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Introduction

acroevolution, although variously de- |

fined and redefined (e.g., Bock, 1979;
Dobzhansky, 1937; Goldschmidt, 1940;
Mayr, 1963; Rensch, 1959; Simpson, 1944,
1953; Stanley, 1979), is probably best con-
sidered to be a phenomenological descrip-
tion of the large-scale morphological change
that usually accompanies transpecific evo-
lution (cladogenesis at the species level and
higher taxonomic categories). Importantly,
this large-scale morphological differentia-
tion includes the eventual production of a
macroevolutionary novelty: a unique mor-
phology or Bauplan that, when considered
in retrospect, seemingly allowed the bearer
(a new taxon) to enter a new adaptive zone
(sensu Simpson, 1944). One of the most ex-
citing tasks in evolutionary biology is that
of providing a convincing explanation, at-
tendant with testable propositions, for the
macroevolutionary novelty. To provide a
thorough explanation of macroevolution in
a taxonomic group, one must carefully con-
sider three separate aspects of the problem:
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1) phylogenetic relationships among the
taxa; 2) adaptive significance of novel mor-
phologies; and, 3) the causal mechanism(s)
responsible for morphological diversifica-
tion.

The intent of this contribution is to pro-
vide a preliminary assessment of macro-
evolution in the rodent family Heteromyi-
dae (pocket mice, kangaroo rats, and their
allies). This family is a morphologically and
ecologically diverse group whose extant
members display an array of adaptive types
from scansorial, mesic-adapted genera to
bipedal, xeric-adapted genera. Although dif-
ferences at the generic level are generally
considered to be at the lower end of the scale
of macroevolutionary divergence (e.g., Bock,
1979), the high degree of structural diver-
gence among the heteromyid genera pro-
vides an unusual opportunity to investigate
major evolutionary change.

The evolutionary and taxonomic history
of the Heteromyidae is intimately associ-
ated with that of the Geomyidae (pocket
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gophers; all extant members are fossorial).
Together, these two families form a cohe-
sive superfamily, the Geomyoidea, whose
members are united by the presence of ex-
ternally opening, fur-lined cheek pockets
(among other features). The superfamily
Geomyoidea is autochthonous in continen-
tal North America and is an old, mono-
phyletic lineage that is distantly related to
other rodent groups (Wood, 1935; Hafner,
1982). The geomyoids experienced major
phyletic diversification in the Oligocene to
Pliocene coincident with the climatic trend
towards increasing coolness and aridity
(Flint, 1971) and the development of the
Madro-Tertiary Geoflora (Axelrod, 1950,
1958, 1976). Due to marked similarities in
heteromyid and geomyid biogeographic
histories and their close phyletic association
(for review, see Hafner, 1982; Hafner and
Hafner, 1983), relevant geomyid informa-
tion will be presented in this review to fa-
cilitate a more thorough understanding of
macroevolutionary divergence within the
Heteromyidae.

Evolutionary Relationships of
Heteromyid Rodents

During the past one-half century a tre-
mendous volume of literature pertaining to
heteromyid evolution has accumulated. The
most recent statement of the evolutionary
relationships of the Heteromyidae was pro-
vided by Hafner and Hafner (1983); that
study integrated the classic morphological
treatises of the 1930s (e.g., Hatt, 1932;
Howell, 1932; Wood, 1935) with the more
recent systematic treatments (e.g., Chaeto-
dipus: Patton, 1967a; Patton et al., 1981;
Perognathus: Patton, 1967b; Williams,
1978; Dipodomys: Johnson and Selander,
1971; Microdipodops: Hafner, 1978, 1981;
Hafner et al., 1979; Liomys: Genoways,
1973; Heteromys: Rogers and Schmidly,
1982). The following account is a current
synopsis of the patterns of supraspecific re-
lationships within the extant Heteromyi-

dae. I use as my point of departure Hafner
and Hafner (1983) and included references.

Hafner’s (1982) molecular study indicat-
ed that the divergence between the hetero-
myids and geomyids occurred in the early
Eocene (approximately 50 my before pres-
ent); this estimate was based on an average
of 90 immunological distance (/D) units
measured between the families and molec-
ular clock calculations available at that time.
As Hafner noted, his time estimate for the
heteromyid-geomyid split predates the ear-
liest geomyoid fossil (Heliscomys; early Oli-
gocene) by 10 to 15 my. I have re-evaluated
Hafner’s (1982) immunological data using
Sarich’s (1985) revised calibration for the
molecular clock. This new calibration rec-
tifies some recently discovered miscalibra-
tions and resets the molecular clock for
albumin immunological studies (for discus-
sion see Sarich, 1985:429-433). According-
ly, the time, ¢, of separation between two
lineages may be estimated by the relation ¢
= k(100 — QP), where k is the new cali-
bration factor (0.67-0.71) relating the dif-
ference in albumin cross-reaction to time
(in millions of years) and QP is the quan-
titative precipitin value for micro-comple-
ment fixation data (QP = 100 — [ID/2])).
This corrected time calibration places the
initial geomyoid radiation in the early Oli-
gocene (approximately 30-32 mybp); hence,
the molecular data are in accord with the
paleontological evidence (see also Wahlert,
this volume).

Figure 1 summarizes current views on
heteromyid relationships. The extant het-
eromyids comprise three principal lineages
(including six genera) that diverged in the
Oligocene: 1) subfamily Heteromyinae
(Liomys and Heteromys), 2) subfamily Pe-
rognathinae (Perognathus and Chaetodi-
pus); and, 3) subfamily Dipodomyinae (Di-
podomys and Microdipodops). The
Heteromyinae (spiny pocket mice) form the
most distinct and internally cohesive lin-
eage within the family and have experienced
a long evolutionary history independent of
the other subfamilies (Fig. 1). The spiny
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Fic. 1.—Phylogeny of the extant Heteromyidae indicating supraspecific relationships. Solid lines
indicate probable affinities, sinuous lines relate the fossil record (the paleontological literature does
not distinguish between Perognathus and Chaetodipus), and the dashed lines signal areas in need of
further investigation. The time scale is based on fossil evidence (Lindsay, 1972; Wood, 1935) and
immunological and allozymic data (Hafner, 1982; see text for molecular clock calibration).

pocket mice show generalized (mouse-like)
rodent morphology and, unlike the other
heteromyids, show a marked ecological pro-
pensity for tropical to subtropical environs.
The Perognathinae (pocket mice) are also
morphologically conservative in body plan,
yet these pocket mice inhabit a broad spec-
trum of arid environments (e.g., sandy de-
serts, arid grasslands, chaparral and thorn-
scrub forests). The Dipodomyinae includes
the morphologically aberrant kangaroo
mice, Microdipodops, and kangaroo rats,
Dipodomys. The kangaroo mice are narrow-
ly adapted to xeric, sandy habitats, whereas
the kangaroo rats show a broad tolerance to
generally arid environments (e.g., arid
grasslands, chaparral, and desert habitats).

The subfamilial affinity of Microdipodops
has plagued heteromyid systematists vir-
tually since its discovery and description a
century ago (for review, see Hafner and Haf-
ner, 1983). Over the years, the taxonomic
placement of kangaroo mice has vacillated
between the Perognathinae and the Dipodo-

myinae, but it is now recognized that kan-
garoo mice may represent an independent
lineage with no close relatives in the extant
fauna (Hafner, 1978; Hafner and Hafner,
1983). However, recent biochemical evi-
dence (Hafner, 1982; Hafner and Hafner,
1983) indicates that Microdipodops may be
genetically slightly more closely related to
Dipodomys than to extant perognathines.
More detailed biochemical analyses are
needed to confirm or refute the hypothe-
sized alignment of kangaroo mice with kan-
garoo rats, but for now Microdipodops is
placed provisionally in the Dipodomyinae
(Fig. 1). It is important to recognize, how-
ever, that kangaroo mice, although sharing
with kangaroo rats obvious superficial traits
(e.g., large head and long hind feet), are not
merely scaled-down versions of kangaroo
rats; kangaroo mice are physiologically, eco-
logically and morphologically quite differ-
ent from kangaroo rats.

The family Heteromyidae, including
morphologically disparate scansorial and ri-
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cochetal forms, has undergone flamboyant
morphological diversification by rodent
standards; Microdipodops and Dipodomys
clearly represent evolutionary novelties (but
see Mares, this volume). In marked contrast
to the heteromyids, members of the closely
related family Geomyidae (pocket gophers)
are remarkably conservative morphologi-
cally. With the exception of size differences,
the extant pocket gophers are nearly uni-
form in morphology. Presumably, stringent
selective constraints associated with the fos-
sorial habitus restricted the realm of pos-
sible morphologies in the Geomyidae. Nev-
ertheless, pocket gopher morphology is also
anovel (derived) body plan when compared
with the generalized (mouse-like) rodent
condition. If macroevolution is considered
as large-scale morphological change, then it
seems that macroevolutionary diversifica-
tion in the superfamily has resulted in sev-
eral distinct evolutionary novelties among
the extant taxa: kangaroo rats, kangaroo
mice and pocket gophers.

Adaptation and the Evolution of
Novel Features

The tremendous breadth of morpholog-
ical differentiation seen in the Geomyoidea
provides an exceptional opportunity for
studies in evolutionary morphology. Al-
though this superfamily is geographically
restricted when compared with most other
major rodent groups, geomyoids inhabit
both desert and tropical environments and
show remarkable modifications attendant
with fossoriality (pocket gophers) as well as
scansorial (pocket mice) and ricochetal
(kangaroo rats and kangaroo mice) habits.
It is indeed a challenge to explain the evo-
lution of these extreme and conspicuous
morphological modifications.

The remarkable morphological features
characteristic of the ricochetors (Dipodomys
and Microdipodops) are a popular case in
point. Conventional explanations for the
morphological novelties shown by these

forms focus on the adaptive aspects (ad-
vantages) of the functional design (for ex-
ample, see review by Eisenberg, 1975). In-
herent in these explanations is the
assumption that random mutation produc-
es sufficient variation in form such that nat-
ural selection will continually shape the
morphological features into a better adapt-
ed form. For kangaroo mice and kangaroo
rats, one’s attention is drawn immediately
to the enormous head (due, in part, to in-
flation of the auditory bullae) and huge hind
feet, as well as the large eyes and long tail.
There are many opinions as to the function
of each of these features (see Table 1), and
virtually all of these adaptive explanations
focus on what is termed the “anti-predator
morphology” of Microdipodops and Dipod-
omys (e.g., Kotler, 1985). These explana-
tions demonstrate “the enormous power of
the principle [of natural selection] as a
weapon of explanation” (Waddington, 1975:
41). Morphological evolution in the Het-
eromyidae is usually explained as a result
of long-term, directional selection (ortho-
selection): natural selection favors certain
adaptations present in ancestral species and
these adaptations are accentuated in de-
scendant species in response to the same
selective pressures. For example, Hall (1946:
406) remarked on “evolution towards per-
fecting rapid locomotion by use of the hind
limbs in Dipodomys ...”, while Grinnell
(1922:23) wrote, “The reduction of the toes
[in Dipodomys] is, then, a sort of orthoge-
netic tendency inherent in the group as a
whole, but it is no less, in the writer’s view,
an adaptational process. . . .”” The question
of adaptation is, of course, central to our
understanding of morphological evolution
in the Geomyoidea. However, previous at-
tempts to address this topic have relied on
an oversimplified accounting of the mech-
anism of evolution. Evolution involves more
than simply natural selection acting on a
““genetic system’ and, as Waddington (1975:
58) observes, we must consider at least two
other crucial components: the “exploitive
system” and the “epigenetic system.” A
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TABLE 1.— Adaptive explanations for certain conspicuous morphological features of kangaroo mice

(Microdipodops) and kangaroo rats (Dipodomys).

