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Abstract

Despite our intuition, birds are no smaller than mammals when the constraints of
a flying body plan are taken into account. Nevertheless, the largest mammals are
ten times the mass of the largest birds.

Allometric equations generated for anseriforms and ratites suggest mid-shaft
femur circumference is the best measure to use in estimating avian body mass.
The small sample size of extant ratites makes mass estimate extrapolation to
larger extinct species inaccurate. The division of ratites into cursorial and
graviportal groups is supported. Aepyornithids do not show atypical femoral shaft
asymmetry.

New and more accurate estimates of egg masses, and separate male and female
body masses for sexually-dimorphic ratites are generated. Egg mass scaling
exponents for individual bird orders differ from that Aves as a whole, probably
due to between-taxa effects. Ratite egg mass does not scale with the same
exponent as other avian orders, whether kiwi are included or excluded. Total
clutch mass in ratites, however, scales similarly to egg mass in other birds,
perhaps as a consequence of the extreme variation in ratite clutch size.

Kiwi and elephant bird eggs are consistent with the allometric trend for ratites
as a whole, taking clutch size into account. Thus kiwi egg mass is probably an
adaptation for a precocial life history, not a side effect of their being a dwarfed
descendant of a moa-sized ancestor.

Relatively small body size in ancestral kiwis is consistent with a trans-oceanic
dispersal to New Zealand in the Tertiary, as suggested by recent molecular trees.
This implies multiple loss of flight in Tertiary ratite lineages, which is supported
by biogeographic, molecular, paleontological, and osteological evidence, but
which is not the currently prevailing hypothesis.



Table of Contents

Abstract iv

List of Tables vii

LISt Of FIGUIES c..crceveireeiecieiicieieicineieeseteasesesseasesesseaseseasessesessesseseasessessssessessssessessasessessssesessssessessssessessasessessssesces viii

Acknowledgments xi

18 RALEE BIMAS ...t s e e

ArE Birds SMal?........ee s B
TNIETOAUCEION vttt aeseetestestsssesessssesssestossossosesssnssssostossossosesssnssssontossossostossssossostonsossosesssssosones 7
IMELROMS .ottt sttt st ettt sttt sttt sttt sttt bbb taes 8
RESULLS.....vueiieiieaieiicietee ettt st sttt bttt ettt bttt et bbbt bbbt asssbassssetaes 12
DISCUSSION .ttt ettt ettt eeateeteeeabessstesasesseesssesssbesssssssssesssssssssssssssssssbssssssassssssessssesssessssssssessssssees 13

Reconstructing EXtINCE Bird MASS........ccccuvviiiiiiiiieee ettt e e e e e e st e e e e e e e e s e e sannrnrnneeeeeaeas $%.......
INEEOAUCHION ettt sttt sttt sttt bttt et s bbb sesstasssbasassesoes 21
IMEEROMS vttt te s stsaseuestestessestssssssosesssnssssostossssssssssonsostontossossosessonsostostossossosssssnsostontossossoses 25
RESULES c.veveeeteieeieeretetetestestseeesesteeessestosesssssesssssessostossossosssssssssostonsossosssssssssontontostossossosessostossontonsossosessosossones 30
Discussion 38

Rz L1 (=3 o T Y (o] 0 =Y i Y2 RERPRR &.........
TIIETOUCEION vttt teaeescsasasssestestsstosessssssssesssssostossossosssssssssontonsossostossssessontonsostossossossssssonsones 58
IMEEROMS ettt eesestessestesessesssssessssssssosesssostostssssssstontostontossossosssssnsostonsossossosesssssossonsonsos 65
RESULES coeevteeeeieeieriteeteteteteseeseseeesestestestostosesssesessossostostosssssosessonsestostossosssssssnsostontossossossssossestonsossossosssssssesonsosos 69
Discussion 72

Rz L1 (3 2 oTo T=ToTo [r=1 0] 1)/ PPEPPRRRR Corvernnnen
RALIEE MONOPIYLY....cevieieiiiiciiiicieicireieieireieeeiseaseeteaseseaseaseseaseaseseaseasesssseasessssessessasessesssseusessssensesssesssss 88
Ratite PhylOGENnetiC TTEES ......cccveueeereureecireieeineireecinetseaeieaseaeeseuseseasessessasessesssssssessssessessssessessssssseasssessesssessens 89
The Fossil Record of Ratites 90

iv



Calibration Of the RAtIte TTEE....c.uvuivvivvivveiieierierirtierisreteresessessessessessessestossssssssssosssssosossossssssssssosonsonsonsossssossos 94

Problems with a Cretaceous Ratite RAAIAtION ......covivvivvivvieverireierirririrereeeseesissessessessessessosesssssessessossossosonsos 95
The Tertiary Ratite Radiation MOdEL ...........coiieiiiiniiininiiinieiiiicneiieseiienessesssissosssssosssssssossssons 97
REFEIEIICES .vvvveiviririviritetesieeeeseesessessetestssssssssssssssonsossossossossssosssntonsossossosssssssossontonsossossssssssnsonsonsonsossssssssssonsonsones 103
BIOGIAPRY ..ot s s s s s 114



List of Tables

Table 1.1: The ReCent Pale0gnathiis.......cccccuiueeriirieriirieieiieieieeeneseesesseaessessesessessesessessssessessssessessesessessssess 4
Table 2.1: Estimated extant species numbers and size ranges for birds and mammals.......c.c.ecceeerrcueunnce. 16
Table 2.2: Body weights of birds and mammals ...........cceveuireeineireeienneeineineeienneensenseesensesessessessssensessse 17
Table 3.1: Anseriform measurements (species means) 42
Table 3.2: Scaling parameters for the Least Squares regression of body mass on anseriform bone
ITLEASUTEITICIIES «..vovuiereeraioesiseiaeseaessesesessesstsessesstssssessssssssssssssssssssssssssssssnsssssssnssessssnsssssssnsssssssnsssssssnssssssnsssssssssossosas 45
Table 3.3: Body mass prediction equations from Campbell & Marcus (1992)......c.cceurevrereererrereererrereerersenene 45
Table 3.4: Ratite limb bone measurements (SPECIES MEANS).......cuvuevmrurrrererrrererniuerersesersesssessesssessesssessssoes 48
Table 3.5: Scaling parameters for the Least Squares regression of body mass on ratite bone
ITLEASUTEITIEIIES 1.vvvvovvoveioreerasiorsosassrsosaesssossssossssassossossssossssassosssssssosssssssossessssossssassossssassosssssssosssssssosssssssossessssossssassossoss 49
Table 3.6: Estimates of ratite body mass calculated from femur circumference LS model........................ 50
Table 4.1: Scaling parameters for aVian €EES .......ccccuereureeercrrererernerrierrereeerseaeeensesseensessesessessesessessesessessesense 77
Table 4.2: Ratite egg data 78
Table 4.3: Scaling parameters for ratite eggs 79

vi



List of Figures

Figure 1.1: Tree of the Recent paleognathis.........cccceeveueurecuiuriciiunieieiseeneneeeseaseesessesessesseessessssessessssessesees 5

Figure 2.1: Body mass ranges (including extinct species) of flying and flightless birds and mammals ....16

Figure 2.2: Frequency distributions of flying and flightless birds and mammals ........c..ccceereveurerreccirerrecnnce 17
Figure 2.3: Superimposed histograms for flying and flightless mammals and birds 18
Figure 2.4: Frequency distributions from Brown (1995).......c.ecceveureeureuneeureureeinerneeeneusesesensesesensessesensessesenens 19
Figure 3.1: Pachyornis elephantopusd Struthio camelus. 41
Figure 3.2: Least Squares regression of Y on X for anseriform body mass and bone measurements-......43
Figure 3.3: Regression of anseriform body mass on femur and tibiotarsus circumference........................ 44,
Figure 3.4: Slopes of OLS anseriform regressions. ... ureeinerreeierneeiseuneeuensessusersessssessessmsessessssessessese 45
Figure 3.5: Regression of anseriform femur and tibiotarsus diameter on body mass.........ccccoeeveeureuevcuenee 46

Figure 3.6: Various estimates of mean and 95% confidence intervals for slope of regression of bone width

O DOAY IMASS..c.ceiuieiiiiiieieiieieiieeitieietseaesseeie sttt it e ssesssstseae s sstassssstassstssassstsssesstsssssstassssstassssstsssssasassssses 46
Figure 3.7: Ratite bone measurements taken ...........coeeueereeurineeineeuerneeueinieieiseeseieeiseesessesssesseessssesesesseseses 47
Figure 3.8: Least Squares regression of known ratite body mass on bone measurements............ccceccucu. 49
Figure 3.9: Least Squares regression line for body mass on Fc for both anseriforms and ratites.............. 50

Figure 3.10: Plot of maximum vs. minimum ratite mid-shaft femur width, with untransformed and

ELANSTOTINIEA VATIADIES c.vvvievevieeitititeeeteteteeeeeesessestestestesessesessesssssostosesssssssssssossossossossosssssssossostossossossssonsonsossososss 51
Figure 3.11: Ratio diagram of ratite limb bone lengths and Widths ........ccccceceueeuveveunerrvernerrvenerccinereccnenens 52
Figure 3.12: Scatterplots of log-transformed ratite leg bone lengths..........ccccccovuiiiniininininininiiiinn, 53

Figure 3.13: Ternary diagram of relative proportion contributed by each ratite leg bone to total leg

length 54

Figure 3.14: Scatterplots of principal components fOr ratites ........c.cooeeceurereurireeuneniueireserersesereiseereeseeisnseenne 55
Figure 3.15: Anseriform phylogenetic tree with branch lengths..........ccccvveiriniriinivieninieninieinns 56
Figure 4.1: Ratite PhYIOZENELIC LIEE ......c.cucveueueieeiiiicieiccieiticiicieiseeie ettt sesesstssaesseasssssssssessesssos 79
Figure 4.2: Avian egg mass as a function of body mass ... 80
Figure 4.3: Ratite egg dimensions, t0 SCALE.......occcrueeireeueiricueiriereinicieieeieieeeiseeae st sseesessesesssstsessssessssaseae 8o

vii



Figure 4.4: Allometric exponents for Aves vs individual avian orders...........c.cccccvcncvcncnienserennenne 81

Figure 4.5: Avian egg mass as a percentage of body mMass.........cccvreviienieinenieineniseesiesesienseserenne 81
Figure 4.6: The multiplier Kw, used by Hoyt (1979) to calculate egg mass...........cccceeurcuvueuvervierrervicnerennnn. 82
Figure 4.7: Regression of ratite egg mass on female body mMass ........cccccveeeveurivieiriviiiriniiirieieiieneiseennes 83
Figure 4.8: Regression of clutch mass on female body mass...........ccuiiiiicicnice 83
Figure 4.9: Clutch mass regressed on female, male, and mean male/female body mass........cccccevevucnnccee 84
Figure 4.10: Eggshell thickness regressed on €8 mass.........cccuuiiiiiniiniiieineiinininiiesssnsassasaesnns 84
Figure 4.11: Shell thickness residuals..........ciiiniii s aes 85
Figure 4.12: Gould’s (1986) hypothesis of Kiwi AWarfing.......ccccceeveurerneirerererererereeevrereeisersensensersensessessersens 86
Figure 5.1: Tree of the Recent paleognaths..........iiiii s 100
Figure 5.2: The fossil record for ratites and related paleognaths..........cccccoviiiiiininciciniiinnnnes 101
Figure 5.3: The timing of Gondwanan breakup..........ccciiiiniiiniiinisiesisiiisiensissssusssssenssas 101
Figure 5.4: Two hypotheses of ratite dispersal and radiation..........c.ccceuuiieieincinninineiiccccicins 102

viii



Acknowledgments

I first and foremost need to thank my patient and encouraging advisor, Louise
Roth, for her support and faith when I was ready to give up on the dissertation
process, and her tolerance for a graduate student writing a paper on the
taxonomy of Big Bird (Grandicrocavis viasesamengigll my committee,
especially Dan McShea, have been more than supportive of my desires to pursue a
non-standard scientific career. The Roth and McShea lab groups in addition acted
as a sounding board for many of the ideas in this dissertation.

