpette and allowed to fix for an addit-
ional 30 minutes before making slides or stored in a re-
frigerator at 4-6 C before making slides. Material was
stored for several months at this stage with no noticable
111 effects. After fixation the material was re-centri-

fuged and the supernate removed. iresh fixitive was care-
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fully layered on the cell button without disturbing the
cells and left for 2 mlnutes. Thls procedure was repeated
2-3 times and after the final wash the cells were resuspen-.
ded in enough of the Ifixitive to form a hazy suspension.
Usually four slides were made from each animal processed
but the remaining material was saved until the slides were
examined and additional slides made 1f necessary. 1n
making slides, 3-4 drops of concentrated cell suspension
were pipetted on to chilled slides (refrigerated in 20p
alcohol and excess Iluld shaken off before making the slide)
and the mixture ignited on the slide and blown out berfore
burning was complet¢. Blaze drying (scherz, 1962) greatly
improved spreailng of chromosomes when care was taken to
avoid heating of the slide in the process. Blaze drying in
the field without cold slides ruined otherwise usuable
preparations., Chilling of slides in the field was accom-
plished with a can of compressed gases oi the kind used to
freeze small cytological specimens. COften slides were air
dried in the fileld and the remaining material stored in
vials of fresh fixative until better slides could be made
in the lab. After drying, slides were stained in 15%
Giemsa Blood Stain (15 ml. stock stain solution in 85 ml.
distilled water) for 10 to 15 minutes and carefully trans-
ferred to dehydration baths consisting of two baths of
acetone, one of equal parts acetone and xylol and two of

xylol (ca. 30 sec. in each bath). Slides then were mounted
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in Fermount using a coverslip. Some unmounted slides were
saved for future aralysis in case the stain should fade on
the mounted materials. Kelotic material for confirmation
0of sex chromosome morpholeogy =nd also mitotlic materlal was
obtained from testicular tissues of most speclies studied.
The testes were removed while the zrimal was being processed
for bone marrow cells and whole testes were placed in iso-
tonlic salline solution until after marrow processing was
completed to fixation. The testes were then tramsfered
to bhypotonic KCL or sodium citrate and a central portion
cut out and finely minced with scissors. rurther process-
ing was the same as for morrow or spleen cells. The need
to conserve time ixn the fleld and te obtain fixed materials
that could be retained and processed at a later date led
to the use of the following additlional methods. Bone
marrow material was stored in fresh fixative in the field
and additional slides made in the lab if needed. OIten in
the field and occasionally in the lab the testes were trans-
ferred to isotonic sodium citrate (2.2%) solution, and the
tubules removed by cutting the tunica and teasing out the
tubules; straightening them out as much as possible to
eliminate clumps. The tubules were then placed in 37 C
hypotonic KCL or sodium clitrate for 10-12 minutes. The
incubation time can be lengthened for processing at lower

temperatures in the field (ca. 15-20 mimutes at 24 C),
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Tubules were fixed by placing them directly in 3:1 methanol=-
acetic acid and stored in a refrigerator until needed. Re=-
frigeration can be dispensed with in the fleld if an effort
1s made to keep the material from becoming over-heated.
5lides Wwere made by a modification of the micro-pipette
method of Meredith (1969) wi:h lower temperatures than
those suggested by Meredith. Larger amounts of material
were processed by modifying the method of Meredith for
blaze-dried slides (Scherz, 1962). In either technique
care must be used to prevent over-heating of the material,
as even the 40-45 C temperature used makes the cells diffi-
cult to stain. After the slides are dry, staining, dehy-
dration, and mounting may be carried out as for bone marrow
material except that a longer staining time (with 15%
Giemsa) of 20-30 minutes may be required if the warm slide
method is used.

While coilchicine pretreatment is deslirable to lncrease
the number of cells at metaphase, usually it 1s possible
to obtain good material, including both melotic and mitotic
metaphase spreads, even without prior injection or colchi-
cine. Results may be poor if the animal is not in a period
of active cell division but seldom does the method fail
completely. Animals can be processed in the field and the
fixed material transported to the lab for further process-
ing, thus making it possible for collectors im the field,

not trained in chromosome work, to preserve valuable
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cytological materials. The animal does not have to be
"fresh-killed", as good material has been obtained {rom
animals removed from morning checks of snap-trap lines.
This also applies to bone marrow material, but better
material is obtalned 1f the traps are checked every 1-2
hours, especially during periods of below freezing weather.
I have processed rodents of several different genera in
this manner and usable material was obtalned from specimens
dead several hours, when kept fairly cool (below 24°C).

Once suitable material was obtained, a diplold count
vwas determined; at least 10 and usually more than 20
selected metaphase spreads were counted from each specimen
égﬁgined. 3elected spreads were photographed on a 4"x 5"
format at an initial enlargement of 1000 X, and prints made
at approximately 2000 X. The chromosome prints were cut
out and paired with thelr presumed homologue. JSince the
lengths of the chromosomes from a given specimen varied
considerably due to differences in contraction, no attempt
was made to measure them; however, the longer chromosomes
of kangaroo rats measure approximately 10 micra and the
shortest approximately one micron at the stage of contract-
ion usually selected for a representative karyotype. The
paired cut-out chromosomes were arranged according to
arm-ratio groups modiried slightly from Patton (1967:29)
and are as follows: Metacentric, less than 1:1.1; Sub-

metacentric, between 1l:1.1 and 1:1.9; Subtelocentric, 1l:2
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or greater; Acrocentric, with a minute second arm; and
Telocentric, with no visible second arm. These last two
groups were often included together because of difficulties
in distinguishing the presence of a small arm in many
preparations. Often it was also difficult to distinguish
between Subtelocentric and Acrocentric chromosomes and
some slight variation in treatment did result from speciles
to species but not to the extent that resulting interpre-
tation of relatlionships would have been changed. After
the basic karyotype was determined, the numbexr orf major
autosomal arms or rundamental Zumber (FN) of Katthey (1951)
was determined. Acrocentric and Telocentric elements were
scored as having one arm while those in the remaining groups
were scored as having two. At least five matching karyo-
types were prepared from each population sampled, and
usually at least two karyotypes were preapred from each
specimen examined though in a few cases the quality of the
preparation allowed only counting.

The following is a list of the specimens examined
during this study:

Dipodomys elator Merriam.--Texas: Wilbarger Co., 19
mi. 5 Vernon (5 males, 5 females).

Dipodomys spectabilis perblandus Goldman.--~Arizona:
Pima Co., near Tuscon (9 females); Highway 77 and Little
Hill Mine Road (1 female).

Dipodomys spectabills spectabilis Merriam.,--New
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Mexico: Hidalgo Co., 3 mi. S Animas (3 males, 5 females).

Dipodomys spectabilis balleyl Goldman.--New Mexico:

Roosevelt Co., 9 mi. W Tolar (1 male, 1 female); Debaca
Co., 1.8 mi. SW Dunlap (1 male); Texas: Culbertson Co.,
18 mi. N4 Kent (1 male).

Dipodomys nelsoni Merriam.--3an Luls Potosi: Rancho
Pastoriza, 5,200 ft., 8 mi. 33W Matehuala (2 males, 2
females).

Dipodomys ornatus Merriam.--3an Luis Potosi: 1.3 mi.
W Bledos, 7,100 ft. (4 males, 9 females).

Dipodomys ordii monoensis (Grinnell).--Nevada: Washoe

Co., % mi. SBE Pyramid Lake (1 female).

Dipodomys ordii fetosus Durrant and Hall.--Nevada:

Iincoln Co., sand springs, Penyoyer Valley (3 males, 1

female).

Dipodomys ordii richardsoni (J. A. Allen).--Oklahoma:

Tillman Co., 2 mi. 3 Davidson (10 males, 9 females); 5.5
mi. S Grandfield (4 males, 9 females).

Dipodomys ordil oklahomae (Trowbridge and Whitaker).--
Oklahoma: Cleveland Co., near south Canadian River at
Norman (1 male).

Dipodomys gravipes Huey.-~-Baja California: 8 mi. N
San Quintin (1 male, 1 female); Pacific Coast, 12 mi. N

+1 Rosario (2 males).

Dipodomys stephensi (Merriam).-~California: Riverside




11
Co., 1 mi. W Winchester (17 males, 17 females).

Dipodomys heermanni zoldmani (Merriam).-~California:

3an Benito Co., Bear V“lley (1 male, 1 female); Panoche
Valley {2 males); Pinnacles Nat. Mon. (2 males); Monterey
Co., soledad area (4 males, 2 females).

Di podomys panamintinus caudatus Hall.--Nevada: Clark
Co., 9 mi. W Searchlight (9 males, 10 females).

Dipodomys panamintinus mohavensis (Grinnell).--Cali-
fornia: 5an Bernadino Co., Hesperia (6 males, 2 iemales).

