Megapodes: A Fascinating
Incubation Strategy

Cagan Sekercioglu

Megapodes are large, terrestrial, galliform birds that have the most.

precocial chicks among all bird groups. This is made possible by

their eggs being buried either in areas that are naturally warm, such -

as decaying tree roots, geothermally-heated soil and beaches
exposed to solar radiation, or in-homeothermic mounds of
vegetation and earth constructed and maintained by the parents.
These large mounds (up to 5 meters in height) are thermally stable
and require little maintainance in most species. The utilization of
natural heat sources has meant long incubation times for the eggs,
and combined with the adaptations of the egg and the embryo,
the chicks are fully developed and completely independent upon
hatching. They are many times heavier than the chicks of related
birds of similar adult size, are able to extricate themselves from the
nest mound without any adult help and can fly within an hour.
Megapodes are released from the associated costs and constraints
associated with parenthood. This unique breeding strategy has
affected many aspects of megapode behavior and physiology,
making them the subjects of many studies. Mainly limited to the
humid tropical forests of Australasia and Philippines, 11 of 21
megapode species are con5|dered globally threatened as a result
of habitat destruction, hunting, egg poaching and introduced
predators. Urgent measures need to be takento prevent imminent
, extmctlon of these fascinating birds.

't[*he c_lass Aves is known for the rela-
tive uniformity of the biology of

its members. Even though thete are -

more than 9,700 species,' birds are
much less divergent in terms of their
anatomical and physiologieal structure
" than many compatable groups, such
as mammals or reptiles (in the tradi-
tional sense). This is mainly a conse-
quence of the high degree of

sp‘ecia}ization necessary for an aerial

way of living. Many of the specializa-
tions .required are so severe and so
integral to the avian biological struc-
ture that they have prevented the ex-
tensive divergence of even the
flightless forms.

This uniforrnity is especially true for
avian reptoductive biology. While
many vertebrate groups display a
widé range of fotms of reproduction,
from oviparity to viviparity, birds are

oviparous without exception, and-al-
most all of the species incubate theit
eggs by using the warmth of their
bodies. This is true for many species
that live in habitats with environmen-

tal extremes, such as the Emperot Pen-

guin Aptenodytes forsteri, which
incubates its single egg in the freez-
ing winter of Antarctica, braving storms
with temperatuses that reach -70° C
It provides the necessaty warmth for
the egg by balancing it on’its feet and
coveting it with a flap of belly skin for
ovet a month.?

There is one remarkable g_roup of
birds, howevet, that provides an ex-
ception to incubation using body heat.
These ate the megapodes belonging
to the Australasian family Mega-
podiidae, the members of which use
environmental heat sources to incu-
bate their eggs.>** Thete ate 19 spe-
cies of omnivorous galliforms that
mainly prefer closed tropical vegeta-
tion.2 The heat sources they utilize in-
clude solar-heated sand, geothermal
heat and most importantly, microbial
respiration generated through the
building of mounds of vegetation and
leaf litter.>¢ Even though incubation
using solar-heated beaches and volca-
nic and other geothermal sources does
not require very much work besides
finding a suitable incubation site, the
construction and maintenance of in-
cubation ‘mounds usually involves ex-

. tensive labor, mainly by the male,

including the collecting of up to 7 tons
of leaf litter and vegetation.®’ In addi-
tion, in some species such as the
Malleefowl Leipoa ocellata, the mound
is tended. carefully for up to 11
months, mainly in otder to of regulate
the temperature and relative gas pres-
sutes inside the microenvironment of
the mound.>® Females of this family
usually lay very large clutches, com-
posed of eggs that are significantly (up
to three times) larger than the ex-
pected size, with high yoik content
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and low watet coht‘ent, which conttib-
utes to the formation of highly-devel-
oped chicks.? Thete is no parental
care, however, and once the chicks,
which are the most precocious in the
avian wotld,” have hatched and have
left the rnound they are completely
on their .own.?