It has been said by many that we learn most of what we need in grad school
from our fellow students. Fellow Duke Biology students too numerous to name
have helped, encouraged, and entertained me over the past eight years, suffered
through my presentations, ate my cooking, and listened to me play the ukulele
with a straight face, and I look forward to paying them back tenfold in the years to
come. Neither would I have reached this point without the support and kind
words of Suzanne Kurtzer, Liliana Davalos, Mary Cromer, and Felicity Turner. My
DC friends Mark Mullen and Mary Pickering made it possible for me to spend
substantial amounts of time at the Smithsonian, and my visits to the National
Museum of Natural History would have have been far less productive were it not
for Storrs Olson and Helen James, who stand out among the many generous
curators and collection managers around the world that gave me access to rare
and precious bones.

As well as the financial support of Duke Biology and Duke OIT, I'm grateful to
have been funded by the American Museum of Natural History, the Delaware
Museum of Natural History, the Society for Systematic Biology, and the Vienna
Institute Summer University program, all of which enabled me to traipse through
the bone collections of Europe and Oceania.

As a New Zealander studying flightless birds in a country which has none, 'm
often asked why I came to Duke. The quality of Biology departments like Duke’s is
one of the reasons kiwis are encouraged to leave their homeland for a Ph.D., and
the intellectual environment here is something I'll remember for the rest of my
life. No department, though, however smart its faculty can be truly great without
an all-knowing and sympathetic administrator like Anne Lacey, who makes the
rough way smooth and earns the devotion of hundreds of grad students in the
process.

Without the encouragement of Phil Millener at the Museum of New Zealand I
would never have considered abandoning teaching typography to study flightless
birds, without my father’s shared passion for natural history I would never have
had a childhood dream like this to follow, and without the support of my mother I
would never have been able to finish. I thank them all.

ix



1. le Ratite Birds

The Paleognathae are traditionally defined as the avian group comprising both
ratites and tinamous (Table 1.1). The ratites include all the Recent giant flightless
birds, living and extinct, with two exceptions: Genyornisin the Dromornithidae,
now in the Anseriformes (Murray and Vickers-Rich, 2004), and Silviornisin the
Megapodidae (Poplin and Mourer-Chauviré, 1985), which, along with the
similarly-large Tertiary phorusrhacids (Alvarenga and Héfling, 2003), will not be
examined in detail here. Ratites share a flat, raft-like (L. ratis) sternum, though
this character is associated with flightlessness and not unique to the group. They
share with the chicken-sized flighted tinamous (Tinamidae) a paleognathous
configuration of the palate, in contrast to the neognathous palate of all other
modern birds (or neognaths), to which the paleognaths are the sister group, and
which together comprise the modern birds (Neornithes).

The relationships of the different paleognath families remains unclear.
Traditionally (Brodkorb, 1971) the Tinamidae have been considered the sister
group to all other extant paleognaths, though recent unpublished nuclear DNA
analyses suggest they are in fact nested inside the ratites (J. Harshman, pers.
comm.). The relationships of the ratites also remain controversial, with
morphological and molecular analyses disagreeing, and they will be discussed
further in Chapter 5. The most recent survey of this group considers the single
order Struthioniformes to contain both ratites and tinamous (Davies, 2002), and
thus it should strictly be considered the equivalent of the crown-group
Paleognathae. Various other taxonomic groupings (Dinornithiformes,
encompassing Dinornithidae and Anomalopterygidae, Casuariformes, and
Rheiformes) have been recognized as ratite orders by previous authors, but their
validity is questionable until agreement has been reached on the higher-level
relationships of the ratites; nevertheless, they are useful labels for various ratite
clades and will be used as such in the following text. For the purposes of this
study, a working phylogeny (Figure 1.1) has been compiled from the mtDNA trees
of Haddrath and Baker (2001), Cooper et al (2001), Burbidge et al (2003), and
Baker et al (2005). This may well change with the publication of further nuclear
DNA analysis.

The most distinctive feature of the ratites is their size, and many questions to
do with the ratites hinge on size and scaling. The Elephant Bird Aepyornis despite
being the largest bird known, is only one-twentieth the size of an actual elephant,
even though the mean body size of flightless birds is larger than that of non-flying
mammals (Chapter 2).

Because most ratite species are extinct, any study of scaling in this order
requires us to estimate their body mass from bone measurements, which often
involves extrapolating beyond the masses of living birds. Extinct ratites in
addition show a different morphology from most extant species, so allometric
changes in body proportions have to be distinguished from adaptations to
different locomotory modes (Chapter 3).

As well as exhibiting a variety of different body shapes, ratites vary enormously
in their clutch size. Kiwi (Apteryx) lay a single enormous egg, supposedly a relict
of their giant ancestor. To test the assumption that kiwi eggs are oversized, we
need to examine the scaling of ratite egg size and clutch mass (Chapter 4).
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If kiwi do not descend from a giant ancestor, they could have dispersed to New
Zealand in the Tertiary and later become flightless, as molecular phylogenies
suggest. This is not consistent with the traditional model of ratite evolution,
which relies on a Gondwanan radiation from a single flightless ancestor (Chapter
5).

All these questions rely on different ways of understanding body size, that most
obvious and most profound animal property without which nothing in
evolutionary biology makes sense.



Order Struthioniformes sensu stricto
Family Tinamidae
47 species in 9 genera
Family Rheidae
Rhea americana
Pterocnemia pennata
Family Dromaiidae
Dromaius novaehollandiae
Dromaius ater
Dromaius baudinianus
Family Casuariidae
Casuarius casuarius
Casuarius bennetti
Casuarius papuanus
Casuarius unappendiculatus
Family Anomalopterygidae
Megalapteryxdidinus
Anomalopteryxdidiformis
Emeus crassus
Euryapteryxcurtus
Euryapteryx geranoides
Pachyornis elephantopus
Pachyornis mappini
Pachyornis australis
Family Dinornithidae
Dinornis novaezealandiae
Dinornis robustus
Family Apterygidae
Apteryx mantelli
Apteryx australis
Apteryx owenii
Apteryx haastii
Apteryx rowii
Apteryx sp
Family Struthionidae
Struthio camelus
Family Aepyornithidae
Mullerornis agilis
Aepyornis maximus
Aepyornis hildebrandti

Greater rhea
Lesser (Darwin’s) rhea

Emu
King Island emu
Kangaroo Island emu

Southern cassowary
Bennett’s (dwarf) cassowary
Westerman’s cassowary
One-wattled cassowary

Upland moa

Little bush moa
Eastern moa
Coastal moa
Stout-legged moa
Heavy-footed moa
Mappin’s moa
Crested moa

North Island giant moa
South Island giant moa

North Island brown kiwi
Tokoeka

Little spotted kiwi

Great spotted kiwi

Rowi

undescribed Eastern kiwi

Ostrich
Elephant bird

Elephant bird
Elephant bird

Table ".": The Recent paleognaths. Extinct species denoted .

South America

South America
South America

Australia
Australia
Australia

Australia, New Guinea
New Guinea
New Guinea
New Guinea

New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand

New Zealand
New Zealand

New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand

Africa, Asia
Madagascar

Madagascar
Madagascar



Cooper et al (2001), using 10,767bp
12S, havé&kheaclade as most basal.

Moa radiation from Bake
et al (2005) using 625bp
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Figure
(2001), except where noted.

Casuarius

Dromaius

Apteryx owenii
Apteryx haastii
Apteryx australis
Apteryx mantelli
Apteryx rowii
Aepyornithidae

Struthio
Rhea
Pterocnemia

Megalapteryx
Dinornis
Pachyornis
Anomalopteryx
Euryapteryx
Emeus

Tinamidae

.": Tree of the Recent paleognaths. Structure and relative branch lengths based on Haddrath and Baker



2. Are Birds Small?

Introduction

Birds and mammals are similar in many ways. The two most speciose groups of
terrestrial vertebrates, they are endothermic, found over much the same
geographical range, inhabit many of the same niches, and display sociality and
complex behavior. They differ in one obvious way, however: birds are smaller. This
seems intuitive, and has been tested by the author on several occasions: an
audience of biologists or the general public when polled will invariably conclude
birds are smaller than mammals; when people are asked to nominate random
birds and mammals and compare their sizes, the birds are almost always smaller.
The purpose of this chapter, however, is to test our intuition in this matter.

Table 2.1 shows the largest and smallest mammals, extant and extinct,
additionally separated into those that fly and those that cannot. The largest
terrestrial mammal, Indricotherium, is now most accurately estimated at 11 tons
(Fortelius and Kappelman, 1993). The largest bird, Aepyornis maximusis usually
quoted as being 438 kg (Amadon, 1947), though Worthy and Holdaway (2002)
provide good reasons for believing this to be an overestimate, and prefer a mass of
300 kg or less. Other giant flightless birds, such as Brontornis(Alvarenga and
Hofling, 2003) or Dromornis (Murray and Vickers-Rich, 2004) may have been
larger, but probably did not exceed 400 kg. The largest flying bird, Argentavis
magnibcenghad an estimated mass of about 80 kg (Campbell and Tonni, 1983),
and was certainly no larger than 100 kg.

Maurer et al (2004) concluded in a comparison of a subset of flying and
flightless birds and mammals that the functional effects of flight far outweighed
the effect of phylogeny on body size distributions, and the same effect across all
birds and mammals can be seen in Table 2.1. While the minimum sizes of
endotherms are roughly equal, the maximum sizes vary greatly. The largest
flightless animal was approximately a hundred times the size of the largest flying
one. In contrast, the largest living mammal today is only sixty times the size of the
largest living bird (thirty times, if we take extinct species into account). So
whether an endotherm flies or not seems to be a better predictor of its body size
than whether it is a bird or mammal. It is difficult to think of any other single fact
about an animal that so constrains body mass. (The difference between the largest
aquatic and terrestrial mammals pales in comparison, with the biggest whales
being only ten times the mass of Indricotherium.) Flight is, in addition, a property
not evenly distributed between mammals and birds. Since most birds fly and most
mammals do not, body mass comparisons between random members of each
group are more likely to be recording the effect of flight, not phylogeny. To
correct for this, one should compare the mass of flying mammals with flying
birds, and flightless mammals with flightless birds.

Methods

Flying Mammals

Among mammals, all and only the Chiroptera are capable of powered flight.
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Species that glide or parachute are treated as flightless in this analysis. Jones and
Purvis (1997) were the first to analyze the range of chiropteran masses, using data
from 182 bat species worldwide. Blackburn and Gaston (1998), using the body
masses collected by Silva and Downing (1995), compiled data for 931 bat species
(substituting the mean genus mass where species mass was not known). The data
are summarized in Table 2.2 and graphed in Figure 2.2.1.

