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ABSTRACT: Birds and mammals share a number of features that are 
remarkably similar but that have evolved independently. One of these 
characters, endothermy, has been suggested to have played a cardinal 
role in avian and mammalian evolution. I hypothesize that it is 

parental care, rather than endothermy, that is the key to understand- 

ing the amazing convergence between mammals and birds. Endo- 

thermy may have arisen as a consequence of selection for parental 
care because endothermy enables a parent to control incubation 

temperature. The remarkable ability of many birds and mammals to 
sustain vigorous exercise may also have arisen as a consequence of 
selection for parental care because provisioning of offspring often 

requires sustained vigorous exercise. Because extensive parental care 

encompasses a wide range of behaviors, morphology, and physiology, 
it may be a key innovation that accounts for the majority of con- 

vergent avian and mammalian characters. 

Keywords: parental care, endothermy, thermogenesis. 

One of the most intriguing aspects of vertebrate evolution 
is the large number of morphological, physiological, and 
behavioral characters that mammals and birds share. The 

similarity of these features is so strong that it has led to 
the suggestion that the two groups must be closely related 

(Owen 1866; Gardiner 1982; Lovtrup 1985). However, fos- 
sil data indicate that birds and mammals arose indepen- 
dently from basal amniotes and have had separate evo- 
lution histories since the Carboniferous, approximately 
340 million years ago (Gauthier et al. 1988; Lombard and 
Sumida 1992; Sumida 1997). Hence the shared features 
must be the result of convergent evolution. This pattern 
can result from similar selective pressures working inde- 
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pendently among groups and. In this article, I identify a 
common focus for selection that could account for this 

convergence: parental care. 
Much previous work has attributed the similarity of 

birds and mammals to their both being endothermic (a 

thermoregulatory strategy whereby a warm body temper- 
ature is maintained in the face of a cool environmental 

temperature through internal heat sources). Although en- 

dothermy provides an explanation for a few of the simi- 
larities (e.g., the presence of body insulation), I propose 
that a better explanation is that the broad convergence is 
a result of selection for parental care and that endothermy 
is just one character among many related to parental care. 
Consider the limitations of previous explanations for the 
evolution of endothermy. Of the purported selective ad- 

vantages of an endothermic metabolism, two have received 
the most attention: an expanded thermal niche (Crompton 
et al. 1978; McNab 1978; Block 1991) and the ability to 
sustain vigorous exercise (Regal 1975; Heinrich 1977; Ben- 
nett and Ruben 1979). Critics of the former idea have 

argued that small increments in metabolism incur an en- 

ergy cost, whereas metabolism has to increase substantially 
before conferring a significant thermoregulatory advantage 
(Cowles 1946; Bennett and Ruben 1979), although Block 
has shown this is not the case in some marine fishes (Block 
1991; Block and Finnerty 1994). The problem with the 
latter idea is that there is no mechanism that explains why 
endothermy would be essential to sustain vigorous exercise 

(Bennett and Ruben 1979; Bennett 1991; Hayes and Gar- 
land 1995). Indeed, there is no reason to think that basal 
metabolism is tied in a mechanistic way to activity me- 
tabolism. The elevated metabolism associated with en- 

dothermy in mammals is produced by leaky membranes 
in the visceral organs (Ishmail-Beigi and Edelman 1970; 
Else and Hulbert 1985; Hulbert 1987; Hulbert and Else 

1990; Else et al. 1996). In contrast, the elevation in me- 
tabolism associated with vigorous activity is a function of 
the energy used by skeletal muscles to produce physical 
work. Thus the association of expanded thermal niche and 
the ability to sustain vigorous exercise with endothermy 
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may not reflect the selective pressures that led to the evo- 
lution of endothermy. 