Morphological
feature _ Adaptive function Source _
Enlarged 1) delicate balance in ricochetal locomotion Seton (1928); Hatt (1932); Setzer
auditory (1949)
bullae 2) highly specialized acoustic sense Howell (1932); Setzer (1949)
3) sounding boards to monitor vibrations through  Howell (1932)
the ground '
4) low-frequency hearing sensitivity for predator Webster (1962); Webster and Webster
avoidance (1971, 1975, 1980)
Large eyes 1) good nocturnal or crepuscular vision Hall and Linsdale (1929)
Long tail 1) counterbalancing organ Hatt (1932); Howell (1932); Hall

2) support prop or “third leg” for animal at rest

3) mid-air rudder for trajectory control

(1941); Bartholomew and Caswell
(1951)

Hatt (1932); Howell (1932); Bartholo-
mew and Caswell (1951)

Hatt (1932); Howell (1932); Bartholo-
mew and Caswell (1951)

4) protection: misdirection of enemy’s attack to ter- Howell (1932); Hatt (1932); Mares

: minal tuft (Dipodomys only)
Long hind feet

1) “sand paddles” for locomotion on sandy soils

(1983) -
Hall and Linsdale (1929); Hall (1941)

2) richochetal locomotion for rapid dodging and quick Howell (1932); Hall (1946); Bartholo-

escape from predators

mew and Caswell (1951); Kotler
(1985)

3) bipedal saltation for an energetically efficient mode Howell (1932); Reichman and Ober-

of locomotion and successful exploitation of a hy-

perdispersed resource base

stein (1977); Price (1978)

more thorough understanding of adaptation
is possible when one takes this more eclectic
view of the evolutionary process.

Functional Significance of
Novel Features

There are two types of explanations in
biology: functional and causal explanations.
Functional explanations explain morphol-
ogy in terms of its purpose to the animal
and disregard prior states, whereas causal
explanations focus on prior morphological
states and attempt to predict future states
from earlier ones. It is important to observe
that functional and causal explanations are
not directly competitive and, in fact, ad-
dress different sets of questions. Functional
explanations focus on present use of a fea-
ture, whereas causal explanations are con-

cerned solely with the evolution of the fea-
ture (regardless of its present use). Both kinds
of explanations are important, but it seems
that problems arise when functional expla-
nations are used to make unwarranted ex-
trapolations as to the evolution of a feature.
Until recently, explanations for the extreme
morphological variation found among the
heteromyids were all of the functional (or
adaptationist) type (see Table 1). These
functional explanations, unfortunately, of-
ten infer evolution and, therefore, obfuscate
the other important set of questions that
needs to be addressed (see also Brookfield,
1982). Clearly, some of these oft-cited ex-
planations may pertain to actual “apta-
tions” (either adaptive or exaptive charac-
teristics; Gould and Vrba, 1982), but
functional explanations are epistemologi-
cally unsatisfactory hypotheses for the evo-
lution of a novel feature. Below I address
in detail several cases that are relevant to
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this discussion of adaptation and the evo-
lution of novel features.

Large auditory bullae.—Evidence indi-
cating that the enlarged bullae in Microdipo-
dops and Dipodomys function to facilitate
low-frequency hearing and represent an ad-
aptation to avoid predatory strikes by owls
and snakes (Webster, 1962; Webster and
Webster, 1971, 1972, 1975, 1980) has been
received with virtually universal accep-
tance. Not surprisingly, the enlarged bullae
of kangaroo rats are now cited as a textbook
example of vertebrate adaptation (e.g.,
Gunderson, 1976:331-332; Stebbins, 1983:
84; Vaughan 1978:467-468; Willson, 1984:
158). Nonetheless, this hypothesized anti-
predator adaptation deserves critical eval-
uvation (see Lay, this volume). Webster
(1962) originally determined that in Dipo-
domys hypertrophy of the middle-ear cavity
is associated with unusually sensitive coch-
lear microphonic responses between 1,000
and 3,000 Hz and that experimental reduc-
tion of middle-ear volume dramatically re-
duces this sensitivity. Webster (1962) fur-
ther showed that the predatory strikes of
owls and rattlesnakes have pre-strike sounds
that contain these same (1,000 to 3,000 Hz)
frequencies. The conclusion drawn from
these studies, coupled with predator-prey
experiments (Webster, 1962; Webster and
Webster, 1971), is that the enlarged middle
ear of the kangaroo rat facilitates low-fre-
quency reception, which is particularly
adaptive for nocturnal animals in open ar-
eas and, therefore, plays an adaptive role in
predator avoidance. Importantly, it is not
generally recognized that the heightened re-
ception of key frequencies within the 1,000
to 3,000 Hz range originally reported by
Webster (1962) was later “regarded as an
artifact of the method of analysis” by Web-
ster and Webster (1972:50). Subsequent data
by Webster and Webster (1975, 1980) in-
dicate that the auditory sensitivity curves
for various species of heteromyids (includ-
ing Perognathus, Microdipodops, Liomys,
Heteromys, and Dipodomys) do not exhibit
a pronounced peak between 1,000 to 3,000

Hz, but show rather flat sensitivity curves
from low (=100 Hz) to high (=30,000 Hz)
frequencies. Further, although Microdipo-
dops and Dipodomys are said to have more
sensitive cochlear microphonics than do
other heteromyids with smaller middle-ear
cavities (Webster and Webster, 1980), no
statistical tests were performed to document
that significant differences in sensitivity ac-
tually exist. From the available data (Web-
ster and Webster, 1980:252) it is clear that
all genera of heteromyids are actually more
sensitive between 300 to 1,000 Hz than in
the “predatory range” of 1,000 to 3,000 Hz;
hence, the validity of this predator-avoid-
ance hypothesis is questionable. Most sig-
nificantly, and contrary to the predictions
of their model, Webster and Webster (1971:
314) have demonstrated that kangaroo rats
with experimentally reduced middle-ear
volume were still able to avoid the preda-
tory strikes of the rattlesnake (see below).
Moreover, if enlarged middle ear cavities
do indeed function to facilitate low-fre-
quency hearing for predator avoidance in
open desert environments, it is not clear
why there is no demonstrated relationship
between auditory bullar size and environ-
ment within the family (Grinnell, 1922;
Setzer, 1949; Webster and Webster, 1975).

Large eyes.—Kangaroo rats and kanga-
roo mice are nocturnal rodents that have
large eyes. If enlargement of the eyes is an
adaptation for enhanced nocturnal vision,
then it is necessary to document that the
large eyes of the kangaroo rats and kangaroo
mice facilitate more keen vision than do the
smaller eyes of other rodent genera with
which they are sympatric. So far, no such
tests have been undertaken. One must be
cautious in assuming that the large eyes rep-
resent a special adaptation for enhanced
nocturnal vision; actually, the antelope
ground squirrel (4mmospermophilus), com-
monly found sympatric with the hetero-
myid ricochetors, also has large eyes, yet is
a diurnal rodent.

Elongated tail. — Kangaroo mice and kan-
garoo rats have long tails relative to body
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length (for comparative rodent data, see
Hatt, 1932). The tails of Microdipodops and
Dipodomys undoubtedly function to some
degree in maintaining balance during lo-
comotion; this locomotory function of the
tail (and a thermoregulatory function as well)
applies to rodents in general (for review, see
Thorington, 1966). But if the long tails of
Microdipodops and Dipodomys represent
adaptations for the richochetal mode of lo-
comotion (Bartholomew and Caswell, 1951;
Hall, 1941; Hatt, 1932; Howell, 1932), one
would expect that tail length and hind foot
length would be correlated across ricochetal
taxa. Importantly, Grinnell (1922) and Setz-
er (1949) have determined that such a re-
lationship does not exist among heteromyid
species. Also, if natural selection has acted
to perfect. the ricochetal mode of locomo-
tion, it is unclear why kangaroo rats hurl
through the air “in a more or less lopsided
fashion” (Howell, 1932:386), and often land
off-balance “owing apparently to clumsy use
of the tail” (Howell, 1944:40). In a rigorous
examination of tail function, Bartholomew
and Caswell (1951) cut off the tail of a kan-
garoo rat to test the importance of the tail
in the maintenance of equilibrium during
bipedal locomotion. Their experiment de-
termined that “removal of the tail had no
apparent effects despite frequently heard
statements to the contrary” (Bartholomew
and Caswell, 1951:165). Coupled with this
experimental result is Howell’s (1923) and
my personal observations that short-tailed
kangaroo rats (those whose tails have been
shortened presumedly by accidental injury)
frequently occur in nature. It also seems in-
congruent that the tail of Microdipodops is
“relatively less flexible” than that of pocket
mice (Hatt, 1932:646) if it is adapted to
serve as a counterpoise and a mid-air rudder
during saltation. Actually, the unusual tail
of kangaroo mice, being thickened in the
mid region, is a site of fat deposition and
storage and probably serves important
physiological needs of the animal. In sum,
the arguments that the elongated tail was
shaped by natural selection to function spe-

cifically in ricochetal locomotion seem un-
convincing.

Long hind feet. —Certain heteromyids
have long hind feet and are able to move
rapidly in open environments. However, the
assumption that the long hind foot of kan-
garoo rats and kangaroo mice is an adap-
tation that has been finely tuned by natural
selection to facilitate ricochetal locomotion
in open habitats remains unchallenged. The
argument would be stronger if all bipedal
forms inhabited open environments. How-
ever, Grinnell (1922) and Setzer (1949) con-
cluded that there is no relationship between
saltatorial specialization and habitat type in
species of Dipodomys. Indeed, kangaroo rats
inhabit both xeric grasslands and coastal
(often fog-shrouded) chaparral hillsides, as
well as sparsely vegetated sand dunes; thus,
the explanation that the ricochetal mode of
locomotion is a finely tuned adaptation spe-
cifically for life in open environments ap-
pears incorrect. Further, recent studies have
shown, contrary to conventional opinion,
that bipedal saltation does not impart kan-
garoo rats an energetic advantage over qua-
drupedal locomotion (MacMillen, 1983;
Thompson et al., 1980) and energy saving
by elastic storage (in tendons and muscle
fibers) appears to be unimportant in animals
of this size (Biewener et al., 1981). With
respect to the explanation that bipedal sal-
tation is a special adaptation for predator
avoidance, I point out that both the bipedal
kangaroo rats and the quadrupedal pocket
mice rely on the same escape response (long,
erratic leaping) to avoid predation (Bar-
tholomew and Cary, 1954; Price and Brown,
1983; personal observations).

Questioning adaptationist explana-
tions.—The ad hoc adaptationist explana-
tions designed to account for the existence
of the unusual morphological features dis-
cussed above may themselves be impedi-
ments to a clear understanding of morpho-
logical evolution in the Heteromyidae.
Surprisingly, however, only a few workers
have questioned these functional explana-
tions. Wood (1935:143) remarked, “There
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is a strong relation among rodents between
a highly inflated auditory region and ri-
cochetal locomotion, though the reason for
this correlation is obscure.” Also, Barthol-
omew and Cary (1954:391), in observing
that the food habits, food-gathering style,
habitat preferences, and escape responses
were similar in both kangaroo rats and
pocket mice, posed the question, “Why
should one be bipedal and the other qua-
drupedal?” Pye (1965:169), in an analysis
of the auditory apparatus of the Hetero-
myidae, observes, “The possible functional
significance of these modified cochlear
structures has been discussed by Webster,
but more ecological and physiological work
needs to be carried out before any firm con-
clusions can be reached.” More recently,
Thompson et al. (1980:224) asked, ““If there
is no energetic advantage for small animals
to hop, why do they do so?”” These questions
and many others prompt critical reconsid-
eration of these functional explanations.
Functional (or adaptationist) explanations
are important in biology, but one must keep
in mind that the theory of natural selection
does not necessarily legitimize ad hoc func-
tional explanations for each smallest com-
ponent of an atomized organism (for dis-
cussion see Brookfield, 1982; Mayr, 1983).
Future workers should evaluate critically
these long-accepted explanations as well as
consider other explanations for the evolu-
tion of these features.

Predator-prey Studies: an Evaluation

Most of the functional explanations that
have been proffered (Table 1) argue that the
novel morphology of ricochetal hetero-
myids is, in one way or another, adaptive
in predator avoidance. If we are to under-
stand the present utility of these novel mor-
phologies, then it is crucial that these adap-
tive hypotheses be evaluated and tested
thoroughly. Several important studies have
been conducted that were designed to test

the view that kangaroo mice and kangaroo
rats have particularly adaptive ‘““anti-pred-
ator morphology” (Kotler, 1985, Webster,
1962; Webster and Webster, 1971). A crit-
ical review of these predator-prey studies
follows.