Flying Birds

Dunning (1993) compiled body mass data for over 6000 species of birds, about
60% of known species, from 700 sources. Blackburn and Gaston (1994) analyzed
this dataset, testing for and rejecting the possibility it was a unrepresentative
subset of all birds. Dunning’s (1993) dataset included 29 flightless species (Rhea
americang Struthio camelusDromaius novaehollandiagCasuarius casuarius
and two species of ApteryXin the ratites; 15 species of penguin; Anas aucklandica
and 3 species of TachyeresStrigops habroptilusRhynochetus jubaty#tlantisia
rogersiand Gallirallus australis). These were removed from the database and the
mean, median, and mode were recalculated. Removing twenty-nine species from
over 6000 had no discernable effect on the population statistics, even though they
included the largest extant bird species. The distribution is graphed in Figure
2.2.2.

Flightless Mammals

Blackburn and Gaston (1998) summarized body masses for 2741 terrestrial (or, as
they are labeled here for consistency, “flightless”) placental mammal species,
taken from Silva and Downing (1995). They excluded approximately 250 species
of marsupials and monotremes, and also 108 “marine” species. The marine
species were much larger than the terrestrial mammals, with a median body mass
of 197 kg. The category “marine’, however, conflates amphibious species (which
leave the water at least some of the time, usually to breed) and truly aquatic
species. Amphibious mammals such as pinnipeds are much smaller than truly
aquatic mammals (whales and sirenians)—the latter are fully supported by water
and have less physical constraints on maximum body mass than terrestrial
species. There are no truly aquatic birds by this definition, but because
amphibious birds such as penguins were included in the flightless bird statistics,
the 27 species of pinnipeds excluded by Blackburn and Gaston (1998) were added
back into their dataset, although this has no discernable effect on geometric
mean, median, or mode.

Flightless birds

Flightless birds are considered to be those not capable of powered flight from the
ground, the same definition used for mammals above; this includes a few species
that can glide from trees, like kakapo (Strigops habroptilus From a survey of the
primary literature over the last three years I have compiled a database of 182
Quaternary flightless bird species (which will be made available online at http:/
/www.giantflightlessbirds.com/research). This comprises 62 extant species (33 of
which Dunning (1993) had known body weights for) and 120 which became
extinct in the Recent due to human impact; the rationale for including these is
given below. In the cases where weights were not known, I used the weights of

6



congenerics of similar body lengths, most taken from Taylor (1998), or used an
average of the published body masses of congenerics (del Hoyo et al., 1992), as did
Blackburn and Gaston (1994). Since flightlessness is often, but not always,
associated with an increase in mass, even when overall body length does not
change, some of these estimated weights are underestimates. In cases where
flightless species were substantially larger than their living relatives, body weight
was instead estimated from regressions of various bone measurements on the
weight of extant birds (Campbell and Marcus, 1992). The results for the dataset of
flightless birds, with and without recently extinct species included, are
summarized at the end of Table 2.2.

Extinct species

While larger species than those listed in Table 2.2 have undeniably existed in the
past, in most cases including Indricotherium or other fossil species in the dataset
is not justified. One reason is the incompleteness of the fossil record and its bias
towards the preservation of large organisms, further distorting any differences in
the size distribution birds and mammals by excluding the smaller members of
each group. In addition, it is not a trivial matter to estimate the mass of extinct
animals that are much larger than any of their distantly-related living relatives, as
Fortelius and Kappelman (1993) found.

One possible exception to these caveats is the human-caused Quaternary
extinction. Blackburn and Gaston (1994) noted that over 100 bird species have
become extinct since 1600, and speculated on the effect of including them. In
fact, the year 1600 is an arbitrary dividing line, since the bulk of human-caused
extinction happened in the preceding several thousand years. If it were not for
very recent human impact, these species would still be extant and part of our
comparison; excluding them might bias the dataset, particularly since human-
caused extinction disproportionately affects large and flightless species. Thanks to
the a Quaternary subfossil record from caves, sand dunes, and swamps we have a
relatively complete picture of how many species have been recently driven
extinct, and in most cases they are both closely related to living species and not
dramatically different in size from them.

What effect does including these extinctions have? There have been negligible
extinctions of flying mammals and flying birds during the Quaternary—although
a number of species disappeared, particularly small passerines on Pacific islands,
they represent a very small proportion of those that remain. The human-caused
extinctions of flightless mammals would seem intuitively to have a greater effect
on the database, biased as they were towards the very largest species, but because
the vast majority of mammals are very small our intuition may be wrong. In fact,
Brown and Nicoletto (1991) allowed for Quaternary extinction in their study of
body sizes of North American mammals, and found that the mode and shape of
the distribution was much the same whether they were included or excluded.

Unlike the other three groups, however, flightless birds are extremely
vulnerable to extinction, and indeed the majority (120 of 183) of known
Quaternary species are extinct. In none of the other three groups is the effect of
human-caused extinction so substantial, so the data for flightless birds were
supplemented with estimated body masses for the 120 extinct species, calculated
in the same way as for those extant birds of unknown weight.
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Steadman (1995) claims that the total number of avian Quaternary extinctions
is even larger, possibly in the thousands, based of extrapolations from Pacific
islands that have been excavated by paleontologists to those that have not,
thought his has been contested (Pimm et al., 1994). Until some consensus is
reached, these species remain hypothetical, and I have refrained from including
them in my dataset. Most are thought to be endemic flightless Pacific Rallidae; the
mean weight of living flightless Pacific rail species (448 g), calculated from my
database, would become the new mode of the distribution if even a small
proportion of these species is eventually discovered and described.

Results

The data are summarized in Table 2.2. In the three largest datasets, body size
distributions are very right-skewed, even on a log axis, as previously noted by
Blackburn and Gaston (1994, 1998). As with most small samples of animal body
masses (Kozlowski and Gawelczyk, 2002), the log-transformed distribution for
flightless birds was not right-skewed. This skewness may be caused by increasing
speciation of small species, increased extinction of large ones, and a minimum
size threshold, but although central to any further biological interpretation its
causes are not relevant to a comparison of the size ranges.

When deciding whether one group of organisms is bigger than another, we are
comparing two distributions of body masses. If the body masses are normally
distributed, mean, median, and mode will be essentially interchangable, and
differences are usually expressed as a difference of means. One consequence,
however, of the rightward skew we commonly see on body weight distributions is
a very different value for mean, median, and mode. The geometric mean,
calculated from the log-transformed data, can be very different from the
arithmetic mean, which is the statistic least responsive to the most common body
weights and most affected by outliers at the far right tail of the distribution. A
single very large individual, even when its weight is log-transformed, can cause a
substantial shift in the mean without affecting the median or mode at all. When
comparing two groups of animals to answer the question “which is bigger?’, we
are interested in comparing the cluster representing the most frequently-
observed body masses, or the midpoint of the distribution, and so if the
distribution is strongly right-skewed the mode or perhaps the median are the
most meaningful statistics.

As can be seen from Figure 2.3, the modal body mass of flightless birds is
greater than that of flightless mammals, and that of flying birds greater than that
of flying mammals. Thus, when the effects of flight are taken in account (as they
should be), birds are not small. In fact they are, if anything, larger than mammals.

Discussion

The idea that birds might be larger than mammals is counterintuitive. What

might cause this mismatch between our intuition and the distributions we see

when large body mass datasets are compared? One difference is in the visibility of

each group. The commonest birds are small, diurnal species, whereas most small

mammals are nocturnal, so the ‘typical’ mammals we encounter tend to be large

diurnal species. We ourselves are an atypically large diurnal mammal, which may
8



bias our ideas of modal mammal size. Finally, the largest birds are flightless, and
most of these are either recently extinct, endangered, or living on oceanic islands
far away from most human populations. Together these facts may explain why our
intuition in this case is unreliable.

What are the consequences of this new picture of bird and mammal body
masses? Studies that compare ‘birds’ and ‘mammals’ and generalize about
differences between them are almost certainly conflating flying and flightless
animals, and any phylogenetic effect observed may be swamped by the
physiological and biomechanical constraints on flight. They may be comparing
apples and oranges. For example, Brown, Marquet, and Taper (1993) compared
the body mass distributions of North American birds and mammals (Figure 2.4,
taken from Brown (1995), p 78). Their findings seem to clearly show a modal size
for mammals greater than that of birds, but they explicitly stated they included
only ‘terrestrial’ (flightless) mammals in their comparison. Since their are no
flightless birds in North America, the comparison becomes one of flightless
mammals vs. flying birds, and the flying/flightless difference may well account for
all the differences in size observed.

As well as its relevance for studies that compare the body masses of different
endotherms, reconfiguring traditional categories in this way can give rise to
potentially fruitful questions. For example, bats reach a maximum size of only 1.2
kg (Acerodon jubatus Why are there no bats as big as a large duck, let alone a
swan?

Approximately 1% of all bird species are secondarily flightless, but there are no
secondarily flightless mammals at all, whether descended from bats or the many
other gliding and parachuting lineages. Why are their no flightless bats, when loss
of flight has occurred dozens or hundreds of times in birds?

Aquatic mammals can reach great sizes, but their are no truly aquatic birds,
presumably because, not being viviparous, they must still come ashore to breed.
Why are their no aquatic viviparous birds (Blackburn and Evans, 1986)?

Finally, it can be seen from Figures 2.2.3 and 2.2.4 that while flightless birds are
larger than flightless mammals, the largest mammals are much larger than the
largest birds. Elephant birds reached the size of cows, but were never as large as
elephants. There are several possible explanations, including the limiting effect of
island size on body size (Burness et al., 2001), but the question remains: why
aren’t birds bigger?



Approx. # species Smallest Largest (extant) Largest (extinct)

Flying mammals 1000 2g 1.2 kg —
Flying birds 9600 2g 16 kg 100 kg
Flightless mammals 4500 2g 6,000 kg 11,000 kg
Flightless birds 62 208 100 kg 400 kg

Table #." : Estimated extant species numbers and size ranges for birds and mammals. ‘Flightless’ includes only
terrestrial species.

1kg 10 100 1000 10,000 kg

Largest lying bird

e

Largest
lying
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Figure #." : Body mass ranges (including extinct species) of flying and flightless birds and mammals. Flight
constrains body size to a greater extent than phylogeny.



n
Flying Mammals 931
Flying Birds 6180
Flightless Mammals 2768
Flightless Birds (extant) 62
Flightless Birds (+ extinct) 182

Arith. Mean (g)

54
302
13,730
7,520

13,600

Geom. Mean

1,757
1,689

Median

2,398

1,513

Table #.#: Body masses of birds and mammals, taken from Dunning (1993) and Silva & Downing (1995) by
Backburn & Gaston (1994, 1998). Flightless birds compiled as described in text, with some weights from

Dunning (1993).

Figure 1: Flying Mammals
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Figure 3: Flightless Mammals
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Figure 2: Flying Birds
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Figure 4: Flightless Birds
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Figure ##: 1—4: Frequency distributions of flying and flightless birds and mammals. The x axis is shared, but
the y axis is scaled to allow comparison between distributions (see also next figure).