The hypothesis that selection for parental care may be 
responsible for the convergent evolution of endothermy 
and other features of birds and mammals is distinct from 
the thermal niche and sustained activity hypotheses in 
several ways. First, endothermy is postulated to have 
evolved as a means to provide a parent with the ability to 
control incubation temperature through thermogenesis 
(the production of heat) rather than for adult thermal 
niche expansion or sustained vigorous exercise. With this 
scenario, even small increases in metabolism could po- 
tentially be favored by selection. Second, with parental care 
as the focus of selection, a plausible mechanism that could 
account for the evolution of thermogenesis exists. The 
initial thermogenesis of endothermy could have involved 
an elevation in basal (standard) metabolism that resulted 
from the secretion of thyroid and other hormones during 
the reproductive period. Third, sustained vigorous exercise 
is postulated to have evolved to increase a parent's ability 
to forage and to provision young. This would make the 
correlation between endothermy and sustained vigorous 
locomotion a consequence of selection for improved pa- 
rental care rather than a causal biochemical or cellular 
linkage. Fourth, because extensive parental care encom- 
passes a wide range of behaviors, morphology, and phys- 
iology, it may be a key innovation, thus providing a con- 
ceptually unifying explanation for the convergent 
evolution of a broad range of avian and mammalian 
characters. 

Thermoregulation for the Purpose of Reproduction 

Vertebrate embryos are adversely affected by small devi- 
ations in incubation temperature in at least four ways. 
First, a deviation in temperature from an optimal range, 
a shift that may be easily tolerated by an adult, is generally 
lethal for an embryo (reviewed in Packard and Packard 
1988). For example, the eggs of most avian species studied 
cannot tolerate an exposure of several hours to temper- 
atures outside the range of 36?-39?C (Webb 1987). Em- 
bryos of the lizards Sceloporus undulatus and Iguana iguana 
do not tolerate temperatures beyond the ranges of 
25?-35?C and 28?-32?C, respectively (Licht and Moberly 
1965; Sexton and Marion 1974). Chelonia mydas, Caretta 
caretta, and Chelonia depressa tolerate a range of approx- 
imately 25?-33?C (Bustard and Greenham 1968; Yntema 
and Mrosovsky 1980; Miller 1982). Crocodilian eggs gen- 
erally will not hatch if mean incubation temperatures vary 
outside of 28?-34?C (Ferguson 1985). Second, incubation 
temperatures at the extremes of the viable range commonly 
result in developmental defects. For example, in fish both 
the number of vertebrae and the number of fin rays are 

determined by developmental temperature of the larvae 
(Taning 1952). In reptiles, typical deformations that occur 
from developmental temperatures that deviate too greatly 
from the optimum are limb malformation, abnormalities 
of the central nervous system and eyes, loss of the lower 
jaw, facial clefting, abnormal formation of the vertebral 
column causing the loss of the tail, increased numbers of 
vertebrae in the trunk, and ventral hernias (Yntema 1960; 
Webb 1977; Webb et al. 1983; Ferguson 1985; Burger et 
al. 1987; Deeming and Ferguson 1991). Similar abnor- 
malities resulting from deviation in developmental tem- 
peratures are found in birds (Romanoff 1972). Third, the 
thermal environment during embryonic development is a 
determinant of developmental period. For example, an 
increase in developmental temperature from 28?C to 32?C 
shortens the incubation period by 27 d in the lizard Dip- 
sosaurus dorsalis (Muth 1980). Incubation period and tim- 
ing are important because the risk of predation and disease 
can vary with the incubation period and timing can be 
important in matching hatching with seasonal food sup- 
plies. Fourth, in some ectothermic amniotes, incubation 
temperature influences a suite of characters that are under 
the control of the hypothalamus: posthatching thermal 
preferences, embryonic and posthatching growth rates, 
sex, molting cycles, pigmentation patterns, scalation, and 
behavior (Fox 1948; Osgood 1978; Packard and Packard 
1988 and references therein; Deeming and Ferguson 1991 
and references therein; Norris 1996 and references therein; 
O'Steen 1998). Thus, vertebrate embryos are very sensitive 
to temperature. 