Evolutlon and Phylogeny
| of Megapodes

Even though it has been atgued that
the megapodes descended directly
from reptiles,* especially since
megapodes share some of their incu-
bation behavior with crocodiles and
turtles,'® today it is definitely known
that the environmental incubation is a
synapomorphic trait. Based on evi-
dence from anatomy, karyology, egg
white proteins, mallophagari (feather lice)
taxa, and DNA-DNA hybridization, the
megapodes ate currently considered to
fotm a vety distinctive monophyletic fam-
ily within the Galliformes.>* There is still
controversy, however, on the relation-
ships of the megapodes to other
galliforms. The Cracidae (guans,
chachalacas, etc.), the next clearly de-
_ fined family in the Galliformes, seems
to be related to the megapodes based
on some evidence from musculature
of the wing, DNA-DNA hybridization,
and anatomy (such as the hallux be-
ing even with the ground in both
groups, in contrast to ‘the rest of the
Galliformes). Other studies, including
those of osteology, feather microstruc-
ture, eggshell structure, egg-white pro-
teins, uropygial gland secretions, and
feather lice, however, suggest that the
megapodes, rather than being the sis-
ter group of the cracids, are the sister
group of all non-megapode Galli-
formes, with one suborder each alloted
to the megapodes, the cracids; and the
test of the Galliformes. The present
consensus favors. the latter tax-
onomy:>

The current intrafamilial phylogeny usu-
ally divides the megapodes into three sub-
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families. The first group includes the

brush turkey geneta Alectura (mosnio-

typic), Aedypodins (two species) and.

Talegalla (three species; this. genus is
sometimes considered more closely re-
lated to " the malleefowl,
ocellata ), which are eutaxic mound-
builders with 4 naked uropygial gland.
The second is the monotypic Lepoa
ocellata , with similar morphology and
habits, but distinctive in being the only
megapode that is adapted to semi-arid
and arid envitonments. Fidally come
the scrubfowl, containing the genera
Megapodius (eleven species) and the
monotypic Eulipoa. The scrubfowl are
diastataxic (fifth secondary feather of
the witig being absent), have 2 naked
uropygial gland, and exhibit the whole

range of megapode incubation behav- .

iot from mound bujlding to laying eggs
in geothermal sites. Finally there is the
monotypic genus Macrocephalon, the
Maleo, which is similar to the scrubfowl
and is an obligate burrow nester.>*

Geographical Origin and
Present Distribution

There is an ongoing controversy over the
geographical origin of the megapodes.
While Olson!" argues for a late-Miocene
otigin in-North America, which is regard-

ed by some researchets as the center of

diversity for the ctracids,” othets, such
as Cracraft,'” support 2 Gondwanan
origin for the order Galliformes, with
the separation of the cracids and mega-

. podes taking place aftet the breakup»

of the super-continent. The support-
ers of this theory argue that a proto-
megapode group ‘dispersed into
Australia via Antarctica and the family
originated within Australia.??

~ The present disttibution of the mega-
podes islargely to the east of the Wallace’s
line, with greatest diversity in the Australo-
Papuan Subregion. Thete is only one rep-
resentative, the Nicobar Scrubfowl
Megapodins nicobarensis, in Asia.
There are two competirig explanatiots
for this distribution. One is that the sig-

Leipoa.

nificant presence of other galliforms,
especially the Phasianidae in- Asia, has
resulted in the competitive exclusion

of the megapodes from that region.”! .-

An even more significant reason could
be the marked inctease in the diver-
sity and abundance of many mamma-
lian predators in the area that is'not
occupied by the megapodes.” The
breeding behavior of especially the

~mound-building megapodes, with their

conspicuous mounds that need to be
constructed and tended by the par--
ents, would attract many predators and
egg predators, excluding the m'ega—
podes from areas with a high density
of mammalian predators. The burrow-
nesting megapodes might have an
advantage in that respect, since they
rarely visit their nesting grounds after

- the laying of the eggs.”” The hypoth-

esis that at least the mound-building
megapodes are excluded from areas
that host mammalian predators is sup-
ported by some interesting distribu-
tion patterns; such as the absence of
the Orange-footed Scrubfowl Mega-
podius freynicet from the main - island
of the Kangean: Archipelago of Indo-
nesia, on which there are leopards and
civets, while the same species occurs
on the surrounding islands. that do not
support these predators.”

