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ENDOTHERMY, SMALL SIZE, AND THE ORIGIN
OF MAMMALIAN REPRODUCTION

These comments were stimulated by Long’s (1972) recent note on the
origin of lactation. My purpose is to suggest that the origin of mammalian
reproduction may be viewed as the consequence of selection for two non-
reproductive factors in the ancestors of mammals: (1) endothermy and (2)
small body size. These two factors led to what I believe are the basic elements
of the mammalian mode of reproduction. Viviparity, though usually con-
sidered to be the central element of mammalian reproduction, was in
fact one of the last elements in a syndrome of reproductive adaptations to
have evolved in mammals. The egg-laying monotremes possess the main
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reproductive adaptations which set mammals so strikingly apart from all
living reptiles. Viviparity was a natural, but secondary, consequence of an
earlier shift in reproductive strategy. The origin of lactation, as discussed
by Long, was one element of this shift.

If the typieal reptilian reproductive adaptations are compared with those
of egg-laying mammals, the main differences are:

Reptile Mammal
1. Large egg with large energy content 1. Small egg with small energy content
2. Self-sufficient hatchling 2. Immature, dependent hatchling
3. Little or no parental care 3. Elaborate parental care

My thesis is that the origin of these mammalian adaptations was a conse-
quence of selection for the improvement of endothermy and for smaller
adult body size in the immediate ancestry of mammals. In developing this
thesis I have drawn on a similar argument advanced by Dawson (1962)
for the origin of altricial young in small birds.

Paleontologists are generally agreed that the cynodont therapsid ancestors
of mammals possessed a useful degree of endothermy (e.g., Parrington 1967 ;
Crompton 1968), and it is well documented that the earliest known mam-
mals (morganucodontids and kuehneotheriids of the Late Triassic [Par-
rington 1971]) were comparable in size to the smallest living mammals.
There is good evidence to suggest that early mammals were nocturnal (Jeri-
son 1971), which indicates that they must have relied primarily on endoge-
nous heat production to maintain an elevated body temperature. Because
metabolic rate varies inversely with body size, the trend toward smaller
size, which led from cat-sized Late Permian eynodonts to mouse- or shrew-
sized Late Triassic mammals, involved a progressive increase in metabolic
rate within the lineage. Hair probably originated in earlier therapsids as
tactile sensory structures sparsely scattered over the body surface (Liong
1972; Maderson 1972). However, with progressive increase in the surface/
volume ratio in the line leading to mammals, the density of hair had to in-
crease in order to provide increasingly eritical insulation that was perhaps
not required in the larger ancestors. It seems likely that the very small
sizes attained by Late Triassic mammals could not have evolved without
the prior development of a dense pelage.

Sharman (1970) has argued that the immediate ecommon ancestor of
marsupials and placentals most likely had an oviparous type of reproduc-
tion, somewhat like that of recent monotremes. This strongly suggests that
all Late Triassic mammals, both therian and prototherian, still laid eggs.
It is well known that relative egg weight in birds varies inversely with body
weight; that is, small birds tend to lay relatively large eggs (Huxley 1927).
Very small birds are able to produce disproportionately small eggs, however,
by reducing the amount of yolk they deposit in them. As a consequence,
the young of these birds have a short development time and hateh in an
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immature (altricial) state. Witschi (1956) has suggested that the ability
to produce a smaller egg was a key factor in the evolution of small body
size in birds. I believe the same argument can be applied to early mammals.

The production of small-yolked eggs and very small young poses energetic
problems for an endotherm because at small sizes metabolic rate increases
rapidly with decrease in size. If the young were as endothermic as their
parents, their metabolism would have to be far higher and their energy re-
quirements relatively far greater. Small birds and mammals solve this prob-
lem by having immature, essentially ectothermiec, young with relatively low
metabolic rates (see Pearson 1948). Parental care provides shelter and
heat to the young in order to maintain their body temperatures at near-
endothermic levels. Only when the young approach mature size do their
thermoregulatory mechanisms develop fully and they become fully endo-
thermic. Prior to this time, a relatively large proportion of the food pro-
vided by the parents is converted into protoplasm because the high
maintenance costs of endothermy have been avoided (Dawson 1962).

The conclusion I draw from the consideration of the problems of egg size
and energetics in small endotherms is that selection acted in early mammals
to evolve: (1) progressively smaller eggs (containing less nutrient for the
embryo) ; (2) progressively more immature hatchlings; (3) adaptations
(behavioral, physiological, and morphological) for creating a warm, humid
environment, first for the eggs, then for the young; and (4) special adapta-
tions for feeding the young.