11




400 1 Flying Mammals
300 Flying Birds
200 -
100 -
0

<05 05 1 15 2 25 3 35 4

700 1 Flightless Mammals

600 -

500 -
Flightless Birds
400 -
300 -
200 -

100 -

<05 05 1 1.5 2 25 3 35 4 45 5 55 6

Figure #.$: Superimposed histograms for flying and flightless mammals and birds. The Y-axis refers to
mammalian data; avian data is scaled to a similar height to help comparison of distributions; see Figure 2.2 for
other axes.
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3. Reconstructing Extinct Bird Mass

Introduction

The relationship between body proportions and body size in birds can be
approached in two ways. The first is through classical allometry (Calder, 1984;
Schmidt-Nielsen, 1984), where changes in proportion with increasing size can be
at least partly attributed to physical constraints, for example with the ratio of egg
volume to shell thickness (Rahn and Paganelli, 1989a), and where residuals can
identify cases in need of further explanation, such as the disproportionately large
and thin-shelled eggs of Apteryx (Gould, 1986). In these studies, bone or egg
measurements are usually regressed on body mass. Though this relationship is
usually exponential (depending on dimensionality), if the logarithm of both
independent and dependent variables is taken the relationship can be plotted as a
straight line, the slope of which is the scaling exponent.

The most widely-used size variable in avian allometry is body mass. Where this
is not known, for example with extinct taxa such as Dinornis or Aepyornis
allometric relationships can be used in a different way; bone or egg dimensions
can be taken to be independent variables and body mass predicted from them.
Although estimates of body mass obtained this way will not be precise, they have
many uses; for example, in the reconstruction of vanished ecological guilds
(Atkinson and Millener, 1991), in reconstructing the effect of insularity on body
size (Burness et al., 2001), and even in modeling the speed of extinction through
human hunting (Anderson, 1989; Holdaway and Jacomb, 2000). Both allometry
and body mass prediction will be discussed in this chapter.

Amadon (1947) made the first attempt to calculate the size of the largest ratite,
the extinct elephant bird of Madagascar (Aepyornis maximug His mass estimates
were generated by assuming that body proportions remained constant with
increasing size in the ratites, and by extrapolating from the body length and
femur diameter of a Cassowary (Casuariusunappendiculatug of approximately-
known body mass. Using this method his mass estimate for Dinornis maximus
(now D. robustu$ was 230 kg, for D. giganteugnow D. novaezealandigewas 242
kg, and for A. maximuswas 438 kg. This latter figure, or variants such as 457 kg
or 454 kg (1000 Ib), have been subsequently quoted for fifty years as the
maximum size ever attained by a bird (in, for example, Calder, 1984; Schmidt-
Nielsen, 1984; Feduccia, 1999; Alvarenga and Hofling, 2003).

How much confidence should we place in this figure? Amadon (1947) admitted
his ratite body mass figures were anecdotal, reported usually for a single
individual, and in no case was the live body mass known for the skeletal
specimens he examined. Measurements for extinct ratites were mostly taken from
the literature, not specimens he had examined himself. One consequence of this,
as Worthy and Holdaway (2002) pointed out, is that he miscalculated the cross-
sectional area of the A. maximusfemur—the figure published in Monnier (1913) is
for the maximum width of an asymmetrical shaft which Amadon assumed to be
circular, and his mass estimate for Aepyornisis therefore a considerable
overestimate. Worthy and Holdaway recalculated Amadon’s estimate with a more
accurate measurement of femur shaft area and arrived at a mass of only 310 kg.
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Another problem with Amadon’s method is that it is very dependent on
assumptions about scaling exponents. Amadon assumes that ratite body lengths
scale geometrically; that is, that relative proportions remain the same with
increasing body mass. Under geometric similarity, as size increases bone lengths
remain proportional to (body mass)®** and bone areas to (body mass)*®’.
Geometric similarity seems to be the exception in animal scaling, though. A later
model, elastic similarity (McMahon, 1973), has bone lengths scaling against body
mass with an exponent of only 0.25, while cross-sectional areas scale with an
exponent of 0.75, so limbs become thicker and shorter with increasing size.
Amadon, though, assumes that cross-sectional femur area is directly proportional
to body mass; that is, it scales with an exponent of 1. Thus if elastic similarity is in
effect his calculations based on femur area will overestimate body mass, and those
based on body length will underestimate it.

Attempts to estimate body mass in general are very dependent on the scaling
exponent of the chosen model. Previous attempts to estimate avian body mass
from bone dimensions have followed a consistant pattern in trying to derive a
more reliable scaling exponent. Typically, a single bone measurement, such as
midshaft femur circumference (Anderson et al., 1985) or tibiotarsus
circumference (Campbell and Tonni, 1983) is taken from a wide range of skeletal
specimens from individuals of known body mass. It is important to note that the
species chosen can range from hummingbirds to ostriches (Campbell and
Marcus, 1992), and because they encompass so many disparate taxonomic groups
and body plans these data sets typically show a wide variety of observed body
masses for any given bone measurement.

Much of the research on avian allometry is concerned with determining “the”
proposed scaling model to which birds conform (Maloiy et al., 1979; Alexander,
1983a; Olmos et al., 1996; Cubo and Casinos, 1997). Although most estimates of
the scaling exponent are closer to to elastic than geometric similarity, there is
little agreement between them. In almost all previous studies the resulting
exponent estimates have wide confidence intervals (see figure 3.6), in some cases
compatible with either scaling model. Problems with these studies include small
sample sizes (Maloiy et al., 1979; Alexander, 1983a), sample sizes inflated by using
multiple individuals of the same species (Olmos et al., 1996), and body mass
estimates for large or extinct birds that are either imprecise (Alexander, 1983a),
estimated using the same bone dimension they were later plotted against (Cubo
and Casinos, 1997), or simply unavailable (Olmos et al., 1996). The scaling
exponents obtained may better reflect the particular subgroup of birds examined,
whether moa (Alexander, 1983a), terrestrial birds (Maloiy et al., 1979), flightless
birds (Cubo and Casinos, 1997), or flying birds (Olmos et al., 1996), suggesting
that an analysis using independent contrasts to correct for phylogenetic effects
(Harvey and Pagel, 1991) may be required.

Studies of the allometry of the largest flightless birds, with the exception of
Alexander (1983b; 1983a), have been based almost entirely on extant species. Even
data for living species of ratites has been difficult to obtain; Campbell and Marcus
(1992) examined allometric relationships between limb bone dimensions and
body weight across all avian species, but acknowledge their work was hampered
by a lack of data from ratites. Since the largest extinct birds were perhaps an order
of magnitude heavier than most living ratites, estimating their body mass requires
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extrapolation beyond the range of data used to construct a scaling model, which
introduces further uncertainty (Smith, 1980).

One allometric trend in ratites, first observed by Alexander (1983b), is the
difference between the slender bones of cursorial species such as Struthio and the
stouter skeletons of presumably graviportal ratites such as PachyornigAlexander,
1985), as seen in Figure 3.1. Although these birds have remarkably different
skeletons, Alexander (1983a) noted that ostrich legs were in fact slightly more
robust than scaling equations would predict, and although they have relatively
long tarsometatarsi, their sagittal tibiotarsus diameter was greater than expected
(Alexander, 1985). Alexander (1983b) claimed the very high safety factors
measured in the femur of Pachyorniswere the result of their not needing undue
speed or agility, there being no predators in New Zealand to avoid (although this
is not strictly correct, as moa were preyed upon by the giant eagle Hieraaetus
moorej.

A complicating factor is that Pachyornisactual body mass was perhaps twice
that of Alexander’s (1983b; 1983a) estimate (Worthy and Holdaway, 2002),
probably because of the small sample size and various approximate measures,
based on volumes of reconstructed models, used in Alexander’s calculations.
Alexander (1983b) in addition took all his Struthio measurements from a single
unusually small (42 kg) specimen, less than half normal adult weight. This makes
most of his conclusions moot.

A different approach to ratite allometry might be to examine proportional
changes within and between limb elements, independent of estimated or
measured body mass. This was attempted initially in Amadon’s (1947) ratio
diagrams, and to some extent in Olmos et al (1996), who included three ratites in
their sample of 58 avian species. No study has examined bones from all living and
extinct ratites.

Methods

One problem with models of avian scaling that sample from all possible species of
birds is that scaling coefficients and exponents may be consistently different for
individual avian orders compared with those of birds as a whole—this is the
difference between the within-taxa and across-taxa slopes highlighted by Harvey
and Pagel (1991, pp. 186—189). The significance of this problem could be assessed
by creating allometric models for each avian order of interest and comparing
them to an all-bird model. This creates its own problems when body mass is one
of the variables under examination, because few museum collections have a large
number of specimens of a single avian order for which body mass was recorded at
time of acquisition, and this is especially true for ratites.

For this reason it was decided to create an initial allometric model sampling
from the Anseriformes, and in practice from their dominant family, the Anatidae
(the ducks and geese). The same process could then be repeated using ratites, and
the models compared with each other and with birds as a whole. (Further analyses
using independent contrasts are planned but are not included in this study.) The
anseriforms are amenable to such an analysis for several reasons: as the group
includes game birds and species of economic importance, complete specimens
are well represented in museums; weight and condition of specimens is often
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recorded; and their body masses range over nearly two orders of magnitude,
almost exactly the same range as the ratite birds, and include some of the heaviest
flying birds. Being primarily aquatic birds, though, we should expect that their
pectoral limbs will not scale in exactly the same way as those of terrestrial birds
like the ratites; if they are less robust, we would predict a greater y-intercept
(body mass) for a given bone measurement than in ratites.

Anseriform data were collected at the Smithsonian National Museum of
Natural History (NMNH), the American Museum of Natural History (AMNH), and
the Delaware Museum of Natural History (DMNH). The species sampled were all
from Anatidae (ducks, swans, and geese) and Dendrocygnidae (whistling-ducks),
as specimens with known body masses from the three species of Anhimidae and
single species of Anseranatidae were not available. Associated limb bone
measurements were taken from 188 adult individuals of recorded body masses,
from 22 genera and 56 species; Anseriformes contains 48 genera and 161 species
(Proctor and Lynch, 1993). Body masses of individuals ranged from 280-10,000 g;
the species means used in the analysis ranged from 302-7,898 g. Where available,
the sex of the individual was recorded, as sexual dimorphism can be significant in
the Anseriformes, and where multiple individuals were available an equal number
of females and males were sampled. Whether the specimen was wild-caught or
captive bred was noted, as was body fat condition (stored body fat can cause
significant weight fluctuations as it is consumed during migration).

The following measurements were taken, chosen both for their potential for
reflecting body weight and because they had been used singly in previous studies.
Both diameters and circumferences were measured for femur and tibotarsus so
their accuracy could be compared; while circumference is the most frequently
used measure in other studies, it is time-consuming to measure and prone to
error. Minimum shaft width can be discovered by rotating the femur or
tibiotarsus in the calipers, but the craniocaudal flattening of the tibiotarsus meant
that the minimum diameter was in the sagittal plane distal to the midshaft.
Synsacrum length (Earls, 2000) included all fused vertebrae, although fusion was
incomplete in some individuals, and in others partially-fused vertebrae had been
removed during preparation.

Measurement Used previously by

Femur mimimum shaft circumference Anderson et al. (1985), Campbell & Marcus (1992)
Femur diameter (midshaft min.)

Tibiotarsus minimum shaft circumference Campbell & Tonni (1983), Campbell & Marcus (1992)
Tibiotarsus diameter (midshaft min.)

Tarsometatarsus diameter (sagittal min.)

