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Chapter 9

HETEROCHRONY AND THE
EVOLUTION OF AVIAN
FLIGHTLESSNESS

Bradley C. Livezey

INTRODUCTION

In his landmark work on heterochrony, Gould (1977, p. 346) noted the
phenomenon of delayed breeding in tropical seabirds, polygamous New World
blackbirds (Icteridae), and grouse (Tetraonidae), and concluded:

These cases do not involve neoteny: birds, when adult, do not retain juvenile
features (so far as .the literature records), and there is no delay of somatic
development relative to reproduction.

The inclusiveness of this statement is doubly remarkable in light of the
historical thoroughness that otherwise typified Gould’s (1977) review. On the
contrary, however, there is a long tradition of citing “neoteny” in the
ornithological literature, one intertwined with the related concept of recapitulation.

Perhaps the earliest diagnosis of avian heterochrony, and one of the most
compelling, was that by Strickland and Melville (1848, p. 4) concerning the
extinct, flightless dodo (Columbiformes: Raphus cucullatus), which was described
as having:

. . . wings too short and feeble for flight, the plumage loose and decomposed, and
the general aspect suggestive of gigantic immaturity.

These authors continued (1848, pp. 33-4):

We cannot form a better idea of it than by imagining a young Duck or Gosling
enlarged to the dimensions of a Swan. It affords one of those cases . . . where a
species, or a part of the organs in a species, remains permanently in an
underdeveloped or infantine state. Such a condition has reference to peculiarities in
the mode of life of the animal, which render certain organs unnecessary, and they
therefore are retained through life in an imperfect state, instead of attaining that
fully developed condition which marks the mature age of the generality of animals.
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... And lastly, . . . the Dodo s (or rather was) a permanent nestling, clothed with
o stead offeathrs,and with the wings and tail 5o short and fecble, as to be
utterly unsubservient to flight [emphasis in original].

L like the dodo, i ical study of has
remained in a protracted infancy, retarded in part by apot appreciation of the
diversity between

pattern and process. Also, study of the volutionary role of ontogeny in avian
fightlessness suffered collateral damage from contemporary scientific debates
concerning continental drift, homology, recapitulation and morphological

ina few flighted species of birds (Fry, 1983; Dawson et al., 1994) and the study of
heterochrony of plumage and behaviour (Lawton and Lawton, 1986; McDonald
and Smith, 1990, 1994), ornithological interest in heterochrony continues to
centre on flightless species. In this paper I review the study of the ontogenetic
basis of avian flightlessness, with an emphasis on the history of study and most
promising directions for future rescarch.

DIVERSITY OF FLIGHTLESS BIRDS
Flightless birds of the Cretaceous

Fossil remains of large, flightless, foot-propelled diving birds—the Hesperor-
nithiformes—were first described in detail by Marsh (1880). Two families are
recognized (Table 9.1). Members of the group currently are considered to
in the class Aves (Gingerich, 1973; Cracraft,

1986). A flighted ancestor generally is assumed for the Hesperomithiformes, but
this is not essential to the currently inferred phylogenetic position of the order
(Cracraft, 1986). Members of the order are highly specialized for foot-propelled
diving (Marsh, 1880; Martin and Tate, 1976). Available skeletal clements,
by Martinand Tate (1976),

substantiate the radically shortened pectoral limbs of the Hesperornithiformes.

Lowe (1935, p. 410) considered Hesperornis to be:

.. as reptilian as it was possible o be without losing its claim to be avian . . . an
i tas the Ostri i i

. there is little reason to think that either had volant ancestors . . .

Lowe (1935, p. 410) also likened Hesperornis to a “swimming ostrich” and
later (1942, p. 17) included Hesperornis among the “aquatic or swimming

involved in producing the uniquely derived body form of this group indicates

but absence of developmental data and a flighted ancestral morphotype
precludes detailed inferences.

Heterochrony and avian flightlessness il
“Ratites” or flightless paleognathous birds

Undoubtedly the most celebrated flightless birds are the “ratites” or flightless
Paleognathiformes. Named for the flat, raft-like conformation of their sterna
(Feduccia, 1980), “ratites™ are relatively large, flightless land birds and include
the ostriches, kiwis, and extinct moas. Prior to the recognition of continental
drift, many ornithologists reasoned that these flightless giants of the southern
continents were necessarily polyphyletic (e.g., Fiirbringer, 1888; Mayr and
‘Amadon, 1951; Storer, 1971), and evolutionary interpretations of flightlessness
were made accordingly. Opinions regarding the phylogenetic relationships
among ratites remain diverse, but monophyly of the group remains the favoured
hypothesis (e.g., Bock, 1963; Parkes and Clark, 1966; Cracraft, 1974, 1986;
Prager et al., 1976; Sibley and Ahlquist, 1990; Stapel et al., 1984; Bledsoe, 1988).
Eight taxonomic families are recognized (Mayr and Amadon, 1951), distributed
throughout the southern hemisphere (Table 9.1). Although varying in cursorial
abilities, all ratites are (were) strictly terrestrial.
Often popularly considered to typify the flightless avian morphotype,jratites
Jare diverse and combine profoundly primitive features (indicating an carly
divergence from most other modern birds) With  variety of extremely derived
often uni i i i

considerable variation in body size among the families of ratites; kiwis
(Apterygidac) average 1-3 kgin total body mass, whereas the other extant ratites
have mean body masses of 30-100 kg. Variation among ratites in ostcology
(especially the paleognathous palate) and the integument, widely interpreted as
the result of divergence subsequent to common ancestry, has been cited as
evidence of the polyphyly of ratites by several systematists (Fiirbringer, 1888;
Pycraft, 1900; McDowell, 1948; Houde, 1988; Bock and Biihler, 1990).

