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Phylogeny, Behavior, and
Ecology in the Mammalia

JOHN F. EISENBERG

I. Introduction

In a review written some 11 and published 9 years ago, I attempted to summarize the
literature concerning mammalian social behavior and then proceeded to discuss two
major issues: (1) the relationship of social structure to the species’ habitat and economy,
and (2) the influence of evolutionary history on the form of social organization displayed
(Eisenberg, 1966). The almost exponential increase of information during the last decade
concerning mammalian social behavior and ecology, as well as the founding of social
ecology as a subdiscipline (Crook, 1970), have rendered my earlier review out of date.
My co-workers and I have recently attempted two reviews, one for primates, the other
for selected carnivores (Eisenberg et al., 1972; Kleiman and Eisenberg, 1973). The
problems of correlation and reconstruction remain as challenging as ever.

In the fields of animal behavior studies and the ecological aspects of behavior, there
are at least three types of questions which one may pose regarding phenomena observed
in nature. One may seek an historical answer. Such a question involves a fusion between
formism and organicism (see Pepper, 1961). The question may be stated: *“From whence
was such a behavioral pattern derived ?” And in order to explore this, one needs to
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cmploy the comparative approach and to attempt to trace the historical steps in the
appearance of the pattern.

One may seek a casual answer which is more strictly mechanistic. The question may
be posed: “What are the casual events antecedent to the appearance of a given pheno-
menon ?”" In this case it is generally the procedure to set up experiments to isolate the
variables giving rise to the expressed pattern.

Finally, one may ask the question: “How does this particular behavior pattern
function in nature?” This is an ecological or adaptive question and falls under the
category of contextualism (sec Pepper, 1961). We must be careful to distinguish between
the anthropomorphic answer to such a question and an objective answer. An anthropo-
morphic answer would imply a final cause in an Aristotelean sense. What we wish to
imply is that goal-directed behavior results from neurophysiological mechanisms that
are patterned in a particular way because the animal in question is the progeny of forms
which have survived in competition with other forms in the same context or environ-
ment. Survival of a genotype is the outcome of reproductive success, and reproductive
success is the result of a successful preceding adjustment on the part of the parental stock
to environmental variables and success will vary as the genotype varies.

In essence, behavior patterns must be viewed as sets of muscular movements utilized
by the organism to ensure its survival and the maintenance of its genotype. The study of
behavior is in fact the study of sense organ, nerve, muscle, and endocrine relationships as
reflected in movements and postures. Behavior patterns involved in intraspecific inter-
action are generally referred to as social behavior patterns, while a subset of these may be
termed signals and as such an aspect of animal communication (Matler, 1961).

Since behavior patterns are the dynamic reflection of neuromuscular relationships,
it seems logical that many relatively stereotyped behavior patterns may be treated as
“structures” with a temporal dimension. Rules for comparison and determination of
homology were developed by Wickler (1961) who drew heavily from Remane. One
of the problems in applying Wickler’s criteria to mammalian behavior patterns has been
the lack of a framework defining a basic or fundamental mammalian repertoire. Another
difficulty centers on the fact that Wickler’s criteria grew out of a consideration of the
displays of fishes and birds. In these taxa such displays are often rather stereotyped, but
comparable displays are rare in many but not all groups of mammals. Andrew (1963,
1964) rather successfully provided an evolutionary perspective to the displays of primates,
and he creatively departed from classical motivational models and developed a new
theory of signal genesis, i.c., “stimulus contrast.”

While some discrete patterns of behavior may be treated as structures and compared
from one taxon to another, whole complexes of behavior are often not comparable.
Although the units of behavior within, for example, a courtship bout may be compared
from one species to another, whole adaptive complexes do not permit themselves to be
treated as unitary phenomena. The comparison of social structures at best may involve:
the comparison of analogs. Working from a rather limited data base and without
attempting to clearly delimit homologous behavior patterns, a recent series of facile
comparisons has been published by various authors. Recently I attempted to point out
the existence of behavioral analogs and convergences in the evolution of social structures



(Eisenberg, 1973), and I will not attempt to repeat the same line of reasoning here. Rather
I wish to explore several questions of behavioral evolution by examining four radiations,
the Tenrecidae, Edentata, Marsupialia, and Menotyphla,* and then proceed to a brief
scheme for interpreting the phylogenetic sequences in the evolution of mammalian
behavior. Obviously this essay is speculative and does not pretend to be a comprehensive
review. I do hope to highlight some aspects of the interrelationship between mammalian

behavior and ecology.

II. Lessons from the Tenrecidae

The tenrecid insectivores represent a unique eutherian radiation. Isolated on
Madagascar since the Eocene or earlier (Simpson, 1940), this taxon has co-evolved with
lemuriform primates, viverrid carnivores, and nesomyine rodents which apparently
colonized Madagascar at somewhat later dates (Petter, 1972). In terms of trophic specializa-
tions, the family has not advanced beyond the level of insectivore/omnivore. In general
the species are terrestrial or semiarboreal with one exception, Limnogale mergulus, which is
aquatic. When the various genera are compared, some of the more profound differences
in morphology can be related to either feeding or antipredator mechanisms (Eisenberg
and Gould, 1970). Great similarities in reproductive behavior, vocalizations, and
maintenance behaviors reflect the morphological and phylogenetic unity of this group.
Given their morphological conservatism and relatively isolated status on Madagascar, it
may be reasonable to assume that this adaptive radiation expresses the current limits of
variation within a conservative morphological framework (Fig. 1).

Specializations are manifest. The eye is relatively reduced in size, as is the tail in the
Tenrecinae. Facultative hypothermia may be viewed as a special adaptation in the
Tenrecinae, but of rare occurrence in the Oryzorictinae. The complex communication
mechanism of the genus Hemicentetes involving a stridulating organ is surely a very
specialized adaptation (Eisenberg and Gould, 1970).

As outlined in previous publications, this family probably shows some enduring,
conservative behavioral traits. Echolocation of a simple nature has been demonstrated
in the Tenrecidae by Gould (1965). This ability probably evolved early in mammalian
history in conjunction with nocturnal adaptations. The auditory, tactile, and chemical
senses are uniquely developed in the Mammalia. If the early mammals did initiate their
evolutionary history as nocturnal forms, then the three previously mentioned sensory
systems undoubtedly achieved great emphasis. Indeed, Jerison (1973) argues convincingly
that the initial selective pressure favoring large brains in mammals (relative to reptiles)
may have derived from the need to store, retrieve, and compare the information received
from the cochlea.

The possession of a cloaca and the absence of a scrotum in the male tenrec probably
represent conservative characters. The prolonged courtship attention of the male which

* Use of this taxonomic category in this paper does not imply a belief by the author in the close affinity of
the tree shrews and elephant shrews, but rather the term serves as a convenient reference category.
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induces final ovulation by the female is probably also a conservative feature (Poduschka,
1974). Copulation is prolonged with intromission lasting 7.5 min (Microgale dobsoni) to
90 min (Setifer setosus). Spontaneous ovulation and brief mount durations are considered
specialized attributes (Asdell, 1965). Gestation is rather long for the size class of this family
(55-66+ days). If the time from birth to eye opening is added to the gestation, the range
for the family is 65-80 days. The extended gestation nevertheless results in the production
of altricial young and, although the eyes open at an eatlier age postpartum than the eyes of
many soricoids (Gould and Eisenberg, 1966), their overall developmental time is longer
than that of soricoids of equivalent weight classes with comparable litter sizes. The longer
gestation of the tenrecids does appear to shorten the postpartum development time for
their young, but the long gestation may also reflect metabolic differences between
soricoids and tenrecs which do not necessarily bear on phylogenetic arguments.