Predator-prey experiments with kangaroo
rats.—Webster’s (1962) experimental study
of Screech Owl (Otus asio) and Sidewinder
(Crotalus cerastes) predation on the kan-
garoo rat (Dipodomys merriami) was the first
investigation of the functional significance
of the “anti-predator morphology.” Web-
ster’s (1962) studies focused on the function
of the inflated auditory bullae. Having first
reported that normal kangaroo rats have
unusually sensitive cochlear microphonics
between the range of 1,000 to 3,000 Hz (a
finding later dismissed as erroneous; see
above), Webster compared the ability of
kangaroo rats with experimentally reduced
middle-ear volume (and reduced micro-
phonic response) with normal kangaroo rats
in avoiding the predatory strikes of owls and
rattlesnakes. Eight kangaroo rats (four un-
operated and four with reduced middle-ear
volumes) were tested for their ability to
avoid predation by screech owls: two of four
normal individuals avoided the owls’ at-
tacks, but none of the animals with reduced
middle-ear volume was able to avoid cap-
ture. Six kangaroo rats (three normal and
three with reduced middle-ear volumes)
were used in the Sidewinder experiments:
all three normal kangaroo rats avoided
strikes and all three operated individuals
were struck and killed by the rattlesnake.
Webster (1962) further reported that sounds
of an attacking owl and rattlesnake con-
tained frequencies of 1,200 Hz and 2,000
Hz, respectively. Webster (1962) concluded
from these experiments that the hypertro-
phied bullae confer to the kangaroo rat a
special auditory sensitivity at low frequen-
cies that enables the detection of predators.

In a more extensive study, Webster and
Webster (1971) carried out observation ses-
sions to test kangaroo rat (D. merriami)
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avoidance of the predatory strikes of the
Sidewinder. The predator-prey sessions in-
volved kangaroo rats in six different phys-
ical conditions: 1) normal (unoperated); 2)
operated (plasticene placed in bullae to re-
duce middle-ear volume); 3) control (plas-
ticene placed between skin and bullae); 4)
blinded; 5) control and blinded; and, 6) op-
erated and blinded. These predator avoid-
ance experiments demonstrated that kan-
garoo rats with experimentally reduced
middle-ear volumes were, in fact, able to
avoid the strikes of the Sidewinder, contra-
dicting Webster’s (1962) earlier findings.
Actually, kangaroo rats in five of the six test
states (involving 18 forty-minute observa-
tion sessions) were routinely able to avoid
the predatory strikes of the Sidewinder; only
those kangaroo rats that were both surgi-
cally blinded and had their middle-ear vol-
umes reduced were occasionally struck and
killed (three of eight such encounters re-
sulted in the rattlesnake striking and killing
the kangaroo rat).

Webster and Webster (1971) concluded
from their studies that natural selection
should favor individuals with good low-fre-
quency hearing (for predator avoidance) and
that the enlarged bullae evolved in response
to those selection pressures (see also
Fleischer, 1978; Lay, 1972). However, the
predator-prey experiments conducted by
Webster (1962) and Webster and Webster
(1971) do not support the idea that the hy-
pertrophied bullae endow the possessor with
an enhanced ability to avoid predation. It
is now known that kangaroo rats (and kan-
garoo mice) have a broad range of hearing
sensitivity (Webster and Webster, 1980) but
do not exhibit the peaks of sensitivity in the
“predatory frequencies” of 1,000 to 3,000
Hz (see discussion above). Also, a recent
study of hearing in other small mammals
(Heffner and Heffner, 1985) contradicts the
idea that small mammals require enlarged
auditory bullae to hear low frequencies. It
seems that the predator-prey experiments
conducted by Webster (1962) and Webster

and Webster (1971) are inconclusive and
more experiments are needed to gain a more
thorough understanding of the functional
significance of the enlarged auditory bullae.

Natural selection experiments. —Webster
and Webster (1971) live-trapped 27 kan-
garoo rats (D. merriami) for an experiment
to determine whether animals with reduced
middle-ear volume showed reduced survi-
vorship in the wild compared with those
individuals with normal, unoperated bul-
lae. The kangaroo rats were divided into
three groups of nine: 1) normal, unoperated;
2) operated (plasticene placed in bullae to
reduce middle-ear volume); and, 3) control
(plasticene weights placed above middle-ear
cavities). The kangaroo rats were released
on the study site (approximately 7 ha) and
survivorship was estimated by mark-and-
recapture censusing methods involving 136
live traps set out approximately once very
four nights. Individuals were presumed dead
if they were not recaptured during four con-
secutive nights of trapping at the end of the
study (approximately one month after the
initiation of the experiment). At the con-
clusion of the study, 14 kangaroo rats were
recaptured: two of the operated kangaroo
rats and six individuals each from the nor-
mal and control groups. Webster and Web-
ster (1971) concluded from these data that
fewer operated animals were retrapped be-
cause these kangaroo rats, having reduced
middle-ear volume, were more vulnerable
to predation by the Sidewinder (the only
kangaroo rat predator observed on the study
site) than were those animals without mid-
dle-ear reduction.

The results of Webster and Webster’s
(1971) natural selection study are provoc-
ative but, given the design of the study and
the nature of the animals themselves, there
are important considerations that should be
addressed before meaningful conclusions
can be drawn. For example, a G-test for
goodness of fit performed on Webster and
Webster’s (1971) survivorship data reveals
that the observed frequencies of recaptured
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individuals do not depart significantly from
random expectation (G = 2.64; P > 0.05).
Thus, Webster and Webster (1971) were not
justified in concluding that the apparent dis-
appearance of the operated animals during
the study resulted from their increased vul-
nerability to predation relative to normal
animals. Their conclusion, in addition to
being statistically unwarranted, seems to be
inconsistent with their own predator-prey
experiments that demonstrated that kan-
garoo rats with reduced middle-ear volume
and normal kangaroo rats were equally able
to avoid the strikes of the Sidewinder (also
in Webster and Webster, 1971). Webster
and Webster’s (1971) experiments do not
demonstrate that the enlarged middle-ear
cavities in kangaroo rats, as opposed to the
reduced condition in many other rodents,
represent a special adaptation for predator
avoidance.

Predator selectivity studies.—Kotler (1985)
stated that Microdipodops and Dipodomys
exhibit conspicuous “anti-predator mor-
phology” and he pointed out that the genera
possess many morphological characteristics
(e.g., hyperinflated auditory bullae and
elongated hind legs) that are beneficial in
avoiding predation. He reasoned that bi-
pedal heteromyids, by virtue of their “anti-
predator morphology,” should suffer lower
rates of predation than coexisting species
that were quadrupedal and lacked such
adaptive morphology. To assess this, Kotler
(1985) studied predation by long-eared owls
(Asio otus) on desert rodents in a sand-dune
community. Densities of rodent species were
determined by census trapping and those
values were compared with the proportion-
al occurrence of rodent species in regurgi-
tated pellets found beneath a nearby roost
of long-eared owls. Prey selectivity indices
were calculated (proportion of a rodent spe-
cies in pellets divided by the proportional
density of that rodent) and selectivity values
for ““bipedal species’ (Dipodomys and Mi-
crodipodops) were compared with “quadru-
pedal species™ (Perognathus, Peromyscus,
Reithrodontomys) over six sample time pe-
riods. Kotler (1985) concluded that the owls

did not capture rodents in the proportion
in which they occurred on the sand-dune
site but, instead, selectively preyed upon the
quadrupedal rodents because of their lack
of anti-predator adaptations. Although the
results of his study are consistent with the
premise that bipedal heteromyids possess
“anti-predator morphology,” the conclu-
sions are suspect because of problems in the
experimental design and analysis of data.

The experimental design rests on a ten-
uous assumption that the desert rodents can
be partitioned into two locomotory cate-
gories: bipedal and quadrupedal rodents.
While it is fashionable to categorize Dipo-
domys and Microdipodops as bipedal ro-
dents (essentially everyone does this as a
kind of shorthand for describing their cu-
rious, kangaroo-like morphology), in the
present study that seeks to explore whether
bipeds are superior to quadrupeds in pred-
ator avoidance this categorization cannot
pass without careful scrutiny. Despite the
fact that nearly everyone refers to kangaroo
mice as being bipedal, Eisenberg (1963:29)
states that, “Analysis of several films and
observation of Microdipodops for long pe-
riods of time reveal that a quadrupedal
ricochet is the predominant mode of loco-
motion”. Also, most workers have seem-
ingly overlooked Seth Benson’s observation
of a pocket mouse running bipedally on a
lengthy (15-foot) dash (see Hatt, 1932:629-
630). In view of what is known about the
locomotion of kangaroo rats, kangaroo mice
and pocket mice, it is incorrect for Kotler
(1985) to lump kangaroo rats and kangaroo
mice together as “bipeds” and compare them
to other “quadrupeds” in this predator se-
lectivity study. i

The experimental design of the study as-
sumes that the owls hunted for rodents in
the same area (or at least in the same hab-
itats) as that censused by live trapping; this
is a basic assumption upon which the ac-
curacy of the selectivity indices are depen-
dent. Given that there is no assurance that
the owls restricted their hunting activities
to the semi-stabilized dune area, it is in-
correct to report selectivity values that are



MACROEVOLUTION IN HETEROMYID RODENTS 301

based on the comparison of the proportion
of rodents in owl pellets with the density of
rodents on the dunes. Although Kotler was
careful to raise this caveat (Kotler, 1985:
826), the fact that several rodent species that
never occurred on the sand dunes were re-
covered in the owl pellets strongly suggests
that the owls hunted in a variety of habitats.
Although Kotler eliminated the non-dune
species from his analysis, it is, nevertheless,
impossible to disentangle this sampling bias
from the selectivity indices.

In analyzing the selectivity information,
Kotler (1985) compared the pooled data for
bipedal species with pooled data for qua-
drupedal species. Pooling the species based
on locomotory morphology may have ob-
scured important information on the selec-
tivity of long-eared owls for individual prey
species. While the categorical division of the
rodents into bipedal and quadrupedal spe-
cies was designed to represent those species
that do and do not possess the “anti-pred-
ator morphology,” this subdivision reflects,
more realistically, body size differences be-
tween the two categories. The so-termed bi-
pedal group includes four species of kan-
garoo rats (ranging in body size from 41 g
to 100 g) and one species of kangaroo mouse
(13 g), whereas the quadrupedal group in-
cludes one pocket mouse (8 g) and two cri-
cetids (13 gand 26.5 g; body mass data from
Burt and Grossenheider, 1952; Jones, 1985).
Thus, the typical animal in the bipedal group
was considerably larger than the typical
quadrupedal animal. Body size is an im-
portant criterion of prey vulnerability (see
Craighead and Craighead, 1969) and, in a
separate study, Kotler (1984) noted that large
size helps reduce the vulnerability of kan-
garoo rats to predators. It seems that Long-
eared Owl prey selectivity in Kotler’s (1985)
study may simply reflect this owl’s prefer-
ence for small-sized prey and has little or
nothing to do with the morphological con-
formation of the prey species. Hence, there
is no control for the owl’s predatory behav-
ior, which may well be biased toward one
functional prey type for reasons unrelated
to the prey themselves. Inasmuch as both

bipedal and quadrupedal heteromyids ex-
hibit the same predator escape response
(Bartholomew and Cary, 1954), prey size
may be of paramount importance to the
hunting owl; the morphological conforma-
tion of the prey may be a minor consider-
ation. Such an interpretation is supported
by other predator-prey studies that show
that a different species of owl, the Great
Horned Owl (Bubo virginianus), preys se-
lectively on larger desert rodents (Longland,
1983; Longland and Jenkins, 1987).

Conclusions on predator-prey studies. —
The kind of research that seeks to demon-
strate the adaptedness of individuals and
their features, termed the ‘“adaptationist
program” (Gould and Lewontin, 1979;
Mayr, 1983), has proven itself to be of fun-
damental importance in many areas of bi-
ology. The adaptationist program, doubt-
less, can also be of great heuristic value in
the study of the Heteromyidae. This is be-
cause there is much need for a clearer un-
derstanding of the functional significance of
the novel morphologies seen in the heter-
omyid species.

Experimental predator-prey studies would
seem to offer the most promising avenue for
future research designed to investigate the
adaptedness of individuals and their fea-
tures. Such studies, by the nature of their
design, are able to eliminate the confound-
ing variables that often plague natural pre-
dation and selection studies. Future studies
should be more comparative in nature, in-
volving nonricochetal heteromyids as ex-
perimental controls against which the pred-
ator avoidance success of species with the
hypothesized “anti-predator morphology”
is compared. It is important to approach
future studies with the purpose of attempt-
ing to refute the ‘“anti-predator morpholo-
gy” hypothesis rather than to embark on a
study of adaptation with the premise that
the hypothesis is already known to be cor-
rect (for philosophical perspective on sci-
entific research, see Wenner and Wells,
1990). It is in this manner that rigorous
studies can be designed and executed to pro-
vide unambiguous answers to tedious ques-
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tions pertaining to the functional signifi-
cance of morphological features.