Flightless “carinate” (neognathous) birds

Neognathes, traditionally referred to as “carinates™ because of the presence of a
keel or carina on the sternum (Newton, 1896), include flightless members from a
number of taxonomic orders, most of which show significant reduction of this
purportedly diagnostic feature (Table 9.1). Unlike ratites, the higher-order

have not been a significant source of confusion, and most systematic issues have
concerned the lesser determination of the closest flighted confamilials of cach
flightless species for purposes of comparison. The Gruiformes (cranes, rails,
and allies) include the greatest number and diversity of flightless members;
frails (Rallidae) alone account for roughly one-third of the known flightless
neognaths (Table 9.1). Penguins, the only modern neognathous order in which
all species are flightless, are second-highest in number of flightless species
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Table 9.1 T diversity and distributions of adequately documented flightless species of birds, atter =
Raikow (1985). Groups preceded by daggers are extinct. »
No. flightiess
Taxonomic group Fiightless membera species
Common Period ol .
Order Family Subgroupi(s) namels) occurrence Distribution (SubMossit  Modern
tHesperornithitormes  Hesperornithidae - el Cretaceous Europe, N. LEd avs
ind S. America
Baptornithide = = Cretaceous N. (possibly S.) 2+ -
erica
Paleognathitormes Casuarilda - Cassowaries Pleistocene-Recent o 3
Dromaiidae - Emus Plaistocene—R 1 2
gic - Kiwis. 0 3
tDinornithida - Moas n ]
tAepyornithidae - Etephant birds. 2-9 =
(Aica, Edrope)
Srumonicas = ost Pliocene-Recent 5+ 12
- Rheas Eocene-Recent H >
mmmemnn dae® - Mitirung birds Miocene-Recent (7) 8 =
Galliformes 1Sylviornis® 1 1 ]
Anseriformes Ionemioraitidas Cnemioris mw Zesland Pleistocene-Racent  New Zealand 2 =
Anatidae Anser, Branta Sypieal geese Pleistocene Hawail 2
Three genera® tMoa-nalos Pleistocene Hawail 4
Tachyeres Steamer-ducks Recent South America o 3
Anas Dabbling ducks Recent New Zealand, " 1+
Amsterda
tChendytes “Diving goese Pleistocene Pacific N. America 2 =2
Mergus Mergansers Recent New Zealar 1 1
Spheniscilormes Spheniscidae - Penguins. Eocene-Recent Southern 8+ 8
hemisph
Podicipedilormes Podicipedidae Involves three Greves Recent Central and ] 3
genera’ . America
Marine cormorants. Recent Galapagos Islands [
tPlotopter = — Oligocene/Miocene N. Pacific 3
Giconiiformes Tesiomitsas tApteribis bises Plaistocen Hawaii 2 =
Xenicibis Ibises Pleistocene West Indies 1 b=
‘tGastornithitormes® Gastornithidae tornis. e Paleocene Europe, Asia 3 -
Diatrymidae Diatryma - ene Europe, 4+ =
N. America
Gruiformes Mesitornithidae’ Mesitornis, Monias Roatalos Pleistocene-Recent  Madagascar o 3
fPhorusthacidae = - Eocene(?) Pliocene  N.and S. America, 10+ g
Europe
tBathornithid Paracrax, others(?) Eocene-Miocene N. América 3+ o
Rhynocheid Anynochetos Kagus Pleistocene-Recent Caledonia 1 3
‘Apterornithid Apterornis Adzebills Ploistocene-Recent  New Zealand 2 o
Gruidae Grus. Cranes Pleistocene 1 o
Rali Involves 16 + Ralls Pleistocene-Recent  Oceanic islands 254+ 20+
nora? iwide
Charadriiformes Alcidae Mancallinae Lucas auks Miocene-Pleistocene  Pacific N. Amet 8 o
tPinguinus Great auks Pliocene Coastal N. Atiantic 1 1
Strigitormes. Strigidae 1Ornimegalonyx Cave owis Pleistocene Cuba 1 °
Pittacitormes Psitiacidae Strigops habroptilus  Kakapo or it New Z o 1
owl par
~Columbitormes tRaphidas Sephus, Pesophape. . Oodo and sollare Recent Mascarene Islands o 24
Passoritormes Acanthisitiidae al genera iew Zealand Pleistocene-Recent  New Zealand 3
rens
Auichornithidas’ Atrichornis Scrub-birds Racent New Zealand 0 2
Menuridae’ Menura Lyretalls Recent Aust 0 2

Paloognathitormes provisional.
®Classification tentative.

of the three extinct
9Rollandia microplera, Podilymbus

#Composition and poshion of this s el contiors

“Actually weakly fiighted.