‘Evolution of Incubation

The most significant event in the phylo-
genetic history of the megapodes is con-
sidered to be the evolution of the
incubation method.* Again, there are con-
flicting ideas as to the direction and the
mechanism of the origin of this unique
strategy. One hypothesis is that burrow-
nesting evolved first since it is simpler than
the building of elaborate mounds. Sup-
porters of this idea argue that the “ptoto-
megapode” made use of external heat
sources, such as volcanically heated earth,
by nesting over them. In time, the birds

.lost the ability to do any incubation with-

out relying on an environmental heat
soutce, andas the patterns of volcanism
changed, some were fotced to build



mounds of vegetation in order to regu-
late the incubation temperature.®*
Presently;, however, the general con-
sensus suppotts the alternative theo-
"ty that argues for mound building
evolving first, followed by burrow-
nesting. Since mound-building is dis-
" played by four of the six extant
genera, burtow-nesting evolving first
would mean that four genera later lost
this habit and started to build mounds.
It is mote patrsimonious if mound- build-
ing evolved first.- In addition, the foot
structure of the burrow—nestmg Maleo
Macrocephalon maleo is more ad-
vanced than the rest of the megapo-
des with respect to digging, and the

eggs of the genera Macrocephalon and

Megapodins contain significantly more
yolk (61% to 69% in Macrocephalon)
than the eggs of the rest of the mega-
--podes (48-55%), which is considered
to be another detived trait.>!
 ‘Thete is also evidence from the rest
of the avian world as to how mound-
building might have evolved initially.
Tinamous (Tinamidae), which are
primitive, paleognathous, terresttial
birds thought to be related to. the
ga]hforrns cover their eggs with leaves
. when. they leave the nest in order to
keep them warm and inconspicuous
to predators.? The Egyptian Plover
Pluvianus egyptianus covers its eggs
with 2-3 mm of sand duting the day,
and incubates ovef the sand, at night
uncoveting the eggs and incubating
them in direct contact with its body.”
This method very likely evolved as a
‘way to hide the eggs during the day,
secondatily serving as insulation from
very high temperatures prevalent in
a desert environment. It is not diffi-
cult to imagine the megapodes using
the same strategy for the concealment
of their eggs, with more and more
vegetal material being added on to the
eggs as the birds “discovered” that
they could incubate their eggs using
this' method. :
Later on, some of the tropical forest
mound-buildets might have laid ‘their
eggs between the decaying roots of

Figure 1. The Australian Megapode. Once
thought to be descendents of reptiles, the
megapode expresses the synapomorphic trait
of using environmental heat sources to incu-
bate their eggs.

trees, as seen in several Megapodins
s"pecies that use the heat generdted
by the decaying wood. It is also pos-
sible that some individuals started lay-
ing their eggs in the soil of some
volcanically heated sites in the tropi-
cal fotest, which led the way to laying
eggs in solat-heated beaches.’® Thus,
the evolution of the environmental in-
cubation behavior in megapodes prob-
ably followed a ditrection from.mounds
in the rainforest to simple holes dug
in exposed tropical beaches.

Mound Sfruc_ture and
Function

Of the whole range of incubation strate-
gies megapodes display, the most dis-
tinctive and labor-intensive is the
construction of large vegetation
mounds. These impressive structures
sometimes reach 20m in diameter and
2m in height, containing over 7 tons
of material in the yeatly-constructed
mounds of the Australian Brush Tur-
key Alectura’ lathami® The mounds
of the Otrange-footed Scrubfowl
Megapodius reindwardt, which some-
times build theit mounds on top of
previous.mounds, may teach 8m in
height, 51m. in diameter and probably
contain -over- 100m® of matetial weigh-
ing over 50 tons.? Jones' found that
Alectura significantly preferred closed
canopy to more open areas and also
preferred areas with high undet-
growth, such as with a dense cover of

Lantana spp. Areas with mote canopy -

cover provide more leaf litter for the
consttuction of the mound, as well as

ptotect the mound from excessive
water loss, and all other mound-build-
ing megapodes, except for the Lejpoa
ocellata , séem to prefer, closed tropi-
cal forest habitats, which makes it
likely that this was the original habitat
of the family.?