Heterochrony and Macroevolution
in Geomyoid Rodents

Among all geomyoid rodents, the bizarre
morphology of the ricochetal kangaroo mice
and kangaroo rats has attracted the greatest
amount of attention from biologists and
these forms are considered by many to be
the epitome of desert specialization (e.g.,
Mares, 1983). The evolution of the enor-
mous head, huge hind feet, large eyes, and
long tail in kangaroo mice and kangaroo rats
is explained conventionally in terms of the
adaptive aspects of their morphology (see
discussion above and Table 1). Despite how
these features may function in their present
context, the very different question remains:
how did they evolve? Because a feature
functions in a certain way today, we might
assume that it originated for that purpose.
However, as emphasized by Gould and Vrba
(1982:13), “current utility [of a feature] car-
ries no automatic implication about [its]
historical origin.”

The proper alternative to a functional ex-
planation is a causal explanation for the
evolution of a feature. Causal explanations
decouple evolution from present use and
thereby avoid the inherent ad-hoc nature of
functional explanations that have been mis-
appropriated to infer evolution. The causal
explanation that seems to account for mac-
roevolution in the Geomyoidea focuses on
the mechanisms of heterochrony (muta-
tions that effect changes in developmental
programs). Heterochrony provides a gen-
eral, unifying explanation to account for the
evolution of the wide variety of morpho-
logical novelties evident in this group (Haf-
ner and Hafner, 1983, 1988; Hafner and
Hafner, 1984).

Several years ago I observed that many
of the obvious morphological features of
kangaroo rats and kangaroo mice, most no-
tably the large head and eyes and the long
hind feet, were traits commonly attributable

to a paedomorph. This initial observation,
coupled with the subsequent discovery that
young pocket gophers (approximately two
weeks of age) look remarkably like mature
pocket mice, prompted further investiga-
tion and culminated in the hypothesis that
evolutionary epigenetics might resolve the
riddles of morphological transformation in
geomyoid rodents (Hafner and Hafner,
1983, 1988; Hafner and Hafner, 1984). Be-
low, I rely on phenomenological descrip-
tions to demonstrate how regulatory changes
in ontogeny may, in affecting the timing of
gene action and rates of morphogenesis and
growth, lead to morphological phyletic evo-
lution (for review see Alberch, 1980; Al-
berch et al., 1979; Gould, 1977; Levtrup,
1981a, 1981b; Rachootin and Thomson,
1981).

The view that morphological evolution is
the result of regulatory shifts in develop-
ment has been championed by many work-
ers, most notably by Goldschmidt (1940),
Waddington (1957, 1962), and Gould
(1977). Waddington (1957, 1962) and, more
recently, Alberch (1980), observed that
morphologies do not appear in nature in a
random or continuous manner, but that
there is a repetition of several distinctive
morphotypes. Such is the case with geo-
myoid rodents. A perusal of both fossil and
extant forms reveals that virtually any geo-
myoid rodent fits into one of three general
morphological categories (Baupldne). gen-
eralized mice, kangaroo-like rats and mice,
and the fossorial, pocket gopher morpho-
type (Fig. 2). As pointed out by Alberch
(1980), epigenetic interactions may reduce
the scope of potential novelties and impose
a sense of order in morphological transfor-
mations through phylogeny; as a conse-
quence, we see developmental constraints
effecting phyletic parallelism. The Geomy-
oidea is rife with phyletic parallelism (Haf-
ner and Hafner, 1983; Wood, 1935) and,
indeed, the bipedal pocket gopher ancestor,
Schizodontomys, from the Miocene is an
excellent case in point.

The paedomorphs. — Microdipodops and
Dipodomys share a variety of features that
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FiG. 2.—Silhouettes of the three principal morphotypes found in the extant Geomyoidea. The body
form of the pocket mouse (Perognathus, Chaetodipus, Liomys, Heteromys; lower) represents the
generalized rodent condition. The fossorial pocket gopher (Thomomys, Geomys, Pappogeomys, Or-
thogeomys, Zygogeomys; right) is a robust, large-bodied form. The kangaroo-like form (Dipodomys,
Microdipodops; left) is highly specialized with a large head, long hind feet, small fore feet, and long
tail (the tail of Microdipodops [not shown] is thick at the midsection and lacks the terminal tuft). See

text for discussion.

are characteristic of the juvenile state, or
paedomorph (Hafner and Hafner, 1983,
1988; Hafner and Hafner, 1984). The ob-
vious traits include the large head, large eyes,
and long hind feet; these are among the en-
dearing qualities of kangaroo mice and kan-
garoo rats and, doubtless, have contributed
to the popularity of the heteromyids. As
Gould (1977:350) observes, “Our concept
of ‘cute’ is strongly determined by the com-
mon traits of babyhood: relatively large eyes,
short face, smooth features, bulbous cra-
nium.” The manifestation of this character
complex (plus other features) in the adults
of Microdipodops and Dipodomys argues
strongly for paedomorphosis.

The large heads of Microdipodops and Di-
podomys have attracted much comment
from biologists. At first glance, extreme in-
flation for the auditory bullae appears sin-
gularly responsible for the large crania of
these ricochetal rodents. While it is unclear

how and why the bullae have become so
greatly hypertrophied, bullar expansion
alone does not seem to account for the large
crania of these forms. As noted by Hafner
and Hafner (1988), precaudal vertebral
length (a measure of body size excluding
tail) and condylonasal length of skull (a
measure of skull size excluding bullae) are
allometrically related and follow the equa-
tion skull length = k (precaudal vertebral
length)~, where k is the allometric coefficient
and « is the allometric exponent. The al-
lometric exponent (regression coefficient) on
a double logarithmic plot of skull length on
precaudal vertebral length across the Ro-
dentia i1s estimated to be 0.65 (Fig. 3; r =
0.97, P <« 0.01). Hence, animals with short-
er precaudal vertebral lengths (heteromyids
in general) have, necessarily, proportion-
ately larger heads. It is this allometric re-
lationship (Fig. 3) that explains, in part, the
large heads of kangaroo mice and kangaroo
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FiG. 3.—Relationship between skull (condylonasal) length and body (precaudal vertebral) length
for 15 genera of ricochetal and nonricochetal rodents (data from Hatt, 1932:722). Ricochetors are
indicated with triangles and nonricochetors by dots. Genera are as follows: M, Microdipodops; P,
Perognathus; D, Dipodomys; L, Liomys;, H, Heteromys; 1, Sicista; 2, Zapus; 3, Scirtopoda; 4, Jaculus,
S, Dipus; 6, Allactaga; 7, Pedetes; 8, Notomys; 9, Rattus; 10, Paramys.

rats. Note, however, that the regression of
skull length against precaudal vertebral
length (Fig. 3) reveals that Microdipodops
and Dipodomys have skulls that are 135%
and 125% larger, respectively, than pre-
dicted from precaudal vertebral length alone.
Apparently, functional constraints associ-
ated with locomotion do not explain this de-
viation. Inspection of Fig. 3 shows that there
is no relationship between the ricochetal
habitus and proportionate head size in ro-
dents; that is, some bipedal rodents have
heads that are larger than predicted (e.g.,
Jaculus and Pedetes), whereas other bipedal
rodents have heads that are smaller than
predicted (e.g., Scirtopoda and Notomys).
The large heads of kangaroo mice and

kangaroo rats may also be due to their rel-
atively large brains (see Table 2; Hafner and
Hafner, 1984). Enlargement of the brain
seems to be a common result of paedo-
morphosis (Gould, 1977). The relatively
large brains of kangaroo mice and kangaroo
rats may result from time hypermorphosis,
as is well established for human encephali-
zation (for discussion see Shea, 1988). Time
hypermorphosis here results in a relatively
enlarged brain by allowing for a protracted
fetal period of high relative growth of the
brain; as a consequence, time hypermor-
phosis yields a high brain/body ratio that is
characteristically paedomorphic.
Kangaroo rats and kangaroo mice share
several other paedomorphic features. Both
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TABLE 2.— Selected morphological and life-history characteristics of heteromyids.

Mean
rear foot  Mean tail
Mean in per- in per- Mean Mean
adult body Mean centage centage  number of gestation
mass brain EQ head and head and caudal Mean time
Genus (2r value® body* body* vertebraes litter size® (days)®
Perognathus 10.6 0.96 28 107 - 4.2 25.1
Chaetodipus 22.6 0.92 28 121 26¢ 4.3 27.0
Liomys 43.8f 0.94 25¢ 118 26¢ 4.0¢ 26.5
Heteromys 74.4" 0.96 27 128« 27.5 3.0 27
Microdipodops 12.5 1.21 36 130 24 3.9 o
Dipodomys 76.1 1.26 37 143 29.9 3.1 294

a Means for genera (except Liomys and Heteromys) calculated from species data in Jones (1985) and included
references.

® Means for intra-geomyoid encephalization quotients (EQ values) calculated from species data in Hafner and
Hafner (1984). EQ values less than 1.00 denote relatively small brains, whereas values greater than 1.00 describe

relatively large brains.
< Hatt (1932).

4 Means for genera calculated from species data in Jones (1985) and lncluded references.

¢ Value based on one specimen.

f Mean calculated from species data in Burt and Grossenheider (1952), Machllen and Hinds (1983) and Jones
(1985). When a range was given instead of a mean, the average of the range limits was used. Also, several estimates

available for the same species were averaged.

s Mean calculated from data for species in Eisenberg (1963) and Fleming (1977); several estimates for the same

species were averaged.

* Mean calculated from data on H. desmarestianus in MacMillen and Hinds (1983) and Jones (1985).

i Data from a single species.

i Mean calculated from data for species in Eisenberg (1963) and Fleming (1977). When a range was given instead
of a mean for a species, the average on the range limits was used. Also, several estimates available for the same

species were averaged.

Microdipodops and Dipodomys retain the
stapedial canal and artery (Howell, 1932).
The stapedial artery, derived from the sec-
_ond aortic arch, is likely present in all mam-
mals at some stage of development, yet in
many mammals it commonly disappears at
an early ontogenetic stage. Importantly,
Howell (1932:503-504) observes that,
among the geomyoids, only Microdipodops
and Dipodomys have a complete stapedial
canal and artery, whereas species of Perog-
nathus, Liomys and Thomomys show var-
ious degrees of degeneration of the artery
and canal. Lastly, kangaroo mice and kan-
garoo rats, in comparison with other geo-
myoids, have very light, delicate skeletons
whose osseous elements are smooth and pa-
per thin, and show a low degree of fusion.
Unfused and/or definitive sutures are com-
monplace in the skulls of Microdipodops and
Dipodomys and this reduced level of ossi-

fication further describes a paedomorphic
condition.

Kangaroo mice and kangaroo rats do,
however, differ by a vast number of fun-
damental morphological features (e.g., see
Hafner, 1978; Hatt, 1932; Howell, 1932;
Wood, 1935), despite the many shared pae-
domorphic characters. Indeed, the entire
natural history of Microdipodops is unlike
that of Dipodomys; the genera differ mark-
edly in body size, life-history strategy, lo-
comotion, ecology, physiology, and geo-
graphic distribution. Paedomorphosis is a
gross morphological expression (a shape
phenomenon) that appears to be shared be-
tween these genera as a result of phyletic
parallelism. As hypothesized by Hafner and
Hafner (1983, 1988), two separate hetero-
chronic processes may be involved in the
juvenilization of kangaroo mice and kan-
£aroo rats.
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Fic. 4.—Morphological transformations through ontogeny and phylogeny in the Geomyoidea.
Ancestral ontogenetic trajectory is altered producing phylogenetic transmutation of morphology. A
hypothetical development event is mapped on an age axis (a) and form coordinates, size (S) and
shape (¢). The onset (o) and cessation of development (8) are indicated along the age axis. As an
animal ages, an ontogenetic trajectory is traced out leading to the adult ancestor, X, or adult de-
scendant, Y,. Terminology follows Alberch et al. (1979). See text for discussion.