Synsacrum (pelvis) length Earls (2000)

Table 3.4 lists the ratite species included in this analysis. Ratite data were
collected at the Smithsonian National Museum of Natural History, the
Naturhistorisches Museum Wien, the Museum of New Zealand Te Papa, the
Canterbury Museum (Christchurch, New Zealand), the Australian Museum
(Sydney), the Muséum National d’Histoire Naturelle (Paris), the Natural History
Museum (London and Tring), and the San Diego Natural History Museum. With
extant ratites, measurements were taken from associated skeletons, but this was
not possible in most cases with extinct species, for which measurements from
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varying numbers of leg bones were averaged to arrive at a species mean. Eight of
the thirteen species of living ratites were sampled; only one of the five living
species of kiwi (Apteryx mantell) was measured, but all five are similar in size and
proportions. Aepyornisskeletons were labelled under a variety of dubiously valid
names; for the purposes of this study they were lumped into large (A. maximug
and middle-sized (A. hildebrandti) species, as per the suggestion of Trevor
Worthy that there were only two Aepyornisspecies (pers. comm.). At the time
data were collected, the genus Dinornis consisted of three species (D. giganteus
D. novaezealandigeand D. struthoide$ separated by size. These have since been
synonymized into two sexually-dimorphic species (D. robustusand D.
novaezealandiagSouth Island and North Island species respectively). Since all
Dinornis data were taken from South Island collections, these now refer to D.
robustus and the species mean measurements used in this analysis would be
typical for a small female. Of the extinct ratites, other than D. novaezealandiae
only the extinct Kangaroo Island Emu (Dromaius baudinianug was not able to be
measured. From two to eight specimens of most species were measured.

Because in almost no case was the individual body mass for a museum ratite
specimen known, body mass data was taken largely from Davies (2002); Apteryx
mantelli body mass is from Worthy and Holdaway (2002, p. 219). Where species
were sexually dimorphic, male and female body masses were averaged; the result
in some cases is a body mass between the normal range for male and female,
which should be taken into account when estimating body masses for extinct
species (see also the male and female mass estimates in Chapter 4, Table 4.2).

Thirty different measurements of limb bones were made (see Figure 3.7). The
minimum bone thicknesses F2, TT2, and TMT2 correspond to the bone diameters
measured in Anseriforms in Table 3.1. Midshaft femur circumferences were
calculated by taking the mean of minimum and maximum mid-shaft diameter (2
and F3), assuming shaft had an elliptical cross-section. The same was done for
tibiotarsus, using shaft diameters TT2 and TT3. The pelvis is not known from
several species of extinct ratites, so the synsacrum length was not measured. The
additional bone measurements were made to examine scaling and shape change
with size increase, in particular the cursorial/graviportal distinction noted above.
Measurements were chosen to be as geometrically independent from each other
and as orthogonal as possible, and to capture shape change in features such as the
large and small cnemial crests on the tibiotarsus, the width and angle of joint
articulations, and the robustness of the femoral ball and neck, the latter
supposedly a good predictor of body mass (K. Campbell pers. comm.).

All measurements were plotted individually against known body mass, both
untransformed and then with one and both axes log transformed when it was
determined necessary to introduce linearity (Smith, 1980). Residual analysis
confirmed a lack of skew in the data when both dependent and independent
variables were log-transformed.

For anseriform and ratites bone measurements were regressed against each
other and against known body masses. It is widely recognized that the type of
regression chosen can have a major effect on the resulting allometric model
(Harvey and Pagel, 1991, pp. 179—183; Rayner, 1985). Least Squares (or Model I)
regression has been used by most previous allometric studies, and assumes no
error in the independent variable. Major Axis regression and the related Reduced
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Major Axis models assume error in both dependent and independent variables,
which would seem more realistic, but the differences in practice between these
models and Ls are generally minimal when R? is very high. Campbell and Marcus
(1992) in practice found little difference between RMA and MA models with their
all-bird dataset, so they chose to compare only Ls and RMA. In the biological
literature it is sometimes stated that although a Ls model is far more commonly
used, MA is preferable (Harvey and Pagel, 1991, pp. 186—189) especially when x-
value extrapolations are made beyond the range of the dataset (Rayner, 1985).
Smith (1994) points a number of flaws in the arguments for and against each
model, as in most cases the actual ratio of the error in variables is unknown, and
with highly-correlated biological variables there is little practical difference
between the models. In this study, in fact, there is reason to believe that the
variances of X and Yy are not the same; X was directly measured by a single
observer from bones using a consistent technique, while body masses were
measured by many different collectors, sometimes converted from round
Imperial values to metric. Least Squares is also more appropriate when the
purpose of the model is prediction, because the value for the independent
variable might be hypothetical, in which case only variation in the y-axis (the
mass estimate) is of interest. Thus a Ls model was been used throughout. This
allowed for direct comparisons with previous studies, and cases where Ls and
RMA models differed significantly are noted.

Another way to assess the value of a regression model is to calculate the
percentage prediction error (%PE), the mean absolute value of the precentage
difference between each predicted and actual value (Smith, 1984). It can also be
thought of as the mean magnitude of residuals expressed as a percentage of the
observed value. Calculating %PE allowed for direct comparisons between
previously-published body mass prediction models and the ones created in this
study, even if the older models were not published with standard errors or
confidence intervals (which is usually the case).

Multiple regression of both anseriform and ratite bone measurements were
performed, as well as stepwise regression of a very few relatively-independent
measurements to test whether these significantly increased the accuracy of
allometric models. The sample size was too small in each case for many variables
to be combined without the possibility of over-fitting (Smith, 2002).

Species mean data are summarized in Tables 3.1 and 3.4. All raw data will be
made available at http://www.giantflightlessbirds.com/research.

Results

Anseriformes
A scatterplot correlation matrix (Figure 3.2) showed a high association between
all variables, with R>0.91 in all cases. The strongest association (R>0.99) was
unsurprisingly between the circumference and diameter of the tibiotarsus (these
were measured independently, not calculated as in the case of ratites), though the
same was not true for the less-consistently symmetrical femur. Bone-to-bone
associations (except when synsacrum length was one of the variables) were
generally stronger than bone-to-body-mass associations, although this is also to
be expected—the association between bone dimensions and the cube root of
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body mass would be more comparable.

Table 3.2 summarizes the parameters of the regression of anseriform body mass
on bone measurements, corresponding to the top row of Figure 3.2. R? values
ranged from 0.84 (synsacrum) to 0.896 (femur circumference), and mean
percentage prediction error from 24% to 18.7%. Femur circumference proved the
best single predictor of body mass, closely followed by tarsometatarsus diameter.
Both were superior to tibiotarsus circumference, the variable used by Campbell
and Marcus (1992); although R” values were slightly lower in this study, the mean
percentage prediction error was superior, even when compared with a regression
model created by Campbell and Marcus for just the 40 species of Anatidae in
their data set.

The best fit (R* = 0.91, Sxy=0.097) was achieved with a multivariate model using
all six variables. Although this is not unexpected, it is important to note that not
all parameters contributed equally; in particular, all but tibiotarsus diameter and
circumference did not reach a level of statistical significance, and these two
variables are strongly correlated. Nevertheless, even with all six variables in use,
the multivariate regression model showed a lower R? than some other published
models based on a single variable, such as Campbell and Tonni (1983: fig. 2),
whose regression of body mass on tibiotarsus circumference had an R? of 0.972.
However, their dataset ranged from hummingbirds to ostriches, and in such cases
the extreme range of the independent variable alone can create a high correlation
coefficient. If the aim is to predict a feature such as body weight, the size of the
residuals—the amount of scatter about the regression line—becomes more
important than a very large number of samples or a very high R* (Smith, 1980). As
can be seen from the %PE values, the residuals at a given weight in the all-bird
model are much greater than those of the anatid model.

With a sample of only 55 species, there is little justification for using all six
parameters in a regression equation. Although it requires caution when small
sample sizes are involved (Smith, 2002), stepwise regression can determine the
minimum number of parameters likely to create a significantly better fit than any
one alone by testing different combinations of the six (with the restriction that
both the diameter and circumference of the same bone not be used in the same
model, as they fail to satisfy any reasonable criteria of independence, even given
the highly correlated nature of most of the other bone measurements). Femur
circumference combined with tarsometatarsus diameter (in the equation

log,0MASS = 0.77 + 0.67 - 10g,(TMT + 1.56 - log;FC

produced a model almost identical to one that used all parameters (R* = 0.90,
Sxy=0.101), with a %PE of 17.7%, only slightly better than using femur
circumference alone (see Table 3.2) but superior to previous attempts to estimate
anseriform mass (Table 3.3).

This model has immediate applicability in estimating the masses of extinct
anseriforms. For example, Cnemiornis calcitransa very large extinct flightless
goose from the South Island of New Zealand is known from multiple well-
preserved bones. Worthy and Holdaway (2002, p. 235) estimate its mass as 17.5 kg,
with a 95% confidence interval of 8.6—26.7 kg, or approximately 50% variation
about the mean, citing Campbell and Tonni (1983). (Campbell and Tonni use
tibiotarsus diameter as their independent variable, however; Worthy and
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Holdaway give femur diameters as their measurement, so it is unclear from which
model their mass estimate derives.) With measurements taken from specimen
F10884 in the Museum of New Zealand, a femur circumference of 67.5 mm gives a
substantially-larger estimated body mass of 25.1 kg, with 95% CI of 18.6—33.9 kg
(half the range of Worthy and Holdaway). Since many extinct birds are known
only from fragmentary skeletons, a mass prediction model that does not rely on
many bone measurements is useful, especially since the femur and tibiotarsus are
robust and usually well-preserved.

Regressing femur and tibiotarsus diameters on body mass also enabled
comparison with previous attempts to determine the type of scaling exponent to
which avian bones conform (Figure 3.5). As can be seen from Figure 3.6, the
anseriform femur scales against body mass with an exponent consistent with
either elastic or geometric similarity, while the tibiotarsus, unlike previous groups
studied, scales at a higher rate, increasing in robustness with increasing body
mass faster than the femur does. This can also be seen in Figure 3.4, where the
shallower slopes of the tibiotarsus indicate a more robust bone for a given weight
than we would expect. This unusual pattern probably reflects morphological
peculiarities of the anseriforms, such as the posterior placement of the pelvic limb
as an adaptation for swimming. It also suggests that scaling exponents are likely
to vary from group to group, or morphotype to morphotype, and sampling from
many disparate avian groups is likely to lead to wide confidence intervals
compatible with either elastic or geometric similarity.

Ratites

Femur and tibiotarsus circumference have both been used in the past to estimate
ratite body mass (Alexander, 1983a; Atkinson and Greenwood, 1989; Worthy and
Holdaway, 2002). Although in anseriforms tarsal diameter is equal to or better
than tibiotarsus measurements as a predictor, the shape and size of the
tarsometatarsus in ratites varies significantly in ways not associated with size (see
next section), and so was excluded as a potential predictor. The regression of body
mass on both femur and tibiotarsus circumference (Figure 3.8) gives strongly
linear relationships with a high R? (>0.96).

There are several potential problems with simply using one of these equations
to estimate the body mass of extinct ratites, however. The body masses used were
not those of individual specimens of known weight (as was done with
anseriforms). The use of published species mean masses, no matter how accurate
the source, introduces an unknown amount of error into any calculations, as does
taking the mean of male and female body mass in what are often sexually-
dimorphic species. Most published body masses (Davies, 2002) are taken from
wild specimens, while many museum collections are based on individuals which
died in captivity, and which may not have had a species-typical mass.