Heat is generated in the ‘vegetatio_n
mounds by the respiration of microot-
ganisms, especially decomposer thet-
movphilic fungi, with Penicillium sp.
being the most common.?® It is

" thought that once past the constfuc-

tion phase, the mounds are “stable
homeotherms,”®" that teach an equi-
libtium temperature very close to
33°C, and any significant short-term
fluctuations from this temperature
(such as those caused by opening of
the mound or by daily fluctuations of
the ambient tempetature) are balanced
by differences in heat loss and heat
production and the mound returns to

the equilibrium temperature. The birds

are thought to test the temperature
of the mounds by makmg use of the
heat-sensitive areas on their necks,
heads, and inside theit mouths, and if
there are anjr, significant changes in -
temperatute ot gas ratios, leaf litter is
added or ventilation holes are opened
for regulation.® Experiments have
shown that, at least in Leipoa ocellata
, the temperature regulation is accu-
rate up to 1°C.*

To reach the equilibtium tempera-
ture, the mounds need to exceed a
critical size and they must also have a
critical water content to minimize heat
conductivity and microbial heat pro-
duction. Artificial mounds that wete
over 0.75m high and two meters wide
wete found to generate the necessary
heat for incubation,” and for the Aus-
tralian Brush Tutkey .Alectira lathami
mounds on Kangaroo Island, Seymour
and Bradford® found the critical mass
as being close to 3,000 kg . The tem-
peratute of the mound is subject to
change depending on the chatacteris-
tics of the site, especially with respect
to the temperature and rainfall re-
gimes, and the composition of the leaf
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Figure 2. Distribution of Megapodiidae. The light gray area represents the distribu-
tion of the genus Megapodius; the dark grey area represents the distribution of
Leipoa; the dotted area represents the distribution of Alectura. :

litter. The mounds of Akstura lathami
have a layer of coarse sticks on the
surface, which is presumed to trap air
on the surface, further insulating the
mound.® Occasional mixing is required
in order to raise the oxygen level, to
let off excess carbon dioxide, to pre-
vent compaction, to keep thermal
conductivity low, and to disttibute the
decomposers evenly.>'® Recently con-
structed mounds are also. occasionally
opened by the males in order to pre-
vent build up- of excessive heat, which
wastes energy and can kill the eggs.?

The water content of the mound is
also crucial. If there is not enough
moisture in the mound, the eggs can
rapidly dehydrate, and duting major
droughts there have been mass mot-
talities of megapode broods. High wa-
ter content is also avoided by the birds,
since wet mounds not only are less
homeothermic, but also the gas ten-
sions - (especially O, and CO,) in the
mound reach lethal levels if the water
content is high.'®?

Alectura mounds the critical water
content was mote than 0.2ml/g of dtry
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Seymour and
Bradford!® have discovered that in .

material, usually averaging 0.3ml/g
in the natural mounds.’ o

The characteristic tending and' rak-
ing of the mound by the parents, es-
pecially by the male, is greatly reduced
once the mound is in the maintenance
phase, except: for the Malleefowl
Leipoa ocellata, whose mounds re-
quire more tending due to the highly
fluctuating temperatures of its temper-
ate, arid environment.® Since Leipoa
ocellata use a combination of solat heat
and heat from decomposition, the sig-
nificance of solar heat incteases as the
season progresses from spting to sum-
mer, and depending on the season,
the male can be seen to be insulating
the mound with sand, opening the
mound to let off excess heat, or even
spreading sand to warm under the sun
during the day, and 4t night covering

" the mound with the sun-heated sand.

Ftith® expetimented with a buried elec-

‘tric heater powered by a remote gen-

erator in the mound of a Malleefowl.
When he heated the mound in the
spting, the bird opened the mound to
let off excess heat, probably assum-
ing that it was generated by exces-

sive mictobial decomposition. When
the same experiment was repeated
in the summer, however, the bird cov-
ered the mound with sand in order to
insulate it, very likely based on the

- assumption that the heating of the

mound was because of too much
sun.?' Since the thermal conductivity
of sand is higher than leaf litter and
decaying vegetation, the Leipoa
odellata mound is less prone to over-

~ heating as well as to dehydration at a

given temperature than the vegeta-
tion mounds.” This is highly adaptive
because of the extreme temperatures
expetienced in the arid, open habitat.
For Alectura lathami and the other
mound-building megapodes, however,
the work required. past the construc-
tion phase is much less. Seymour and
Bradford® discoveted that once past
the equilibrium size, 1 cm of litter could
raise the temperature of the Alkctnra
lathami mound as much as 1.5°C.
Jones* found that male Alectura
lathami in Queensland tend their

‘mounds for an average of only half an

hour every day, whereas evidence
from Kangaroo Island indicates that the
mounds can be left for days at a time
and still remain around the incubation
temperatute.' This is obviously a great
advantage for the bitds involved, leav-
ing them free to forage or even mate
multiple times. Even mote important
is the fact that an average mound gen- -
erates far more heat (about 20 times
mote for Alectura lathami) than an
incubating bird, making possible the
incubation of a much latger clutch than
would be possible if the bird were to
incubate it physically.’