SFiightless species (many extinct) in a number of genera, inc!

spp.), Ptalochen (1 5p.) and
ipas and Poclcepa aczanowikis

remain

sp.)—within the

luding Porphyri

rails), Gallirallus (wekas), Atiantisia, Porzana (crakes). Amaurornis (e hans), Tribonyx (watormans) and Furca (cootsy

Habroptita, Tricholl

Rallus (typicat
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(Table 9.1; Livezey, 1989a). Flightlessness has evolved in at least three genera of
grebes (Livezey, 1989b), nine different lineages of waterfowl (Livezey and
Humphrey, 1986; Livezey, 1989c, 1990, 1993a), and several genera of auks
(Livezey, 1988). Most other instances of flightlessness among carinates are
limited to comparatively few species (Table 9.1), but include members of such
diverse groups as the cormorants (Livezey, 1992a), parrots (Livezey, 1992b), and
dodos (Livezey, 1993b).

Flightless carinates include a number of terrestrial species, mostly limited to
islands, including the dodo, solitaire (Pezophaps solitaria), several ibises, and
‘most flightless rails. Flightl tes inhabiting lines include(d)
surface-feeding waterfowl like the Auckland Islands teal (Anas aucklandica),
foot-propelled diving species like the steamer-ducks (Tachyeres spp.) and
Galipagos cormorant (Compsohalieus harris), and pelagic, wing: pmpelled

diving auk hiless
grebes, also foot-propelled diving birds, inhabit(ed) continental, f(eshwzler
lakes. Several lightless arboreal climbing, i the New

Guinea flightless rail (Amaurornis ineptus) and a nocturnal parrot, the kakapo
(Strigops habroptilus).

HETEROCHRONY AND THE EVOLUTION OF RATITES

Historical perspective

Degeneration and ontogeny
Originally grouped taxonomically on the basis of their truly “keel-less” sterna
)

(Merrem, 1813)and short , 183
a variety of morphological characters, including variably “loose” plumage
structure, tosis of the scapula and coracoid reduced pectoral

g., Beddard, 1898; Pycraft,

1900; Glutz von Blotzheim, 1958; McGowan, 1982; Raikow, 1985). Most early

naturalists, including Darwin (1859), attributed the diminutive pectoral limb of

ratites to “disuse” or “degencration”. Other anatomists also interpreted the

“degenerate” ratites as firuncated (TJ.

Parker, 1882; Newton, 1896; Duerden, 1920; Grcgory‘ 1935).

Eventually, theidea that “juver
and i be; nnd the

to the cranium, pelvic girdle, and integument (de Beer, 1930, 1956, 1975;

McDowell, 1948; Webb, 1957). Thus commenced an ornithological tradition of

equating “neoteny” with the “process of retention of juvenile characters” (James

and Olson, 1983, p. 31), and this term is frequently considered to include any

process or outcome of heterochrony in birds (Feduccia, 1980; James and Olson,

1983; Olson, 1985). Under currently accepted nomenclature, however, most
the result * the underlying,
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heterochronic mechanism, one plausible candidate being neoteny, generally
remains undiagnosed. A growing body of evidence led to the traditional
orthodoxy expousing the “neoteny” of ratites and the current consensus that the
ratites evolved from flighted ancestors, thus establishing that flightlessness
among_Paleognathiformes is 2 derived condition and probably involves
heterochrony.

Lowe's quandary, or “ontogeny vs. phylogeny”
An especially illuminating ornithological example of the intimate conceptual

p by the wr
of Percy Roycroft Lowe, curator in the Bird Room at the British Museum
(Natural History) during 1919-1935. Although vestiges of recapitulationist
theory lingered in the ornithological writings of some prominent ornithologists
through the turn of the century and many considered the ratites to be
anatomically “archaic” or (in part) “reptilian”, the relevance of recapitulation to
the evolution of ratites remained controversial (W.K. Parker, 1888a; Newton,
1896; Beddard, 1898; Wiglesworth, 1900; Heilmann, 1927). Lowe (1926)initially
was provoked by the Lamarckian interpretations by Duerden (1920) of the
anatomy of the ostrich (Struthio camelus), in which a number of characters also
were described as “degenerative”. As evident from his carliest studics of avian
anatomy, L ionis 1866). i
Lowe (1928a,p.

.. a belated manifestation of a reptilian character in the “Ratite” skull.
Lowe (1928a, p. 245) recognized that:

. .the adults of the existing Struthiones are clothed in prepennal down and have

fowl
However, he concluded (Lowe, 1928a, p. 244) that:

... the Struthiones represent a perfectly natural group descended from some
ccommon ancestor which left the main avian stem before flight had been attained.

This interpretation of the “primary” nature of the flightlessness of ratites,
combined with ancillary anatomical work on other avian groups, led Lowe
(1933, p. 533) to define three subclasses of Recent birds, all of which he thought

had*. . .specialized i generalized ancestor”. These
were:
(1)a true aquati by the Penguin; fal, represented by

“Ostriches"; (3)a flyir

Lowe (1935, p. 411) clarified his recapitulationist interpretation of the
evolution of ratites, one combined with an almost Aristotelean reverence for
avian flight:
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... fligh b ion,
and that for infinitely the greater part of the total time consumed since their first
spearncebids may be egarded a having ben fighless. .. The fying. o the
Highest type of bi scem(s] to have appeared . . . toward the end of the
e g groups of birds, such as the Struthionids and the
Penguins, may . . . have missed the evolutionary bus.
Lowe (1935, p. 412) concluded:

In the Struthiones the entire make-up of the adult is chick-like and reflects the

beginning of the story of avian evolution instead of the end.