Litter size varies widely from over 30 in Tenrec ecaudatus to 1 or 2 in Microgale
talazaci. Litter size reflects predation levels and survivorship as well as potential longevity
and does not offer any light concerning “ primitive”” characteristics. It is noteworthy that
of rainforest-adapted tenrecids, Microgale talazaci holds the record for longevity in
captivity at 5 years 6 months, while Hemicentetes semispinosus has survived for only 2
years 7 months. The long-lived Microgale not only has the smallest litter size but also the
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Fi6. 1. Dendrogram illustrating probable relationships of the tenrecoid insectivores. The Tenrecinae are referred
to as “spiny tenrecs” and the Oryzorictinae as “‘soft tenrecs.” The status of Dasogale is uncertain. The genus
Microgale is broken into 4 subgenera which probably represent a recent radiation. The Madagascar radiation
shows the greatest range of adaptations. Although the early radiation on Africa may have been equally diverse,
the fossil record is not complete enough to fill in the picture.



longest developmental time, and the highest encephalization quotient (EQ) for any
terrestrial tenrecid (Jerison, 1973). This correlation of brain development, litter size,
parental care, and longevity is a complex which shows itself again and again in other taxa
having evolved convergently in response to several interrelated selective pressures.

Finally, a word about brain and behavior. As pointed out in a recent review (Eisen-
berg, 1973), the gross behavioral repertoires of most mammals are roughly equivalent
in complexity. Maintenance behaviors as well as postures, sounds, and movements in-
volved in social interactions are of a similar level of magnitude when primates are
compared with insectivores. It remains to be proved, however, whether primates utilize
more of the potential information contained in social exchanges than do insectivores.
What is of interest is the fact that small insectivores, such as Hemicentetes semispinosus, can
accomplish much integrative behavior with an extremely small brain. Some tenrecids
share with didelphid marsupials and soricoid insectivores the lowest brain-body-weight
ratios of living mammals (Bauchot and Stephan, 1966; Jerison, 1973). Among the tenrecs,
the genera Hemicentetes, Tentec, Setifer, and Echinops are considered to possess a basic
brainstem structure irrespective of EQ (Bauchot and Stephan, 1966). Thus, it seems
reasonable to assume that these particular genera represent an eutherian base line in terms
of brain structure. Yet the behavior repertoire and signaling system of Hemicentetes is
among the most specialized of all the Tenrecidae. The littermate group may not leave
the mother and, since her daughters can conceive at 35 days of age, the possibility for a
multigeneration extended family utilizing the same burrow is ever present in this species.
The use of stridulating quills as a means of coordinating the movements of the mother-
juvenile foraging group is certainly a specialized communication system (Eisenberg and
Gould, 1970).

Thus a corollary to our review of the Tenrecidae would include the principle that
possession of a low EQ does not necessarily set limits on the complexity of coordination
mechanisms or signal systems, nor does it set limits on the size of social groupings. What
it may mean, however, is that an animal with a low EQ is more limited in the plasticity
of its behavior and most nearly approaches the ““Cartesian ideal of classical ethology”
(Jerison, 1973).

III. Lessons from the Edentata

The living edentates represent the last survivors of an ancient lineage well docu-
mented by Patterson and Pasqual (1972). The radiation of the Edentata was confined to
South America in relative isolation from the extensive eutherian radiations of the
northern hemisphere and Africa. Starting from a generalized insectivorous ancestral
form, the edentates radiated to fill herbivore niches. The successful terrestrial herbivores
included the ground sloths (Megalonychoidea and Mylodontoidea) of the infraorder
Pilosa and the Glyptodontidae of the infraorder Cingulata. All these taxa were extinct
or nearly so by the end of the Pleistocene (Patterson and Pasqual, 1972). The three
surviving families, Dasypodidae, Bradypodidae, and Myrmecophagidae, represent three
rather separate adaptations. The Dasypodidae (armadillos) are the most diverse with respect
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to feeding habits, antipredator mechanisms, and litter size (Kithlhorn, 1936; Moeller,
1968b). In general they are insectivores or omnivores adapted for a terrestrial life with
reduced climbing ability. Some forms are almost entirely fossorial (e.g., Burmeisteria),
and have occupied a niche similar to that of the Holarctic Talpidae.

The Myrmecophagidae (anteaters) are specialized for feeding on ants and termites.
The three living genera are graded in size and arboreal ability and represent niche
specializations comparable to the African pangolins (Manis) described by Pagés (1970,
1972a,b).

When we consider the Bradypodidae (sloths), we encounter a set of specializations
which are duplicated in all the other major continental radiatjons of mammals. The
sloths have evolved dental and gut adaptations permitting the use of plant cellulose as a
nutrient source (Goffart, 1971). To be a browsing herbivore in the canopy of a rainforest
permits a species to reach extremely high densities. The biomass of sloths in neotropical
rainforests may be the major component of the mammalian fauna (Eisenberg and
Thorington, 1973). This trend is paralleled in the evolution of colobine primates in
Africa and Asia (Eisenberg et al., 1972).

Another concept may be introduced from a study of living edentates; this involves a
consideration of r and K selection (MacArthur, 1972). If we consider the equation which
describes the natural growth of a population as:

dN (K= N)
= N —x
where N is the population number at time ¢ and dNJ/dt is the unit change per unit time,
then r represents the intrinsic rate of population increase if unchecked and K represents
the maximum density compatible with sustained resource utilization (i.e., the carrying
capacity). When two alleles in a population or two populations are under selection and the
effect of selection is to increase r, then the population is said to have undergone r selection.
On the other hand, selection favoring a population which does not increase r or has a
lower r is said to be K selected. The concept has great heuristic value, but also certain
limitations (for a full discussion, see Pianka, 1972). For example, a species, such as
Dasypus novemcinctus, reproduces at an early age and typically has 4-8 young. Many
members of the tribe Dasypodini have similarly high reproductive rates. This suggests
that these species are adapted to make use of transient resources which have rapidly
fluctuating densities. The specialized armadillos of the genera Tolypeutes and Priodontes,
as well as the highly specialized Myrmecophagidae and Bradypodidae, typically have a
single young. The latter two families show a prolonged gestation, and a long period of
intensive parental care. In both their capacity to reproduce and their potential longevity,
sloths and anteaters suggest a K strategy in which a species is adapted to a stable niche
and there is no special advantage to having a high reproductive rate. Instead, emphasis
is placed upon the ability of an individual to retain a home range for its long-term use.
In brief, then, reproduction is geared to maintain the population at a stable carrying
capacity.

As recently shown (Montgomery and Sunquist, 1975), each individual 3-toed sloth
(Bradypus infuscatus) has a set of trees in its home range which it visits with varying



frequency. Over 40 species of trees and vines may be involved in the diet of the sloth and
in some manner the sloth retains a memory of the location of its “modal” feeding trees
and visits them on a schedule which is yet poorly understood in a causal sense. Although
sloth home ranges overlap, each sloth tends to move and feed alone unless paired for
mating or in the special case of a mother accompanied by her dependent young (Mont-
gomery and Sunquist, 1975).

The mode of tree use suggests that the sloth is able to remember characteristics of its
home range permitting it to move to preferred feeding trees in an orderly fashion. It is
not surprising that sloths have a respectable brain size which no doubt reflects the necessity
for integrating considerable information concerning spatial location of trees that provides
for the effective utilization of its home range for a period of many years (Britton and
Kline, 1939). It is entirely possible that in the wild, once established as adults, sloths live
for a period exceeding 15 years, perhaps even longer.