The ancestral ontogenetic trajectory.—
Pocket mice, including Perognathus, Chae-
todipus, Liomys and Heteromys, exhibit a
generalized rodent Bauplan (Eisenberg,
1981:90) and probably represent a reason-
able approximation of the ancestral geo-
myoid condition. It is difficult to specify the
exact size of the ancestral Bauplan, but it
was probably moderately small (and not
moderately large as suggested by MacMillen

[1983] and MacMillen and Hinds [1983]);
the paleontological evidence (e.g., Reeder,
1956; Wahlert, this volume; Wood, 1935)
shows that the earliest geomyoids (including
Heliscomys, Proheteromys and Mookomys)
varied from small rodents approximately
the size of Perognathus longimembris (8 g;
Jones, 1985), to medium-sized forms such
as Chaetodipus californicus (23 g; Jones,
1985) and Liomys (43.8 g, Burt and Gros-
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senheider, 1952; Jones, 1985; MacMillen
and Hinds, 1983). An animal with this an-
cestral morphotype is likely to have con-
served the developmental patterns of the
geomyoid ancestor. As the animal ages from
conception, its size and shape will change,
following the ancestral ontogenetic trajec-
tory. In Figure 4, I use the formalism pro-
posed by Alberch et al. (1979) to analyze
the morphological transformations through
ontogeny and phylogeny in the Geomy-
oidea. This method describes ontogeny us-
ing a three-axis system: @, the age axis that
details the timing of differentiation events;
S, the size axis; and ¢, the shape axis (Fig.
4). The ontogenetic-trajectory method is
used here to represent the overall ontogeny
of an individual and to illustrate the general
effects of possible heterochronic changes. It
is an idealized representation which de-
scribes a myriad of hypothetical structures
and organs on a single pair of size and shape
coordinates (for discussion see Alberch,
1980; Alberch et al., 1979). Perturbations
(8) of the “‘control parameters,” including
the onset of growth (a), cessation of devel-
opment (8), size growth rate (ks) and rate of
change in shape (k,), deform the ancestral
ontogenetic trajectory and lead to phylo-
genetic transmutations (Fig. 4). Much of the
morphological diversification in the Geo-
myoidea is explicable from this ontogenetic
perspective and the morphological novel-
ties that are produced are predictable end
products of heterochronic perturbations.
Kangaroo mice: the progenetic descen-
dant. —Kangaroo mice, in comparison with
other geomyoids, show retention of juvenile
morphology and are very small in body size.
It is hypothesized, then, that kangaroo mice
represent a paedomorphic version of a
somewhat larger (though still moderately
small) geomyoid ancestor (see also Hafner
and Hafner, 1983, 1988). Importantly, Shea
(1983, 1988) and McKinney (1988) note that
two different heterochronic events may lead
to a small-sized paedomorph: time progene-
sis (= time hypomorphosis) and rate pro-
genesis (= rate hypomorphosis). Time pro-
genesis is a process in which ontogeny is

truncated because the time required for re-
productive maturation is abbreviated. This
involves a negative perturbation (—é8) in
the ancestral ontogenetic trajectory (Fig. 4B)
and results in a small, rapidly maturing pae-
domorph. Rate progenesis, however, in-
volves a reduction in size growth rate (—dks)
and leads not only to a small descendant,
but one that is also a paedomorph,; this is
true because change in size is inextricably
associated with change in shape and few
traits change isometrically with size. It is
important to distinguish between these two
kinds of progenesis, because these hetero-
chronic mechanisms, though producing
similar results, suggest different selective
environments and adaptive scenarios. As
noted by Shea (1988), the ecological cor-
relates of the diminutive paedomorph would
be expected to be different if the hetero-
chronic mechanism involved truncated
growth time (time progenesis) or reduced
growth rate (rate progenesis). For time pro-
genesis, selection may act mainly for re-
duced growth duration in an environment
where early maturation and increased re-
productive output are advantageous. Alter-
natively, if rate progenesis is involved, se-
lection may act principally on reduced
growth rate and smaller size as a means of
reducing interspecific competition by ex-
ploiting an alternative food resource (e.g.,
insects).

Both Gould (1977) and McKinney (1986)
observe that the key to understanding the
immediate significance of heterochrony lies
in the theory of r and K selection (life-his-
tory strategies). Gould (1977:293) predicts
that “progenesis will be associated with r
strategies and neoteny with K strategies™
(italics his). Interestingly, Microdipodops in-
habits an obvious r-selected environment
(ephemeral sand-dune habitats in the Great
Basin Desert) and, while the data are scanty,
it seems to possess the attributes of an r
strategist when compared to most other geo-
myoids. In addition to showing small body
size, kangaroo mice seem to have somewhat
reduced longevity (Egoscue et al., 1970) and
subsist on insects (an ephemeral resource
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base) as well as seeds (Hall, 1941); they do
not, however, seem to show larger litter sizes
as was previously reported (cf., Hafner and
Hafner, 1988; see Table 2). It should also
be kept in mind that the genus is autoch-
thonous in the Great Basin Desert (Hafner,
1978, 1981) and through its evolutionary
history has faced the rigors of cold (high
elevation), desert habitats that are charac-
terized by a shortened growing season.

Given the complete lack of information
on the growth and development of Micro-
dipodops, it is impossible to identify which
of the two mechanisms of progenesis may
be involved (for discussion see McKinney,
1988). Indeed, future workers must gather
the kinds of data for kangaroo mice that will
allow for the distinction between these het-
erochronic processes (as well as a consid-
eration of other possibilities including post-
displacement or even neoteny) that may be
responsible for paedomorphosis here. How-
ever, the small body size and obvious pae-
domorphosis suggest that either form of
progenesis is the favored heterochronic hy-
pothesis for Microdipodops. If time progen-
esis is involved in the evolution of kangaroo
mice, then they may represent a parallel to
New World callitrichid monkeys where pre-
cocious maturation as a life-history strategy
may have been the principal object of se-
lection (see Shea, 1988). Alternatively, se-
lection favoring small body size and dietary
specialization on insects may be the under-
lying effectual aspect of evolution involving
rate progenesis; a parallel here may be the
Old World talapoin monkeys (see Shea,
1988). In either case, it seems that the ju-
venilized morphology of kangaroo mice (a
necessary byproduct of progenesis) may be
entirely incidental.

The kangaroo mouse, as a progenetic de-
scendant, harbors several morphological
characters not seen in the kangaroo rat (a
neotenic descendant, see beyond). Wood
(1935:112) was first to notice that the enam-
el of the incisors of adult Microdipodops is
white to very pale yellow in color and he
suggested that this is a juvenile character-
istic (enamel tends to darken with age). In
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contrast, adults of most other species of geo-
myoids usually have dark, yellow-colored
enamel on their incisors. Kangaroo mice,
despite having a relatively long tail, also
possess the fewest caudal vertebrae (24) of
all heteromyids (see Table 2). According to
Hatt (1932:644) “Microdipodops then, has
achieved a fairly long tail through length-
ening of the units, while Dipodomys has its
long tail, at least in part, by virtue of units
added.” Inasmuch as ossification occurs
craniocaudally in heteromyids (Van De
Graaff, 1973), this reduction in the number
of vertebral elements may simply be due to
the truncation of the size/shape pattern of
the ancestral ontogeny that results from ei-
ther time or rate progenesis (early offset
signal of development or reduced rate of
overall weight growth prevents further os-
sification of tail vertebrae). As discussed
above, kangaroo mice have relatively large
heads because they have short precaudal
lengths (Fig. 3). However, kangaroo mice
do have greatly inflated auditory bullae. It
seems that the extremely enlarged bulla is
a result of the unique development of an
additional bullar lobe. Wood (1935:112,
242) determined that the “swelling” of the
anterior lobe is due to the anterior migration
of the temporalis muscle which carries the
delicate squamosal up on the dorsum of the
skull. Wood (1935:242) described this mod-
ification as ‘“‘the most striking action of
muscle on bone detected within the family
....” Lastly, the cheek teeth of kangaroo
mice seem not to have fully developed roots
when compared to those of pocket mice; the
cheek teeth of Microdipodops possess molar
roots that are irregularly present, greatly re-
duced in size and appear late in ontogeny
(for discussion see Hall, 1941; Merriam,
1891; Wood, 1935).

Kangaroo rats: the neotenic descen-
dant.— A retardation in the rate of change
in shape of the ancestral ontogenetic trajec-
tory (—ék,) will lead to the production of a
neotenic descendant. The juvenilization of
kangaroo rats may have occurred in this
manner (Hafner and Hafner, 1983, 1988;
see Fig. 4C). Neoteny occurs often in nature
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and may result from direct selection for ju-
venile features and/or larger body sizes in
K-selected environmental regimes (Gould,
1977). Slow development may produce a
descendant of the ancestral adult size but
one retaining juvenile features. This dec-
rement in the shape growth rate, coupled
with a delay in 8 (Fig. 4C) is sufficient to
explain the observed variety of medium- to
large-sized kangaroo rat species. Dipodo-
mys, in comparison to other geomyoids,
possesses many of the classical features as-
sociated with the neotenic syndrome: mod-
erate to long life span (Egoscue et al., 1970);
slow development (Butterworth, 1961;
Chew and Butterworth, 1959; Eisenberg and
Isaac, 1963; Fleming, 1977; Hayden and
Gambino, 1966; Lackey, 1967); long ges-
tation period (Eisenberg and Isaac, 1963;
Fleming, 1977); enlarged brain (Hafner and
Hafner, 1984); and generally small litters
(Butterworth, 1960; Eisenberg and Isaac,
1963; Fleming, 1977; Hall, 1946). This as-
sociated complex of characters (see Table
2) suggests that the kangaroo rats are near
the K end of the r-K spectrum of life-history
strategies. That some species of kangaroo
rats inhabit desert regions does not contra-
dict this hypothesis. Actually, several of the
more strictly desert-dwelling species (e.g.,
D. microps, D. spectabilis and D. deserti)
subsist almost entirely on leaves, flower
heads and seeds from perennial species (a
largely nonfluctuating resource base as com-
pared with seeds of annuals and insects) and,
strictly speaking, many other kangaroo rat
species are not found in the desert at all (e.g.,
D. californicus, D. heermanni, D. stephensi,
D. venustus). Gould’s (1977) hypothesis that
neoteny may result from direct selection for
larger body size and/or juvenile features
seems worthy of serious consideration here;
Kotler (1984) observed that larger kangaroo
rats were less vulnerable to predation by
owls and canids and better able to forage in
open habitats than smaller species of ro-
dents (see also above discussion and Kotler,
1985).
Several morphological features unique to
Dipodomys are germane to this discussion

of neoteny: the reduction and/or loss of the
hallux, the generally opaeodont (open-root-
ed teeth) condition of the molars, and the
high number of caudal vertebrae (kangaroo
rats, with generally 31 caudal elements, have
the highest number of caudal vertebrae in
the family; Hatt, 1932; Table 2). According
to the retardation model, features that ap-
pear late in the ancestral ontogeny would be
expected to be absent or reduced in size (and
retain the juvenile shape) in the neotenic
descendant. Most interestingly, there is ev-
idence that both the distal phalanges (Van
De Graaff, 1973) and the roots of molars
(Zakrzewski, 1981) are features that appear
late in ontogeny. Conversely, the high num-
ber of caudal vertebrae (Hatt, 1932) suggests
that, although terminal ossification occurs
relatively late (but probably earlier than the
above two features), the retention and pro-
longation of fetal growth tendencies allow
for the continued progressive development
of caudal vertebrae.

Pocket gophers: the hypermorphic descen-
dant.—It has been hypothesized that the
process of hypermorphosis may be largely
responsible for the gross shape and size of
pocket gophers (Hafner and Hafner, 1983,
1988). Hypermorphosis leads not only to a
descendant whose shape transcends that of
the ancestral form (technically, peramor-
phosis), but one that is also large in size.
Hypermorphosis can be achieved by two
separate processes: time hypermorphosis
and rate hypermorphosis (for discussion see
Shea, 1983, 1988; McKinney, 1988). Time
hypermorphosis is a process wherein there
is a positive perturbation in the signal for
cessation of growth (+48) in the ancestral
ontogeny (Fig. 4D) that produces a hyper-
morphic individual (also termed a pera-
morph; Alberch et al., 1979); that is, length-
ened period of growth allows for the
extension of the ancestral allometric trajec-
tory. In contrast, rate hypermorphosis in-
volves an increase in size growth rate (+dks)
and also produces a large, peramorphic de-
scendant. As noted by Shea (1988), in-
creased rate of overall weight growth will
result in extension of the size/shape pattern
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of the ancestor, but without changing the
ancestral allometry or maturation time.
Most of the general morphological attri-
butes of pocket gophers seem to support this
hypothesis of hypermorphosis. The adult
pocket gopher possesses a heavily ossified
skeleton, the cranial elements of which show
a high degree of fusion; these are classical
attributes of later mammalian ontogeny.
Further, pocket gophers are large-sized geo-
myoids.