The complex of adaptations leading to the development of mammary
glands now becomes important. As emphasized by Long (1972), a variant
of Darwin’s theory relating the origin of lactation to the incubation of eggs
and young offers the best framework within which to organize the known
facts. I agree with Liong that an abdominal incubation area evolved in endo-
thermic therapsids, specifically in advanced cynodonts close to the ancestry
of mammals. The formation of the incubation area was probably under the
control of reproductive hormones, as is the brood patch of birds (Jones
1971). This brood area may have lain in a depression in the abdomen sup-
ported by the marsupial bones (Long 1972), but for reasons given below I
doubt that a true pouch was developed in the earliest mammals. Rather, I
believe that the eggs and young were sheltered from the environment in a
burrow or nest. Cutaneous glands, evolved in association with hair, but sea-
sonally hypertrophied as a result of hormonal activity, moistened the brood
area to prevent dessication of the eggs and young. In the early stages of
evolution, the young would have been fed on food brought by the mother,
though the glandular secretions may have been licked up to provide mois-
ture. Even partial utilization of these secretions (assuming they had mini-
mal but positive nutritive value) would have spared the mother from having
to go on food-gathering forays quite so frequently and thus from having to
expose herself so often to predation. As early mammals were probably noc-
turnal, the shift to maternal secretions for all food needs of the young would
have allowed the mother to confine her forays from the nest to optimal hunt-
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ing times and would have allowed her to forage more widely before return-
ing home. An important factor selecting for utilization of maternal secre-
tions as food for the young is the probable primitive mammalian pattern
(inherited from reptilian ancestors) of male nonparticipation in care of the
young. This is a major difference between birds and mammals: in living
birds participation of the male is so widespread that Kendeigh (1952) and
Skutech (1957) suggest that it represents the primitive avian condition.

It has been suggested that the main features of mammalian reproduction
(i.e., intensive parental care of young, including suckling) had evolved in
Barly Triassic cynodonts (Brink 1957), which, as already noted, were
many times the size of early mammals. That this was not the case is indi-
cated by recent work on tooth replacement patterns in cynodonts (Hopson
1971, unpublished data). Known cynodonts show continuous replace-
ment of teeth through all or most of their lives, and even the tiniest juvenile
specimens, belonging to a variety of species, possess a functional dentition.
This suggests that the e¢ynodont young resembled modern reptiles in being
fully capable of obtaining and processing food directly upon emerging from
the egg. Therefore, there is no evidence for elaborate maternal care in cyno-
donts (though it is possible that the parent provided a certain amount of
protection to the eggs or young and may even have incubated the eggs,
activities which occur in some living reptiles). The earliest mammals, how-
ever, show a mammalian pattern of limited (diphyodont) tooth replacement
(Parrington 1971; Hopson 1971). Assuming that the drastic limitation of
tooth replacement is correlated with rapid growth rates and early depend-
ence on maternal milk for nourishment, the diphyodonty of Liate Triassic
mammals suggests the presence of a truly mammalian level of parental care,
including suckling of the young. This interpretation derives support from
the fact that this pattern is present in both monotreme and therian mam-
mals, whose time of divergence dates from the Late Triassic (Hopson and
Crompton 1969).

The time of origin of the marsupium and its relation to the origin of
mammary glands and epipubic (marsupial) bones is problematical. Long
argues that mammary glands originated in association with a preexisting
pouch and that the presence of marsupial bones is always associated with
the presence of a pouch. Mammary glands and true sucking behavior occur
both in monotremes (see Griffiths 1968) and therians and are most simply
interpreted as primitive features inherited from a common ancestor. On the
other hand, evidence for the occurrence of a pouch in this common ancestor
is equivocal at best. The appearance of the pouch before the mammary
glands in marsupial ontogeny, cited by Long as evidence for the greater
antiquity of the pouch, is of doubtful value because ontogeny recapitulates
phylogeny only when it is developmentally useful to do so. The pouch of
echidnas is often cited as being nonhomologous with that of marsupials (see
Griffiths 1968), and among the latter it is absent in many of the smaller
members of the primitive families Didelphidae and Dasyuridae (Walker
1968). (It is also absent in the platypus, though secondary loss as a speciali-
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zation for amphibious life cannot be ruled out.) These data suggest that the
echidna pouch and that of marsupials had independent origins subsequent
to the origin of mammary glands. Evidence is also equivocal on the primary
funectional association of the epipubic bones with the pouch. Epipubic bones
are fully developed in pouchless male marsupials and monotremes and in
the pouchless female platypus. In both orders they provide attachment for
hypaxial musculature and in the monotremes for part of the gracilis muscle
(Vaughn 1956). Vaughn argues that the epipubic bones are a retention (or
functional replacement) of the anterior part of the puboischiadic plate of
primitive therapsids whose primary function in advanced therapsids and
early mammals was the maintenance of an anterior attachment area for the
gracilis as the pubic portion of the pelvis rotated posteriorly to a more
mammalian position. Such an explanation is consistent with the presence
of marsupial bones in tritylodontid eynodonts (Fourie 1962) because these
forms possess the most mammalian pelvis of any cynodont. Their retention
in marsupials, in which the gracilis takes origin mainly from the pelvis, is
interpreted by Vaughn (1956) and ILillegraven (1969) as the result of a
possible secondary association with the pouch. This is especially likely if, as
Long has suggested, the marsupial bones functioned earlier as supporting
structures for a ventral incubatorium. They are probably present in males
because their absence would require a different arrangement of abdominal
musecles in males and females (Kean 1966).