Dipodomys ingens (Merriam).--California: rfresno Co.,
Panoche Valley (1 male, 1 female).

Dipodomys deserti acuilus Nader.--Nevada: Washoe Co.,

2 mi. SE Pyramid Lake (1 male, 2 females).

Dipodomys deserti desertl stephens.--Nevada: Clark

Co., 3 mi. S Riverton (5 males, 5 females).

Dipodomys agilis perplexus (Merriam).--California:
3an Bernadino Co., Cajon Wash, 2 mi. o5W Devore (10 males,
11 females),

Dipodomys agilis simulans (¥errlam).--Baja California:
8 mi. N 3an Quintin (1 male, 1 female),

Dipodomys agilis plectilis Huey.--Baja California:
Pacific Coast, 12 mi. N &l Rosarie (4 males, 1 female);
27 mi. W 3an Augustine (2 males).

Dipodomys peninsularls pedionomus Huey.--Baja Cali-

fornia: 3an Augustine (9 males, 5 females).
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Dipodomys venustus venustus (Merriam).-~California:

Santa Clara Co., Loma Prieta Mtn. (3 males, 2 females).

Dipodomys elephantinus (Gfinnell).--California: 3an

Benito Co., Pinnacles Nat. Mon. (2 males, 1 female).

Dipodomys microps occidentalis Hall and dPale.--Nevada:

Lincoln Co., 3and 3prings, Penyoyer Valley (2males).
Dipodomys microps celsus Goldman.--Utah: Washington

Co., 3 mi. S Hurricane (1 female); 7 mi. NW s5t. George
(8 males, 7 females).

Dipodomys nitratoides brevinasus Grinnell.--California:

rresno Co., Panoche Valley (1 male).

Dipodomys merriami frenatus Bole.,--Utah: Washington
Co., 1 mi. NW Toquerville (1 male); 3 mi. 3 Hurricane (1
male, 2 females); 7 mi. NW St. George (7 males, 2 females).

Dipodomys merriaml merriami lKearns.--Nevada: Washoe
Co., 3 mi. 5o Pyramid Lake (2 males); Clark Co., 3 mi. 3
Riverton (4 males); 9 mi. W Searchlight (2 males; 2 females).
Arizona: Pima Co., 20 mi. SE Tucson (1 male, 1 female);
Santa Cruz Co., 5 mi. E Elgin, Babacamori Ranch (1 male,
1 female). New Mexico: Chaves Co., 9 mi. W, 1 mi. 5 Tolar
(1 male, 1 female). 3San Luis Potosi: Rancho Pastoriza,
8 mi. 53W Matehuala (1 male, 2 females).

Jipodomys merriami gquintinensis Huey.--Baja California:
6 mi. N San Quintin (2 males).

Dipodomys merriami semipallidus Huey.~--Baja California:
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San Augustine (1 female); 27 mi. W San Augustine (1 male,
1 female).
Dipodomys merriami atronasus Merriam.--San Luls Potosi:
1.3 mi. W Bledos (1 male, 1 female).
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RESULTS

The number of individuals analyzed, sexes, diploid
numbers, fundamental numbers, and types of chromosomes
from each species investligated are giver in Table 1. Rep-
resentative karyotypes for each specles are presented in
Pigs. 1-22. 35ex chromosome morphology was checked with
meiotic material in all. eases wherz live males were obtain-
ed. General trends of karyotype variation at varlious
levels are summarized below,
Individual variation.-~-In all specimens examined the chromo-
some count accepted as the diplold number was obtalned in
more than 85% of the cells counted. Those counts that
varied from the count assumed to be characteristic of the
individual were lower and resulted from loss of chromosomes
from ruptured cells. 3Selection of intact cells for counte:
ing consistently produced stable counts. Certain chromo-
somes at different stages of contraction often were found
to present different arm-ratios. Once cell :‘division was
arrested by colchicine, the chromosomes continued to
contract and one arm of a chromosome occasionally contract-

ed more rapidly than the other, thus changing the arm-ratio
14



Table l.~—~Duta from karyotypic analysis with all subspecies examined included

under one heading 1f the same. Data from D.a. simulans included with D.a. plectilis.

CHROYOSOMES
SPECIES SEX 2N AUTOSOMES

M S¥ ST A&T X Y FN
D. ordii 18 20 72 L 26 5 SH A=ST 140
D. ornatus 4 9 72 12 2 1 SM A 138
D. spectabilis spectabilis 3 5 72 . 35 SM A 70
D. spectabilis perblandus o 10 72 4 31 SM 78
D. spectabilis baileyd 3 1 72 12 23 SM A 9%
D. elator 5 5 72 3 3 29 SM A 82
D. nelsoni 2 2 72 4 21 7 3 SM A 134
D. gravipes 3 1 70 1.5 32.5 SM A 71
D. stephensi 7 17 70 5 5 24 sM A 86
D. heermanni 7 3 64 L 12 15 SM A 9L
D. panamintinus 15 12 64 L 9 L pFA sM A 96
D. ingens 101 6 4 W 13 M A 98
D. deserti 6 7 6l 3 16 4 8 SM.-  A=ST 108
D. agilis perplexus 100 11 62 3 19 3 ° SM A 110
D. agilis plectilis 7 2 60 3 23 3 M A 116
D. peninsularis 9 5 60 3 23 3 Mo A 116
D. venustus 3 2 60 3 21 5 SM A 116
D. elephantinus 2 1 60 3 21 5 s A 116
D. microps 10 8 60 3 17 9 SM A 116
D. nitratoides 1 0 54 3 20 3 SM A 104
D. merriami 26 13 52 3 17 5 SM A 100

Autosome numbers refer to number of homologous palrs.
STmsubtelocentric, ALTeacrocentric and teloceatric.

Mametacentric, SMwsubmetacentrie,

) §
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and making it difficult to assign certain chromosome pairs
to the proper arm-ratio group.
In most cases several individuals were examined from
a given population. Other than sexual dimorphism, no
karyotypic variation was Zound between individuals of the
same species from the sane locality.

Intraspecirfic variation.-~chromosomal variants within what

is currently regarded as a single specles was rare in
BDipodomys and was found to occur in only three species, In

one of these, D. panamintinus, the variation was slight and

easily over-looked, and consisted ol a size difierence in
the smallest pair of subtelocentric sutosomes. 1In D.
agllis, the subspecles occurring in southern California
and Baja California, D.a. simulans and D.a. plectilis,
vossessed 60 chromosomes, all of which were bi-armed,
while specimens of D.a. perplexus from San Bernadino Co.,
California, vossessed 62 chromosomes and several pairs of
uni-armed chromosomes. Apparently the southern subspecies
underwent a considerable amount o chromosomal change
while 1solated from more northern populations. wWithin

D. spectabilis, karyotype variation appeared to be corre-

lated with subspeclation. The few speclmens ezamined of
D.s. balleyl from eastern New lMexico and western Texas
possessed many more submetacentric and fewer acrocentric

chromosomes than did specimens of D.s. perblandus from
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Arizona. J3pecimens of ID.s. spectabilis irom southwestern

New Mexico had even Zewer bi-armed chromosomes than did
el ther of the ahove populaticns. zXamination of more
animals irom other localitles throughout the range oi this
species must be accomplished to determine if the variation
noted is indeed a reflection of subspeciiic difference.

Interspecific variation.--in the animals studied, the dip-

loid number ranged from 52 to 72, and the Zundamental
Number (7N) ranged fram 70 to 140. The diploid number was
found to be a better guide to relationships than the FN
since the latter varied greatly between some populations
of the same specles.

D. merraimi with 52 chromosomes and D. nitratoides

with 54 were closely related and together formed a natural
group apart from the other specles of the genus. The
karyotype oI both species was composed entirely of bl-armed
autosomes, and 2 reduction from the ancestral diploid
number was apparently accomplished by a series of centric
translocations or centric fuslons.

The next lowest diplold count found in the genus was
60 and was possessed by trive members of the Heermanni Group.

D. agilis, D. peninsularis, D. venustus, D. elephantinus,

and D. microps. The populations of D. aglilis that possess-
ed 60 chromosomes had the same karyotype as did D. penin-
sularis while some populations of D, agilis possessed 62

chromosomes and other karyotypic differences. The
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southern subspecies of D. agilis appeared to be genetically

closer to D. peninsularis than to other populations oi

d. agilis farther to the north in Caliiornia. -rom the

karyotypic data I Judged D. peninsularis to be conspecific

with the southern forms oI D. agllis, and the morphological
data from skins and skulls (unpublished data) supported
this view. The karyotype of D. venustus was also easily
derived from a D. agilis (2N=62) condition and D. venustus

and D. elephantinus which shared the same karyotype were

closely related to and probably derived “rom . agilis.