The sample size is also necessarily small. There are thirteen species of extant
ratite, and for some of these skeletal specimens or reliable body masses are not
readily available. This is to some extent unavoidable; the alternative is to use a
prediction model derived from a sample of many different types of birds
(Campbell and Marcus, 1992), of which ratites are likely to be atypical members,
thus giving mass estimates which we have a priori reasons to doubt.

In addition, the inclusion of ApteryXin the ratite dataset is likely to have a
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pronounced effect on any prediction equation. Kiwi body mass is an order of
magnitude less than that of other ratites, and thus exerts a disproportionate effect
on the slope of the regression line and the value of R?, simply by extending the
range of the each variable. If their body proportions scale differently from other
ratites they may add bias to any mass estimates. Indeed, when kiwi are excluded
from the dataset, R? declines notably, and the slope of each regression line
changes significantly (see Figure 3.8 and Table 3.5). The slopes do not change in
consistent directions, either—kiwi would seem to have a thinner tibiotarsus and
more robust femur for their body mass than one would predict, judging by lines
of best fit alone. These differences become especially pronounced when
extrapolating body mass beyond the range sampled. When kiwi are excluded, the
slope and intercept for the regression of mass on femur circumference (2.46, —
0.20) are very similar to the Ls femur circumference model derived by Campbell
and Marcus (1992) for all birds (2.411, —0.065: see Figure 3.9). As predicted,
anseriforms show a less robust femur for a given body mass than both the all-bird
Campbell and Marcus model and the ratite model, whether kiwi are excluded or
not (Figure 3.9)

Table 3.6 gives estimates of ratite body mass using a Ls model based on femur
circumference with kiwi included. The standard error of the estimate increases
significantly when extrapolating beyond the range of the dataset, so the 95%
confidence interval of the mass estimate for Aepyornis maximuss 285 kg — 2310
kg, compatible with previous estimates (Amadon, 1947; Worthy and Holdaway,
2002) but largely determined by the slope of the regression line, which in turn is
affected by the exclusion or inclusion of kiwi data. Excluding kiwi may produce an
estimate of the mean closer to the true value, but the increase in the standard
error (Table 3.5) is so great, extending the confidence intervals until that they
encompass a mass of o g, that this of little use for estimating body mass of
Aepyornis maximus

Previous attempts to estimate ratite mass have often used several different
regression equations and averaged the results (Amadon, 1947; Worthy and
Holdaway, 2002). This is the equivalent of constructing a multiple regression
model with the assumption that all parameters contribute equally (Smith, 2002).
A true multiple regression using both tibiotarsus and femur circumferences (kiwi
data included) gives the equation:

logioMASS = 1.31-10g,0TTC + 1.5 - log,cFC — 0.825 (R* = 0.977, Sxy=0.087)
And with kiwi excluded,
logi1oMASS = 1.33 - 10g;0TTC + 1.57 - logioFC — 1.01  (R® = 0.91, Sxy=0.096)

Using more than two parameters is not justified with such a small sample size.
The model including kiwi is probably best used when calculating masses within
the range of extant ratites; the effect on the standard error of reducing the sample
size is more significant than the change in mean value. Extrapolation beyond the
dataset is not improved through a multiple regression model; an estimate of the
body mass of Aepyornis maximushas confidence intervals even larger than that
observed with the Fc model above, a far cry from the false precision of Amadon’s
(1947) 438 kg.
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Ratite Allometry

Studying changes in shape and proportions associated with bone size increase
allow us to determine if unusual features of particular ratite species demand
explanations in themselves. For example, Worthy and Holdaway (2002, pp. 152)
suggest that the femur shaft in Aepyornis but not Mullerornis, is
disproportionately asymmetrical, because the unusually wide pelvis in this genus
necessitate “unusual thickening” of the femur to cope with the rotational stresses
involved, and hence femur circumference will overestimate body mass.

If femur midshaft thicknesses (F2 and F3) are plotted against each other (Figure
3.10), Aepyornisdoes seem to possess an unusually wide femur. But if a standard
allometric regression is performed with log-transformed variables, it can be seen
that Aepyornisfemoral dimensions are in fact typical for ratites, consistent with
Mullerornis, and require no explanation beyond the causes of differential scaling
in ratites as a whole.

To better discern the effects of size on shape, a ratio diagram of all ratites,
extant and extinct, was constructed (Figure 3.11). First applied to ratites by
Amadon (1947), a ratio diagram scales log-transformed measurements against a
single member of the group chosen as the baseline. In this case Casuarius
casuariuswas chosen, it being a mid-sized ratite with a body plan intermediate
between the most gracile and most robust members of the group. Bone length
ratios fall into roughly two groups, corresponding to graviportal and cursorial
body plans (Alexander, 1985). Graviportal ratites show relative shortening of the
tarsometatarsus associated with a shorter stride; Apteryxfits the pattern for
graviportal ratites (not the extant ratites plotted in figure 3.8, which are all
cursorial); since most ratites are graviportal, kiwi are in fact a typical ratite in this
context, comparisons with other living ratite species notwithstanding. Bone
thickness ratios support the cursorial/graviportal distinction, the latter group
displaying a wide foot and thick femoral neck compared to tibiotarsus width.
Interestingly, Mullerornis shows a graviportal pattern of bone widths and a
cursorial pattern of bone lengths.

The distinction between graviportal and cursorial ratites can be clearly seen in
a scatterplot matrix of the three limb bone lengths (Figure 3.12). Femur length and
tibiotarsus length show a strong linear relationship, while tarsometatarsi fall into
two groups, with all Dinornithiformes and Aepyornisin one, and all extant ratites
and Mullerornis in the other. The grouping is even more pronounced in a ternary
diagram, which plots the proportion of leg length contributed by each bone on
three axes, irrespective of size (Figure 3.13). Apteryxleg proportions clearly fall
into the graviportal group. Ratites occupy almost the whole avian tibiotarsal range
identified by Gatesy and Middleton (1997).

A principal components analysis of all 30 leg bone variables identified five that
played a significant role, based on repeated large positive or negative eigenvectors
in the first six components; these were F4 (femoral neck circumference), F11
(distance between lateral and medial condyles in the distal femur, related to the
width of the articulation with the fibula and the robustness of the knee joint
generally), TT8 (prominence of the ectocnemial ridge, or crista cnemialis cranialis
(Baumel, 1993), on the proximal tibiotarsus), TMT1 and TMT3 (tarsal length and
width). Repeating the pca with these five parameters grouped different ratite

23



genera into morphotypes when the second and third (or non-size-related)
components were plotted against each other (Figure 3.14). Both species of
Aepyornisare grouped, and Mullerornis is associated with Dinornis. Dinornis is
less graviportal in form than other Dinorithiformes, but is also the largest, and
pcA in this case distinguishes between shape and size parameters. The size of the
crista cnemialis cranialis is a character not previously noted as identifying
different ratite groups; a ridge of bone also notably large in foot-propelled diving
birds (Baumel, 1993), it provides an attachment point for the Mm. femorotibiales
and increases the power of excursion of the tibiotarsus. Its extreme development
in Casuariusmay be related to the use of a sharp third claw in self-defense.

Discussion

Sample size seems more important in the estimation of body mass than the exact
species sampled. Although Campbell and Marcus (1992) express a lack of
confidence in their prediction equation at large body sizes due to a lack of ratite
data, a model constructed entirely with ratite data has two problems: the
maximum sample size can only ever be about a dozen, which increases the
standard error of estimates beyond the range of the original dataset until they are
of little practical use; and the slope of the regression line is strongly affected by
influential outliers, like kiwi, at the extremes of the range.

Nevertheless, the Ls regression models for ratites work well for body masses
close to those sampled. The mean value for Dinornis robustusof 238 kg is
compatible with that calculated by Worthy and Holdaway (2002), Alexander
(1985), and even Amadon (1947). The body mass estimate for Pachyornis
elephantopusof 218 kg, almost exactly twice that of Struthio, agrees with the
range calculated by Worthy and Holdaway (2002). And the first calculated mass
estimate for Dromaius ater,of 10.4—15.4 kg, reveals a loss of two-thirds of its
ancestral body mass through insular dwarfing.

Smith’s (1980) caution against extrapolation beyond the dataset seems justified.
What then can we do to estimate the body mass of very large birds? Beginning
with a large sample size is important, but an extreme range of values is likely to
unjustifiably increase R®. Ideally the large sample size is taken from birds with a
similar body plan, like the “ground birds” group used by Campbell and Marcus
(1992). Examining the allometry of the sample dataset, as was done here with
ratites, can identify different body plans that might be masked if data were pooled
on a taxonomic basis alone. Phylogenetic correction is important particularly if R?
is not very high (Smith, 2002), but the accuracy of a prediction equation for
ratites is likely to benefit more from including data from large terrestrial birds
unrelated to ratites, as physical constraints associated with increasing body mass
are likely to trump all other effects, as seen in the convergence of Diatryma
(Andors, 1991) and dromornithids (Murray and Vickers-Rich, 2004) on ratite
body proportions.

For testing models, confidence intervals, standard errors, and calculated
percentage prediction errors against new datasets are all better criteria than R? It
is important to justify the bone measurement used not just a priori but by its
value as a predictor compared with other measurements from the same dataset.
Bones can scale differently between groups (Figure 3.6) so the best measurement
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or combination of measurements are likely to differ between groups as well. Mass
estimates and regression lines cannot be easily compared without confidence
intervals, and published body masses are better expressed as a range, as a single
figure is likely to be uncritically promulgated, as has happened with Amadon
(1947).

With very large birds we are hampered by the paucity of the dataset; the future
of body mass estimates may lie in whole body modeling, whether physically
(Murray and Vickers-Rich, 2004) or virtually (Seebacher, 2001), but this requires a
reasonably complete skeleton to work from. With the fragmentary nature of
paleontological evidence, refining models that extrapolate from single bone
measurements will continue for some time to come.
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Figure $.": Pachyornis elephantopu@) and Struthio camelugb), from Alexander (1985). Pachyornis shows a
typical graviportal ratite morphology, with short broad tarsi. Struthio has more gracile bones, but has only half
the body mass of PachyornigWorthy and Holdaway, 2002).
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Species Body Mass FC F TTC T T™T S