While peramorphosis may be produced
by several other processes (e.g., acceleration
and predisplacement; see Alberch et al.,
1979), the marked similarities in size and
shape between very young pocket gophers
and adult pocket mice (Hafner and Hafner,
1988) suggest that hypermorphosis is in-
volved in the morphological evolution of
pocket gophers. This heterochronic pertur-
bation allows pocket gophers to “go be-
yond” or extend the ancestral ontogenetic
trajectory (Fig. 4D). Hence, juvenile levels
of morphological differentiation in the
pocket gophers may be adult features of the
ancestor (recapitulation). In the developing
pocket gopher, the “pocket mouse” mor-
photype is attained at the same size of the
adult ancestor, but the pocket gopher is still
a juvenile at this size. It is for this reason
that I favor hypermorphosis (as opposed to
recapitulation by acceleration) as the pro-
cess leading to the peramorphosis in this
case.

Gould (1977) notes that there is usually
a link between K-selective regimes and hy-
permorphosis. In accord with Gould’s
observation, it seems that pocket gophers
inhabit a relatively nonfluctuating environ-
ment (the subterranean niche), subsist on a
stable food (primarily roots and tubers), are
large in body size (relative to heteromyids),
exhibit strong intra- and interspecific com-
petitive abilities (e.g., Miller, 1964), and may
be long lived (Howard and Childs, 1959).
However, recent information available for
Thomomys, the smallest of the pocket go-
pher genera, shows high annual population
turnover and suggests that it may be a more
r-selected strategist (Daly and Patton, 1986).
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Clearly, much more data are needed (par-
ticularly for the larger genera such as Or-
thogeomys and Zygogeomys) before any
conclusions can be made on the possible
relationship between hypermorphosis and
life-history strategies among the pocket go-
phers.

Conclusions on ontogeny and phyloge-
ny.—It has been hypothesized that hetero-
chronic disturbances during development
have been involved in macroevolution (sen-
su Simpson, 1944, 1953) in the Geomy-
oidea. To clarify a description of the ob-
served phenomena, I have incorporated the
‘“ontogenetic-trajectory” formalism of Al-
berch et al. (1979). Figure 5 summarizes
these views concerning morphological
transformations through ontogeny and phy-
logeny in geomyoid rodents by focusing on
one structural complex: the cranium. De-
formations in the ancestral (mouse-like) on-
togenetic trajectory (Fig. 4) results in reca-
pitulation (through hypermorphosis) and
reverse recapitulation (through progenesis
or neoteny). Adult descendants that are par-
ticularly large in size (e.g., the pocket go-
pher, Orthogeomys grandis, or the kangaroo
rat, D. deserti; Fig. 5), but show the same
shape as smaller relatives, may result from
proportioned giantism.

One of the principal aims of this review
is to emphasize the possible role of heter-
ochrony (mutations that cause altered de-
velopmental programs) in morphological
evolution of heteromyid (and geomyid) ro-
dents. The focus here on heterochrony, of
course, is intended not to mitigate the role
of natural selection in macroevolution.
Clearly, the omnipresent force of selection
serves ultimately in judging the success or
failure of any evolutionary novelty. But by
emphasizing heterochrony, I want to en-
courage a more eclectic view of morpho-
logical evolution in these rodents; specifi-
cally, a view that does not ignore the recent
realization that evolutionary changes in size
and shape arise from evolutionary change
in developmental programs (see Atchley,
1987).
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MORPHOTYPE

ANCESTRAL

FiG. 5.—The evolution of gecomyoid cranial differentiation based on the hypothesized heterochronic
disturbances during development. Five genera illustrate the presumed ancestral (“mouse-like’’) mor-
photype: Heteromys desmarestianus (H), Liomys irrortaus (L), Peromyscus truei (P1), Perognathus
parvus (P2), Chaetodipus penicillatus (C). Other crania are as follows: young Thomomys monticola
(T1), Thomomys umbrinus (T2), Orthogeomys grandis (T3), Microdipodops megacephalus (M), Di-
podomys compactus (D1), Dipodomys merriami (D2), and Dipodomys deserti (D3). All crania are
drawn from adult individuals except for T1. Note the similarity between the young pocket gopher
(T1) and the ancestral morphotype. Figures modified from Hall (1946, 1981), Setzer (1949), and

Genoways (1973).

The hypotheses presented here (see also
Hafner and Hafner, 1988) are based mainly
on patterns of morphological differentiation
seen in adult specimens. These hypotheses
predict that the -ontogenies of the derived
novel forms, such as kangaroo mice and
kangaroo rats, were altered in a specific

fashion relative to the ancestral condition.
It should be pointed out, however, that the
epigenetic interactions affecting these mor-
phological transformations are much more
complex than the simple heterochronic
changes that are outlined. The intent here
1s to suggest that a substantial portion of the
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morphology of each derived form repre-
sents an intercorrelated set of traits that may
be produced by a single heterochronic per-
turbation. As such, I hypothesize that the
kangaroo mouse is mainly progenetic, the
kangaroo rat is mainly neotenic, and the
pocket gopher is mainly hypermorphic. One
must keep in mind that morphogenesis is a
complex process and examples of “pure”
types of heterochronic changes unaccom-
panied by other basic heterochronic events
are probably very rare (for discussion see
Alberch et al., 1979; Fink, 1982; Gould,
1977, McKinney, 1984). It follows then that
not everything about these derived crea-
tures would be expected to be consistent
with a strict (global) interpretation of the
heterochrony hypotheses that are presented.
Indeed, not all traits are going to show the
same heterochronies inasmuch as trait dis-
sociation (mosaic evolution) is very com-
mon (for discussion see McKinney, 1988).
For example, the short tail of pocket go-
phers seems to be truncated (only 16-18
caudal vertebrae [Hill, 1937]; cf. Table 2),
but an obvious prediction from a global in-
terpretation of the above hypothesis is that
the peramorph should have a high number
of caudal vertebrae (and, thus, a long tail).
Also, the kangaroo mouse has greatly en-
larged auditory bullae (perhaps the result of
acceleration), but the animal is hypothe-
sized to be mainly progenetic. Additionally,
the large auditory bullae and elongated tail
of kangaroo rats may be peramorphic, yet
the form is hypothesized to be mainly neo-
tenic. A single heterochronic perturbation
may, but need not, cause rather global mor-
phological changes when its effects are am-
plified by a myriad of pleiotropic and epi-
genetic effects that occur during
development. More commonly, morpho-
logical patterns are produced by a combi-
nation of heterochronic events (Alberch et
al., 1979), and individual traits evolve
largely as a subunit of a developmentally
integrated character complex that is, in turn,
governed by various hierarchical develop-
mental processes. Thus, it seems that dis-

similar kinds of heterochronic changes, act-
ing independently, may affect different
developmentally integrated character com-
plexes.

Future workers interested in morpholog-
ical evolution in these rodents should seek
to gather the kinds of data that can be
brought to bear on these hypotheses of het-
erochrony. These hypotheses are testable
(see Hafner and Hafner, 1988), and I hope
that they will encourage others to investi-
gate the embryological and postnatal on-
togeny of geomyoid rodents, as was done
recently in neotomine-peromyscine rodents
(Creighton and Strauss, 1986). Before one
is able to understand fully the morpholog-
ical differentiation in these rodents, much
more complete data are needed on growth
and development, longevity, age at matu-
ration, litter sizes, and food habits, among
many other crucial natural history param-
eters. Despite the popularity of hetero-
myids, there is a surprising dearth of basic
descriptive data on the postnatal growth for
most species. Accordingly, I encourage fu-
ture workers to perform these basic descrip-
tive studies, as well as to perform manip-
ulative embryological studies (e.g., DuBrul
and Laskin, 1961) and studies of develop-
mental integration and character correla-
tion. In this regard, Zelditch’s (1987) ap-
proach using confirmatory factor analysis in
the study of developmental integration and
Atchley’s (1987) developmental quantita-
tive genetics model stressing genetic vari-
ance-covariance structure seem to provide
promising directions for future research.

In summary, I propose that much of the
striking morphological modifications in the
heteromyids may have resulted from het-
erochronic shifts in ontogeny. As such, the
evolution of each trait might not be attrib-
uted solely to natural selection but, subse-
quent to the heterochronic event(s), each
trait may have been modified by selection
for its present utility. The novel features
may have arisen in a rather serendipitous
manner (nonadaptations), but later were
available for cooptation in descendants by
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further selection regimes; the long hind feet,
the large head, and the delicate, gracile body
(among other novelties), then, might best
be considered as exaptations rather than ad-
aptations (see Gould and Vrba, 1982). Con-
sidering the examples of paedomorphosis
and hypermorphosis within the Geomy-
oidea, it is reasonable to postulate that nat-
ural selection acted on heterochronic
changes in ontogeny to effect adaptive Bau-
pline (and, perhaps, associated life-history
features) rather than generating each mor-
phological feature independently through
orthoselection. Future work exploring the
evolution of ontogenies may prove to be a
profitable way of understanding macroevo-
lution in this unique group.

Current Utility Versus the -
Evolution of Novel Features

It is important in the study of macroevo-
lution to consider both the functional sig-
nificance (current utility) and the evolution
(historical genesis) of a novel character; the
two must not be automatically considered
as one in the same, nor should these ideas
be taken to be directly competitive. The
adaptive significance of the novel mor-
phologies seen in the Heteromyidae have
received much attention from several gen-
erations of biologists. The emphasis on the
current utility of the novelties has been so
overwhelming that few workers have at-
tempted to explore the evolution of the nov-
elties. In fact, most prior workers have as-
sumed (usually implicitly) that they are
explaining evolution when they explain
present use; thus, they have failed to see the
distinction between the two concepts.
Moreover, it should also be clear that the
questioning (or even refutation) of any hy-
pothesized functional explanation does not
necessarily lend support to any particular
model for the evolution of the feature.

Adaptive significance of evolutionary nov-
elties. — The adaptationist program has
sought to demonstrate the adaptedness of

novelties seen in the Heteromyidae by fo-
cusing on the functional significance of in-
dividual traits (e.g., the enlarged auditory
bullae, the long hind feet, long tail, big eyes).
Mayr (1983) stated repeatedly that a more
holistic approach to the study of adaptation
is appropriate only when all specific anal-
yses of individual traits fail to determine an
adaptive significance. I question this view
because it is inappropriate, in principle, to
dissect the phenotype into individual char-
acters and concentrate on the adaptive sig-
nificance of a trait (see Dobzhansky, 1956;
Gould and Lewontin, 1979); the whole or-
ganism is always much more than the sum
of its parts. However, I agree that the adap-
tationist program is a profitable method of
scientific research, because of its great heu-
ristic value (see Mayr, 1983). It is for this
reason that the adaptationist question,
“What is the function of a given trait?”, is
important in the biology of the Heteromy-
idae. Actually, there is no reason why the
more atomistic and more holistic approach-
es cannot be pursued simultaneously. The
research programs are not mutually exclu-
sive and there is much promise for recip-
rocal illumination. The adaptationist ap-
proach in the Heteromyidae, however, has
not yet produced convincing functional ex-
planations for the various novel features.
Accordingly, it is now appropriate to con-
sider seriously more holistic approaches to
explain the adaptiveness of the evolutionary
novelties. In so doing, it might be profitable
to investigate the adaptive significance of
the Bauplan in its entirety (including life-
history features) as opposed to individual
morphological traits.

Distinction between selective and devel-
opmental constraints.—If we are to under-
stand the evolution of the novel body plans
in the Heteromyidae, we must find ways of
distinguishing between developmental and
selective constraints. Unfortunately, given
our present ignorance of the mechanisms of
developmental regulation and our inade-
quate understanding of the role of devel-
opment in evolution, it may be exceedingly
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difficult to resolve this issue (for review, see
Maynard Smith et al., 1985). Clearly, one
of the principal tasks awaiting future gen-
erations of biologists is that of identifying
the relative contribution of developmental
and selective constraints in shaping mac-
roevolutionary patterns.