De. venustus and D. elephantinus were also very slimilar to

each other morphologically and may be conspeciiflc. The
karyotype or D. microps was similar in many respects to the
preceding iour but diZfered enough to indicate an earlier
divergence, perhaps Irom an ancestor in common with D.
agilis. The 62 chromosome populations were apparently
derived from 64 chromosome populations. Four specles were
found to possess a 2N of 64, and all four occur in Cali-
fornla. Three of these, D. heermanni, D. ingens, and

D. panamintinus vere closely related and were sufficiently

generallized, both morphologically and karyotypically, to

be ancestral to the J. agilis line. The fourth species in
the group, D. deserti, was highly speclalized morphological-
ly and was suificiently divergent karyotypically to indicate
an early derlvation from the ancestral stock that produced

the other three 2N=64 species. The karyotype of 1. /®
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heermanni was the most generalized of the group, and J.

ingens and D. panamintinus possessed karyotypes that were

similar to and easily derived from that of J. heermanni.

Karyotypically, 1J. heermanni, D. ingens and D. panamintinus

were more closely related than were the 60 and 62 chromo-
some populations of BJ. agilis. TIwo other species, D.
stephensi and D. gravipes, appeared to be closely related

to D. heermanni and its derivatives. These two species,
gravipes in Baja California and stephensi in scuth-central
California, both possessed 70 chromosomes and were similar
both in morphology and karyotype. The karyotype of gravipes
was more generalized (fewer pericentric inversions) and
probably best represents the ancestral condition for the
specles of the Heermanni Group.

The species which originated outside of the Great
Basin and Callifornla~Baja Caliiornia and which, with the
exception of the wide-ranging D. ordil, do not occur in
that reglon present a group that, while being heterogeneous
morphologically, all possessed 72 chromosomes. OI these
species, those occurring in central and southern Mexico,

D. ornatus and D. phillipsi, were quite distinect, and
the karyotype of D. ornatus (D. phillipsi not examined
karyotypically) indicated thet they had been isolated from
others of the genus since the early radiation of 72 chromo-

some forms and were not closely related to any extant group.
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D. ordij is another of the 72 chromosome species and
possessed a karyotype that was highly modified from that
seen in the other 72 chromosome forms in that all auto-
somes were bi-armed, due to the incorporation of many peri-
centric inversions, most of which involved a large segment
of the chromosome. While possibly having descended from an
ancestor in common with the other 72 chromosom= species,

D. ordii did not appear to be closely related to other
living species.

The remaining three 72 chromosome species, D. spectab-
ilis, D. elator, and D. nelsonl, were all closely related
karyotypically and morphologically. The karyotype of D.
spectabilis spectabllis had fewer pericentric inversions
incorporated into it and hence a greater number of acro-
centric and telocentric chromosomes and represented what
was thought to be the ancestral karyotype for the genus.

The karyotype of D. elator differed less from that of D.s.

perblandus in the number of incorporated pericentric inver~
slons than did that of D.s. baileyl and D. elator may have
derived directly from an early population leading to D.
spectabilis. The karyotype of D. nelsoni contained nearly
as many large pericentric inversions as did that of D.
ordii but was probably derived directly from D. spectabllis
and does not show any elose relationship to D. ordii.
Figure 23 illustrates the direction or directions of

karyotypic change in the several groups and subgroups.
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Fundamental Number (FN) s represented vertically while
the diploid number (2N) is crepresented on the horizontal
axls. Polints on the grapa corresponding to high diploid
and FN numbers cccur to the upper right of the graph. The
Merriami Group is distlnctly to the left of the other groups
indicating that centric fuslons have been important in this
group. The slope of the line connecting the members of this
group indicates that pericentric inversions have also played
a part in producing ihe present arraungements. The positions
of the several members of the Heermanni Group on the graph
indicates that centric fusions and also pericentric inver-
sions have occurred, hovever, the latter mechanlism is more
censpicouenus than in the Merriami Group and is responsible
for most of thc observed variation between members of each
subgroup while the differences between each of these sub-
groups 1is largely due to centric fusion. Centric fusion
does not appear to have accurred in the ospectabilils,-Ordii,
and Phillipsi grours, and most of the chromosomal changes
seen in these .Ioups are clearly the result of pericentric
inversions. Centric fusion then has occurred only in those
forms originating in the Great Basin and in California-Baja
California, The restriction of diploid numbers below 72
as indicated abovs seems ample Jjustification for regarding
the observed changes as being due to centric fusions rather

than to centric fission.
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Meiotic metaphase.--a description oi the meiotic chromosome

complements oi all species examined is beyond the scope of
this study and, even if included, would yleld 1little addit-
ional information of importance in determining phylogenetic
relationshivs. All species where melotlc material was
examined possessed a2 sex chromosome bi-valent in which the
Y chromosome was in a terminal (end to end) association
with the X chromosome at metaphase 1. ®xamination of these
sex bi-valents was useful in determining the general morph-
ology of the sex chromosomes. In all cases these were the
same as those chosen from examination of the mitotic comple-
ment. The X chromosome is a medium to large submetacentric
in all species examined, except that it 1s nearly meta-

centric D. nitratoides and D. merriami. The Y chromosome

is a medium to small acrocentric or telocentric element in
all except D, deserti and D. ordii in which very distinct
short arms are present and the I chromesome appears to be
nearly, 1f not actually, subtelocentric.

Figure 24 illustrates the meilotic complement of D.
merriami, which 1s presented to show the usefulness of the
sex bl-valent in determining general sex chromosome morph-

ology.



Pfig. 1. hepresentative karyotype of Dipodomys
ordii. Tillwan Co., Oklahoma.
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fig. 2. Representative karyotype of Dipodomys ornatus.

san Luis Potosi, Mexioco.



Fig. 3. Representative karyotype of Dipodomys
spectabilis spectabilis. Hidalgo Co.,

New Mexicoe.

Fige. 4. Representative karyotyve of Dipodonys

spectabllls verblandus. =»Pima Co.,

Arizona,

Fig. 5. Representative karyotype of Dipodomys

spectabilis bzileyi. Roosevelt Co.,

New Mexico.



24

OA 04 NC AN AN @D 00
00 80 8N ad a0 Na A0
08 BR RO AR AR 48 AR
a%s Qo OO O aF Aan ™

aa.a.h““““

Xy

C N WL

TR ILLLL
00000008 N
00 60 B0 00 0o 64 00
80 00 60 0 o 00 00

ae 00 o ..
xXx

4 88 B8 BN &% am a»
b 4R AR A Aa

R0 OR AA AR RO a0 o0
AN AR A &0 a8 24 A
AG 6 NG 60 A8 an as

an ne P
Xy



25

. XX
se

[ 1

4

¥R KX KN 8%

K XK x¥ ¥4 BK K AK
XK AN AR AR KX XA an

8> AA ar L

MMA“QB

)Y AN A ”“
XY

<< 3
¢
e
%
=c

Fig. 6. Representative karyotype of Dipodomys nelsoni.

san. Luls Potosl, Mexico.
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fig. T. Representative karyotype of Dipodomys elator.

Wilbarger Co., Texas,
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Mg. 8. Representative karyotype of Dipodomys gravipes.
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rige 9. hepresentative karyotype of Dipodomys stephensi.

Riverside Co., California,
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Fig. 10. Representative karyotype of Dipsdomys

panamintinus caudatus. Clark Co., Nevada.
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Fig. 11l. Representative karyotype of Dipodomys
panamintinus mohavensis, Jsan Bernadino Co.,

California.
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rige. 12. Lepresentative karyotype of Dipodomys

heermanni, 3an Benito Co., California,
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Fig. 13, kKepresentative karyotype of Dipodomys ingens.

Fresno Co., Caliiornia.
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#ig. 1l4. Rerresentaiive karyotype of Dipodomys deserti.
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Fige. 15. Representative karyotype of Dipodomys agilis
perplexus. San Bernadino Co., California,
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rig. 16, Representative karyotype of Dipodomys agilis
plectilis. Baja California.
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Filg. 17. iepresentatlve karyotype of Dipodomys
peninsularis pedionomus. Baja California,

F.exico.



Fig. 18. Representative karyotype of Dipodomys

venustus. osanta Clara Co., Calliornia.

fig. 1¢. Hepresentative karyotype or Dipodomys

elephantinus., san Benito Co., Caliiornia.

Fig. 20. Representative karyotype of Dipodomys
microps. washington Co., Utah.
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Fiz. 21. Representative karyotype of Dipodomys
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Pig. 22. Representative karyotype of Dipodomys merriami,

Clark Co., Nevada.



Fig. 23. rundamental number (#N) plotted against
diploid number (2K) to illustrate the
direction or directions oI karyotypic

change. 3See text for explanation.

Fig. 24. Melotic chrormosomes (metaphase I) of

Dipodomys merriami. Clark Co., Nevada.
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Fig. 25. Dendrogram illustrating the proposed phylogenetlc

relationships of the recent species of Lipodomys.