The arboreal anteaters, Tamandua and Cyclopes, similarly must navigate in a 3-
dimensional environment feeding on ant and, to a lesser extent, termite nests in a
rotational fashion. This presupposes an ability once again to retain masses of individually
acquired information concerning the structure of food sources within their home range.
When the Edentata are compared with respect to brain size, sloths and anteaters have
larger brains relative to their body weight than do armadillos (Eliot-Smith, 1898; Réhrs,
1966). This may very possibly reflect the particular needs for such long-lived animals as
anteaters and sloths to acquire and store information concerning the location of food
within the discrete 3-dimensional structure of their home range. Note again the correla-
tion between small litter size, long life, and relatively high EQ (Fig. 2).

Undeniably, the Edentata are conservative in certain aspects of their morphology
and physiology. They have a lower basal metabolic rate than more “advanced”
eutherians, the sloths much more so than the anteaters. Certain features of the reproduc-
tive system in sloths may be considered morphologically conservative (Goffart, 1971).
In none of the Edentata do we find specializations for great visual acuity, although their
auditory systems appear to function about as well as many other eutherian mammals
(Peterson and Heaton, 1968). The olfactory system is apparently well developed and, in
the case of Tamandua, hunting by scent trailing is the major feeding strategy (Mont-
gomery and Lubin, personal communication). If this order be considered somewhat
morphologically conservative, surely all the members represent certain degrees of
specialization. It is interesting to note that, in their adaptive radiation, they have replicated
trends observable in other mammalian radiations in the Old World tropics.

IV. Lessons from the Marsupialia

In isolation from the major eutherian radiations, Australian marsupials and to some
extent the South American marsupials adapted to fill a multiplicity of niches. In Australia
the radiation reached its maximum flowering and, although many larger herbivorous
marsupials are now extinct, the record would indicate that in Australia marsupials
showed a range of diversity parallel in complexity to early eutherian radiations in the
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Average litter size

Longevity

Fic. 2. Relationship between litter size and longevity for selected mammals. ¢ = Monotremata, + = Mar-
supialia, O = Edentata, @ = Tenrecidae, & = Solenodon. Data concerning reproduction and longevity in the
Monotremata and Marsupialia taken from Collins (1973); data for the Tenrecidae and Solenodontidae taken
from the publications of Eisenberg and Gould; data for the Edentata come from unpublished records of the
National Zoological Park. Longevity records are in most cases based on averages of 3 or more individuals.
Two-toed sloths (Choloepus) have réproduced when at least 22 years of age in captivity. Maximum longevities
for members of the family Tachyglossidae have exceeded 49 years in captivity.

more continuous land masses. As Tyndale-Biscoe (1973) has documented in his recent
book, marsupials should not be thought of as an inferior type of mammal. Rather, they
have gone about the business of adaptive radiation with a slightly different basic body
plan. The Australian marsupials apparently show a lower metabolic rate than their
cutherian counterparts (MacMillen and Nelson, 1969). Certainly, the reproductive system
of marsupials is their most unifying morphological and physiological feature, and their
process of producing young is somewhat different from that developed by eutherians
(Sharman et al., 1966; Wooley, 1966). Yet when reproductive patterns of living mar-
supials are compared, the following trends in the evolution of marsupial viviparity can
be noted. When we compare morphologically conservative forms in so-called conserva-
tive niches with more advanced forms, then specialization often shows that: (1) the
number of ova shed from the ovary is reduced, (2) the number of young is reduced,
(3) the weight of the neonatus is increased, and (4) the gestation period is lengthened
(Sharman, 1965). These trends were convergently followed in many eutherian orders, if
one accepts the proposition by Portman (1965) that the “primitive” reproductive
methods of eutherians involved the production of several rather altricial young initially

reared in a nest.



Without doubt most modern marsupials trace their lineage to a common ancestor
strongly adapted for arboreality. This appears to be true of both the New World and
Old World radiations (Dollo, 1899; Gregory, 1951). Although New World marsupials
adapted to fill a semiherbivorous niche in the extinct Polydolopidac (Patterson and
Pasqual, 1972), the use of plant cellulose as a food base has strongly evolved at least twice
within the Australian marsupials (e.g., the Phalangeridae and Macropodidae). The
evolution of adaptations for feeding on grasses in macropodid marsupials was accom-
panied by a trend toward the formation of cohesive social groupings as well as larger,
temporary groups forming from more cohesive subgroups based upon a female and her
descendant offspring. Such trends in the structuring of group size also accompanied the
evolution of grazing in the Artiodactyla (Eisenberg, 1966; Kaufmann, 1974).

Some aspects of marsupial behavior which appear to be unique center around the
profound differences between the marsupial and eutherian mode of reproduction.
Marsupials are characterized by having a rather short gestation period relative to their
size, followed by a prolonged period where the young are helpless and completely
dependent upon female transport and nutrition. As is well known, the altricial marsupial
young transport themselves to a pouch or marsupium (or teat area in the case of some
Dasyuridae and Didelphidae). Attachment to the teat and further development outside
the female reproductive tract may be prolonged, and in general the developmental rate
of young marsupials is somewhat slower than that of comparably sized cutherians (see
Fig. 3). The evolution of litter size within the order Marsupialia shows trends similar
to those displayed by continental cutherians. Large litters are characteristic of small
insectivorous and carnivorous forms; smaller litters are typical of larger herbivorous
forms, with the smallest litters produced by the arboreal folivore, Phascolarctos, and the
large grazing macropodids, Megaleia and Macropus.

During the neonatal and early postnatal developmental stages of the young marsupial,
there is an intimate association with the mother. The young are attached to teats in the
pouch or teat area. When the sense organs (i.e., eyes and ears) of the young become
functional, the mother’s body is the primary environment for the young. Although the
mother may have a nest into which she retires, it is not the nest, but her body, which has
a strong valence for the young. During the period subsequent to development of the
sense organs, often termed the “socialization period” in eutherian mammals, young
marsupials become capable of some independent locomotion. The young now may
still be transported at times on the mother’s body or in the pouch, although in the case
of dasyurid marsupials the young often remain in the nest when the mother forages.
Even so, the female dasyure will still continue to nurse the young in the nest and the
young may ride on her for short periods (Collins, 1973; Ewer, 1968).

The mother marsupial is, in a sense, the “nest”” during the initial phase of develop-
ment for the young. It is only when the young reach the stage of socialization that they
begin to approximate the eutherian condition and, in the case of nest-building forms,
the nest attains an importance as a source of conditioning stimuli. Littermates serve as
social partners during development while the mother is an important source of socializing
stimuli in the larger macropodids which bear a single young (Russell, 1973).

In terms of the development of brain and sense organs, marsupials exhibit trends
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similar to those of eutherians. While it is true that living didelphids do not show brain
development beyond the level of that attained by tenrecid insectivores, the carnivorous
Dasyuridae of Australia do show brain development at a much higher level. Never-
theless, the Australian carnivorous marsupials show levels of brain development below
those of eutherian carnivores in comparable niches in the main continental areas (Moeller,
1968a; Wirz, 1950). Similarly, the grazing macropodids of Australia show the lowest
brain-body weight ratios of any terrestrial herbivore. These latter comments on the
brains of marsupials give rise to two major points:

1. When a morphologically conservative species specializes for a niche with certain
key demands for information storage and retrieval and muscular coordination, the brain
undergoes appropriate selection and increases to the size necessary for receiving, inter-
correlating, and retrieving data from the relevant sense organs. Thus, carnivores that
pursue fast, mobile prey generally tend to have larger brains than insectivores which feed
upon abundant, slow or stationary prey which are located by chemical or tactile means.
(An exception, of course, would be bats which must locate winged insects using echoloca-
tion data.)