Maynard Smith et al. (1985) suggest four
possible ways to distinguish selective and
developmental constraints in evolution: 1)
testing quantitative predictions about the
adaptive basis of certain traits; 2) direct
measurement of the strength of selection; 3)
direct assessment of heritable variation; and,
4) comparative analysis of variation (e.g.,
allometry). However, Maynard Smith et al.
(1985) observed that none of these methods
provides a foolproof means of distinguish-
ing between developmental and selective
constraints. They also noted that it will of-
ten be impossible to identify the constraints
that are responsible for producing evolu-
tionary patterns.

We will probably never be able to deter-
mine, unambiguously, the mechanism(s) re-
sponsible for the evolution of the novel
forms because the production of a novelty,
itself, is a unique event. Our best hope would
be to identify what mechanism or combi-
nation of mechanisms is most likely re-
sponsible for the evolution of a particular
trait or suite of characters. In the Hetero-
myidae, with obvious instances of paedo-
morphosis and peramorphosis, it seems clear
that developmental constraints are in-
volved (to some unknown extent) in effect-
ing macroevolutionary patterns. As men-
tioned elsewhere (Hafner and Hafner, 1984),
it is more parsimonious to suppose that the
suite of juvenilized features of Microdipo-
dops and Dipodomys evolved together
through developmental heterochrony, rath-
er than to suppose that each trait was shaped
independently through natural selection.
Clearly, we are in need of both descriptive
and manipulative embryological studies to
determine if, indeed. the suite of paedo-
morphic features of Microdipodops and Di-
podomys are linked as has been hypothe-

sized. In the interim, though, we should not
discount the possible influence that hetero-
chronic changes in ontogeny may have had
in the macroevolutionary diversification of
the Heteromyidae.

Summary

The rodent superfamily Geomyoidea is a
monophyletic lineage that is autochthonous
in North America. Extant geomyoids are
divisible into two groups: 1) the Hetero-
myidae, whose members display an adap-
tive array of bipedal and scansorial forms;
and, 2) the Geomyidae, all members of
which are fossorial. The Heteromyidae, with
its morphologically heterogeneous forms,
provides an excellent opportunity to inves-
tigate major evolutionary divergence. This
study treats three aspects of macroevolution
in the Heteromyidae: 1) evolutionary rela-
tionships among the taxa; 2) adaptive sig-
nificance of the novel morphologies; and,
3) mechanism(s) responsible for the diver-
sification of the evolutionary novelties.

The extant heteromyids comprise three
principal lineages that diverged during the
Oligocene: 1) subfamily Heteromyinae
(Liomys and Heteromys);, 2) subfamily Per-
ognathinae (Chaetodipus and Perognathus),
and, 3) subfamily Dipodomyinae (Dipodo-
mys and Microdipodops). The heteromyine
and perognathine rodents are generalized in
morphology. In contrast, kangaroo mice,
Microdipodops, and kangaroo rats, Dipo-
domys, are morphologically derived; these
forms represent evolutionary novelties.

There are two ways to explain the evo-
lutionary novelties seen in the Heteromyi-
dae: 1) functional explanations that focus
on the adaptedness and present use of a nov-
el feature; and, 2) causal (mechanistic) ex-
planations for the evolution of the novel
morphology. Most functional (adaptation-
ist) explanations pertaining to kangaroo mice
and kangaroo rats focus on the hypothesized
*“‘anti-predator morphology’’. These adap-
tationist arguments are reviewed and eval-
uated and it is concluded that there is much
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need for a clearer understanding of the func-
tional significance of the novel morpholo-
gies. In addition, a model is presented to
describe how heterochronic changes in on-
togeny may explain the evolution of the
morphological novelties seen in the super-
family. Thus, the initial evolution of each
novel trait might not be attributed to the
action of natural selection but, subsequent
to its appearance, each nascent trait may
have been modified by selection for its pres-
ent utility.

Acknowledgments

This contribution has benefitted from many
discussions with M. S. Hafner and I am most
grateful to him for his invaluable advice and crit-
icisms throughout the course of this work. Ap-
preciation is extended to D. J. Hafner, M. S.
Hafner, J. L. Patton, V. L. Roth and V. Sarich
for their helpful comments on earlier drafts of
this material. M. D. Carleton, A. L. Gardner,
and R. W. Thorington, Jr. provided critical dis-
cussion during the early stages of this project. I
thank S. Warschaw for clerical assistance. Fig-
ures 2 and 5 were drawn by M. E. Pereyra. This
research was supported, in part, by a research
grant from the National Science Foundation
(BSR-8600644).

Literature Cited

ALBercH, P. 1980. Ontogenesis and morphological
diversification. American Zoologist, 20:653-667.
ALBERCH, P., S. J. GouLp, G. F. OsTER, AND D. B.
WAKE. 1979. Size and shape in ontogeny and phy-

logeny. Paleobiology, 5:296-317.

AtcHLEY, W. R. 1987. Developmental quantitative
genetics and the evolution of ontogenies. Evolution,
41:316-330.

AxeLroD, D. 1. 1950. Evolution of desert vegetation
in western North America. Carnegie Institute of
Washington, Publishers, 590:217-306.

. 1958, Evolution of the Madro-Tertiary geo-

flora. Botanical Review, 24:433-509.

. 1976. History of the coniferous forest, Cal-
ifornia and Nevada. University of California Pub-
lications in Botany, 70:1-62.

BAarTHOLOMEW, G. A., Jr., AND H. H. CAsSWELL, JR.
1951. Locomotion in kangaroo rats and its adaptive
significance. Journal of Mammalogy, 32:155-169.

BArRTHOLOMEW, G. A., JR., AND G. R. Cary. 1954,

Locomotion in pocket mice. Journal of Mammalogy,
35:386-392.

BiewenNERr, A., R. McN. Aiexanper, anp N. C
HecLunp. 1981. Elastic energy storage in the hop-
ping of kangaroo rats (Dipodomys spectabilis). Jour-
nal of Zoology, London, 195:369-383.

Bock, W.J. 1979. The synthetic explanation of mac-
roevolutionary change—a reductionist approach.
Bulletin of the Carnegie Museum of Natural History,
13:20-69.

BrookrFiELD, J. F. Y. 1982. Adaptation and func-
tional explanation in biology. Evolutionary Theory,
5:281-290.

Burt, W. H., AND R. P. GROSSENHEIDER. 1952. A
field guide to the mammals. Houghton Mifflin Co.,
Boston, 289 pp.

BuTTERWORTH, B. B. 1960. A comparative study of
sexual behavior and reproduction in the kangaroo
rats, Dipodomys deserti Stephens and Dipodomys
merriami Mearns. Ph.D. dissert.,, University of
Southern California, 184 pp.

1961. A comparative study of growth and
development of the kangaroo rats, Dipodomys des-
erti Stephens and Dipodomys merriami Mearns.
Growth, 25:127<139.

Cuew, R. M., AND B, B. BUTTERWORTH. 1959. Growth
and development of Merriam’s kangaroo rat, Di-
podomys merriami. Growth, 23:75-95.

CRAIGHEAD, J. J., AND F. C. CRAIGHEAD, JrR. 1969.
Hawks, owls and wildlife. Dover Publications, Inc.,
New York, 443 pp.

CreiGHTON, G. K., aAND R. E. STRAUSS. 1986. Com-
parative patterns of growth and development in cric-
etine rodents and the evolution of ontogeny. Evo-
lution, 40:94-106.

DALy, J. C., anp J. L. PATTON. 1986. Growth, re-
production, and sexual dimorphism in Thomomys
bottae pocket gophers. Journal of Mammalogy, 67:
256-265.

DoezHANSKY, TH. 1937. Genetics and the origin of
species. Columbia University Press, New York, 364

. 1956. What is an adaptive trait? American
Naturalist, 90:337-347.

DuUBRUL,E.L.,ANDD. M. Laskin, 1961. Preadaptive
potentialities of the mammalian skull: an experiment
in growth and form. American Journal of Anatomy,
109:117-132.

Ecoscuk, H. J., J. G. BITTMENN, AND J. A. PETROVICH.
1970. Some fecundity and longevity records for cap-
tive small mammals. Journal of Mammalogy, 51:
622-623.

EISENBERG, J. F. 1963. Behavior of heteromyid ro-
dents. University of California Publications in Zo-
ology, 69:1-100.

1975. The behavior patterns of desert ro-

dents. Pp. 189-224, in Rodents in desert environ-

ments (I. Prakash and P. K. Ghosh, eds.). Dr. W.

Junk b.v., Publishers, The Hague, 624 pp.

. 1981. The mammalian radiations: an anal-
ysis of trends in evolution, adaptation, and behavior.
The University of Chicago Press, Chicago, 610 pp.

EISENBERG, J. F., AND D. E. Isaac. 1963. The repro-
duction of heteromyid rodents in captivity. Journal
of Mammalogy, 44:61-66.




316

Fink, W. L. 1982. The conceptual relationship be-
tween ontogeny and phylogeny. Paleobiology, 8:254—
264,

FLeiscHER, G. 1978. Evolutionary principles of the
mammalian middle ear. Adv. Anat. Embryol. Cell
Biol., 55:1-70.

FLeming, T. H. 1977. Growth and development of
two species of tropical heteromyid rodents. Ameri-
can Midland Naturalist, 98:109-123.

Fuint, R. J. 1971. Glacial and Quaternary geology.
John Wiley & Sons, Inc., New York, 892 pp.

GenowAys, H. H. 1973. Systematics and evolution-
ary relationships of spiny pocket mice, genus Lio-
mys. Special Publication, The Museum, Texas Tech
University, 5:1-368.

GorpscuMmIpT, R. 1940. The material basis of evo-
lution. Yale University Press, New Haven, 436 pp.

GouLp, S. J. 1977. Ontogeny and phylogeny. Har-
vard University Press, Cambridge, Massachusetts,
501 pp.

GouLp, S. J., AND R. C. LEwoNTIN. 1979. The span-
drels of San Marco and the Panglossian paradigm:
a critique of the adaptationist programme. Proceed-
ings of the Royal Society of London, B205:581-598.

GouLp, S. J., AND E. S. VrRBA. 1982. Exaptation—a
missing term in the science of form. Paleobiology,
8:4-15.

GRINNELL, J. 1922. A geographical study of the kan-
garoo rats of California. University of California
Publications in Zoology, 24:1-124,

GunpEerson, H. L. 1976. Mammalogy. McGraw-Hill
Book Company, New York, 483 pp.

HAFNER, D. J., J. C. HAFNER, AND M. S. HAFNER.
1979. Systematic status of kangaroo mice, genus
Microdipodops: morphometric, chromosomal, and
protein analyses. Journal of Mammalogy, 60:1-10.

HAFNER, J. C. 1978. Evolutionary relationships of
kangaroo mice, genus Microdipodops. Journal of
Mammalogy, 59:354-366.

. 1981. Evolution, systematics, and historical
biography of kangaroo mice, genus Microdipodops.
Ph.D. dissert., University of California, Berkeley,
269 pp.

HAFNER, J. C., AND M. S. HAFNErR. 1983. Evolution-
ary relationships of heteromyid rodents. Great Basin
Naturalist Memoirs, 7:3-29,

. 1988. Heterochrony in rodents. Pp. 217-235,
in Heterochrony in evolution (M. L. McKinney, ed.).
Plenum Press, New York, 348 pp.

HAFNER, M. S. 1982. A biochemical investigation of
geomyoid systematics (Mammalia: Rodentia). Zeit-
schrift fir zool. Systematik und Evolutionsforsch-
ung, 20:118-130.

HAFNER, M. S., AnD J. C. HAFNER. 1984, Brain size,
adaptation and heterochrony in geomyoid rodents.
Evolution, 38:1088-1098.

HaLL, E. R. 1941. Revision of the rodent genus Mi-
crodipodops. Field Museum of Natural History. Zo-
ology Series, 27:233-277.

. 1946. Mammals of Nevada. University of

California Press, Berkeley, 710 pp.

. 1981. The mammals of North Amenca. Sec-
ond ed. John Wiley & Sons, New York, 1:1-600 +
90, 2:601-1181 + 90.