Sce text for explanation.



CaAPToR IV

DI3SCUSSION

The kangaroo rats represent a compact genus of 22
currently recognized species that are remarkably similar in
morphology. Their similarities of structure, resulting, in
part, from parallelism in developing speclalizations for
rapid bipedal locomotion in response to xeric environments
with reduced plant cover, makes the task of establishing
their phylogenetic relationships more difficult. <Langaroo
rats have been grouped on the basis of tooth structure
(Wood, 1935:155); by general external and cranial morphol-
ogy (Grinnell, 1922:96); by use of the baculum (Burt, 1936:
152; 1960); by skeletal indices of specialization and conm-
paction of the viscera (setzer, 1949:496); and finally by
combining several sources of information including field
knowledge of most species (Lidicker, 1960:134). All of
these groupings differ somewhat in the alignment of the
various specles, but the original groupings of Grinnell
(1922) havé not been greatly altered by later work. Davis
(1942) modified the groupings of Grinnell by removing
D. elator from the Phillipsi Group and placing that species
in a separate group in alliance with D. spectabilis. He

35
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also combined Grinmnell's Ordii and Compactus groups and
changed the position of the Phillipsi Group to follow the
Heermanni Group. Thée plan presented by Lidicker (loc. cit.)
probably best represents the actual relationships. Only
the groupings arrived at by Lidicker (1960) and 3Setzer
(1949) are included below as a reference point for the
arrangement presented in this study:

setzer (1949)

ORDII GROUP Hu-RMANNI GROUP MwRRIAMI GROUP
ordil heermanni merriamil
microps aglilis nitratoides

ingens insularis

PANAMINTINUS GROUP venustus rhillipsi
panamintinus elephantlnus ornatus
stephensi elator

SPaoCTABILIo GROUP
spectabllis Jezertl Group
nelsoni deserti

Lidicker (1960)

ORDII GROUP venustus nelsoni

ordii elephantinus (Subgroup 38)
paralius deserti

HaonXMANNI GrOUP peninsularis

( subgroup 4) PHILLIPSI GxOUP
heermanni MICROPos GROUEF phillipsi
ingens microps ornatus
panamintinus
stephensi SPsCTABILIS GROUP MiRRIAMI GROUP
gravipes (Subgroup A) insularis

(subgroup B) elator merriami
agilis spectabilis Nitratoides

1 agree with Lidicker (1960:133) that Jetzer was
misled to some extent by stressing total skeletal special-
iztion in deciding interspecific relationships. setzer

(1949:493) indicates that characters of the baculum between
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subspecies of D, ordii are as great as the differences
which Burt (1936:154-55) found between the full species,
D. agilis and V. mlcrops, and discounis tne value oi the
baculum as an adequate hasis for determining the natural
relationships of the species groups. Lidicker (loc. cit.)
holds the opposite view and believed that Burt (1936)
presented data based on bacula that added evlidence of re-

lationship between D. deserti and D. spectabilis. Ky own

studies oi the bacula of kangaroo rats confirm Setzer's
opinion, and I find that in most cases use of the baculum
to declide relationships 1in kangaroo rats has resulted in
error. An example of this error was the decision by Blalr
(1954) that the baculum of 3J. elator was similar to that of
D. merriami and unlike that of D. spectabilis. Proper
study of kangaroo rat bacula can yield worthwhile data,
however, and it is the way that such data has been obtained
and used that has tended to negate tha valldity of obser-
vations based on that structure. sar too often only one

or a iew bacula of each species are compared and the lack
of information concerning age effects and population
variation has led to wrong conclusions. Burt (1960),
though still using small samples, corrected his earlier
work (1936). His groupings based on bacula (1960:45-7),
while not 1listed as species groups, are similar to the
arrangement presented in this study. Lidicker (1960:133)

apparently used Burt's earlier description of the baculum
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of D. spectablills based upon immature speclmens in stating
that bacular evidence linked D. spectabilis and D. deserti.

These previous studies nave offered scme information
concerning phylogeny within the genus, but even in the lat-
est arrangement by Lidicker (1960), the arfinities of
certain species such as 1. deserti, D. microps, and D.
ornatus were not well understood. Use of indlces of
specialization without attention to different habitat
preferences has obscured true relationships in many cases.
Most kangaroo rats have not been able to adapt to the low,
hot valleys of the Colorado and Mojave deserts, and the iew
that have, such as D. merriami and D). deserti, show special-
izations for saltation and other adaptations to such xeric
conditions to a much greater degree than the majority in
the genus. Under lntense selective pressure, such special-
izations could have been rapidly achleved. Thus, adapta-
tions to different habitats may have obscured true phylo-
genetic relationships. Another aspect to consider in decid-
ing relationships and patterns of distributlion 1is that
most kangaroo rats tend to be highly territorial in be-
havior, both towards thelr own and other specles. 3seldom
can more than two species be taken in the same trap line,
and when two or more species do occur together, they are
generally dissimilar in size and living requirements. The
species groups in Dipodomys appear to be natural super-

species of closely related, largely allopatric and pre-
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sumably reproductively isolated populations. While inter-
group sympatry occurs, intragroup sympatry 1s rare.
Certainly, the niche available to ricohetal rodents is a
narrow one. 3uch narrowness of niche would require that a
considerable degree of behavioral or ecologlcal different-
iation must occur before sympatry is possible. The situa-
tion seen in the kangaroo rats in this regard is similar
to the even narrower nlche available to subterranean
rodents and the high degree of allopatry of such rorms in
most reglons.

Paleontology.~-the fossil record of the family heteromyidae

is fragmentary, at best, but enough is known to present a
general phylogeny of the group. Wood (1935) and Hibbard
(1958, 1960) are two of the major contributors to the
paleontology of this group. 3Setzer (1949) and Lidicker
(1960) both present reviews of the evidence at hand and
derive probable phylogenys based on that evidence. From
these accounts i1t appears that all extant specles of the
genus Dipodomys have arisen since early Pleistocene times
from an ancestral lineage which includes the middle Pliocene
to early Pleistocene genus Prodipodomys and which probably
diverged from other heteromyld subfamilles during early

to middle Miocene times. The genus Prodlpodomys shares

many features with Dipodomys but is more primitive in
dentition and 1limb structure. The apperance of

Prodipodomys appears to coincide with the development of
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a modern type of desert plains habitat in the area regard-
ed by Lidicker (1960:131) as the center of dispersal for
Dipodomys, namely, southeastern California and southwest-
ern Nevada south to the northern deserts of Hexico. There
is evidence that this area has been characterized by arid
climates since Miocene times. Hibbard (1958) indicates
that three living specles oI kangaroo rats have fossil
representatives or very close relatives known from wis=-
consin Age deposits. These are: D. ordii irom Burnet Cave,
New Mexico; D. 2gills irom Rancho La Brea, California; and
D. ingens from the icKittrich tar seeps in California.
Probably all known species of the genus were distinct before
Wisconsin times. Hibbard (1960:13) lists specimens that are
near D. ordil in both the Cragin Quarry and Jinglebob faunas
ol Sangamon Age. The presence of D. ordii in these inter-
glaclal deposlits may indicate that this specles and perhaps
others of the genus had developed earlier, perhaps during
Middle Pleistocene times. The occurrence of good fossil
evidence for Dipodomys in the Colorado Desert region of
California from early-middle Pleistocene (Late Aftonian)
occurring sympatrically with Prodipodomys (Downs and White,

1968) lends support to the general time sequence presented
in this study for the development of the lLeermanni Group
kangaroo rats in California.

Karyotype svolution.--the kinds and degree of karyotype
variation demonstrated by members of the genus Dipodomys
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illustrates the futulity of labeling a particular type of
chromosome complement as "primitive" or "specialized" and
the terms genralized and derived better describe such
variation. Low diploid numbers with many bi-armed chromo-
somes are oiten regarded as advanced or specialized while
high diploid numbers with many acrocentric or telocentric
chromosomes are regarded as primitive. That a generalized
karyotype may be Found in a specles with a specialized or
derived morphology is well demonstrated by a comparison

0Z the morphologlcally generallzed Dipodomys microps

(3etzer, 1949) with 60 bi-armed autosomes with the morpho-
logically more specialized D. deserti possessing 64 chromo-
somes including numerous uni-armed elements. Variation of
this type 1s most often found in groups displaylng what
Tobias (1956) has termed Multiformity, wherein chromosome
evolution has kept pace with and probably contributed to
speciation within a group. =®mither centric fusion or peri-
centric inversions or both of these mechanisms may be respon-
sible for the karyotypic changes observed in some groups.
Genera and even families of mammals are known to utilize

a single mechanism of karyotype re-arrangement to account

ior most observed changes. The genus Peromyscus with a

diploid count of 48 and widely dififering fundamental
numbers in the various specles or subspecies serves well
to 1llustrate a group in which pericentric inversions are

incorporated (Hsu and Arrighi, 1968). The family Bovidae
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serves to ilustrate a group in which centric or Robertsonian
fusions are most common (Wurster and Benirschke, 1968).