Perhaps because temperature is important during de- 
velopment, the ability to control temperature during re- 
production has evolved independently in remarkably di- 
verse organisms. Consider the many examples of 
insulation used for heat retention during reproduction. 
Body insulation facilitates the elevation of body temper- 
atures above ambient temperatures in birds and mammals 
(feathers, hair) and in some insects (setae of gypsy moth 
caterpillars and pile of bumblebees; Heinrich 1979; Casey 
and Hegel 1981). Perhaps the most effective form of in- 
sulation found among insects is that provided by a nest 
(Seeley and Heinrich 1981). Ants, termites, wasps, bees, 
some caterpillars (that use the abandoned hives of bees), 
crocodilians, many mammals, and most birds make use 
of nests to help them control developmental temperatures 
(Wood 1971; Heinrich 1981; Lang 1987; Shine 1988; Clut- 
ton-Brock 1991; Holldobler and Wilson 1994). Even with- 
out a nest, some organisms are able to cluster together 
and to use their own bodies as insulation for the purpose 
of stabilizing incubation temperature. For example, met- 
abolic heat elevates the body temperature of clustering 
caterpillars, dramatically affecting their developmental 
rates. Caterpillars (Vanessa urtica) that are allowed to ag- 
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gregate pupate 67 h sooner than isolated siblings because 
of increased developmental temperature (Heinrich 1981). 
At night army ants form shelters with their own bodies 
in which the queen and eggs are placed centrally to be 
warmed by the metabolic heat of the group (Holldobler 
and Wilson 1994). Vertebrates such as emperor penguins 
and mice huddle during reproduction for thermoregula- 
tion (Jouventin 1975; Heinrich 1979; Hill 1992). 

In some lizards, snakes, and ants, adults provide heat 
to developing embryos by basking in the sun and then 
returning to the nest to transfer the warmth from their 
bodies to their young (Shine 1988; Holldobler and Wilson 
1990). Some lizards and ants also regulate developmental 
temperature by transferring their eggs to different depths 
of the nest (Shine 1988; H6lldobler and Wilson 1990). 
Furthermore, in lizards and snakes natural selection for 
females that can behaviorally control incubation temper- 
ature has been an important selective factor in the evo- 
lution of viviparity (retainment of embryos internally; 
Guillette et al. 1980; Guillette 1982; Shine 1985, 1989). 
Apparently there is strong selection for this trait, as vi- 

viparity has evolved independently approximately 100 
times within squamate reptiles (lizards and snakes; Shine 
1991). 

Most significantly, thermogenesis is used in a wide va- 

riety of animals to elevate incubation temperature above 
ambient temperature. For example, among insects this ca- 

pacity has evolved independently in honey bees, bumble- 
bees, vespine wasps, and the European hornet Vespa crabro 
(Heinrich 1979; Seeley and Heinrich 1981). Most birds 
and all mammals incubate their embryos with thermo- 

genesis and are able to increase their rates of thermogenesis 
to maintain appropriate incubation temperatures. For ex- 

ample, when incubating, an adult zebra finch is capable 
of more than doubling its metabolic rate if the surface 

temperature of the eggs cools (Vleck 1981). Mammals can 
also increase their heat production during reproduction 
(e.g., tenrecs, sloths; Dawson 1973 and references therein; 
Nicoll and Thompson 1987; Stephenson and Racey 1993; 
Poppit et al. 1994 and references therein). To direct effi- 

ciently the heat of thermogenesis straight onto the eggs, 
both birds and bumblebees have evolved a strikingly sim- 
ilar incubation patch. Both groups have an area on the 
abdomen that contains a specialized circulatory system and 
that is free of insulation. This incubation patch is placed 
next to the eggs to warm them (Heinrich 1979). The one 

squamate reptile (python) that is known to produce heat 

by shivering uses the heat specifically for egg incubation 
(Van Mierop and Barnard 1978; Shine 1989). An analogous 
system for embryo incubation found in some crocodilians 
and megapode birds is the use of heat produced by bacteria 
during the decomposition of organic matter to keep their 

eggs warm (Lang 1987; Jones et al. 1995). 

In summary, incubation temperature influences embryo 
survival, developmental defects, the length of the devel- 
opmental period, and (in some amniotes) a suite of char- 
acters controlled by the hypothalamus. A wide variety of 
species have independently evolved mechanisms that fa- 
cilitate control of temperature during development. In at 
least seven groups (honey bees, bumblebees, vespine 
wasps, the European hornet, birds, mammals, pythons) 
thermogenesis is used for embryo incubation. Hence, there 
is a large data set to suggest that the initial selective ad- 
vantage of thermogenesis in birds and mammals may have 
been to better control developmental temperature. 