Anas acuta 723.0 14.60 4.30 11.40 2.90 2.75 70.60
Anas bahamensis 640.0 12.90 4.03 11.00 2.73 2.97 70.20
Anas Capensis 550.0 12.00 3.40 10.60 2.60 2.50 62.60
Anas clypeata 436.0 12.27 3.57 9.63 2.33 2.33 59.40
Anas crecca 301.5 9.83 3.05 8.13 2.00 2.03 48.18
Anas discors 390.0 10.60 3.20 8.10 2.10 2.20 54.60
Anas erythrorhyncha 577.5 11.80 3.65 10.40 2.50 2.45 62.35
Anas Ravirostris 434.7 11.37 3.53 9.40 2.23 2.23 55.40
Anas georgica 593.3 14.30 4.53 11.87 2.93 2.93 69.63
Anas penelope 577.8 13.23 3.93 10.47 2.53 2.37 70.13
Anas rubripes 1125.0 15.91 5.33 12.94 3.16 3.36 90.82
Anas smithii 765.7 12.97 4.13 10.33 2.67 2.67 68.23
Anas specularis 1217.0 17.90 5.80 14.10 3.60 3.60 81.40
Anas specularoides 885.7 15.90 4.70 12.65 3.20 3.00 71.60
Anas strepera 1013.5 12.95 4.00 10.00 2.45 2.45 72.50
Anas superciliosa 754.0 13.80 4.23 11.93 3.00 3.00 70.30
Anas versicolor 396.7 10.83 3.23 9.10 2.20 2.20 57.43
Anser albifrons 2167.0 22.47 6.40 18.40 4.83 4.47 101.70
Anser anser 4065.0 28.80 8.10 26.30 6.40 5.80 137.50
Anser caerulescens 2288.9 24.67 6.90 20.92 5.56 4.93 123.40
Anser fabalis 2168.3 25.63 7.07 22.83 5.53 5.10 137.13
Anser rossii 1927.0 20.00 5.30 15.80 4.20 3.70 97.20
Aythya ferina 525.0 14.50 4.60 11.10 2.50 2.70 77.30
Aythya fuligula 554.5 13.20 4.33 9.40 2.20 2.43 69.83
Aythya marila 576.0 14.50 5.20 10.60 2.50 2.70 81.60
Branta bernicla 1160.2 17.87 5.39 14.71 3.67 3.37 93.68
Branta canadensis 2510.3 24.49 7.06 21.75 5.51 5.26 128.43
Branta rubcollis 1250.0 20.80 6.00 17.30 4.50 4.00 84.40
Cairina scutulata 2120.0 22.30 6.50 18.45 4.65 4.55 91.95
Chenonetta jubata 745.0 14.70 4.80 12.70 3.30 2.80 73.30
Chloephaga hybrida 2755.0 23.90 7.05 21.00 5.35 4.80 99.40
Clangula hyemalis 728.8 12.60 4.13 9.35 2.28 2.45 67.48
Cygnus buccinator 7898.0 40.18 11.32 35.36 8.78 8.62 235.04
Cygnus columbianus 6416.4 36.38 10.17 30.72 7.70 7.85 187.14
Dendrocygna viduata 643.5 15.70 4.70 15.08 3.80 3.35 72.05
Histrionicus histrionicus 636.1 12.98 4.23 10.30 2.35 2.58 63.90
Melanitta fusca 793.0 15.20 4.85 11.70 2.90 2.85 73.00
Melanitta nigra 682.0 16.85 5.15 13.25 2.95 3.50 80.15
Mergus cucullatus 652.7 12.41 4.01 9.94. 2.37 2.60 61.28
Mergus merganser 1354.5 17.50 5.50 14.05 3.30 3.55 95.95
Mergus serrator 509.0 15.21 4.88 11.98 2.74 3.26 84.44
Netta erythrophthalma 900.0 13.20 4.00 11.30 2.70 2.90 74.40
Netta rubna 1200.0 15.45 5.00 12.15 2.95 3.25 88.55
Oxyura jamaicensis 579.0 12.19 3.95 9.07 2.20 2.35 55.56
Oxyura maccoa 862.5 13.60 4.20 10.80 2.55 2.70 60.90
Oxyura vittata 570.0 13.50 4.40 9.80 2.40 2.40 51.40
Polysticta stelleri 881.0 13.20 3.90 8.65 2.40 2.65 64.95
Somateria mollissima 1800.0 17.90 6.00 14.60 3.60 3.50 95.50
Somateria spectabilis 1500.0 17.30 5.65 14.05 3.35 3.33 95.60
Stictonetta naevosa 936.7 15.17 4.67 12.30 3.17 3.17 70.03
Tachyeres patachonicus 2780.0 21.70 7.05 17.65 4.35 4.80 104.55
Tachyeres pteneres 5050.0 27.10 8.65 23.45 5.75 5.85 119.80
Tadorna ferruginea 950.0 17.10 4.90 14.90 3.60 3.60 85.30
Tadorna tadorna 894.3 17.53 5.27 14.00 3.53 3.87 88.17
Tadorna variegata 1520.0 20.30 5.80 17.90 4.50 4.20 93.00
Cnemiornis calcitrans — 67.5 18.8 53.5 14.5 13.3 —

Table $.": Anseriform measurements (species means). Masses in grams, lengths in mm. F = femur, TT =
tibiotarsus, TMT = tarsometatarsus, C = circumference, s = synsacrum.
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Figure $.#: Least Squares regression of Y on X for anseriform body mass and bone measurements. Mass in
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Bone measurement, mm x)

Femur diameter

Femur circumference
Tibiotarsus diameter
Tibiotarsus circumference
Tarsometatarsus diameter

Synsacrum length

a
21.25

1.88
102.9

5.99
82.63
0.077

X

F

FC

TT

TTC

TMT

S

R

0.88
0.896
0.87
0.86
0.89
0.84

Sa

0.086
0.128
0.054
0.123
0.056
0.247

40

50 60 70 80 90 100 mm

S

0.122
0.105
0.102
0.109
0.104

0.129

Sy
0.11
0.102
0.114
0.118
0.108

0.127

<&
S
@?’f\

6:}&@

200

I x2 %PE
4.739 19.4
4.827 18.7
4.698 21.3
4.645 21.5
4.768 18.8
4.527  24.0

Table $.#: Scaling parameters for the Least Squares regression of body mass (y, in grams) on anseriform bone
measurements, of the form y = a-x>. Sa and Sb are standard errors of intercept and slope, Sxy the root mean
squared deviation from the regression, and Xx> the sum of squares of the deviations in X. %PE is the mean
absolute percentage prediction error. N = 55. All statistics but the intercept are for log-transformed data.

Bone measurement, mm x)

Femur circumference (all)
Tibiotarsus circumference (all)
Femur circumference (Ans.)

Tibiotarsus circumference (Ans.)

a

0.76
1.01
3.45
7-43

X

FC

TTC

FC

TTC

R

0.961
0.947
0.908
0.909

n
387
387

40

40

Model

LS

LS

RMA

RMA

%PE

31.0
41.2
27.6

26.2

Table $.$: Body mass prediction equations from Campbell & Marcus (1992) where body mass in grams = a-x®.
Figures are for all avian groups pooled, and for the anseriforms alone. Prediction errors are calculated against

the anseriform dataset used in this study.
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Femur

Length

Minimum midshaft width

Maximum midshaft width

Circumference of neck of ball

Dorsoventral diameter of ball

Dorsoventral thickness of head

Maximum width of shaft (outermost condyles)
Maximum height medial condyle

Maximum height lateral condyle

Maximum width of head

Distance between medial and lateral condyles

Tt1
Tt2
Tt3
Tt4
Tt5
Tt6
Tt7
Tt8
Tt9

Tt10

Tmt4

Tibiotarsus
Length

Width of condyles

Tt9
Tmt7
™ Tmt6 Tmt8
Tmt3
Tmt5 \’\ Tmt9
Tmt2
Tmt1
Tarsometatarsus
Tmt1 Length
Minimum midshaft width Tmt2 Minimum shaft thickness (not midshaft)
Maximum midshaft width Tmt3 Shaft width at Tmt2
Tmt4 Middle toe width
Maximum height medial condyle Tmt5 Foot width (all toes)
Maximum height lateral condyle Tmt6 Head height at midpoint, including ridge
Maximum width of head, including crest Tmt7 Maximum height medial condyle
Width of crest, including ectocnemial ridge Tmt8 Maximum height lateral condyle
Tmt9 Head width

Width of head
Distance between ectocnemial crests

Figure $.(: Ratite bone measurements taken.
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Table $.% Ratite limb bone measurements (species means). Lengths rounded to nearest mm, body mass in kg.
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Body
Mass (g)
5] o Struthio [}
] s = m N
4.5
l " OLS R? = 0.966 " OLS R? = 0.964
| slope =2.83 slope =2.70
4 intercept =-0.94 intercept =-0.56
] excluding ApteryxOLS R? = 0.897 excluding ApteryxOLS R? = 0.892
— slope =2.46 slope =3.31
35 .
A intercept =-0.20 intercept=-1.70
pteryx
T T T T T T 1 f T T T T T T 1
1.5 1.6 1.7 1.8 1.9 2 2.1 22 14 1.5 1.6 1.7 1.8 1.9 2 2.1
log1o Femur Circumference (mm) logq Tibiotarsus Circumference (mm)

Figure $.) : Least Squares regression of known ratite body mass on bone measurements (log-transformed axes
and intercept, 95% prediction interval shown). Dashed lines show slope of regression with Apteryxexcluded. Se
Figure 3.10 for key.

Bone measurement, mm x) a X b R S S Sy !x2 n
Femur circumference 011 FC ***  0.966 0.408 0.216 0.098 1.652 8
Femur circumference (kiwi excl.) 0.625 FC *** 0897 0.721 0.372 0.094 0.386 7
Tibiotarsus circumference 0.277 TTC *7° 0.964  0.392 0.213 0.101 1.647 8
Tibiotarsus circumference (kiwi excl.) 0.019 TTC *? 0.892 0.973 0.513 0.096 0.383 7

Table $.& Scaling parameters for the Least Squares regression of body mass (y, in grams) on ratite bone
measurements, of the form y = a-x>. Sa and Sb are standard errors of intercept and slope, Sxy the root mean
squared deviation from the regression, and Xx* the sum of squares of the deviations in X. %PE is the mean
absolute percentage prediction error. N = 55. All statistics but the intercept are for log-transformed data.
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Ratites: R!=0.966 Struthio

100 kg slope = 2.83
80 ; _n
70 intercept = "0.94
60
50
40
30
20
10 kg
Body &
Mass 6
5
4
5 Anserifomes: R!=0.897
slope = 2.26
) intercept = 0.27 .
Apteryx
1‘;‘3{? 9 = Campbell & Marcus (1992): OLS R! = 0.958
700 slope = 2.411
600 intercept = -0.065
500
400
300
200
8 9 10mm 20 30 40 50 60 70 80 90 100mm

Femur Circumference

Figure $.*: Least Squares regression line for body mass on Fc for both anseriforms and ratites (see also Figures
3.3, 3.8). Least Squares all-bird regression from Campbell & Marcus (1992) superimposed for comparison.

Species - 95% CI Mean + 95% ClI
Aepyornis hildebrandti ").$ 281.8 %H#' %
Aepyornis maximus #)&.* 812.8 #$"+.*
Aepyornis didiformis %+.% 49.0 &*.$
Dinornis robustus "00.+ 238.0 $%&.&
Emeus crassus )$.% 109.6 "%%."
Euryapteryx curtus $3$.) 40.2 %(.)
Euryapteryx geranoides )" 116.2 "&'(
Megalapteryx didinus ").# 21.4 #&.H#
Mullerornis agilis '$.+ 79.7 "++.)
Pachyornis australis )" 116.1 "&'(
Pachyornis elephantopus "%(.% 217.9 $H"
Pachyornis mappini $+.* 36.5 %$.#
Dromaius ater "+.% 12.6 "&.%

Table $." : Estimates of ratite body mass (kg) calculated from femur circumference LS model.
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minimum femur shaft width log19 minimum femur shaft width

- 2_
mZ’r? [m] a
60- 18- &
5o oo @
1.6- o o
40— % O  Aepyornithidae O 4
o Ld ® Struthio 1.4~ =0 -
30— £‘3 o Dinornithiformes
fe) m Casuarius 1.2-
20— Rhea
10— Dromaius 1-
Apteryx
09 | | [ [ [ 0.8

| [ | | | | | | | | | |
10 20 30 40 50 60 70 80 90mm 1 11 12 13 14 15 16 17 18 19

maximum femur shaft width log1g maximum femur shaft width

Figure $."+: Plot of maximum vs. minimum ratite mid-shaft femur width, with untransformed and transformed
variables. Least Squares regression line shown for the latter (R*=0.92, slope=1.07).
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: Ratio diagram of ratite limb bone lengths (F1, TT1, TMT1) and widths (F4, FC, TTC, TMTC, TMT35).
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r=0.9656 o0 Aepyornithidae
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2.7 ‘§ Dinornithiformes
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Figure $."#: Scatterplots of log-transformed ratite leg bone lengths. Filled shapes are extant species, empty
shapes extinct ones. Tarsal length falls into two groups when plotted against other leg bones, representing
cursorial (long tarsus) and graviportal (short tarsus) body plans.
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Figure $."$: Ternary diagram of relative proportion contributed by each ratite leg bone to total leg length. Top
left is total morphospace; the marked triangle is enlarged in the center. Top right is total morphospace of avian
and non-avian therapods, after Gatesy & Middleton (1997); the area corresponding to the enlarged triangle is

indicated. For key see Figure 3.12.