In the kangaroo rats a high diploid number (72)
appears to be ancestral, and this number has been retained
in same species and reduced in others. 1Indeed, there
seems to be two types or evolution occurring in the genus.
One is a slow accumulation of minor gene differences in
semi-isolated populations while the other is more rapid and
accompanied, if not dependent upon, chromosomal re-arrange-
ments. The first type is seen in both 1. ordii and D.
merriaml. Both possess karyotypes that appear to have
reached the "end of the line" in chromosomal re-arrangement
and possess chromosome complements in whiéh all autosomes
are bi-armed. The second type is seen in the many species
oi the Heermanni Group with their slightly diifferling karyo-
types and possession, by most, of several to mary chromo-
somes with terminal centromeres., The plcture presented by
members of this group appears to, though admittedly to a
lesser degree, parallel that seen in the annual plants
which Lewis (1966) presents as a case for Saltation or
saltatory evolution., According to Lewis (1966:4) spatial
1solation and inbreeding in small populations contributes
to chromosomal re-organization in plants, and this may
also apply to kangaroo rats and other mammals possessing
the necessary type of chromosome complement. Pericentric

inversions appear to be the most common type of karyotypic
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change in the kangaroo rats, and the stepwlse change in
fundamental number without a change in diploid number as
seen in the sSpectablllis Group reflects this tendency.
Change in dipnloid number without corresponding change in
fundamental number was not found in the genus, and centric
fusion appears to have been less common, though important,
in the evolution of kangaroo rat karyotypes. Where chromo-
some reductlon has occurred within the genus, it has prob-
ably been accomplished through centric fusions and posslibly
also by other types of translocations. The number oI incor-
porated centric fusions distinguishes the Heermanni and
FKerriaml groups from each other and Zrom the other species
groups, and both of these groups contaln members with

different diploid numbers. In J. panamintinus caudatus

a small segment of one palr of autosomes apparently is
missing when compared to the condition seen in D.

panamintinus mohavensis. ZFPossibly this difference results

from an unequal translocation of the missing segment to

another autosome.

Phylogenetic Implications.--on th basis of karyotyplc

analysis, five major groups of kangaroo rats are evident.
These groups correspond quive closely to the groupings pro-
posed by setzer (1949) and Lidicker (1960) but dirffer in
certain important aspects from either of those schemes,

The groups are arranged below according to their degree

oi karyotypic re-organization. 1 belleve that the groupings
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andn their alignment based uvon chromosome morphology more
accurately reflect true relationships in the genus. 3Specles
groups based on morphological criteria involving special-
izations toward an extrmely arid, sandy desert habitat are
not entirely valid since few kangaroo rat species occur
in such hablitats, and other specilallzations from the
"ancestral” condition such as those possessed by brush

dwelling orms are apparent and are as important.

spectabilis Group Heermanni Group (subgroup D)
elator (3ubgroup 4) agilis
spectabilis gravipes reninsularis
nelsoni stephensi venustus

elephantinus

Phillipsi Group ( Subgroup B)
phillipsi heermanni (subgroup )
ornatus panamintinus microps

ingens

Ordli Group Merrlaml Group
ordii (subgroup C) nitratoides

deserti merriami

The above scheme differs importantly in the placement of

D. deserti and D. microps in the Heermarnni Group. Lidilcker
(1960) placed D. desertl with the spectabiils Group and

D. microps in its own group following the Heemranni Group.
setzer (1949) placed D. deserci in its own group at the

end of the 1list end D. microps with the Ordii Group. The
only other arrangement for these two species that is in
keeplng with the karyotypic data would be to place each in
a separate group Ifollowing the groups they are placed in
above, Such an arrangement is not easlly Justiried for

D. microps but, considering morphological specialization
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alone, is more easlly accepted in the case of D. desertil.
I agree with Lidicker in interpreting the Merriami Group
as the most derived group. His division of the Heermanni
Group into two subgroups also is supported to some extent
by the karyotypic evidence though actually four or Iive
distinct subgroups are apparent. I qucstlon whether 3.

venustus and D. elephantinus are both full specles as did

Setzer (1949:499). The karyotypes of these two appear. to
be identical. The karyotypes of D. agilis plectilis and

D. peninsularis pediononus are also lidentical to each

other and even though possesslion or identica2l karyotypes
does not necessarily mean conspeciricity, it is doubtrul
that the two warrent separation as full speclies. More
evidence to support this decision is given below. No

other specles examined, whether closely related morpholog-
ically or not, had identical karyotypes. I have no object-
ions to the placement of the Ordil Group as the most
generalized form in terms of morphological specialization.
Although D. ordil possesses the most generalized morphology,
it nevertheless has a more re-organized karyotype than do
members of the spectabilis or Fhillipsi Grdups. In view

of the extreme speclalizations possessed by D. merriami

and D. deserti inhabiting the more arid portions orf the
Mojave Desert, I believe that groupings and relationships
or the species groups are more accurately approximated by

the data derived from karyotypes. The inabllity of this
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type of grouping system to illustrate both phylogenetic
relationships ané specialization is obvious in that the
Heermanni Group contains the most highly speclalized
species, D. deserti, while the group itself stands well
below the Merriami Group. The "phylogenetic tree", fig.
25, although with its own inherent weaknesses, perhaps
best reflects phylogeny and specialization. The degree
of specialization shown in this dendrogram is only approx-
imate, and while the degree of specialization assigned to
some speciec by JSetzer {1342:489) based on morphological
indices serves as an underlying basis of comparison, I
have also kept in mind specialization in habltat require-
ments and the overall efiects of diiferent habitat require-
ments on pedal and cranial specialization. Diploid numbers
increase from left to right, and FN increases vertically
in closely related groups. It will be noted that certain
morphologically specialized species will be elevated despite

low fundamental number.

ORIGINS OF THi SPECIES GROUPS
I have based the following theoretical account of the
origins of Dipodomys specles groups mainly on evidence
derived from karyotyplc analysis., The occurrence of only
2N=72 forms except for D. merriami throughout the major
part of the range of the genus indicates to me that

kangaroo rats may have first evolved in the semi-arid
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grasslands cf northern Mexico and central United states,
and may first have developed thelir evolutionary trends
toward bi-pedal locomotion in response to open, semi-arid
grassland situations rather than in response to true desert
conditions as is often held to be the case. NKost of the
species occur only in the limited western sectlon ol the
range and only a ifew species occur in the major portion of
the range oi the genus. The wealth ol speclies in the west-
ern section stems from the many isolate desert valleys and
mountains in that region and the chromosomal characteristics
of the early invaders into that reglon.
Heermanni Group.--during early to middle Plelstocene times,
the ancestors of the Heermannl complex penetrated the Color-
ado-lojave deserts and eventually spread throughout the
Great Basin, California, and Baja California., This ancest-
ral form 1s best represented cytologlcally and perhaps
morphologically by D. stephensi and D. gravipes (2N=70).
Possibly D. stephensi was isolated in the san Jacinto and
san Bernardino valleys by the last major mountain bullding
activity in the Middle Pleistocene as postulated by
Lidicker (1960:207) for D. merriami psrvus Rhoads. For
some reason, the isolated stephensi-gravipes populations
retained the ancestral karyotype with little modiification
while other related populations continued on a course of
chromosomal reorganization., It 1s possible that these

populations represent relicts of a once much larger
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population that was maintalned for a considerable time
during middle to late Plelstocene in contrast to the popu-
lation isolates that went on to become D. heermann] and its
close relatives. Huey (1962:479) named D. cascus from the
Bonsall region of San Diego County, Celifornia, describing
it as a wide-faced form related to D. 2tephensi and D.
gravipes and commented upon the broken. chaln of wide-Iaced
forms ending in northwestern Baja California. These wide-
faced populations would seem to point toward a derivation
o: the narrow-Iaced forms of the Agllis subgroup from a
wide-faced ancestor such as D. stephensi or D. gravipes.
Lackey (1967:328) arranged D. cascus as a subspecies of
of D, stephensi and indicated that stephensi diifered from
D. gravipes about as much as D. stephensl differed from
D._panamintinus. ZILackey (1967:329) found, however, that
the baculum of stephensl was more similar to that of
gravipes than either D. heermanni or D. panamintinus.
D. gravipes is karyotypically similar to D. stephensi and
very distinct from all other members of the Heermanni
Group, indicating that the stephensi-gravipes populations
have not been isolated from each other for any great
period of time and possibly D. stephensi represents a
rather recent isolate from the maln gravipes population
as evidenced by the greater number of paricentric inver-
sions in the karyotype of stephensi. D. stephensi and D.
gravipes are true relicts, now existing only in small
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isolated areas and.as such readily £it the role of
ancestral remmant populations accorded them in this study.