A Mechanism Linking Thermogenesis to Reproduction 

A plausible mechanism exists that could account for the 
evolution of nonshivering thermogenesis in birds and 
mammals. The initial thermogenesis of endothermy could 
have involved an elevation in basal (standard) metabolism 
(and therefore thermogenesis) as a result of the secretion 
of thyroid and other hormones during the reproductive 
period. Early in the evolution of vertebrates, thyroid hor- 
mones were probably important primarily in reproduc- 
tion, especially in gonadal maturation (Sage 1973). Im- 
portantly, thyroid cycles are positively correlated with 
reproductive cycles in most vertebrates (Sage 1973; Bona- 
Gallo et al. 1980). In some vertebrates (e.g., birds), thyroid 
hormones function to mobilize lipids for vitellogenesis; 
they affect egg weight and shell thickness as well as the 

laying sequence and the number of eggs laid (Sturkie 
1986). In addition to functioning in reproduction, in am- 
niotes, thyroid hormones are also involved in control of 
basal (standard) metabolism and thermogenesis (Sage 
1973; Sturkie 1986; Hulbert and Else 1990; Silva 1995; Else 
et al. 1996; Norris 1996). In light of the dual role of hor- 
mones in reproduction and thermogenesis, it is not sur- 

prising to find that metabolism is fundamentally altered 

during reproductive periods. For example, basal (standard) 
metabolic rates increase during reproduction in humans, 
tenrecs, short-tailed opossums, elephant shrews, snakes, 
and lizards (Van Mierop and Barnard 1978; Guillette 1982; 
Birchard et al. 1983; Thompson and Nicoll 1986; Prentice 
and Whitehead 1987; Forsum et al. 1988; Guyton and Hall 
1996; Butte et al. 1999). 

Not only do some amniotes increase their thermogenic 
abilities during reproductive periods, but the temperature 
set points of the hypothalamus and thermoregulation are 
also altered at this time. For example, nonreproductive 
pythons are ectothermic, and when subjected to a cold 
stress, body temperature decreases with the ambient tem- 

perature. In contrast, gravid or brooding pythons are en- 
dothermic; when subjected to cold they maintain elevated 
body temperature through internal heat sources (Van 
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Mierop and Barnard 1978). During reproduction vivipa- 
rous garter snakes behaviorally regulate body temperatures 
at higher mean body temperatures (Charland 1995), and 
viviparous rattlesnakes change their behavior to decrease 
body temperature fluctuations, whereas nonpregnant fe- 
males do not (Charland and Gregory 1990). Similarly, 
pregnant lizards change their mean body temperature and 

regulate more carefully to decrease body-temperature fluc- 
tuations, whereas nonpregnant individuals do not (Beu- 
chat 1986 and references therein). Numerous data indicate 
that heterothermic birds and mammals, whose body tem- 
peratures can depend largely on ambient temperature, alter 
their body temperature set points and thermogenic abil- 
ities when brooding and during pregnancy. For example, 
although hummingbirds generally become torpid at night 
to save energy, incubating females normally maintain en- 
dothermic homeothermy, even when nighttime tempera- 
tures dip to near freezing (Calder 1971 and references 
therein). Pregnancy in tenrecs causes elevated metabolic 
rate, increased mean body temperature, increased ther- 
mogenic ability, and decreased body temperature fluctu- 
ations with the ambient temperature (i.e., improved en- 
dothermy; Nicoll and Thompson 1987; Stephenson and 
Racey 1993; Poppit et al. 1994). Although sloths have a 
low potential for heat production and inferior ability to 
thermoregulate compared to most other mammals, preg- 
nancy enhances their thermoregulatory abilities (Dawson 
1973 and references therein). Similarly, pregnant bats 
maintain higher mean body temperatures and reduce the 
time spent in torpor, whereas nonpregnant and male bats 
do not (Audet and Fenton 1988; Hamilton and Barclay 
1994). Torpor is less likely in pregnant than nonpregnant 
hedgehogs (Fowler 1988). Although dormant and hiber- 
nating, pregnant bears maintain a warm body temperature. 
Black bears maintain a body temperature of 30?C or 
higher, and pregnant polar bears do not drop their body 
temperature by >2? C (Watts and Hansen 1987). Thus, it 
appears that high metabolic rates and warm body tem- 
peratures are either advantageous or essential during re- 
production in mammals and birds (Thompson and Nicoll 
1986; Nicoll and Thompson 1987). 