Burrow Nesting and -

Brood Parasitism

The second major incubation strategy
of megapodes is that of butying their
eggs in burrows in the ground and ex-
ploiting some naturally occurring
sources of heat, a method that requires
substantially less work.* There are



three different forms of this strategy,-

whete the species involved bury their

- eggs between the decaying roots of

_trees (such as the Vanuatu Scrubfowl

Megapodins layardi), in volcanically-
heated soil, and in sun-exposed
beaches.* Since good nesting sites ate

" scarce, some of the butrow nesters use

communal incubation sites that are
visited by the bitds only when they
need to lay their eggs, after which the
eggs ate on their own. For example,
at Polikilli in- Neew :Britain, Papua New
Guinea, there are tens of thousands

~of mounds and 53,000 bitds were es-

timated to have been present during
one breeding season.” Since burrow-
nesters usually leave immediately af-
ter laying their eggs and are unable to

regulate the heat of the burrow, they

i

choose sites where the temperature
"~ is relatively constant. In fact, incuba-

tion sites of some of the butrow-nest-
ing species such as the Maleo
Macrocephalon maleo were found to
exhibit very similat températures to
the mounds of the mound-building
species.® In fact, one way of burrow-
nesting, that of laying eggs in rotting
tree stumps is very similar to mound-
building in that it also uses the heat of

rottmg vegetatlon but ina passwe.

way.?
Mound parasmsm is also obsetrved
in megapodes, even though it has
been studied very little. For example,
eggs of the Dusky Scrubfowl Mega-
podins freynicet havl_e been found in
the mounds of other individuals of the
same species, as well as, those of Ta
legalla spp. and Wattled Brush Turkey
Aepypodins arfakianus" % More ex-
amples of mound parasitism are dis-
covered tegularly,? and it is an area in
which there is-a significant potential
for original research. . '

Matihg Systems and Pair
‘Bonding Patterns of the

.Megapodes

Another very interesting aspect of the

breeding behavior of the megapodes
is the question of pair-bonding and cer-
tainty of paternity in the mound-build-
ing megapodes. Given the great effort
expanded by the males of the mound-
building species and based on obset-
vations of a number of species in the
wild and in zoos, the mound-building
megapodes were thought to be uni-
versally monogamous.>** However,
recent evidence, especially from A/lec-

‘tm"a' Jathami shows 'that this may not

be so. Given the extensive invest-
ment by the male, how is it possible
that-he can tolerate cuckoldry? The
answer to that question has been sup-
plied by the detailed studies of Jones,
who found that A. /Jathami are ptro-
miscuous, and a significant secondary
function of the mounds is to attract
females.552* Jones and Birks® ob-
served that since females assessed the
condition of the mounds, males with-
out mounds were never successful in
reproducing, and the building and the
constant maintenance of :incubation
mounds was essential in order to at-
tract females and to inseminate them.
As a tesult, the males do not defend
the females but vigorously defend theit
mounds against any usutpers. Since the
mound provides far more heat than

the average clutch requires, the male

A. lathami tolerates to some degree
the possible presence of eggs insem-
inated by anothet ‘male since their
presence does not reduce the repto-
ductive output of the male.? Even so,
the male .A. Jathami is often observed
to hatass the female immediately af-
ter- copulation, likely in.order to pte-
vent her from laying her eggs
immediatély, which is a definite sign

‘that they wete inseminated by anoth- .
er male -since there was not sufficient .

time for the eggs to be inseminated
by the sperm of the mound’s ownet.
By preventing the female from laying
her eggs, the male is probably delay-
ing the passage of the egg until his
sperm has had time to inseminate.”
In addition, the aggtessive behavior
of the male keeps away non-laying

fernales and increases its copulatlon

rate.? :
]ones20 has summaﬂzed the mat-
ing system of the megapodes as fe-
male-defense monogamy, resource
defense polygyny plus polyandty

-and tesource-defense monogamy.