2. Morphologically conservative forms in relative isolation often evolve brain size
at slower rates; thus, the Marsupialia and Tenrecidae exhibit brain-body ratios and brain
structures which are more conservative than those of mammals in comparable niches
on the continental land masses (Andrew, 1962; Jerison, 1973).

V. Lessons from the Tupaiidae and Macroscelididae*

The tree shrews and elephant shrews represent specialized taxa which share many
conservative morphological characters found in the classical lipotyphlan insectivores
(Weber, 1928). Both taxa show certain parallel trends in brain and sense-organ structure
departing from the patterns of the lipotyphlan insectivores, yet neither family is closely
related to the other (Patterson, 1965). If we assume that early eutherians were nocturnally
adapted, then it follows that olfactory, tactile, and auditory senses were most important
for obtaining information about their external environment. The eye would be of
reduced utility, although our hypothetical ancestral mammal may, in fact, have had
moderately sized eyes with a rod retina. Nevertheless, as a distance receptor, the ears,
eighth cranial nerve, and all associated projection areas for the eighth nerve, began to
assume primary importance.

* I do not consider the Tupaiidae as a family of the order Primates; see McKenna (1963) and Van Valen (1965).

Fic. 3. Maternal care patterns for selected mammals. M = mating; L = laying; H = hatching; P = partus;
% = beginning of lactation; W = end of weaning period; E = eye opening; d = days; v/, = period of teat
attachment ; s = period of female and young in same nest; and~~ = period of absentee parental care.
Data for Monotremata and Marsupialia taken from Collins (1973); data for Hemicentetes from Eisenberg and
Gould (1970); data for Macroscelides from Sauer and Sauer (1972); data for Tupaia from Martin (1968); and data
for caviomorph rodents from Kleiman (1974). The sequences for certain events in the Monotremata are im-
perfectly known, but the ‘“absentee system”” for Tachyglossus is established. Question marks indicate uncertainties
in the timing of events (see Collins, 1973).
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The tupaiids and macroscelidids took two routes in their evolution. On the one

hand, the elephant shrews retained a terrestrial niche, whereas the tupaiids began to
develop increasing specializations for arboreality. In both lines, however, the animals
show trends toward reliance on vision, if nocturnal, and ultimately specializations of the
eye during the invasion of diurnal niches. Becoming diurnal must have placed demands
upon the eye as a receptor of more and more fine-grained detail. Central projection
areas for visual information began to become more important, a sequence that can still
be seen when Prilocercus is compared with Tupaia. With this dependence on visual in-
formation, a corresponding increase in brain size relative to body weight can be
demonstrated together with the development of appropriate projection areas in the
neopallium (Clark, 1924, 1926).

The diurnal tupaiids began to utilize much more information concerning depth
perception and the structure of the 3-dimensional, arboreal world that they were
invading; this may again have accounted for some of the increase in brain size which
they show. Certainly an increased brain size in correlation with diurnality and ar-
boreality is reflected in the evolution of the brains of sciurid rodents (Pilleri, 1959;
Wirz, 1950). It is difficult, however, to tease these two variables apart unless by inference
we assume -that the demands of navigation in a 3-dimensional environment always
presuppose some increase in brain size relative to body weight as is reflected in the rather
large brains of the aquatic insectivores Potomogale, Limnogale, Desmana, and Galemys, all
four of which do not show any extraordinary development in eye size, but do show
increased development in the cerebellum and cerebral cortex (Bauchot and Stephan,
1966). A similar argument could be applied to the Pinnipedia and Cetacea. The latter
also evolved an echolocation ability which parallels the bats. Dependence on such
auditory integration may account for the initial increase in brain size of the Cetacea
(Jerison, 1973) (see Fig. 4).

It would scem that, in an attempt to understand the steps from nocturnal life to
diurnal life and all that this entailed in the evolution of mammals, one should look more
closely at the behavior, reproductive biology, thermoregulation, and trophic specializa-
tions of Ptilocercus, for it truly is a connecting link between Tupaia and whatever ancestral
form gave rise to them. Speculations concerning the ancestors of tupaiids and primates
are perhaps best deferred until the biology of Ptilocercus is better understood.

Certainly no speculations concerning the evolution of the tupaiid way of life should
be made without reference to parallel developments in the Macroscelididae. The unique
method of parental care demonstrated by Martin (1968) in Tupaia has now been con-
firmed for Macroscelides by Sauer and Sauer (1971, 1972). In Tupaia, nests are constructed
by both the male and female, although the female specifically constructs a natal nest into
which the young are altricially born. While nesting separately from the male, the female
only returns to the natal nest to nurse the young at intervals of 2448 hr. In Macro-
scelides, the female gives birth to 2 precocial young in a secluded spot, returning to nurse
them at 24-hr intervals. This demonstrated behavioral similarity need not be homologous.
Similar forms of maternal care are demonstrated in the Monotremata (Tachyglossidae),
Lagomorpha (Leporidae), Artiodactyla (Cervidae, Antilocapridae, and some Bovidae),
Perissodactyla (Tapiridae), and Rodentia (Dasyprocta, Pediolagus, and Myoprocta)



(Kleiman, 1972, 1974; Lent, 1974). It would appear that the trend toward the production
of precocial or semiprococial young often involves the evolution of the “absentee
system” of parental care. The unique attribute of the Tupaia system is that it involves
relatively altricial young (Martin, 1968) (see Fig. 3).

It has been suggested (Martin, 1968) that the lack of a retrieval pattern shown by the
female Tupaia plus the “absentee” maternal care system could be part of a conservative
mammalian pattern of reproductive behavior. If Macroscelides and Tupaia are indeed
only distantly related, then the possibility exists that the “absentee™ parental care system
is a plesiomorph character. Yet the presence of maternal retrieving behavior plus a
conventional nesting attendance phase by such ecologically and morphologically

40 40
30
30
2.0
20
1.0
10
° 0
-10
10
A 10 0 1.0 20 30 40 50 60 7.0 B 0 0 10 20 30 40 S0 60 70
w0 _ o]
30 30
20 ’0
10 1.0
° o
-0 -10
C “t0 0 10 20 3040 50 60 70 D <10 0 1.0 20 30 40 50 60 70

Fic. 4. Brain-body weight relationships for selected mammals. Ordinate = brain weight (E,) in grams expressed
as log;o. Abscissa = body weight in grams expressed as log,o. Boundary of diagram outlines the total set of
brain-body weight points for the class Mammalia. Method of plotting adapted from Jerison (1973). All absolute
brain weights converted to E, where E, = absolute brain weight (E) minus E, and E, = (0.03) x (body
weight)®-6® (see Jerison, pp. 78-81). The transformation in no way effects the relationships as shown here.
(A) Brain-body weight relationships for insectivores, tree shrews, and elephant shrews (the latter two groups are
cross-hatched). Points adjacent to the cross-hatching represent the set including the aquatic insectivores,
Limnogale, Potamogalidae, and Desmaninae. H = the average point for the genus Homo. (B) Brain-body weight
relationships for monotremes and marsupials. The cross-hatched set is the Monotremata. (C) Large brains for
rapid navigation in three dimensions. M is the set for several Microchiroptera; O encloses selected species of the
Odontoceti; P bounds several species of Pinnipedia. (D) Brain-body weight relationships for the Edentata.
M denotes the Myrmecophagidae (connected by a dotted line). B shows three values for the Bradypodidae
(connected by a solid line). D includes several points for the Dasypodidae. Note that the long-lived Euphractini
(open circles) approximate the Bradypodidae.
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conservative mammals as the cdentate genera Euphractus and Chaetophractus and all

genera of the Tenrecidae render the plesiomorph hypothesis dubious (Encke, 1965;
Gucwinska, 1971; Eisenberg and Gould, 1970).