The sequence of events that led to thermogenesis for 
the sake of embryo incubation could have been as simple 
as a continued elevation of thyroid hormones or other 
reproductive hormones that increase metabolism after ovi- 
position in a species in which a female guarded her nest. 
Keep in mind the important role thyroid hormones play 
in gonadal maturation, vitellogenesis, in determining egg 
weight and shell thickness (Sage 1973; Sturkie 1986) and 
the effect of thyroid hormones on metabolism in adult 
vertebrates (Sage 1973; Sturkie 1986; Hulbert and Else 
1990; Silva 1995; Else et al. 1996; Norris 1996). The heat 
produced from the elevated metabolism could then have 

benefited embryonic development because of the close 
proximity of the female to her eggs. This scenario could 
be corroborated by identifying and monitoring the hor- 
mones that control reproduction and thermogenesis in 
those heterothermic mammals that alter their thermogenic 
abilities during reproduction (e.g., tenrecs) as well as in 
the facultative endotherms (e.g., pythons) and by com- 
paring their hormone profiles to those of closely related 
ectotherms. 

Provisioning Offspring with Warmth and Nutrition 
Requires Sustained Vigorous Exercise 

In addition to selection for parental care leading to the 
convergent evolution of endothermy in birds and mam- 
mals, selection for parental care also offers an explanation 
for many other convergences found in these groups. One 
similarity that has received a great deal of attention is the 
ability of birds and mammals to sustain vigorous exercise 
(endurance; Pough 1980). To sustain vigorous exercise 
ATP must be synthesized at high rates through aerobic 
pathways. This, in turn, requires many specialized mor- 
phological features that function in the oxygen cascade 
(Weibel 1984; Perry 1993; Farmer 1999; Hicks and Farmer 
1999). It is widely assumed that the capacity to sustain 
vigorous exercise entails a maintenance cost for this spe- 
cialized machinery in the form of a high basal metabolic 
rate and an endothermic thermoregulatory physiology 
(Regal 1975; Heinrich 1977; Bennett and Ruben 1979; 
Pough 1980). Although in amniotes a broad correlation 
does exist between an endothermic physiology and an ex- 
ceptional ability to sustain vigorous exercise, a cause and 
effect relationship has never been established (Bennett and 
Ruben 1979; Bennett 1991; Hayes and Garland 1995). 

Another explanation for the "correlation" between en- 
dothermy and the ability to sustain vigorous exercise is 
that they have a common cause: parental care. While en- 
dothermy may have evolved to maintain a constant in- 
cubation temperature for developing embryos, vigorous 
sustained exercise may have evolved to enable parents to 
secure the resources they need to warm and to feed de- 
veloping young. Procuring food for offspring is a major 
facet of parental care in all mammals and for the majority 
of birds. There are several advantages to providing off- 
spring with food. First, adults can make use of food sources 
that are unavailable to juveniles either because they cannot 
digest them or because they cannot obtain them for lack 
of adult strength and skill (Pond 1977; Ricklefs 1979). For 
example, ontogenetic limitations in wing growth appear 
to play a role in determining fledging time in birds and 
to constrain flight in hatchling and young birds (Carrier 
and Auriemma 1992). Therefore, juveniles cannot use 
flight to forage on their own, and food obtained by this 
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means must be provided by an adult. Second, there is an 
inverse relationship between growth rate and mature lo- 
comotor function; the young of altricial birds grow three- 
to four fold faster than those of precocial birds because 
altricial offspring are able to devote a greater percentage 
of their energy budget to growth rather than to mainte- 
nance (Ricklefs 1979). Since predation rates are often many 
fold higher in juveniles than in adults, natural selection 
may favor mechanisms that reduce the time spent in the 
vulnerable juvenile period (Williams 1966). Therefore, 
parents may increase the fitness of their offspring by pro- 
viding food to them because this enables offspring to de- 
vote a greater percentage of their energy budget to growth 
rather than to maintenance and decreases the time spent 
in the dangerous juvenile life-history stage. 