The males of the butrow-nesters and
those of species that do not defend
their mounds can defend the females
because they do not invest in any
time necessary to defend a mound.
On the other hand, A. /athami (and

Aepypodins spp.) build and defend

mounds in otder to attract multiple
females, which visit maltiple mounds
and can mate with multiple males.’”.
Finally, Leipoa ocellata, which lives
in arid areas with very limited re=
sources and low population density,
seems to be m_onogamous.sThis is
mainly a result 6f the low popula-
tion density and the small likelihood
of encountering other individuals,
since L. ocellata - pairs spend little
time together and the social organi-
zation of the species resembles that
of A. lathami® Interestingly, an oc-
currence of polygyny was obsetved,.
where a male simultaneously main-
tained two mounds and bred with
two females in an area with abun-
dant resoutces, including human-sup-
plied water.”

Clutch Size

Since parental'ca're in the form of
building and maintaining mounds is
mostly done by the males of mega-
pode species, and since there is no
parental care of the hatchlings, the »
female can.devote most of its re—_
sources to producing a latge clutch.
The average megapode egg is very
large (106x62mm  and 231g in
Macrocephalon maleo,? and usually
makes up 10-20% of the body mass
of the adult female.? Vleck,* found
the eggs of both Lejpoa ocellata and
Alectura lathami to average around
180g, which would be three times -
the expected size for birds of their
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size. In addition, since there is no re-
sttiction on the period of egg-laying,
‘female megapodes are fertile through-
out the year, and invest most of their
tesources in laying very latge clutches
by maintaining resoutce balance and
egg production.® In the wild, a female
Alectura lathami weighing 1.8 kg laid
3 kg of eggs in a few months,® while,
in captivity the female of this species
can lay 30 eggs over a petiod of sev-
eral months, representing three times
its body weight.? This very large clutch
_size is seen throughout the family. The
extended egg-laying season protects
the eggs againist predation, temporally
distributing them, while the latge
clutch. size possibly compensates for
the first-year mortality incurred from
the lack- of any post-hatching patental
care. It has been estimated that in A4.
lathami, about 15 hatchlings per year
are raised to indepéndence (i.e. hatch
and Jeave the nest).®

Adaptations of the Egg
and the Embryo to Mound
Incubation

The physiological adaptations of the
egg .are just.as impreséive. The eggs
of megapodes have very high yolk
content, second only to that of Kiwi
Apteryx australis.® In the mound-

building genera, the yolk content

ranges from 48 to 55% of the egg
weight, ‘while in the eggs of the bur-
row-nesters, this ratio is between 61%
and 69%.* This high yolk content sig-
nificantly contributes to the extreme
precociality of the hatchling. The av-
erage yolk content for precocious birds
is 35%, and the fact that the ratio of
the weight of the hatchling mega-
podes to that of the fresh egg (64%-
70%) being similar to the average for
birds (68%) shows that the extra yolk
is used for the exttremely precocious
development of the chicks.?” High
yolk content of the egg also means
low water content, and the eggs of
megapodes are among the “driest” in
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the avian world, with an average of
67% water (very similat to the aver-
age for adult vertebrates), compared

with 75% in other precocial species

and 84% in altricial species.? Since the
humidity of the mound minimizes
water loss from the egg (8% of the

initial egg weight in Alectura lathami

is lost as water during incubation),? the
resources of the egg are concentrated
on stoting the enetgy for advance de-
velopment of the chick. This process
of “xerogenic maturation” has been
confirmed by Sothetland and Rahn,?
who found a positive cotrtelation be-
tween increased yolk content, de-
creasing water content and precocious
offspring. ‘

The -megapode eggs also have im-
pottant adaptations for the unfavor-
able oxygen conditions inside the
mound. In addition to not being in di-
rect contact with air, the telatively
high humidity of the megapode
mounds makes the maintenance of
favorable gas tensions inside the egg
even more difficult, with oxygen lev-
els being as low as 17% near the egg.2
The shells of the megapode eggs are,
on average, 31% thinner than those
of similar sized galliforms. This results
in a decrease in the energy and re-
sources used to produce an egg, but
more importantly, the gas tensions
inside the megapode eggs atre very
similar to those of the eggs of other
birds.”? In addition, the egg shell thins
even further towards the end of the
incubation petiod, incteasing the gas
conductance of the egg as the oxy-
gen need of the embryo increases.?-