VL. The Evolution of Mammalian Patterns: Attempt at a
R econstruction

The brilliant synthesis by Pearson (1964) clearly indicates a marked climatic deterior-
ation at the close of the Cretaceous followed by return to widespread tropical conditions
in the early Tertiary. Subsequent to that time, there is evidence of continued change in
climate accompanied by alterations in vegetation. Several cyclic patterns of climatic
change have been proposed. With the decline of the reptiles at the end of the Cretaceous,
the ancestral Eutheria and Marsupialia were offered the opportunity of filling unoccupied
ecological niches (Olson, 1961). With such a changing pattern of selection pressures,
rapid radiation occurred with the ordinal groups of mammals becoming clearly estab-
lished in the Paleocene. Superimposed on the initial mammalian radiation was the
concomitant breaking up of the earth’s land masses which contributed to the geo-
graphical isolation of certain key groups of morphologically conservative mammals
(Fooden, 1972). Australia, South America, and Madagascar were able to develop
mammalian faunas which were distinctive until more recent invasions of eutherians from
the more contiguous land masses.

Subsequent to this initial radiation, some living mammals existing in present-day
tropical forests are relatively unmodified morphologically when compared with their
ancestral stocks. This conforms to the hypothesis advanced by Simpson (1944) that
bradytely or persistence of slowly evolving taxa results from an original adaptation of a
widespread population to arelatively homogeneous environment, which may then persist
through time as isolated populations in those areas which undergo little environmental
modification. Thus, it seems legitimate to infer that certain morphologically conservative
species inhabiting niches in the tropics represent forms that are, in a sense, adapted to a
““ conservative niche.” Therefore a phylogenetic reconstruction of mammalian behavioral
evolution must use as its starting point generalizations developed from a comparison of
morphologically conservative forms occupying what might be considered to be the
niches of the Paleocene-Eocene boundary (Jerison, 1973).

If we assume a polyphyletic origin of mammals (Simpson, 1959), it is even more
difficult to reconstruct the probable evolutionary steps leading back from the pantotheres
to the divergence from the stock giving rise to the monotremes. No doubt the trend away
from oviparity and the evolution of mammary glands in the monotremes indicates
cither a parallel analogous with developments which took place in the stock giving rise
to marsupials and eutherians or a primitive mammalian condition representing the
ancestral pattern for both Metatheria and Eutheria. Concomitant with the evolution of
mammary glands came a reorganization in methods of parental care. A comparison of
the eutherian and marsupial lines indicates that parallel developments may have taken
place in the evolution of reproductive patterns. The stock for both lines must have



diverged from a precursor which possessed mammary glands to nourish the neonate by
means of milk rather than by a large store of maternally derived yolk. The therian
ancestor had departed from the pattern of laying large-yolked eggs and was either laying
smaller eggs with little yolk or was ovoviviparous with a choriovitelline placenta (see
Luckett, this volume).

If we agree that the early niches exploited by eutherians and marsupials were in
forested habitat with a moderately stable climate, that the activity patterns of these
mammals were confined to darkness, and further, that the animals were specialized as
insectivores, then it follows that the evolution of thermoregulation and the reliance on
audition for gaining distance information went hand in hand with the exploitation of a
nocturnal niche. Invasion of an arboreal niche, and yet remaining nocturnal, perhaps
placed further demands on the eye as an additional source of distance information. This
would be especially true of nocturnal forms that moved rapidly in a 3-dimensional
environment and employed leaps to get from one position in space to another. Either
the echolocating ability would have to be refined so that a spatial map could be con-
structed based on echo information as in the case of the Chiroptera, or the eye would
have to assume additional importance as a distance receptor, as is the case with the
Phalangeridae, Lorisidae, and Lemuridae, to mention only a few. The most dramatic
departure, then, once mammals had evolved to this point of agile use of trees and en-
hanced auditory and visual perception, would be for the organism to undergo selection
to occupy diurnal niches with the eye continuing to be refined as a distance receptor.
No doubt the Chiroptera passed through a stage of reliance on the eye while springing
in trees at night. Sophisticated use of echolocation for maneuvering around obstacles or
catching prey could only come after the development of some controlled flight. Presum-
ably echolocation in the buoyant aquatic realnr was accomplished much easier in the
evolution of Cetacea.

The evolution of physiological and morphological adaptations for obtaining plant
material and processing it in order to extract energy from cellulose with the aid of
bacterial symbionts was another great step forward taken convergently by the Mar-
supialia and Eutheria. Convergent and/or parallel trends are widespread in modern taxa.
Terrestrial use of plants dominates the evolution of the Artiodactyla and Perissodactyla
in the Eutheria and the Macropodidae in the Marsupialia. Arboreal browsing as an
alternative route for the exploitation of plants reaches its height in the colobine primates,
bradypodid edentates, and phalangerid marsupials. Such evolutionary steps in the different
mammalian lines often involved alternative solutions to the same problem. At the same
time, when such similar niches are occupied by representatives of different radiations,
we see repeated convergences in methods of antipredator behavior, rearing of young,
and form of social structure.

The validity of comparative studies utilizing behaviors as phenotypic expressions of
genotype (for the reconstruction of phylogenies extending back over 60 million years) is
severely limited when the investigations of modern-day forms are used as points of
reference. Comparative studies of behavior are most useful at the present stage of our
understanding when they are confined to closely related species in taxa well defined on
morphological grounds.
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In order to assess what restrictions the phylogenetic heritage of a given radiation
places upon the forms of the adaptations that it evolves, one must continue to analyze
the various aspects of ecology and behavior of those species which have evolved in
relative isolation from the competition of many species which has been imposed on the
evolution of the Eutheria within the contiguous continental land masses. Thus, the
analysis of behavior in the Malagasy tenrecids and Australian marsupials becomes more
pressing and relevant.

To summarize some of the foregoing conclusions, I offer the following set of
hypotheses:

A. Brains and Perceptual Worlds

Throughout the text I have made reference to various indices of brain enlargement.
It is true that mammals and birds have larger brains in proportion to their body weight
than do reptiles and amphibians (Jerison, 1973). The causes for this difference are im-
perfectly understood, but the differences are readily available for empirical verification.
Furthermore, Jerison (1973) argues rather successfully that there has been a progressive
trend in the enlargement of the brain throughout the history of the Mammalia. This
increase in absolute and relative brain size has not occurred at equal rates in all taxa,
but scems to accompany increasing specialization and refinement in the occupancy of
new niches. Thus certain groups of mammals, such as tenrecid and soricoid insectivores,
may retain brain structure essentially little modified from the brain structure of Cretaceous
mammals.