Hawy, E. R, AND J. M. LINSDALE.

1929, Notes on

HAFNER

the life history of the kangaroo mouse (Microdipo-
dops). Journal of Mammalogy, 10:298-305.

Hatt, R. T. 1932. The vertebral columns of rico-
chetal rodents. Bulletin of the American Museum of
Natural History, 63:599-738.

HAYDEN, P., AnND J. J. GAMBINO. 1966. Growth and
development of the little pocket mouse, Perognathus
longimembris. Growth, 30:187-197.

HEFFNER, R. S, AND H. E. HerFner. 1985. Hearing
in mammals: the Least Weasel. Journal of Mam-
malogy, 66:745-755.

Hii, J. E. 1937. Morphology of the pocket gopher
mammalian genus Thomomys. University of Cali-
fornia Publications in Zoology, 42:81-172.

Howarp, W.E., AND H. E. CHILDS, JR. 1959. Ecology
of pocket gophers with emphasis on Thomomys bot-
tae mewa. Hilgardia, 29:277-358.

HoweLL, A. B. 1923. Abnormal hairy growths upon
the tails of the Heteromyidae. Journal of Mammal-
ogy, 4:56-58.

——. 1932. The saltatorial rodent Dipodomys: the
functional and comparative anatomy of its muscular
and osseous systems. Proceedings of the American
Academy of Arts and Sciences, 67:377-536.

. 1944, Speed in animals, their specialization
for running and leaping. The University of Chicago
Press, Chicago, 270 pp.

Jounson, W. E., AND R. K. SELANDER. 1971. Protein
variation and systematics in kangaroo rats (genus
Dipodomys). Systematic Zoology, 20:377-405.

Jones, W. T. 1985. Body size and life-history vari-
ables in heteromyids. Journal of Mammalogy, 66:
128-132.

KoTLER, B. P. 1984. Risk of predation and the struc-
ture of desert rodent communities. Ecology, 65:689-
701.

. 1985. Owl predation on desert rodents which
differ in morphology and behavior. Journal of Mam-
malogy, 66:824-828.

LAckey, J. A. 1967. Growth and development of
Dipodomys stephensi. Journal of Mammalogy, 48:
624-632.

Lay D. M. 1972. The anatomy, physiology, func-
tional significance, and evolution of specialized hear-
ing organs of gerbilline rodents. Journal of Mor-
phology, 148:41-120.

. 1993. Anatomy of the heteromyid ear. Pp.
270-290, in Biology of the family Heteromyidae (H.
H. Genoways and J. H. Brown, eds.). Special Pub-
lication, American Society of Mammalogists, 10:1-
719.

LinDsay, E. H. 1972. Small mammal fossils from the
Barstow Formation, California. University of Cali-
fornia Publications in Geological Science, 93:1-104.

LoNGLAND, W. S. 1983. Prey selection by great horned
owls (Bubo virginianus) in central Nevada. M.S. the-
sis, University of Nevada, Reno, 95 pp.

LoNGLAND, W. S, AND S. H. JENkINs. 1987. Sex and
age affect vulnerability of desert rodents to owl pre-
dation. Journal of Mammalogy, 68:746-754.

Levtrup, S. 1981a. Introduction to evolutionary
epigenetics. Pp. 139-144, in Evolution today (G. G.
E. Scudder and J. L. Reveal, eds.). Hunt Institute
for Botanical Documentation, Carnegie-Mellon
University, Pittsburgh, 486 pp.



MACROEVOLUTION IN HETEROMYID RODENTS 317

. 1981b. The epigenetic utilization of the ge-
nomic message. Pp. 145-161, in Evolution today (G.
G. E. Scudder and J. L. Reveal, eds.). Hunt Institute
for Botanical Documentation, Carnegie-Mellon
University, Pittsburgh, 486 pp.

MacMILLEN, R.E. 1983. Adaptive physiology of het-
eromyid rodents. Great Basin Naturalist Memoirs,
7:65-16.

MAcMILLEN, R. E., AnD D. S. Hmnos. 1983, Water
regulatory efficiency in heteromyid rodents: a model
and its application. Ecology, 64:152-164.

Mares, M. A. 1983. Desert rodent adaptation and
community structure. Great Basin Naturalist Mem-
oirs, 7:30-43.

1992. Heteromyids and their ecological
counterparts: a pandesertic view of rodent ecology
and evolution. Pp. 652-714, in Biology of the family
Heteromyidae (H. H. Genoways and J. H. Brown,
eds.). Special Publication, American Society of
Mammalogists, 10:1-719.

MAYNARD SMITH, J., ET AL. 1985. Developmental
constraints and evolution. Quarterly Review of Bi-
ology, 60:265-287.

Mayr, E. 1963. Animal species and evolution. Har-
vard University Press, Cambridge, Massachusetts,
797 pp.

1983. How to carry out the adaptationist
program? American Naturalist, 12:324-334,

McKinney, M. L. 1984, Allometry and heterochrony
inan Eocene echinoid lineage: morphological change
as a by-product of size selection. Paleobiology, 10:
407-419.

. 1986. Ecological causation of heterochrony:

a test and implications for evolutionary theory. Pa-

leobiology, 12:282-289.

1988. Classifying heterochrony: allometry,
size, and time. Pp. 17-34, in Heterochrony in evo-
lution (M. L. McKinney, ed.). Plenum Press, New
York, 348 pp.

MEerriam, C. H. 1891, Description of a new genus
and species of dwarf kangaroo rat from Nevada (Mi-
crodipodops megacephalus). North American Fau-
na, 5:115-117.

MILLER, R. S. 1964. Ecology and distribution of pock-
et gophers (Geomyidae) in Colorado. Ecology, 45:
251-272.

PatTon, J. L. 1967a. Chromosomal studies of certain
pocket mice, genus Perognathus (Rodentia: Heter-
omyidae). Journal of Mammalogy, 48:27-37.

1967b. Chromosomes and evolutionary
trends in the pocket mouse subgenus Perognathus
(Rodentia: Heteromyidae). The Southwestern Nat-
uralist, 12:429-438.

PatTON, J. L., S. W. SHERWOOD, AND S. Y. YANG.
1981. Biochemical systematics and chaetodipine
pocket mice, genus Perognathus. Journal of Mam-
malogy, 62:477-492.

Price, M. V. 1978. Seed dispersion preferences of
coexisting desert rodent species. Journal of Mam-
malogy, 59:624-626.

Pricg, M. V., anDp J. H. Brown. 1983. Patterns of
morphology and resources use in North American
desert rodent communities. Great Basin Naturalist
Memoirs, 7:117-134.

Pye, A. 1965. The auditory apparatus of the Heter-

omyidae (Rodentia, Sciuromorpha). Journal of
Anatomy, London, 99:161-174.

RacHooTtmy, S. P., anp K. S. THoMson. 1981, Epi-
genetics, paleontology, and evolution. Pp. 181-193,
in Evolution today (G. G. E. Scudder and J. L. Re-
veal, eds.). Hunt Institute for Botanical Documen-
tation, Carnegie-Mellon University, Pittsburgh, 486

pp.

Reeper, W.G. 1956. Areview of the Tertiary rodents
of the family Heteromyidae. Ph.D. dissert., The Uni-
versity of Michigan, Ann Arbor, 618 pp.

ReicHMAN, O. J., AND D. OBersTEIN. 1977. Selection
of seed distribution types by Dipodomys merriami
and Perognathus amplus. Ecology, 58:636-643.

Rensch, B. 1959. Evolution above the species level.
Columbia University Press, New York, 419 pp.

RogGEers, D. W, AnD D. J. ScuMipLY. 1982, System-
atics of spiny pocket mice (genus Heteromys) of the
desmarestianus species group from Mexico and
northern Central America. Journal of Mammalogy,
63:375-386.

SaricH, V. M. 1985. Rodent macromolecular sys-
tematics. Pp. 423-452, in Evolutionary relationships
among rodents: a multidisciplinary analysis (W. P.
Luckett and J.-L. Hartenberger, eds.). Plenum Press,
New York, 721 pp.

SeTon, E. T. 1928. Lives of game animals. Vol. IV.
Rodents, etc. Doubleday, Doran and Co., Inc., Gar-
den City, New York, 949 pp.

SeTzER, H. W. 1949. Subspeciation in the kangaroo
rat, Dipodomys ordii. University of Kansas Publi-
cations, Museum of Natural History, 1:473=573.

SHEA, B. T. 1983. Allometry and heterochrony in the
African apes. American Journal of Physical Anthro-
pology, 62:275-289,

1988. Heterochrony in primates. Pp. 237~
266, in Heterochrony in evolution (M. L. McKinney,
ed.). Plenum Press, New York, 348 pp.

Simpson, G. G. 1944. Tempo and mode in evolution.
Columbia University Press, New York, 237 pp.

. 1953, The major features of evolution. Co-
lumbia University Press, New York, 434 pp.

STANLEY, S. M. 1979. Macroevolution: process and
product. W. H. Freeman Co., San Francisco, 332 pp.

SteBBINS, W. C. 1983. The acoustic sense of animals.
Harvard University Press, Cambridge, Massachu-
setts, 168 pp.

THompson, S. D., R. E. MacMiLLen, E. M. BURKE,
AND C. R. Tavror. 1980. The energetic cost of
bipedal hopping in small mammals. Nature, 287:
223-224.

THORINGTON, R. W,, JR. 1966. The biology of rodent
tails: a study of form and function. Arctic Aero-
medical Lab., Aerospace Med. D. V., Air Force Sys.
Comm., Fort Wainwright, Alaska (AAL-TR-65-8),
137 pp.

Van De Graarr, K. 1973. Comparative develop-
mental osteology in three species of desert rodents,
Peromyscus eremicus, Perognathus intermedius, and
Dipodomys merriami. Journal of Mammalogy, 54:
729-741.

VauGHan, T. A. 1978. Mammalogy. Saunders Col-
lege Publishing, Philadelphia, Pennsylvania, 522 pp.

WabpbpINGTON, C. H. 1957. The strategy of the genes.
George Allen & Unwin Ltd., London, 262 pp.




318 HAFNER

1962. New patterns in genetics and devel-
opment. Columbia University Press, New York, 271

. 1975. The evolution of an evolutionist. Cor-
nell University Press, Ithaca, New York, 323 pp.
WAHLERT, J. H. 1992. The fossil record. Pp. 1-37,
in Biology of the family Heteromyidae (H. H. Gen-
oways and J. H. Brown, eds.). Special Publication,

American Society of Mammalogists, 10:1-719.

WEBSTER, D. B. 1962. A function of the enlarged
middle-ear cavities of the kangaroo rat, Dipodomys.
Physiological Zoology, 35:248-255.

WEBSTER, D. B., AND M. WEBSTER. 1971. Adaptive
value of hearing and vision in kangaroo rat predator
avoidance. Brain, Behavior and Evolution, 4:310-
322.

. 1972. Kangaroo rat auditory thresholds be-
fore and after middle ear reduction. Brain, Behavior
and Evolution, 5:41-53.

1975. Auditory systems of Heteromyidae:
functional morphology and evolution of the middle
ear. Journal of Morphology, 146:343-376.

. 1980. Morphological adaptations of the ear
in the rodent family Heteromyidae. American Zo-
ologist, 20:247-254.

WENNER, A. M., AND P. H. WELLs. 1990. Anatomy
ofa controversy: the question of a “language” among
bees. Columbia University Press, New York, 399

Pp.

WiLLiams, D. F. 1978. Karyological affinities of the
species groups of silky pocket mice (Rodentia: Het-
eromyidae). Journal of Mammalogy, 59:599-612.

WiLLson, M. F. 1984. Vertebrate natural history. CBS
College Publ., Saunders College Publ., New York,
621 pp.

Woop, A. E. 1935. Evolution and relationships of
the heteromyid rodents with new forms from the
Tertiary of western Northern America. Annals of the
Carnegie Museum, 24:73-262.

Zaxrzewskl, R. J. 1981. Kangaroo rats from the
Borchers Local Fauna, Blancan, Meade County,
Kansas. Transactions of the Kansas Academy of Sci-
ence, 84:78-88.

ZeLpitrcH, M. L. 1987. Evaluating models of devel-
opmental integration in the laboratory rat using con-
firmatory factor analysis. Systematic Zoology, 36:
368-380.