Lowe (1935,
“definitely reptilia

‘Lowe (1942, p. 6) conlmu:d to make important anatomical observations on
ratites, and cited the *. . . elementary simplicity of a high degree” of a wing
muscle, the “Flexor carpi ulnaris” [M. expansor secundariorum] of Rhea, but
interpreting the genus as:

414) considered the mpulmmm of ratites to be of

- & simple, primitve, and bind:alley phase of 8 procs or evolution which in
ther endin ing
the more highly placed Neognatha.

Lowe (1942, pp. 6-7)also explicitly challenged the hypothesis of the “neoteny™
of ratites:

. if their mnrphnhgy could be properly ascribed to a process of Neoteny. ..
. the norm:
just hatched- ahick of an ordinary flying bir

- 30d would have eﬂmplnb!e in

litle or no resemblance to that seen in the normal Neognllhmlx chick, lying or
non-flying . . it f flight i
‘owner of the wing, when the adult mp had

Lowe (1942, p. 9) noted that in Rhea:

... the stage of development in the wing . . . considerably antedates in point of
evolution any mere juvenile phase in the Neognatha [emphasis in original].
‘This view of primitive flightlessness of ratites led Lowe (1944: p. 518) to
conclude that lhe {e:lhzrs of Archaeopteryx were not  strctly homologous with

of ratites, Lowe (|9u, flh: ide distrib

and relictual persistence ol primitively fightless “struthious stock” (either prior
or subsequent to movement of continental plates) to the alternative of derived
avian flightlessness, which he believed required that:

. .at some time or other every family, genus or species, no matter how wide their
geographical separation, all, without exception, independently lost the power of
flight and became degenerate.

Contemporary opposition to Lowe's theory regarding the ratites was strong,
although many of the “primitive characters cited by Lowe were used by his

Heterochrony and avian flightlessness 1

critics to support the alternative hypothesis of heterochrony (¢.g., McDowell,
1948). Murphy (in Gregory, 1935, p. 12) wrote:
Dr Lowe regards both of these characteristics [absence of apterylac and barbicels]

as ancestral and primitive . . . that, in the case of the ostrich-like birds, feather
luti ‘carly avian™ stage . . .

phylogeny.
Tucker (1938, p. 224) submitted similar arguments:

Doubless these ancestral forms were a good deal more primitive than present-day
birds,and some ofthe Raite characters lk he palacognathous palate, may be
notin
fact primitive in the phylogcnene e, but ars terlly Smbryonic chacacters
carried over into the adult, constituting a striking instance of ncoteny or retarded
development.

‘The hypothesis of the “primary fi " of ratit y Lowe
won support from sovetal other anatomists (Holmgren, 1955: Glutz von
Blotzheim, 1958). Although Lowe’s hypothesis remained a minority view, it
continued to have some influence on subsequent opinion. McGowan (1982,

the poss in ratites based on

bird into one ing Also, McGowan
(1984, p. 735) cited Lowe (1928a, 1935) in support of the conclusion that:

Indeed, most of the features that distinguish ratites from carinates are now
considered to be primitive rather than derived.

Toward synthesis

Anatomical and embryological research on ratites (e.g., Owen, 1842; T.J. Parker,
1892; Lutz, 1942; Frank, 1954; Lang, 1956; Webb, 1957; Miller, 1963)
complemented studies of development in other birds (¢.g., W.K. Parker, 1888b;
Steiner, 1922; Fell, 1939; Montagna, 1945; Klima, 1962; Sullivan, 1962), and led
the ratites. de Beer (1956,
1975) became a leading proponent of this hypothesis, citing (1956, p. 65):

the presence in the Ratites of nestling-down, permanent sutures between the
nes of the skull, and the dromacognathous [paleognathous) structure of the
palate . . . [as] demonstrably the result of neoteny or the secondary retention of
features which were juvenile in the ancestors of the Ratites.

de Beer (1956, p. 66-7) concluded:

For those, if there be any, who still believe in the theory of recapitulation, it would
no doubt be tempting to say that the neognathous palate “recapitulates™ in its
development the condition of the paleognathous palate which would therefore be
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1 But

view of

. .[and] i
i two other features . ..t is impossible to believe that in their palates the Ratites

Cracraft (1974, 1986) presented phylogenetic analyses of the ratites, in which
the cvolulmn nf ﬁlghllessness was inferred (at leas! on the grounds of
d only once f
the group). Although diffeing in some topological findings, a phylogeneic
analysis by Bledsoe (1988) also supported the monophyly of the ratites, and
patterns of molecular (phenetic) similarity are consistent with this hypothesis
(Prager et al., 1976; Sibley and Ahlquist, 1990; Stapel et al., 1984). Several other
authors, however, questioned the monophyly of the ratites (Houde and Olson,
1981; McGowan, 1984; Feduccia, 1980, 1985; Olson, 1985; Bock and Biihler,
1990), raising doubts concerning the homology of the anatomical characters
associated with flightlessness in the included families. None of the later critics,
however, proposed cxplicit phylogenetic alternatives to the hypothesis of
‘monophyly.

Significant disagreement concerning the polarities and ontogeny of the
distinctive characters of ratites remains. Unfortunately, some of the debate
derives less from substantive differences in inference than from confusion

fhomology. Cracralt (1981, p.

that:

- an srgument of ncotey is & prima facie admision that the similartes in
ncestor is

“replaced” in the pr by he jnvcml: condition.