Increase in brain size need not be confined to only one area of the brain. An increased
brain size in one taxon may not reflect increase in the size of the neocortex, but only
increase in the size of some subcortical structures. Those areas of the brain that do
increase in size are often related to specializations in certain sense organs and thus correlate
with the collection, storage, and retrieval of specific kinds of data relevant to the niches
which the animals exploit. This principle is extremely well illustrated in the publication
by Mann (1963) concerning the brain of the Chiroptera. He points out that “the cortical
circuits are not empowered to replace advantageously, in every case, the subcortical
mechanisms. Specialized phylogenetic trends may involve, therefore, increase of such
subcortical centers without a corresponding increase in the neocortex” (Fig. 4).

B. Arboreality

 Specialization for arboreal niches may have come carly in the case of the Marsupialia
and somewhat later in Eutheria. To be arboreal and nocturnal need not require any great
specializations in the sense organs beyond the primitive mammalian level if the organism
Jocomotes slowly and carefully in the branches and is specialized for capturing slow or
relatively immobile prey. Great specialization in vision and hearing seem to accompany
departures in locomotion which involve springing from one point to another in a truly
3_dimensional environment. The range of adaptations and morphological corrclates has
been reviewed by Cartmill (1972).



C. Diurnality

The evolution of diurnal habits seemed to involve greater reliance on vision as a
means of obtaining information concerning distant objects. As they evolved in the
Mammalia, the neural mechanisms for the integration of visual information in the central
nervous system seemed to involve structural parallels with the mechanisms by which
auditory data from the eighth cranial nerve were organized at the subcortical and cortical
levels. This parallel development of brain mechanisms involving the second cranial
nerve resulted in a greater encephalization by all those mammals which became diurnal
(Jerison, 1973).

D. Herbivory

Utilization of plant cellulose as a food substrate occurred in every major mammalian
radiation. Yet these tasks of trophic adaptation were in some cases parallel, e.g., the
Rodentia (Vorontsov, 1960), or convergent, e.g., Marsupialia and Eutheria. The
consequences of becoming a terrestrial herbivore and, in particular, utilization of grasses
resulted in convergent evolution of social tolerance mechanisms which permitted
formation of larger cohesive groupings. Such trends have been reviewed previously
(Eisenberg, 1966).

E. Longevity and Litter Size

Increase in length of life and, in particular, effective reproductive life always seems
to accompany reduction in litter size. Yet reduction in litter size may be a response to
relatively short-term selective pressures. In the invasion of certain niches, such as the
grazing niche, we have seen a convergent trend in reduction of litter size and the pro-
duction of relatively mobile young; for example, when the leporid lagomorphs or
caviomorph rodents are compared with bovid ungulates (Kleiman, 1972). Adaptations
for these types of niches, then, do involve some predictable trends in litter size, but these
are convergences at best and more often than not the longevity-litter size correlation is
the result of particular factors related to the relative efficiency of replacement which vary
greatly from one taxon to another. The importance of so-called K and r selection is
related to a host of factors which does not permit the establishment of anything but
trends and simple correlations among closely related species.

F. Parental Care

Viviparity and the production of altricial young demanded some form of parental
care for maintenance of a high temperature for the developing young and provision of
extrauterine nourishment. In the Marsupialia both objectives were accomplished with
the evolution of the marsupium; in the Eutheria, apparently the first objective was
obtained by bearing the young in a protected nest site where the parent could “brood”
them. The latter problem was solved in the same manner as in the Marsupialia, i.e., by
the evolution of the mammary gland-teat complex.
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Without any necessary reduction in the complexity of parental care, more precocial

young could be produced, thus shortening the time necessary for the parent to maintain
a high temperature within a nest for the developing young. If the young were born
precocial enough to maintain their own body temperature or born in a sufficiently
insulated nest, the parent need only tend the young during periods of lactation. The so-
called “absentee” system of parental care (Martin, 1968) could then have evolved in a
convergent or parallel manner many times. If the young were born precocial enough to
follow the mother, the absentee system could be eliminated almost entirely, provided
the young were agile enough to participate in appropriate antipredator responses (see
Fig. 3). This condition has been attained in some Artiodactyla.

On the other hand, bearing young in an arboreal habitat presents special problems.
The young must have sufficient muscular coordination so that they will not fall before
they leave the nest area. If a trend toward precocial young should be selected for, then
the transition phase must be bridged from, at one extreme, a young that can immediately
follow the mother to, at the other extreme, a young that is helpless in a nest. In general,
this has been done either by retaining a nest phase in the rearing cycle of the young or
climinating it by producing a small number (e.g., 1-2) of very precocial young which
can cling to the mother. The mother thus assumes the function of a ““moveable nest.” A
convergent solution to the problem is seen in arboreal marsupials, but this shows only
functional analogs since in this case altricial young transfer themselves to a pouch area
and in this manner the mother becomes a “moveable nest.”

G. The Formation of Social Groupings

Incipient pair-bond formation can be seen in many morphologically conservative
mammals, such as the insectivores Cryptotis parva and Microgale talazaci. Such pair bonds
are probably formed because of greater efficiency in mating when the presence of the
opposite sexed partner is known and available to the other. This system is permissible
in those conditions where a given pair can occupy and exploit resources efficiently in the
same home range. Where joint exploitation is not possible or is less efficient, permanent
pair bonds do not seem to exist and separate foraging areas for the male and female are
the rule (Smith, 1968).

Where the male and female occupy the same home range and show some tolerance
for their progeny, the possibility exists for the formation of small temporary inbreeding
groups. Such units of population may provide the beginnings of group selection (Wilson,
1973). That such systems evolve in response to the peculiarities of each exploitation system
is no doubt the case. Behavioral convergences in the form of social structure occur again
and again in the Mammalia and only a generalized phylogenetic pattern can be detected
(Eisenberg, 1966; Eisenberg et al., 1972). Trends can be discerned, however, although
the correlations apply only to cases where the evolutionary history of the group is
reasonably well known (Kleiman and Eisenberg, 1973). Differences between mammalian
social systems surely reflect overall adaptations to the physical habitat and the species’
mode of exploitation.



The home range or area which an animal utilizes is very much a function of the
distribution pattern of its foodstuffs (Altman and Altman, 1970), and home-range size is
roughly correlated to the size of the species in question. But, even within body-size
ranges that are similar, vast differences exist between home-range size for, let us say,
carnivores on the one hand and herbivores on the other (McNab, 1963).

The form of social organization is often profoundly influenced by the nature of the
shelter that the animal constructs. If a shelter is constructed and a considerable amount of
energy is expended in the construction of such shelters, then defense of the shelter against
a conspecific competitor is most essential. In addition to shelter construction, one must
also consider the caching of foodstuffs. The formation of a food supply in space for later
utilization by the assembler or its progeny very often involves an intraspecific defense
system so that use of such an assemblage of food is restricted.

The mobility of a species has a profound influence on the form of its social organiza-
tion (Eisenberg and Lockhart, 1972; McKay and Eisenberg, 1974). For example, a top
carnivore may still form social groups, if the group itself possesses a sufficient ability to
allow movement over a wide enough home range to effectively utilize its resources
without overcropping (Kleiman and Eisenberg, 1973). Finally, antipredator behavior of
prey animals profoundly influences whether or not groups can be formed. Small forms
whose most adequate predator defense is inconspicuousness cannot afford to form groups
which render their concealment impossible. Such species may become communal and
utilize the same resources as long as they can do so while at the same time remain
relatively invulnerable to predation (Eisenberg and Lockhart, 1972; Eisenberg and
McKay, 1974).