_The narrow-Faced forms D. antiquarius, D. paralius, and

D. peninsularis, ar arranged by Lackey (1967:332), are all

closely related to D. agilis both morphologically and, at

least in the case of D. peninsularis, karyotypically. D.

peninsularis possesses 60 chromosomes and a2 karyotype that
is identical to that of the 2N=60 populations oI J. agilis.
The karyotype of D. aglilis is very distinct from that of
the D, stepnensi-D. gravipes line but can be derived Irom
the karyotype of D. heermanni by incorporatlion of only one
centric fusion and several pericentric inversions. Lackey
(19€7:333) interpreted the morphological and ecological
evidence available to him as suggesting that the narrow-
faced subgroup was derived from an arid-dwelling wide-rfaced

form, probably in Baja California and that D. peninsularis

an early derivative o:i the stock that eventually led to

D. agilis and other narrow-faced species. The karyotyplc
evidence does not agree with such a scheme, and I interpret
the evidence available, both morphological and cytological,
as indicating that D. agilis wus derived from the stock
that produced D. heermanni, i: not actwally D. heermanni

or D. panamintinus, and developed as an isolate along the

the coast of southern California. This isolation may have
been achieved by the onset of pluvial climates (Illinoian?),

mountain bullding activity, or both. Once having adapted
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to an encroaching chaparral habitat, D. agilis would have
been able to spread throughout the coastal mountains and
into Baja Californis without competition from other
kangaroo rats., Aiter develovment as a distlinct speciles,
D. agilis may have spread northward beyond its present
range producing population isolates that underwent still
further kxaryotypic re-organization to emerge as D. venustus

and D. elephantinus. These two species are highly special=~

1zed members of the Agilis subgroup that are adapted to
chaparral covered slopes and brushy areas at the edge of
clearings as are some subspecies vl D, agilis. These
northern narrow-aced forms were apparently excluded from
the valleys by tne presence of the wide~faced populations
already in residence and perhaps also by their own prefer-
ence for brush habitats (Lackey, 1967:331). That members
o the Agilis subgroup will occupy more typical kangaroo
rat habitats in addition to brushy areas is evidenced by
the occurrence of D. agilis among scattered sage in open
stands oI Yellow Pine on the 3ierra san Pedro Kartir
(Huey, 1927:7), and in open areas among Scattered low
shrubs near the sea, along with D. gravipes, 12 miles

northeast of 21 Rosarlo, Baja California. D. peninsularis

prefers level areas between widely scattered desert shrubs,
Arriving at a suitable explanation for the origin of the
Baja Calirornia forms 1s more difficult, due largely to

the present lack of knowledge about the distribution and
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relationships of those populations. Horphologically, all

are elose to D. agllls, and the karyotype oi D. peninsularis

indicates that probably all were derived from D. agilils as

were D, venustus and D. elephantinus. Posslbly sea level

changes and mountain building accompanied by climatic

changes were responsible for cutting off D. peninsularis

in the southern end of the Baja Peninsula and 0. paralius

and U, antiquarius in the northern section. The maln

population of Q. agilis was perhaps rforced northward along

the Californlia coast. Later 1. peninsularis spread north-

ward to eventually contact the range ol dJ. agilis, which
had in turn spread southward. Tne above sequence ol events
would explain the present distribution oi the baja members
ol the Agilis subgroup ir U. paralius, D. antiguarius, and
D. peninsularis are indeed distinct species apart from

D. agilis. At least two lines of evidence come to mind
that would seem to challenge such an arrangement: the
occurrence oi two distinctly dirfferent karyotypes within
D. aglilis corresponding to a northern segment in central
California and a sovthern component in southern Calirfornia
and Baja Calirornla and the allopative distribution of

D, agilis, D. peninsularis, and D. antiguarius. The data

presented by Lackey (1967:325) and my own examination of
many specimens oi this series of related "species" leads
me to belleve that all of them may actually be subspecies

of D. agllis. Some of the reasons ror such a decision are
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as follows: the cranial measurements of J. antiguarius iit

well within the peninsularis series; the karyotype of

D. agllis plectilis and D. peninsularis pedionomus are

identical, and both differ rrom D. azilis perplexus;
an even clinal distribution oi cranial measurements and
coloration characters extends through the southern Cali-

fornia forms of Y., agilis into the . peninsularis popu-

lations in such a2 way that it is difficult to distinguish
the two "species" where they meet; I question the repro-

ductive isolation ol D. azilis firom J. peninsularis as

captive D.p. pedionomus males have repeatedly shown a

willingness to mate with females ol D, azilis and have
been accepted by such remales when in estrous, whereas

males of forms such as D. stephensi and DU. gravipes were
attacked. Possibly there are three species within the

Agilis subgroup composed of venustus-elephantinus (28=60),

the northern populations of D. agilis (28=62), and the
southern populations of D. agilis (2N=60)beginning with
D.a. simulans and including the Baja Caliiornia populations
paralius, peninsularis, and antiquarius. I the various

populations ol agilis-like forms in Baja California current-
ly regarded as species are aetually merely subspecies,at
best, then the evolutionary history oif the group becomes
less complex and the karyotypic evidence would suggest that
they were isolated from the parentsl, more northern popu-

lations of D. agilis possibly only since the beginning or
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during Yisconsin Pluvial times and have achleved thelr
karyotypic and morphologlcal distinctness comparatively
recently. Current views on the rate of subspeciation in
kangaroo rats (Lidicker, 1960:209) indicate that the present

subspecies of ths D. agllis and J. peninsularis series are

no older than late Plelstocene and post-Plelstocene.
lMeanwhile, earller climatic changes favoring aridity
apparently eliminated most kangzaroo rats Irom the Mohave
Desert. The remaining populations cf the Heermanni Group,
under severe selective pressures, adapted to hurrowing in
deep sand as a means of escaping the desert hzat and water
loss, and D. desertl emerged as one of the most highly
specialized of the kangaroo rats. iesidence and population
spreading within this area may have been possible by other
specles only during Pluvial periods cooler than the present,
for only two species, D. merriami and D. deéerti, have
been able to successiully colonize the desert rloor oi that
region with any degree ol permanence. All other species
occurring in the region do so, at present, only in isolated,
cooler areas ol scattered grass and tree yucca above the
desert Zloor. The karyotype of D. deserti (2Nz64) shows
a general similarity to other members of the Heermanni
Group and karyotype re-organizaticn has proceeded to about

the same degree as in D. heermanni or D. panamintinus,

both of which also possess 64 chromosomes.
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The karyotype of D. microps is similar in many respects

to that of D. agilis perplexus and may have been derived

irom an early population of D. agilis that spread into

the Great Basin regions of Nevada and Utah. Quite possibly,
hovwever, the similarity between the karyotypes of these two
specles results from both populations having been derived
from a common ancestral population, probably D. heermanni

or D, panamin:iinus, during or since Middle Plelistocene

times. 1Isolation ol D. microps may have resulted during

a Pluvial period at which time the amount oI inhabitable
durlace area would have bee greatly reduced, since many of
the basins to.the south and west of the major part of

the present range ol D. microps were filled with water.

[

The present ranges oi the subspecles of L. microps possibly
result from population spreading and subsequent isolation
only since Wisconsin or post-Wisconsin times as indicated
by the amount of differentiation within the group and the
presence of distinct subspecles in areas that would have
been under the waters of Flelsiocene lakes. Durrant
(1952:501) presents evidence on the effects of late
Pleistocene Lake Bonneville on the distribution orf both
BD. ordii and D. microps and suggests that the latter
specles entered the Bonneville Basin irom the west and
arrived more recently than did D. ordii.

As I have already inferred, D. heermanni was apparently

derived from an ancestral stock related to 1. stephensi and
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D. gravipes, as an isolate in the central valleys of Cali-
fornia west oz the Tehachapi Xountalns, by mid-Pleistocene
times. The two remailning species of the Heermanni Group,

D. ingens and D. panamintinus, are probably derived from

D. heermanni, and at least in the case of ingens, compar-
atively recently. D. ingens di-fers Zrom D. heermanni by
two pericentric inversions that reduce the  number of telo-

centric pairs by two, while panamintinus differs Irom

heermanni by one such arrangement plus four pairs of
chromosomes that have short inversions not matched by
heermanni. The relatively unspeclalized morphology of
panamintinus and the diferences present in its karyotype
suggests that isolation and subsequent dif{ferentiation

from heermanni occurred while the parent population still
possessed 19 or more pairs of telocentrlc chromosomes. The
occurrence o distinct subspecies within both specles would
also seem to support an early separation.: The large sige
ol D. ingens wWould appear to contradi 2t this supposition
concerning its origin, however, the karyotypes of ingens
and heermannl are so markedly similar that I have concluded
that ingens was derived only after the karyotypic character-
istics of heermanni were sijilar to that we now find. D,
inzens was apparently isolated in the Carrizo Plains area

whereas panamintinus represents an earller derived popula=

tion that may have been isolated rom populations leading

to Heermanni by the rise of the Tehachepl Range and perhaps
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also by climatic conditions. The wane oi wisconsin Pluvial

conditions leit "islands" of D, panamintinus above the

desert floor, and a small amount of karyotypic diilerence
already occurs between these populations rerflecting thelr
isolation. The effects oI the extremely arid lojave

Desert can hardly be over-emphasized in the restriction of
eastward movement by the developing Heermanni complex or
in the development of the highly specialized sand-dwelling
form, D. desertl., The Colorado siver may have served as a
barrier for some members oi the Heermannli Group but did not
prevent movement or desertli at its southern end.