This does not imply that any two similar “neotenic” states are necessarily
synapomorphn:‘ i, shared derived :hamcms. but that both are derived and
for the
anatomy of atites, huwever‘ Feduccia (1980, p. 139) confused truly primitive
characters derived, pseudo-primitive characters produced sccondarily
through heterochrony. Similarly, arguments by Olson (1985, p. 100) concerning
“neotenic” characters of ratites indicate confusion on both the issues of
homology and polarity.

Even where the derived nature of “neotenic” characters is appreciated, there is
a tradition of assuming that such characters evolve “willy-nilly” in flightless
binds, auliying thcs uslty in phylogenetic inference (c.g., Olson, 1973a,b,
lm) Feduccia (1980, p. i i

p ruiformes
would be the best candidates for some of the various forcbears. . . of the
“neotenic forms™ of the ratites. Olson (1983) offered an extreme view of the
potential of heterochrony when he implied that “neoteny” might have produced
the kiwis and moas independently from different carinate groups (ibises and
geese, respectively).
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Impugning the phylogenetic informativeness of “neotenic™ characters through
overstatement is also typical. Ina critique of the hypothesis of ratite monophyly,
Feduccia (1985, p. 186) asserted:

Following Cracraft’s use of neotenic characters as shared, derived features, we
might logically include all flightless rails in the same genus as they all possess
reduced wings, a keel-less sternum and an open ilioischiatic fenestra.

Setting aside the inaccuracies of the anatomical generalizations (adult
flightless rails are neither strictly acarinate nor possess open ilioischiatic
fenestra) and the unsupportcd suggestion that monophyly would necessarily
imply es that either one must
consider all “neotenic” characters as homologous or consider them all to be
convergent. The truth, however, probably lies somewhere between these two
extremes. Even the harshest critics of “neotenic” characters in phylogenetic
reconstruction would admit the homology of the many flghtlessness elated
ratites,e.8., ing the kiwis (T.J. Parker, 1892;

Pycraﬁ 900: MeGowan, 1982).
For those characters generally acknowledged to have been the result of

; ; : 4 : %

involved. Related to the tradition of synonymizing paedomorphosis (perhaps
heterochrony) with neoteny in regard to paleoyulhous birds, differential

I

(neoteny, postdisplacement and progenesis) and the ¢ three oounlcr mechanisms
resulting in
are all but acking i the omithologieal itcrature. The i pectoral
Apparatus and delay in closure of cranial sutures of ratites may, in fact, involve

- . dela.in v e

i, 1988; Beale, 199]\’“

by adult
stricto” (Nauck, 1930; Kaclin, 1941), 'but postdisplacement has not been
{empirically excluded] The radically d:md fazaiom of rattes, however, defics
the proposal of any single
(Table 9.2). Tevica. (19%8) rightly emphaslud the_potentially complex
of d in different organ systems
within lmaag&s,,znd it is evident that most o all atites macilit ot 1&1)
is of the well i limi

(McKinney and 1991\ el i (1
examples of “ncoteny” in ratites, including several features of the skull, peuml
limb, pelvis, and integument, and proposed that some of these instead may be the
may simply be Critical data for the
! diagnosis of the ontogenetic basis of the unique morphology of ratites are
s o % -

i iably local i
; skull, pectoral and pelvic appendages, and integument (Table 9.2).
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and underlying

i

plumage, skull

9.2 Changes in body s

selected flightless birds.
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Plumage
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Pusdomorphons.
Paramarphass

Pascamorpros,
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H
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Noctange

Pascamorphoss Mo change Pasdomarphoss No change

Pascamorphas
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H
H

Nocteony o pumage patern and
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Peramorphoti

Pasdomorphoss

Pusdomarprons
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Plumage and pecors neciery.
crana and paic yparmorghosis

Poamorphoss

Pasdomarphass

i

used on sl morphomatnc anayis.
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HETEROCHRONY AND THE EVOLUTION OF FLIGHTLESS
CARINATES

Historical perspective

Penguins and Lowe's “primary” flghtlessness
“The anatomical peculiarities of penguins were widely appreciated by the carly
twentieth century, but carly research on the ontogeny of penguins produced
diverse interpretations. For example, Wray (1887, p. 353) found that:
“The embryo of the Penguin shows in its wings no signs of being a degeneration or
‘modification of the specialized flight-wing of other Carinates.
In contrast, Pycraft (1907, p. 18) concluded:

‘The wing of the embryo penguin . . . will be found to differ remarkably from that of
the adult, and entiely confirms the contetion that the paddle of the modern

wuh that ol‘ the adult flying bird more closely than al any other later stage of
developme
True to his m:apimlalionisl perspective, Lowe (1933, p. 522) interpreted the
ontogeny of penguins differently:
We find nothing . . . resembling an approach to the morphological details to be
noted in a similar series proper to the embryo of a flying bird.
Lowe (1933, p. 534) concluded:

.. while the Penguin seems to have specialized directly from the primitive
nonfying generalized ancestor,al other swimming and divin birds are ncther
more nor d
pseudo-aquatic [emphasis in original].

As with Lowe’s interpretation of the ratites, criticism of his analysis of
flightlessness in the penguins was forthcoming. Murphy (in Gregory, 1935, pp.

14-15) wrote:

Dr Lowe . .. sees through his study of the penguin feather the outcome, not of a
process of degeneration, but one of falure to develop. . . . The arrangement of the

superimposed . nguin characters, including those of feathers, are
doublis o3 cran extentlaral, but s by 0 mesns peludes e ikefond

Which have since dropped away.