Living monotremes lay eggs which are extremely small relative to adult
body size, and the tiny hatchlings are virtual fetuses (Griffiths 1968).
Though viviparous, marsupials produce similarly immature young. This
extreme fetalization of the young of monotremes and marsupials may be a
direct inheritance from their common Triassic ancestor, but I believe it is
more likely to represent two independent but parallel intensifications of
the ancestral trend to produce altricial young. This intensification is prob-
ably correlated with the evolution of: (1) increasingly smaller eggs and
correspondingly shorter incubation times (leading in therians to vivipar-
ity) ; (2) special protective mechanisms (pouches or, in the platypus, a well-
protected nest) ; and (3) very rich milk allowing rapid growth rates in the
young. Elimination in the therians of a yolky shelled egg which required
incubation removed an inconvenient step from the reproductive cycle. How-
ever, the fact that marsupials possess an inefficient yolk-sac placenta (though
a few also possess an allantoic placenta) and a gestation period which
cannot exceed the length of a single estrus cycle (Sharman 1965) means
that the young of necessity are born extremely immature. The pouch and
uniquely specialized mammary apparatus allow the young to complete their
‘“‘embryonic’’ development outside of the mother’s body (Lillegraven 1969).

Though derived from the same ancestral therian stock as marsupials,
placental mammals evolved reproductive specializations, particularly those
allowing a long intrauterine life, which ultimately proved more successful
than the reproductive specialization of marsupials. Small placentals usually
have short gestation periods and altricial young, as I assume their early
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therian ancestors did. However, a complex allantoic placenta, with secretory
properties permitting the suspension of estrus and prolongation of the ges-
tation period, has allowed many placentals to produce large precocial young.
This has usually occurred in larger mammals in which metabolic rates are
much lower than in small forms. Thus, endothermic placental mammals, by
evolving the means for allowing the embryo to reach an advanced state of
development in utero have partially reconverged upon their ectothermic
reptilian ancestors in which advanced young were produced from large-
yolked eggs. However, available evidence indicates that production of ad-
vanced young is not primitive for mammals, but rather is a secondary spe-
cialization developed relatively late in mammalian history. The pathways
by which placental viviparity evolved can only be understood in the context
of reproductive strategies related to small size and endothermy in the earliest
ancestors of all modern animals.
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CANNIBALISM AND KIN SELECTION IN LABIDOMERA
CLIVICOLLIS (COLEOPTERA:CHRYSOMELIDAE)

Intraspecific predation is not a rare oceurrence in nature. Analysis of the
evolutionary consequences of such behavior in Labidomera clivicollis reveals
features possibly capable of more general application.

Labidomera clivicollis females lay clutches of up to 60 eggs (usually 15
to 30). Females mate more than once, so that individuals in a clutch may
be siblings or half-sibs. Most cannibalism in this species involves the eating
of unhatched eggs by newly hatched larvae. Cannibalistic behavior was ob-
served in the field, but exact rates cannot be given. An average of 17% of
the eggs were cannibalized under optimum humidity conditions in the
laboratory. Similarly, 3%-5% of the first instar larvae are eaten by other
larvae in the same clutch.

Superficially, cannibalistic behavior may seem maladaptive, especially
where, as in this case, there is little or no competition for food (Eickwort
1971). However, the development of a cannibalistic larva is considerably
accelerated, especially in the early first instar, so it is likely that the prob-
ability of survival of such larvae is enhanced. Let us examine the situation
in which one newly hatched larva eats another sibling or half-sib with the
same initial fitness. Since these are prereproductive individuals, let the fit-
ness of each be represented by pf, where p is the probability of survival to
adulthood and f is the potential fecundity. Assume that the cannibal’s prob-
ability of survival is increased by p’, so that its new fitness is (p -+ p’)f.
In the absence of competition for food, we can analyze this as an interaction
between these two individuals alone, the cannibal and the larva eaten. Aec-
cording to Hamilton (1964), the inclusive fitness of an individual will be
increased, and the ‘‘selfish’’ trait selected for, if — k < 1/7. In this equa-
tion % would represent the change in fitness of the larva eaten divided by