To sum up then, in general those morphologically conservative mammals which are
alive today exhibit the following trends in ecology and social behavior: They require a
high energy content in their diet and are cither specialized as small carnivores, insectivores,
or generalized omnivores. As a result, they tend to range over a wide area relative to
their body size and some spacing mechanisms are necessary to promote efficient utilization
of habitat and further to reduce overutilization of restricted food sources. A given male
and female may show overlap in home range and yet show very limited contact except
at the time of mating. Parental care may fall entirely to the female; nevertheless, the
same male and female may mate during consecutive seasons as the result of the proximity
of their home ranges and as a result of their own agonistic tendencies toward conspecifics
of the same sex. The adult female repels other females and the male repels contending
males. Through such a behavioral mechanism the dispersal of their own progeny is
assured. However, if family clustering is to be promoted and some selective advantage is
retained by such a group (e.g., Hemicentetes semispinosus), it is generally tolerance of a
female for her daughter rather than a male for his son that leads to the formation of
nuclear family groupings. Such family groups consist of several females related by descent
with their progeny and a dominant, single male utilizing roughly the same home range.
Thus a so-called solitary species can exhibit a ““family” structure which demonstrates a
minimum of direct social contact; this can be taken as the simplest type of inbreeding
population unit in the sense of Anderson (1970).

65

PHYLOGENY,
BEHAVIOR, AND
ECOLOGY IN
MAMMALIA



66

Jonn F. EiSENBERG

VII. References

ALTMAN, S., and J. ArT™aN. 1970. Baboon Ecology. University of Chicago Press, Chicago.

ANDERSON, P. K. 1970. Ecological structure and gene flow in small mammals, pp. 299-325. In R. Berry and
H. N. Southern, eds., Variation in Mammalian Populations. Academic Press, New York.

ANDREW, R. J. 1962. Evolution of intelligence and vocal mimicking. Science 137:585-589.

ANDREW, R. J. 1963. The origins and evolution of the calls and facial expressions of the primates. Behavior
20:1-109.

ANDREW, R.. J. 1964. The displays of primates, pp. 227-309. In J. Buettner-Janusch, ed., Evolutionary and Genetic
Biology of Primates. Academic Press, New York.

AspELL, S. A. 1965. Reproduction and development, pp. 2-43. In R. Mayer and R. VanGelder, eds., Physio-
logical Mammalogy, Vol. II. Academic Press, New York.

BaucHor, R., and H. StepHAN. 1966. Donees nouvelles sur I’encephalisation des Insectivores et des Prosimiens.
Mammalia 30:160-196.

BrITTON, S. W. and R. F. KuNE. 1939. Augmentation of activity in the sloth by adrenal extract, emotion, and
other conditions. Am. J. Physiol. 127:127-130.

CARTMILL, M. 1972. Arboreal adaptations and the origin of the Order Primates, pp. 97-122. In R. Tuttle, ed.,
The Function and Evolutionary Biology of Primates. Aldine-Atherton, Chicago/New York.

CLARK, W. E. LEGROS. 1924, On the brain of Tupaia minor. Proc. Zool. Soc. London 1924:1053-1074.

Clark, W. E. LEGros. 1926. On the anatomy of the pen-tailed tree shrew (Ptilocercus lowii). Proc. Zool. Soc.
London 1926:1179-1309.

Coruins, L. 1973. Monotremes and Marsupials: A Reference for Zoological Institutions. Smithsonian Press, Washing-
ton, D.C.

CRrOOK, J. H. 1970. Social organization and the environment: Aspects of contemporary social ecology. Anim.
Behay. 18:197-209.

Doivro, L. 1899. Les ancetres des marsupiaux etaient-ils arboricoles? Travaux Station Zoologie de Wimeraux,
7:588 (as cited in Gregory, 1951).

EISENBERG, J. F. 1966. The social organizations of mammals. Handbuch der Zoologie, VIII(10]7), Lieferung 39,
W. De Gruyter, Berlin, 92 pp.

EISENBERG, J. F. 1973. Mammalian social systems: Are primate social systems unique ? pp. 232-249. In E. Menzel,
ed., Symposium of the Fourth International Congress of Primatology, Vol. 1. S. Karger, Basel.

EISENBERG, J. F., and E. Gourp. 1970. The tenrecs: A study in mammalian behavior and evolution. Smithson.
Contrib. Zool. 27:1-137.

FISENBERG, J. F., and M. LOCKHART. 1972. An ecological reconnaissance of Wilpattu National Park, Ceylon.
Smithson. Contrib. Zool. 101:1-118.

EISENBERG, J. F., and G. McKay. 1974. Comparison of ungulate adaptation in the New World and Old World
tropical forests with special reference to Ceylon and the rainforests of Central America, pp. 585-602. In
V. Geist and F. Walther, eds., The Behavior of Ungulates and Its Relation to Management, Vol. 2. .U.C.N.
Publication 24, Morges.

EISENBERG, J. F., and R. W. THORINGTON, Jr. 1973. A preliminary analysis of a neotropical mammal fauna.
Biotropica 5:150-161.

EISENBERG, J. F., A. MUCKENHIRN, and R. RUDRAN. 1972. The relationship between ecology and social structure
in primates. Science 176:863-874.

Ev1oT-SmitH, G. 1898. The brain in the Edentata. Trans. Linn. Soc. London, Ser. II, (Zoology) 7:277-394.

ENckE, W. 1965. Aufzucht von Borestengiirteltieren, Chaetophractus villosus. Der Zoologische Garten (NF)
31(1/2):88-90.

Ewer, R. F. 1968. A preliminary survey of the behavior in captivity of the dasyurid marsupial, Sminthopsis
crassicaudata. Z. Tierpsychol. 25:319-365.

FOODEN, J. 1972. Breakup of Pangaea and isolation of relict mammals in Australia, South America, and Madagas-
car. Science 175:894-898.

GoFrFART, M. 1971. Function and Form in the Sloth. Pergamon Press, New York.

Goutp, E. 1965. Evidence for echolocation in the Tenrecidae of Madagascar. Proc. Am. Philos. Soc. 109(6):352~
360. :

Goutp, E., and J. F. EIsENBERG. 1966. Notes on the biclogy of the Tenrecidae. J. Manmal. 47(4):660~686.

GreGORY, W. K. 1951. Evolution Emerging, Vols. 1 and 2. Macmillan Co., New York.

GucwinskA, H. 1971. Development of six-banded armadillos, Euphractus sexcinctus, at Wroclaw Zoo. Int. Zoo
Yearb. 11:88-89.



JerisoN, H. J. 1973. Evolution of the Brain and Intelligence. Academic Press, New York.

KAUEMANN, J. 1974. Social ethology of the whiptail wallaby, Macropus parryi, in northeastern New South
Wales. Anim. Behav. 22:281-307.

KLemMAN, D. G. 1972. Maternal behavior of the green acouchi (Myoprocta pratti Pocock), a South American
caviomorph rodent. Behaviour 43:48-84.

KLEmMAN, D. G. 1974. Patterns of behaviour in hystricomorph rodents, pp. 171-209. In I. W. Rowlands and
B. Wier, eds., The Biology of Hystricomorph Rodents. Symp. Zool. Soc. London, No. 34. Academic Press, New
York.

KiemmaN, D. G, and J. F. EiseNBerG. 1973. Comparisons of canid and felid social systems from an evolutionary
perspective. Anim. Behav. 21:637-659.

KiUHLHORN, F. 1936. Die anpassungstypen der Giirteltiere. Z. Sacugetierk. 12:245-303.

LenT, P. 1974. Mother-infant relationships in ungulates, pp. 14-55. In V. Geist and F. Walther, eds., The
Behavior of Ungulates and Its Relation to Management, Vol. 1. LU.C.N. Publication 24, Morges.