Wiman and Hessland (1942) and Simpson (1946) rejected Lowe's (1933)
recapitulationist view of the flightlessness of penguins, arguing instead that the
Sphenisciformes were derived from an ancestor capable of aerial flight. Also,
Simpson (1946) described a partial reversal in tarsometatarsal fusion in modern
penguins (compared with Miocene penguins), a shift that McDowell (1948, p.
540) credited to “neoteny”.
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Other flightless carinates and Lowe's “secondary” fiightlessness

Between the 19th century series of publications treating the anatomy of the
extinctdodoand solitaire (e.g., Strickland and Melville, 1848; quoted above) and
the carly part of the twentieth century, possible ontogenetic mechanisms of
fightless carinates exclusive of the penguins received relatively little attention.
Typical of the period were the references by Newton (1896) to “disuse™ leading to
an “aborted condition™ of carina sterni of the flightless parrot, the kakapo.
Similar observations were made for the takahe (Rallidae: Porphyrio mantelli) by
TJ. Parker (1882) and the Galapagos cormorant by Gadow (1902). A notable
cxception was the study of the diminutive, flightless Inaccessible Island rail
(Rallidac: Atlantisia rogersi) by Lowe (1928b). Lowe (1928b, pp. 105-6) explicitly
considered ontogenetic mechanisms, and wrote:

. the almost whally black coloration characteristic of the chicks of the Ralline
family is apparently retained for a much longer time than is usual in immature
cxamples,wouldseem to suggest that Adnisas a genralised and s0 presumably
anear npmem ¢ of some more primitive type. In the most adult example .
thereis stll a very ~borne out that th
remiges or wing-feathers, as regards the development of the rami and radii, cxhibit

body or contour feathers of such a volant form as Rallus aguaticus.
Lowe (1928b, pp. 108-9) continued:

The view might be taken that such 8 conditon i an ndication of an arrest or 8

morphological changes present in Hghics rails or other birds is that they are

the wing . . . merely secondary changes practically akin to atrophy.
Lowe umb) reserved “secondary” lightlessness among Rallidae to those in

in feather structure
(8., Dryolimnas, Porphyriomis and Porzana), and noted the reltionship

f rails. Thus
'nw Fiirbringer's ( between flightless bird:

having no flighted ancestors (Prot-Apterornithes) and those having secondarily
lost flight (Deuter-Apterornithes). Fiirbringer (1888), however, had reserved the
former for ancient, largely hypothetical proto-birds (Protorthornithes) and
included the ratites (which he believed to be polyphyletic) in the latter group
(Newton, 1896).
Subsequently, Lowe (1934) included the flightless steamer-ducks in the
“secondary" group, inferring (p. 482):
. that the rate of growth of the wing of the non-flying embryo has either been
already relatively retarded before hatching or the rate of general body growth
relatively accelerate
Lowe (1935, pp. 411-1 d ition of flightless cari ith that
of ratites:
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when a carinate fiying bird becomes fightless it till remains . . . essentially
simila in snatonical dtals o thegenealty of 1ing birs.Even s wings do not
cept as regards a relative o the rest of
(hc body A diminution or w.!nl o!dw:lnpmenl in size may, of course, occur in the
sternum, fore-arm, and muscl
Rails of New Zealand the various component parts of the remigial and body-
feathers—barbs, barbules, and barbicels—all reflect the essential structure and
disposition of the normal carinate fiying and body feathers, except that their

Lowe (1935, pp. 424-8) extended “secondary flightlessness” to some rallids
(now evidently including Gallirallus, Diaphorapteryx and Atlantisia), the dodo
and solitaire, and the Galapagos cormorant, but his discussion of “temporary”
and “permanent” retardation of growth indicates a misunderstanding of the
physiological causes of pacdomorphosis. Lowe (1935, p. 430) reaffirmed that
although neoteny may have contributed to the pectoral retardation of flightless
steamer-ducks and rails:

the inhibiting factor has not converted them from a neognathous o a
tion. They i P

of the Ostrich.

In one of his last papers on avian flightlessness, Lowe (1942, p. 7) revealed a
reluctance to credit cven “secondary flightlessness” to neoteny (narrowly
conceptualized), writing:

It may b that some would explain thse cases f secondary fghtiessness in
ny, but y

1
1o be due cither to the action of some permanent inhibitory growth-factor or
hormone, such as acts temporarily as a normal occurrence in the chicks of Ducks
and Rails, or, on the other hand, to the absence of some normal stimulating
growth-factor [emphasis in original].

Toward synthesis

Descriptive support for a “neotenic™ basis of flightlessness in rails and other
flightless land birds continued (c.g., Olson, 1973a,b; Feduccia, 1980; James and
Olson, 1983), and resemblances between adult flightless birds and subadult
flighted species provided new insights into the ontogeny of flightlessness. These

include: reductk - i "

the caudal margin of the sternum (T.J. Parker, 1882; Lowe, 1928b, 1934; Fell,
1939; Klima, 1962); obtuse scapulocoracoid angles (Nauck, 1930; Kaelin, 1941);
and disproportionate reduction of the distal wing elements relative to proximal
elements (Gadow, 1902; Steiner, 1922; Montagna, 1945; Sullivan, 1962;
Levinton, 1988).