In my opinion the high degree of allopatry shown by
members of the heermanni Group lends support to the above
phylogenetic scheme.

Spectabills Group.--members of this group apparently evolved
on the high deserts of northern kexlco and southern New
Fexico-southern Arizona and, while acquiring behavioral and
morphological speclalizations, have retained a generallzed
karyotype (2N=72). D. elator appears to be a relict species
that merphologically may best represent the ancestral popu-~

lation from which D. spectabilis was derived. The karyo-

type of D. elator is only slightly more derived than that
of D. spectabilis spectabills which possesses the most

generalized and what is presumed to be the ancestral karyo-
type for the genus. Jeemingly, D. elator developed as

isolated form separated from the main population early in
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the development of D. spectabilis or elso is a true relict

ol a once more wide-ranging group ancestral to spectabilis

that was eliminated by the spread of its highly competlitive

offspring, D. spectabilis. The karyotype of 2. elator

is similar to that of the cytologically more generallzed

subspecies of U. spectabilis, but the morphology ol the

bi-armed chromoscmes and the short arms on some oI the
chromosomes representing pericentric inversions not indi-
cated in the FR count may indicate a very long period orf
separation petween these two species.

D. nelsoni was apparently derived directly from D.

spectabilis as a population isolated in central Mexlico:and

retains many o: the morphological characteristics of U.
spectabilis and a diploid count of 72. The great difference
in the number o pericentric inversions incorporated into
the karyotype as opposed to the number in the cytologically

known subspecies of u. spectabilis indicates that nelsoni

was isolated as a small population apart from the parental
population Tor some time and then subsequently spread 1ts
range to again meet the range of D. spectabilis. Inter-

specific competition with D. spectabills may prevent D.

nelsoni from further extending its range. iWhen the karyo-
type of D. nelsoni and the northern subspecles of D.

spectabills are compared, the degree of diiference supports

the speclies recognition here accorded D, nelsoni. However,

the subspecles of D. spectabllis diirer from each other in
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the same way that they difler rrom nelsoni but to a lesser

degree. In spectabilis the number of pericentric inversions

may increase Irom north to south in the chain oif subspecies
reaching from Arizona south deep into iiexico. At least
such an increase is present in the karyotypes oI the sub-
species north oi Mexlco. I the trend continues southward,
then D.s. cratodon lMerriam may possess a karyotype similar
to that ol D. nelsoni. The possiblity also exists that
D.s. cratodon is actually a separate species; I know of no
reliable evidence to determine i the karyotypically dis-

tinct populations of J. spectabilis or J. agilis are capable

ol interbreeding without significant reduction oi fertility
or viability in the orfspring.

Phillipsi Group.--only D. ornatus has been examined thus
far, but u, phillipsi is undoubtedly e¢losely related and
probably karyotypically similar. D. ornatus retains the
ancestral diploid count of 72, but most chromosomes show
small second arms derived through pericentric inversions.
In the case of ornatus the arms are of suificlent length to
be counted in the FN whereas in D. elator, they wWere fewer
and smaller and not counted. The karyotype of ornatus

does not closely resemble that of any other kangaroo rat
studied and difZers enough to.indlecate an earlier separation
from the ancestral stock before any of the-other 72 chromo-
some Jorms acquired their specific or group characteristics;

the Phillipsl Group is at least as distinct irom the
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Heermanni and spectabilis groups as the latter are Ifrom -
each other. D. ornatus and D. merriami were taken in the
same trap line near Bledos in san Luls Potosi, Mexico, and
appeared to have very similar ecological requirements.
Fossibly members of the Phillipsli Group were prevented from
extending thelr range nortaward due to competition with
other specles such as the ecologically Ilexible D. merriami.
Baker and Greer (1962:103) indicate that in Durango ornate
kangaroo rats occup elevated grasslands ehich might be

expected to support 1. spectabllis and that 0. ornatus

appears to have occupied these areas arter the retreat of
the larger species from the region. farther to the north,
habitat suitable for D. ornatus is held by yet another

form, D, ordii, which apparently does not mix with ornatus

where thelr ranges meet in Mexico.

Ordii Group.--the large series of interbreeding populations
comprising the species D. ordii probably developed from a
small ancestral population derived from a complex of
generalized kangaroo rats inhabliting the plains reglon of
Oklahoma~Kansas and adjoining regions ol New kexico and
Texas., The specles as noWw known retains a generalized
morphology and possesses a karyotype with a high diploid
number o 72 but has incorporated many pericentric inver-
sions. Possibly this highly médified karyotype was
established, presumably in a small population, before

the species becaome 8o wlidespread because all subspecles
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examined to date possess the same karyotype. 2. ordii
probably represents a separate line of development conserv-
ing the ancestral generalized morphology and giving rise to
no other lines of descent. The populations “rom which D.
ordii was derived, however, also could have been ancestral
to one or all of the other species groups with the possible
exception of the HMerriari Group.

FKerriaml Group.--members o- thls group show the greatest

degree of karyotype modiflication Ifrom the presumed ances-
tral condition; all autosomes are bl-armed, and the diploid
count has been greatly reduced. sSeemingly, this group has
evolved separately from the other kangaroo rats for a con-
siderable period o: time and probably represents an ocld
line oI descent of “orms that adapted early in thelir devel-
opment to xeric conditions as indicated by their ablility

to conserve metabollic water, habitat preferences, and
speclalizations toward sazltation. That the ancestral
diploid count for the group was higher, as theorized, is
supported by the higher count o: D. nitratoides (28=54)

as opposed to D. merriami (2N=52). D. nitratoides may

have developed after isolation in the san Joaquin Valley
of California by the rise o mountaln barriers and before
D. merriami developed its specific characters and its
diploid count oi 52. D. merriami probably developed in
the Mojave and Colorado deserts (Lidicker, 1960:206); de-

rived from the same general ancestral population that also
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gave rise to D. nitratoides. At least it appears that

merriami acquired its diploid count of 52 after the iso-

lation of nitratoides and before becoming so widespread

since all subspeclies examined possess the same karyotype.

It is perhaps significant that both of the two most
"successIul" species oI kangaroo rats possess a chromosome
complement ol entirely bl-armed autosomes that was apparent-
ly set before the specles became so widespread.

Johnson and 3elander (1971), in their extensive analy-
sis oI protein variation in kangaroo rats, Iound that
species of Jipodomys possessed low levels oI genetic
variavllity in comparison with other organisms which have
been studied. D. merriami is relatively varlable genically
whereas D. ordii possesses a relatively low level of genic
heterozygosity. In kangaroo rats the level of genetic
variability possibly re<lects »nast population size during
speclation as much as any other factor.

The karyotype oi D. insularis is not yet known but
should contribute toward understanding the history orf this
group since, as indicated by Lidicker (1960:207), members
o: this speclies may have been isolated rrom D. merriami

for a great period of time.



CHAPTER V
SUMMARY AND CONCLUSIONS

The mitotic chromosomes oI 18 species of the kangaroo
rats, genus Dipodomys, were evaluated as indicators of
interspeciiic and specles group relationships. The princi-
ple method oi analysis involved pairing of putative homo-
logues from photographic cut-outs of mitotic metaphase
chromosomes to produce a representative karyotype for each
population studied. Analyslis of the karyotype included
determination of the divloid number, number of major auto-
somal arms (#N), placement o each chromosome pair in a
specliic arm-ratio class, and determination of sex chromo-
somes. Melotic metaphase material was used in some cases
as an ald in determining general sex chromosome morphology.
Diploid number was found to range from 52 to 72 while fund-
amental number ranged from 70 to 140.

I'ive major specles groups of kangaroo rats were indicat-
ed by the results of karyotype analysis. These were similar
to the specliles groups ol other workers in general content,
hovever, some important re-arrangements in the groups, both
in content and phylogenetic order was necessary on the basis
0of karyotypic relationships.