MACARTHUR, R. H. 1972. Geographital Ecology: Patterns in the Distribution of Species. Harper and Row, New
York.

MacMiLeen, R. E., and J. E. NeLson. 1969. Bioenergetics and body size in dasyurid marsupials. Am. J. Physiol.
217(4):1246-1251.

MANN, G. 1963. Phylogeny and cortical evolution in Chiroptera. Evolution 17:589-591.

MARLER, P. 1961. The logical analysis of animal communication. J. Theoret. Biol. 1:295-317.

MarTiN, R. D. 1968. Reproduction and ontogeny in tree shrews (Tupaia belangeri), with reference to their
general behaviour and taxonomic relationships. Z. Tierpsychol. 25(4):409-495.

McKAY, G., and J. F. EisENBERG. 1974, Movement patterns and habitat utilization of ungulates in Ceylon, pp.
708-721. In V. Geist and F. Walther, eds., The Behavior of Ungulates and Its Relation to Management, Vol. 2.
I.U.C.N. Publication 24, Morges.

MCcKEeNNa, M. C. 1963. New evidence against tupaioid affinities of the mammalian family Anagalidae. Am.
Mus. Novit. 2158:1-16.

McNas, B. K. 1963. Bioenergetics and the determination of home range size. Am. Nat. 97:133-140.

MOELLER, H. 19684. Zur Frage der Parallelerscheinungen bei Metatheria und Eutheria. Z. Wissenschaft. Zool.
177:282-392.

MOoELLER, H. 1968b. Allometrische Analyse der Giirteltierschidel. Ein Beitrag zur Phylogenie der Dasypodidae.
Zool. Jahrb. 85(3):411-528.

MONTGOMERY, G. G., and M. E. SuNQuisT. 1975. Impact of sloths on neotropical forest energy flow and nutrient
cycling, pp. 69-111. Iu F. Golley and E. Medina, eds., Tropical Ecological Systems. Springer-Verlag, New
York.

Otson, E. C. 1961. The food chain and the origin of mammals, pp. 97-116. In International Colloquium on the
Evolution of Lower and Nonspecialized Mammals, Vol. 1. Kon. VI Acad. Wetemsch. Lett. Sch. Kunsten
Belgig, Brussels.

Packs, E. 1970. Sur Pecologie et les adaptations de 'orycterope et des pangolins sympatriques du Gabon. Biol.
Gabonica 6:27-92.

Pacis, E. 1972a. Comportement agressif et sexuel chez les pangolins arboricoles (Manis tricuspis et M. longicaudata).
Biol. Gabonica 8(1):3-62.

Pacts, E. 1972b. Comportement maternel et developpement du jeune chez un pangolin arboricole (M. tricuspis).
Biol. Gabonica 8(1):63-120.

PATTERSON, B. 1965. The fossil elephant shrews (Family Macroscelididac). Bull. Mus. Comp. Zool. (Harvard)
133(6):297-335.

PaTTERSON, B., and R. PasQuaL. 1972. The fossit mammal fauna of South America, pp. 247-310. In A. Keast,
F. Erk, and B. Glass, eds., Evolution, Mammals, and Southern Continents. State University of New York,
Stony Brook.

PearsoN, R. 1964. Animals and Plants of the Cenozoic Era. Butterworths, London.

Preper, S. C. 1961. World Hypotheses. University of California Press, Berkeley and Los Angeles.

PETERSON; E. A., and W. C. HEATON. 1968. Peripheral auditory responses in representative Edentates. J. Audit.
Res. 8:171-184.

PETTER, F. 1972. The rodents of Madagascar, pp. 661-666. In G. Battistini and G. Richard-Vindard, eds.,
Biogeography and Ecology in Madagascar. Junk, The Hague.

Pianka, E. R. 1972. r and K selection or b and d selection. Am. Nat. 106:581-588.

PrLery, G. 1959. Beitriige zur vergleichenden Morphologie des Nagetiergehirnes. Acta Anat. 39(Suppl. 38):1-
124.

67

PHYLOGENY,
BEHAVIOR, AND
ECOLOGY IN
MAMMALIA



68

Joun F. EISENBERG

PopuscHKA, W. 1974. Das Paarungsverhalten des Grossen Igel-Tenrek (Setifer setosus, Froriep 1806) und die
Frage des phylogenctischen Alters einiger Parrungseinzelheiten. Z. Tierpsychol. 34:345-358.

PorTMAN, A. 1965. Uber die Evolution der Tragzeit bei Siugetieren. Rev. Suisse Zool. 72:658-666.

ROHRs L. M. 1966. Vergleichende Untersuchungen zur Evolution der Gehirne von Edentaten. I. Hirngewicht-
Kdrpergewicht. Z. Zool. Syst. Evolutionforsch. 4:196-207.

RusseLL, E. M. 1973. Mother—young relations and early behavioural development in the marsupials, Macropus
eugenii and Megaleia rufa. Z. Tierpsychol. 33:163-203.

SAUER, E. G. F., and E. M. SauEr. 1971. Die kurzohrigen Elefantenspitzmaus in der Namib. Namib Meer 2:5-43.

SAUER, E. G. F., and E. M. SauEr. 1972. Zur Biologie der Kurzohrigen Elefantenspitzmaus. Z. Kolner Zoo
15(4):119-139.

SrarMaAN, G. B. 1965. Marsupials and the evolution of viviparity, pp. 1-28. InJ. D. Carthy and C. L. Didding-
ton, eds., Viewpoints in Biology, Vol. 4. Butterworths, London.

SHARMAN, G. B., J. H. CaraBy, and W. E. PooLE. 1966. Patterns of reproduction in female diprotodont mar-
supials, pp. 205-232. In 1. W. Rowlands, ed., Comparative Biology of Reproduction in Mammals. Academic
Press, New York.

SimpsoN, G. G. 1940. Mammals and land bridges. J. Wash. Acad. Sci. 30:137-163.

SimesoN, G. G. 1944. Tempo and Mode in Evolution. Columbia University Press, New York.

SiMpsON, G. G. 1959. The nature and origin of supraspecific taxa. Cold Spring Harbor Symp. Quant. Biol. 24:255-
272.

Smrrs, C. 1968. The adaptive nature of social organization in the genus of tree squirrels, Tamiasciurus. Ecol.
Monogr. 38:31-63.

TyNDALE-Biscog, H. 1973. Life of Marsupials. American Elsevicr, New York.

Van VALEN, L. 1965. Tree shrews, primates and fossils. Evolution 19(2):137-151.

Vorontsov, N. N. 1960. The ways of food specialization and evolution of the alimentary system in Muroidea,
pp. 360-371. In J. Kratochvil, ed., Symposium Theriologicum. Ceskoslovenska Akademie Ved., Brno.

WEBER, M. 1928. Die Siugetiere, Vol. 2. Systematics, with O. Abel. Gustav Fischer, Jena.

Wickier, W. 1961. Okologic und Stammesgeschichte vor: Verhaltensweisen. Forfschr. Zool. 13:303-365.

WiLson, E. O. 1973. Group selection and its significance for ecology. Bioscience 23:631-638.

Wirz, K. 1950. Studien iiber die Cerebralisation: Zur Quantitativen Bestimmung der Rangordnung bei
Siugetieren. Acta Anat. 9:134-196.

WOOLEY, P. 1966. Reproduction in Antechinus sp. and other dasyurid marsupials, pp. 281-294. In 1. W. Rowlands,
ed., Comparative Biology of Reproduction in Mammals. Academic Press, New York.