Contrary
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in wing propelled diving birds (by any name) has reccived minimal attention i
recent decades. Some of this disinterest reflected an assumption that “neoteny™
necessarily produces an underdeveloped wing. Olson (1977, p. 690), in a
discussion of flightless auks, stated:

i irds. + Instead
specializations for wing-propelled diving.

However, it is now appreciated that neoteny and other heterochronic
mechanisms leading to pacdomorphosis are not limited in effect to simple
underdevelopment, but can generate important innovations (McKinney and
McNamara, 1991). Some of the morphological specializations of flightless
wing-propelled diving birds that have obscured possible paedomorphosis (¢.g.,

(Livezey 1988, 1989a).

An overly narrow view of “neoteny” also influenced expectations concerning
the timing and generality of the resultant morphological effects and this led to
speculations concerning likely candidates for “neotenic” flightlessness based on
general developmental differences among taxonomic groups. Feduccia (1980, p.
112) assumed that “neoteny” necessarily affects all organ systems equally. The
possibility of localized pacdomorphosis of the pectoral apparatus seems not to
have been considered, although this appears to characterize several other
flightless carinates (Livezey and Humphrey, 1986; Livezey, 1992a,b, 1993a).
Moreover, the discovery by Poplin and Mourer-Chauviré (1985) of a large,
extinet flightless megapode from New Caledonia indicates that paedomorphosis
targeting specific organ systems also occurs in the Galliformes.

Further study of flightes carinates has indicated a substantial diveity of
togeny
hzs yel to be accomplished for any taxonomic group (Table 9.2). In i o
neoteny, preliminary assessments indicate that pectoral paedomorphosis in
several groups evidently may involve postdisplacement or progenesis (Livezey
and Humphrey, 1986; Livezey, 1989b,c, 1990, 1992a,b, 1993a,b.c, 1994). Most
instances of avian flightlessness are associated with increased body size (Table
9.2), and this in part refiects peramorphosis of regions other than the pectoral
Jimb. Peramorphosis of the pelvic limb is especially conspicuous in some groups
(MeKinney and MeNamars, 1991; Liveay, 199205, 19938, 1994) associed

in nized by
Gadow (1902) for the Galapagws cormorant. Andors (1988) pmpossd that the
f

o
the giant, fightless “terror cranes” (Di
Probably the most extreme pectoral pacdomorphosis among cariates i that of
the extinct gruiform Apterornis (Livezey, 1994). A diversity of
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Increased sexual size dimorphism also is associated with loss of fight in a
number of species, and is especially marked in those lincages in which

d Humphrey, 1986; Livezey,
1989b, 1990, 1992a,b, 1993b). Furthermore, n the flying steamer-duck (Anatidas
Tachyeres patachonicus), a species with negative allometry between wing arca
and body mass, sexual differences in body size produce flightlessness in a
minority of males in some marine populations, whereas the smaller females
remain capable of flight (Humphrey and Livezey, 1982).

HETEROCHRONY AND AVIAN FLIGHTLESSNESS: FUTURE
DIRECTIONS

ic and embryologi

Ateroluiona themuthematol description of elative (allomeric) growth was
begun by Huxley (1932),an
involved in helemhmny was recognized soon thereafter (de Beer, 1940), The
underlying and its products are well
summarized graphically (Tissot, 1988; McKinney and McNamara, 1991). Most /
studies of avian heterochrony, however, remain descriptive, non-quantitative,

/and based on static analyses of adults. A number of bivariate and multivariate

pproaches can provide useful numerical summaries of ontogenetic change and
is eltionship (o inerspecifc diflrences among adults (Livezey, 1989b, 1980,
).Cri

series of flighted and fightless_ relatives, mcludmg pre-hatch embryos and
detailed records of ossification, muscle primordia, and pterylosis, have yet to be
performed. Such rescarch would be particularly powerful for an analysis of
heterochrony in the ratites, for which the ontogeny of ostriches (currently the
subject of an expanding commercial aviculure) would be most appropriate.

d behavioral coroll: geny should

be examined as well
James and Olson (1983, p. 31) envisioned a streamlined ontogeny of avian
flightlessness:
The genetic mechanism for the evolution of a flightless bird from a flying one is
actually quite simple. Al birds are flightless when they arc small chicks, and the

birds . Merly by resining tho skeletomuscalae structuee of infancy inlo
reg

specics could become m’.mle;s
The supposed role of regulatory genes in producing pacdomorphosis,
however, remains largely hypothetical and probably is overly simplistic. An

mechanisms and evolutionary trends in body size and sexual dimorphism is
evident in flightless rails (Table 9.2; Livezey, in prep.).

of the genetic bases of heterochrony in birds is crucial to an
assessment of the evolutionary “ease” with which the resultant conditions (¢.8-+
‘pacdomorphic flightlessness) arise.
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" Recent work by Dawson et al. (1994) revealed that thyroidectomized starlings
(Sturnidae: Sturnus vulgaris) attained sexual maturity but displayed several
“juvenile” characters judged to be comparable to those found in adult ratites,
mﬂ!udmg lung cunlour l'ealhcn lackmg barbloelx, aborted palalal lnd rostral
nce of the
Jaer n adult raties was contested by Elzanowski (1988)). D:ud:s carlicr,
Edinger that

berelated to hyperactivity of the pituitary. Although the speculations by Edinger
(1942) and Dawson et al. (1994) concerning the role of endocrinology in the
evolution of modern ratites are less than convincing, these reports indicate the

of the ontogenetic processes underlying avian hcl:mchrony Combined with a

alder
and Dawson, 1978; Vleck et al., 1980; Livezey, 1992b, 1993b), the extension of the
study of heterochrony beyond simple anatomical comparison and into

1994).