The limited amount of water loss
seen in the megapode eggs means
that the air space that forms late in
the egg incubation of many.other birds,
enabling the chick to take its first
breath ptior to hatching, is not present
in megapode eggs. As a result, there
is no ovetlap between the chorioal-
lantoic and pulmonary respiration; the
transition between them is tapid, and
the hatching is explosive. Even though

an egg tooth is formed early in the

development, it is later lost, and in-
stead, the megapode chick hatches
very quickly by kicking its way out of
the egg, immediately switching to
pulmonary respiration. Once again the
thin egg shell provides an advantage,
by making it-easier for the chick to
break out.>1820 :

Even though the length of the incu-
bation period of the megapodes vat-
ies with respect to the condition of
the mound,? on average it is 60%
longer than the average for other
birds.?! This is obviously required if a
“super-precocious” chick is to develop,
and it is thought that the high yolk
content of the égg enables the chick
to get through this long period. The
chicks of Lepoa ocellata and Alectura
lathami were obsetved to have in-
creasing oxygen consumption dﬁring
incubation, with a leveling i the last
week of incubation. This pattern is
similar to that of other precocious spe-
ciés, with the high maintenance costs
due to early development decreasing
towards the end of incubation as a re-
sult of a reduction in expensive tissue
growth and maturation of the physi-
ological systems.® Booth? discovered '
that the transition from ectothermic to
endothermic in 4. Jathami and L.
ocellata takes place inside the egg 3-
5 days before hatching, which is un-
like any other bird species, and this
factor again eémphasizes the extreme
precociality of the family.

Hatching of the ,
Superprecocious Chick

After hatching; a megapode chick
spends a lot of energy and time strug-
gling to get out of the mound, which
can take two to three days in the tropi-
cal mound-building species. It is ob-
vious that the chicks have to be very
developed in ofder to be successful.
At hatching, megapode chicks are
highly developed, ate vetry large
(wingspan up to half the wingspan of -
the adult bird)® and receive no paren-




tal care.”® Booth?” found that A.
Jathami and L. ocellata’ chicks: have a
_metabolism in between the averages
fot the adults and the neonates of othet
birds. In addition, A. lathami chicks
could thermoregulate immediately
between 10-38°C, and eve,n'more‘ in
L. ocellata (-5 hours after hatching,
. the chicks could thermoregulate at
tempetatures' down to 3°C). They are
even capable of flight within' a few
hours. In; fact, a Megapodins freycinet
chick released yan-egg. collector flew
“about a mile. before retreating into. for-
est covet,>and a M. reinwardt chick
that was estimated to be'a few, days
old was seen 40 km-away from the
nearest land, w1thout any ‘signs of ex-
haustion or stress:® .
Even though the hatchmg success
is »usually very high' (87% in 499 eggs
~—of A. lathami* and 79% in L. ovel-
lata)® post-emergence mortality-is
also high, over 90% for .A. lathami.*
Even though in areas with introduced
. ptedators, such as-dogs, cats, foxes,
and pigs, ‘egg predation levels might
be a lot highet, the extended period
of egg-laying usually prevents substan-
tial losses, and in-general most of the
offspring mortality is due to post-
-emetgence mottality. This is a- combi-
nation of the lack of parental care and
highly tettestrial habits. In addition, the
chicks usually emerge from the mound
in an exhausted state, making it very
easy for many predatory species to
ptey on them.® Fortunately, the large
‘brood sizes of the megapodes seem
to balance these losses. - ‘

Theé evolution of incubation using
environmental heat sources in mega-
podes.- has had very significant ‘impli-
cations in terms of the behavior,

physiology and ecology of the family.

By emancipating themselves from. the
necessity of incubating. theit eggs by
sitting on thern, as well as from post-
hatching parental care, the megapodes

have been-ablé t6 inctease their brood

size tremendously. This high clutch size
- of vety precocious offspring success-
fully offsets the high first year mortal-

ity 'seen in many tefrestrial galliforms.
There is still a lot of research that
needs to be done on'this amazing fam-

ily -of birds‘,v and the ecology, evelu-
tion, behavior, and physiology of the -
megapodes will captivate biologists fot-

years to come. Unfortunately, because
of their terrestrial habits, the sensitiv-
ity of the mounds to canopy cover,
and the high susceptibility of the eggs

‘and' the chicks to predation by people

and by inttoduced and native preda-
tors respectively, the megapodes are
threatened throughout théir range. If
urgent consetvation measures ate not

‘taken, many megapode species will
disappear, and their fascinating breed-

ing behavior will be a thing of the past.
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