Although there are clearly advantages to parental pro- 
visioning of offspring, it requires that parents obtain extra 
food. For example, to feed their young, avian parents gen- 
erally need to obtain from three- to five-fold more energy 
than nonreproductive adults and must therefore increase 

foraging efforts (Walsberg 1983). These foraging efforts 
are often staggering. When gathering food for offspring 
the common swift of Europe flies 1,000 km d-'. The great 
tit makes about 990 trips to the nest in a single day to 
feed its young. To raise a brood from hatching to fledging, 
the European pied flycatcher makes approximately 6,200 
foraging trips (Gill 1995). Energy demands on reproduc- 
tive mammals are no less impressive. Lactation in mam- 
mals can increase the mean daily energy requirements sev- 
eralfold over nonreproductive individuals (from 400% to 
>1,000% of the basal metabolic rate); hence lactating fe- 
males often increase foraging efforts (Lee and Cockburn 
1985; Clutton-Brock 1991; Thompson 1992; Rydell 1993). 
Thus, it is not unreasonable to suggest that the extra energy 
expense incurred by this parental feeding of offspring is 
of sufficient magnitude to cause selection for an increased 
ability to sustain vigorous exercise. 

An ability to sustain vigorous exercise requires high 
rates of transport of oxygen and carbon dioxide between 
the atmosphere and the metabolically active skeletal mus- 
cles. The lineages that gave rise to birds and mammals 
independently evolved a similar suite of characters that 
facilitate their high aerobic capacity. Both groups share 
anatomical features, such as parasagittal limb posture, 
that enable high rates of minute ventilation during lo- 
comotion (Carrier 1987a, 1987b), a large pulmonary dif- 
fusion capacity (Perry 1983, 1989, 1993; Weibel 1984), 
high oxygen-carrying capacity of the blood (Snyder and 
Sheafor 1999), a large tissue diffusion capacity (Weibel 
1984), a completely divided cardiac ventricle (Goodrich 
1930), an extensive coronary circulation and compact 
myocardium (Farmer 1997, 1999), high systemic blood 
pressure (Johansen 1972), and a single aorta (Goodrich 

1930). The convergent evolution of these characters may 
be due, at least in part, to selection for an ability to 
sustain vigorous exercise, which is requisite for birds and 
mammals to provision their offspring. 

The ability to sustain vigorous exercise is linked with 
many ecological, behavioral, and morphological factors 
(Taigen et al. 1982). Consequently, such things as food 
source and distribution, conspecific competition for mates, 
predator-prey interactions, and migratory patterns may 
also be related to patterns of aerobic-exercise metabolism. 
Although factors besides parental care may have played a 
contributing role in the evolution of the features that en- 
able sustained vigorous exercise, parental provisioning of 
offspring is one of the most distinct differences between 
ectothermic and endothermic amniotes. Therefore, hy- 
potheses aimed at understanding why birds and mammals 
are generally better at sustaining vigorous exercise than 
ectotherms should consider the extra energy expense in- 
curred by parental warming and feeding of offspring. 

Broader Implications 

Extensive parental care is central to the biology of both 
birds and mammals. It is a key innovation in these groups. 
Although this article has been restricted to a discussion of 
how parental care could account for the evolution of mam- 
malian and avian endothermy and the ability to sustain 
vigorous exercise, many other convergent features may 
also be explained by this reproductive strategy. Parental 
care requires parent-offspring interaction and gives rise to 
complex social structures (Pond 1977). Furthermore, vocal 
signaling is an important component of these parent- 
offspring interactions (Walser 1997 and references therein; 
Bradbury and Vehrencamp 1998). Hence, I suggest the 
exceptionally keen hearing and vocal communication that 
is found in archosaurs and mammals (Wever 1978; Fay 
and Popper 1985) may have been influenced by parental 
care. Extensive parental care is multifaceted and therefore 
has the potential to provide a conceptually unifying ex- 
planation for more of the convergent features of mammals 
and birds than any other single hypothesis proposed to 
date. 
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