62
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Over most of the range of the genus all species of
Dipodomys except D. merriami had 72 chromosomes; while in
the Great Basin, California-Baja Callfornia forms and the
wide-ranging D. merriami, lower counts occurred. The
specles o7 kangaroo rats with 72 chromosomes were few in
number (5) and occurred over the greater portion of the
geogravhic range oI the genus; the ancestral count is
thought to be 72. O0I these 72 chromosome Iorms, J. ordiil
had been regarded by most other investigators as the most
primitive member oi the genus because of its generallzed
morphology. Karyotyple {eatures of D. ordil indicated
that 1ts position as the basal member of the genus was not
justiiied and the monotypic Crdii Group was placed alter
the other 72 chromosome species groups, the spectabilis
and Phillipsi groups, which were placed before the Ordii
Group in that order. The Spectablilis Group contained

D, elator, D. spectabills, and D. nelsoni. Karyotypically,

D. spectablills was considered nearer the ancestral condition

Tor the genus, and D. nelsonl was considered to be a direct

line irom D. spectabilis. D. elator was considered to be

a speclalized rellict derived from the same stock that gave

rise to D. spectabilis. The Phillipsi Group contained D.

ornatus which also had 72 chromosomes but the group did
not appear to be closely related karyotypically to any

other kangaroo rat group.
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The Heermanni Group contained the majority of the species
and was characterized by diversity in diploid and fundamental
numbers, as well as having a considerable degree of morpho-
logical variety. Five subgroups are indicated in this group,
characterized, in general, by differences in diploid »umber.
The stephensi subgroup (my subgroup A) was thought to be the
most generalized orf the Heermanni Group and perhaps best
represents the ancestral populations that produced the
Heermanni Group. The two species contained in this sub-
group, D. gravipes and J. stephensi both possessed 70 chromo-
somes and had fundamental numbers oi, respectively, 71 and
86. The 64 chromosome rorms, D. heermanni, D. ingens, and

D. panamintinus were considered to be less generallzed than

the preceeding subgroup and their xaryotypes appeared to
have been derived ifrom 70 chromosome iorms by centric
fusions and pericentric inversions. The "wide-iaced" D.
heermanni subgroup (my subgroup B) is thought to have pro-
duced the "narrow-faced" or D. agilis subgroup (my sub-
group C): this latter subgroup included D. agilis with
populations in southern California and Baja California
that possessed 60 chromosomes and populations in central
California that pcssessed 62 chromosomes. D. agilis was
considered to be ancestral to the 60 chromosome forms, D.

venustus, D. elephantinus, and D. peninsularis (and also

to the related forms not sampled, D. paralius and D.
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antiquarius). OFf these, all except D. venustus may event-

ually be considered to be only subspecirfically distinet or
less., D. microps is placed in the monotypic microps sub-
group (my subgroup D) although it also possessed 60 chromo-

somes and is thought to have been derived from the same

ancestral stock ad D. agilis. D. desertl was also consider-

ed to be a Heermanni Group species and possessed 64 chromo-
somes and a karyotype that was similar in general aspects

to the other 64 chromosome forms such as D. panamintinus.

The karyotype of deserti contained enough structural diff-
erences compared to that of the other 64 chromosome forms
to indicate that 1t had been a distinct line for a long
veriod of time. Thls difference in karyotype and the
speclialized morphology of D. deserti indicated, as with
D. microps, that it belonged in a subgroup of its own, the
deserti subgroup (my subgroup D).

The Merriami Group contained D. merriami and D.

nitratoides. This group is characterized, karyotypiecally,

by low diploid numbers of 52 and 54, respectively, and
comparatively high fundamental numbers of 100 and 104,
These values indicated that centric fusions have been more
common in the evolution oif this group, which has been dis-
tinct from other kangaroo rats for a considerable time.
Conclusions based upon the results of this study were

as follows:
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1. The genus Dipodomys probably developed durlng late
Pliocene or early Pleistocene time in the arid grassland
reglons of northern Mexico and southcentral-southwestern
United oStates.
2. rive major groups of kangaroo rats evolved after the
initial radiation of the genus in early Pleistocene times.
3. #While the primary radiation of the genus was thought to
have been centered in the semi-arid grasslands, as indicated
apove, the most extensive speciation within the genus occurr-
ed within the Heermanni Group in the Great Basin and Call--
rfornie-Baja California due to the varied topography and
climates o:i that reglon and the chromosomal characteristics
ol the ancestral populations.
4, D. spectabilis oif the spectabilis Group karyotypically
characterized the ancestral condition for the genus. The
relict speclies, D. elator, is a specialized form probably
derived from the same ancestral populatlons that gave rise

to D. spectabilis. D. nelsoni was derived directly irom

D. spectabilis.

5. The Philllipsi Group was morphologlcally specialized but
karyotypically generalized; this group was quite distinct
karyotypically and not closely related to the other groups,
and appeared to have been separated early in the radlation
of the 72 chromosome forms.

6. The monotyplc Ordii Group, although morphologically

generalized (possibly due to grassland habitat preferences)
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was karyotypically farther separated from the ancestral 72
chromosome forms than were the ospectabilis and Phillipsi
groups. The karyotype of D. ordii indicated that this
species developed as an isolated, presumably small popula-
tion, until a high level of karyotypic stability was reached
beforc becoming the most wide-spread member ol the genus.
While not directly ancestral to any other extant specles or
group, the populations ancestral to D. ordil rossibly also
produced the other kangaroo rat groups with possible excep-
tion oi the lerriami Group
7. The Heermannl Group is comprised of five subgroups
Tforming a series oi pooulations differing in morphologlcal
and karyotyplcal speclalizations. These are listed in
decending order, beginning with the subgroup best represent-
ing the ancestral populations: (A) stephensi subgroup; (B)
heermanni subgroup; (C) deserti subgroup; (D) agilis sub-
group; (B) microps subgroup.
8. D. stephensi and D. gravipes were closely related relict
specles that best represent the ancestral condltlion rfor the
Heermanni Group.
9. D, heermanni developed in the interlior valleys oi central
California from ancestors related to D. gravipes and D.
stephensi; D. ingens was derived directly from D. heermanni

while D. panamintinus may have been derived rrom D.

heermanni earlier or a population that was ancestral to both.
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10. D. deserti was nct 2 member of the Spectabilis Group
as had been suggested by Lidicker (1960) but was found to
be a member of the Heermanni Group that developed in the
tojave and Colorado deserts and was highly specialized for
occupying an extremely arid, deep sand habitat.
11. . agills was derived from D. heermanni or J. panamin-
tinus or a population ancestral to these specles, and devel-
oped as an isolate along the ceastal slopes or Caliifornia.
Once having adapted to an encroaching chaparral habitat,
U, agilis spread wldely throughout the coastal hills of
California and south into Baj}a California. Isolated popula«

tions of D. agllis produced the D. venustus-elephantinus

corplex and the D. peninsularis-antiquarius-paralius com-

plex. Oi these taxa, only D. venustus is oif certain
species distinction.

12. The "wide-faced" ‘orms in southern California-Baja
California were not directly ancestral to the "narrow-faced"
Heermanni Group forms in Baja California as had previously
been suggested by Lackey (1967).

13. D. microps was not a member of the Ordii Group as
earlier arranged by setzer (1949) but was a comparatively
recently derived Heermanni Group specles which developed in
the Great Basin regions oi lievada and Utah.

14. The Merriami Group was more distinct from other
kangaroo rats than the latter are irom each other, possibly

indicating 2 longer separation of the group irom the ancest-
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ral line. Karyotyplcally, members or this group had
diverged farther irom the putative ancestral conditlon
(72 chromosomes) and possessed the lowest diploid numbers

(52-54) in the genus. D. nitratoides developed in the

central valleys o: Caliiornia as an isolate irom the ancest-
ral population that gave rise to D. merriami. I believe

D. merriaml to have developed in the hojave-Colorada

deserts region as a small population that, under severe
selective pressures, achieved a highly stabalized karyotype
beiore spreading widely. The higher diploid number of

D, nitratoides supports this scheme. The spreading and

subsequent subspeclation of D. merriami was remarkably
similar to that of D. ordii in that both achleved highly
nodl:iied karyotypes before becoming the most widespread
and "successful" species oi the genus.

15. =Results irom the study of bacula supported the specles
groups as arranged on the basis of karyotye data.

16. otudy of melotic chromosomes is a2n aid to the prepar-
ation of reliable karyotypes rfor some species of kangaroo
rats.

17. The species groups within the genus pipodomys actually
represent superspecies groups of closely related, largely
allopatric and presumably reproductively isolated popula-
tions.

18. Chromosome analysis is an effective tool for deter-
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mination of both interspeciiic and species group relation-
ships in the genus Dipodomys 2nd is considered a more
reliable measure of phyletic. relatlonships than indlces

of skeletal and cranlal speclalization.
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