¥ i ive on avian

and the detection of evolutionary change. From the ontogenctic standpoint,
avian transitions to flightlcssness provide multiple  (hicrarchically nested)
evoluionary “replicaes” i thatlossof fght reuls from  vsityof ubtly and
(in diff in ontogeny. Lat

of the pectoral appendage in i bird makes paedomorphosis the most obvious

ontogenctic inference in fightless birds, but as more detailed studies of avian

flightlessness are made it is likely that several heterochronic mechanisms will be
documented. For cxample, the direction of changes in body size and plumage
is in the flightless Auckland
Islands teal (Livezey, 1990, 1991) and Auckland Islands merganser (Livezey
1989c) were determinable only within the context of corroborated phylogenetic
hypotheses (Livezey, 1990, 1991). Even if a phylogenetic hypothesis remains
it permits the placement of the associated evolutionary inferences

within an explicit historical context.
Unlortunsicly, progress i the sudy of peexuchony in flightless birds has

ampered si by kno

w“hin the d. Some o[ h "* ltic ise from poor
undemzndmg o[phylogcneuc methodology. For cxample, MeGowan (1984, p.
734) rej unlike theropod dinosaurs and ratites, possess a
(pmsumlhly derived) pretibial bone, and therclore concluded.that . .. they
[carinates] could not have given rise to the atites . . " Ifcorrect,this conclusion
has important implications for the evolution of flightlessness and inferences
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concerning heterochrony in the group. Phylogenetic inferences based on single
characters carry lttle weight, however, and can only be assessed credibly with
other characters under the criterion of global parsimony of evolutionary change
(wherein a reversal or loss of a specific character is a possibility). Also, there s a
‘misleading ornithological tradition of treating diversity of form, regardess of the
polarities of the characters involved, as evidence of distant relationship or
polyphyly (Feduccia, 1980; Olson, 1985; Bock and Bihler, 1990), whereas such
differences may simply reflect

(Cracraft, 1974). ical diversity in ratites (¢.g., within
the pelvis) may be the result of minor perturbations of shared ontogenetic
trajectories within lincages (Elzanowski, 1988).

The dearth of explicit phylogenetic hypotheses has led to misunderstandings
concerning evolutionary patterns and rates of change. For example, McGowan
(1986, pp. 342-3) noted that 1 jidentina the
weka (Rallidae: Gallirallus australis), were comparatively minor compared with
those of ratites, and stated on questionable biogeographical grounds that
the Weka could have a_genealogy dating back as long as that of ratites.”
Although the meaning of this statement is unclear, it would be precluded by a
hylogenti bypothei o rall within wich the capacy for fight could be

raie ms led to a widespread belief that “neoteny” can produce ﬁlghllesxness‘
rapidly (Olson, 1973a,b, 1982, 1985; James and Olson, 1983), although only the;
estimated ages of oceanic islands inhabited by endemic flightless birds are:
germane to questions of absolute rates of change, and these only provide upper
limits. .

Interpretations of individual characters, taken together, form the basis for
must
its own merits. In this context, i theBeer(l956)

ites is “neotenic™ simply is evi
in cranial sutures and feather structure is questionable, given the potential for’
different ontogenctic perturbations among different anatomical structures
(McKinney and McNamara, 1991). Also, most ornithological citations of
recapitulation remain vague. For example, Houde and Olson (1981, p. 1237)
cited *. . . the existence of at least some of the features of the paleognathous
palate in the early ontogeny of some neognathous birds" in support of the
primitiveness of the paleognathous palate in ratites. The theory of recapitulation
suffered, in part, rom its carly, uncritcal popularity (Churchil 1930), and the
nsform.-
ation to cvolutionary study is far from resolved (anmp. 1978, 1959 Rieppel,
1990; Patterson, 1983; Mayr, 1994). There is evidence for limited recapitulation
h 5 L Ay bt

ra,
1991) and this may facilitate the determination of character polarities (Nelson,
1978; de Quieroz, 1985).
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The history of study of avian flightlessness, especially that of the ratites,
underscores the reciprocal relationship between the study of ontogeny and
phylogenetic reconstruction. Heterochrony is by definition an evolutionary
problem and therefore is interpretable only within an historical context. A

also reveals of
evolution, which for Aves may range from the class-level neoteny hypothesized
by Thulborn (1985) to heterochrony of morphology, physiology, and behaviour
through progressively exclusive taxonomic groups. A phylogenetic approach
may indicate that the “intermediate” metabolic rates of ratites (Calder and
Dawson, 1978; Vleck et al., 1980) are explainable by the basal phylogenetic
position of the group (sec Duncker, 1989). This possible plesiomorphy contrasts
with the partial, possibly heterochronically produced reversals in metabolic
parameters suggested in some flightless carinates, e.g., the kakapo and dodo
(Livezey, 1992b, 1993b). Momnvex. it may be that the best corroborated

compc(mg (but not mulually ex:luslve) lheones for the ¢ :voluhon of ratites and

including me characters,
roversals through pa:domnrphans, and gcnumz novelties (perhaps shared by
entire clades) associated with heterochrony.
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