39



! o & o o o
® o o & _
0 o o
First S o) .-' u o o R L]
-1 Principal o - b ° 9o -
Component
2
- -
0.5
0.4 [ ] ()
03 L o ®
0.2 = Second n
n Principal n
0.1 L] | ]
o .. o go © Component & " :5
0.1 o o o o
® o )
e} o o
L] -
0.25
[ | [ |
0.2 - -
0.15 n - Th'ird‘
LI 0"
0.05 - ® O % - p
0 o
o o
-0.05 o °
0.1 " e 0 “ 0 °
-0.15 o © oo
. ° .
2 -1 0 1 2 01 0 1 2 3 4 5 -015-01-005 0 05 a1 .15 2 .25
. Casuarius i
%//@Qoo [ ] Prominent
Vo . ™ cranial cnemial crest
%, %
s u Dromaius

Dinornithiformes | |
PC3

(@)
o Rhea
Apteryx = 0 o )
o0
™Y Struthio Robust femoral neck
long tarsus
Aepyornis
Broad tarsus Long tarsus
PC2

Figure $."% Scatterplots of principal components for ratites based on F4, F11, TT8, TMT1 and TMT3. The bone
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indicated on each axis.
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Figure $."&: Anseriform phylogenetic tree showing taxa sampled, from Donne-Goussé (2002), with additional
taxa added according to del Hoyo et al. (1992).
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4. Ratite Egg Allometry
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Introduction

The eggs of ratites are famously exceptional. No elementary ornithology text will
fail to mention that the elephant bird (Aepyornig had the largest egg of any
animal ever, including non-avian dinosaurs (making its yolk the largest-ever cell);
the ostrich (Struthio) has the largest egg of any living animal; and the kiwi
(Apteryx) has the largest egg relative to its body size of any bird, as well as the
longest incubation period. Are these eggs disproportionately large, or are they
what we would predict from the body mass and life history of the birds that lay
them? To answer these questions requires an allometric study of the entire group,
which has not yet been undertaken, probably because most ratites are extinct and
several surviving species are little-known. Research on ratite eggs has instead
concentrated on the unusual reproductive biology of kiwi (Calder, 1979;
Prinzinger and Dietz, 2002), and the commercially-important ostrich (Sahan et
al,, 2003) and emu (Dzialowski and Sotherland, 2004). Recent publications,
however, have brought together information on ratites both living (Davies, 2002)
and extinct (Worthy and Holdaway, 2002), and made it potentially possible to
determine the influence of body size on ratite eggs, which is the goal of this
chapter.

Egg allometry

Most information on the scaling of avian eggs is derived from from Schonwetter’s
(1960—1986) compilation of data from museum collections, analyzed by Hermann
Rahn, Charles Paganelli, and Amos Ar in the 1970s and '80s. The scaling
relationships they discovered are summarized in Table 4.1 and discussed below.
Most authors distinguish between passerine and non-passerine birds when
studying avian egg allometry, because the former have a metabolic rate twice that
of similarly-sized non-passerines, whose metabolic rate is closer to that of
mammals (Schmidt-Nielsen, 1984); references to scaling relationships in this
chapter will be to non-passerines unless otherwise noted.

Avian egg mass scales to body mass at about the two-thirds power, roughly
proportional to surface area (Rahn et al., 1975; Rahn et al., 1985). The exact scaling
exponent for egg mass depends on the taxonomic level examined, from 0.77 for
Aves as a whole to 0.67 for individual orders (see Figure 4.1). This is because the
proportionality coefficient, or y-intercept of the log-log relationship, increases
with increasing body mass (Figure 4.3), so although the slopes for individual
orders in the log-transformed relationship are roughly equal, the scaling
coefficient for all birds is artificially elevated by between-taxa effects (Harvey and
Pagel, 1991, p. 187).

Since egg mass does not scale at the same rate as body mass, egg size as a
percentage of body mass declines with increasing size, from about 20% in 10 g
birds to less than 2% in the largest ratites (Rahn et al., 1975). Kiwi (Apteryx) have
disproportionately large eggs; a female non-passerine with body mass of 2.5 kg
would have an 111 g egg (6% of body mass) by Rahn et al’s (1985) calculations, but
the North Island brown kiwi (Apteryx mantell) egg is over 400 g (Calder, 1979),
17% of its body mass (Table 4.2). The little spotted kiwi (Apteryx owenii)lays a 300
g egg, 22% of body mass and proportionately the largest egg of any bird (Figure
4.4).
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Egg shape does not scale as predictably as size. While eggs are essentially
circular in cross section, length is more variable than breadth, and in birds as a
whole egg elongation increases with size (Rahn and Paganelli, 1988), although this
trend masks a good deal of variation between orders. For instance, in the ratites
the length/breadth ratio ranges from 1.6 (Apteryx) through 1.4 (most other ratites)
to 1.2 (Struthio), so elongation actually decreases with increasing size (Rahn and
Paganelli, 1988).

If shape remains similar, the surface area of a solid increases as the 0.66 power
of the mass, and any linear dimension as the 0.33 power of mass. Despite the
variability of avian egg shapes, egg surface area is indeed proportional to (egg
mass)®®®? (Rahn et al., 1982). Eggshell thickness, though, is proportional to (egg
mass)***! (Ar et al., 1974; Rahn and Paganelli, 1989a), where isometry would
predict thickness scaling with an exponent of only 0.33. Consequently eggshell
mass increases faster than egg mass, with a slope of 1.113 (Rahn and Paganelli,
1989a), and the percentage of egg mass that is shell increases with increasing egg
size; it is 5% of a 10 g egg, but an ostrich egg is about 19% shell by weight. Eggshell
strength increases almost in proportion to egg mass, with an exponent of 0.915
(Ar et al., 1979), proportional to the cross-sectional area of the shell (Schmidt-
Nielsen, 1984, p. 55). Eggshells are probably more likely to break from collisions
with other eggs than from the weight of the parent bird (Schmidt-Nielsen, 1984, p.
54), so one might predict that eggs from large clutches would have thicker shells,
relative to their mass, than those that are usually the only egg in a clutch.

During incubation, eggs lose about 15% of their mass from diffusion of water
vapor through the shell, creating an air sac. The initial density of avian eggs is
usually 1.055—-1.104 g/cm® (Rahn et al., 1982), because the density of yolk and
albumen are 1.025 and 1.035 g/cm® respectively (Rahn and Paganelli, 1989b), and
the shell density is between 1.5 and 2.5 g/cm® (Rahn and Paganelli, 1989a). As air
leaks into the shell, the egg’s density drops to less than that of water, so it becomes
buoyant. (In chicken eggs this happens about halfway through incubation.)
Because an increasing percentage of the egg is made of shell as size increases, the
largest bird eggs have a higher density than average (1.1-1.15 g/cm® for most
ratites, estimated to be 1.17 for Aepyornig, and thus their weight at laying is
slightly greater than one would predict from volume alone (Rahn and Paganelli,
1989b). This becomes important when calculating egg mass from volume (see
Estimating Egg Mas®elow)

Avian incubation time ranges from 11 to 83 days, Apteryx mantellihaving the
longest incubation period of any bird (Taborsky and Taborsky, 1993). Under
artificial incubation, however, a kiwi egg hatches in only 71 days (Calder, 1979); an
incubating male needs to forage nocturnally, which cools the egg briefly every
night and retards development. Even allowing for the kiwi’s lower metabolic rate
(60% of that expected for a non-passerine of their size) and consequently lower
body temperature (Calder, 1979), this is still an exceptionally long time; the largest
ratites have incubation periods of only 35 to 50 days, while the predicted
incubation period for a bird of the kiwi’s mass is about 30 days; for its 400 g egg, it
is 44 days, based on the empirical scaling relationship found by Rahn and Ar
(1974).

The number of eggs laid in a bird clutch, averaged across all species, is 4.85, SD
= 3.04 (Blackburn, 1991a). A clutch is defined here as the number of eggs
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produced in a single episode of reproduction by the female in question. Some
birds can lay two or more clutches in a single breeding season; some, such as Rhea
and Struthio, lay eggs in multiple nests or share a nest with other females, so the
number of eggs in a nest is not the same as clutch size. Lack (1967) was the first to
suggest a tradeoff between the number of eggs in a clutch and their individual
mass, as selection tends to maximize the number of surviving young with limited
resources. This relationship has been disputed (Rohwer, 1988), and seems not to

be in effect intraspecifically (Flint et al., 1996), but is detectable between species,
especially if phylogenetically-independent contrasts are used (Blackburn, 1991a;
Blackburn, 1991b; Christians, 2000).

Another way of approaching avian egg allometry is by examining total clutch
mass (the product of average egg number and average egg mass). Although the
weight of a single egg or neonate varies dramatically between birds, mammals,
reptiles, fishes, and crustacea, Blueweiss et al. (1978) found clutch mass as a
percentage of body mass was about the same across all these classes. If the
average number of eggs laid (usually referred to, confusingly, as clutch size)
remained constant with increasing bird size, the slope for clutch mass should be
the same as that for egg mass. In fact, clutch mass scales relative to body mass
with an exponent of 0.74 (Blueweiss et al., 1978), a little lower than that for egg
mass (0.77). This suggests the number of eggs laid decreases with increasing body
mass, as Blackburn (1991a) also noted.

Because ratite clutch size varies so much, from the single egg of kiwis to the
dozen or more sometimes laid by Struthio (Davies, 2002), clutch mass was
calculated and used as a dependent variable in this study, to test whether the
tradeoff suggested by Lack (1967) might be in effect.

Comparatively little attention has been paid to avian egg allometry since Rahn
et al. published their series of papers. Olsen, Cunningham, and Donnelly (1994)
revisited egg allometry in raptors, frogmouths, shorebirds, and storks in a study of
sexual dimorphism. They calculated volumes, not weights, from length and
breadth according to Hoyt’s (1979) model, discussed further below. Plotting log
female weight against log egg volume revealed a relationship that according to
them was slightly curvilinear: the larger species in all the bird types they
examined laid smaller eggs than would have been predicted under a simple power
function. Olsen et al. (1994) suggested this is due to the greater effect the
constraints of flight have on egg and clutch size as body weight increases. In fact,
the curvilinearity they observed is extremely slight, and almost certainly a
consequence of one of their groups (frogmouths) having a steeper slope than the
other three. Because this group displayed a low body mass, the between-taxa
effect was to make the all-bird allometric equation curvilinear, while the slopes of
individual orders were positive and linear, ranging from 0.58 to 0.72. These slopes
are comparable with the value of 0.72 from Rahn (Rahn et al., 1985), given that
Olsen et al (1994) were using egg volume, which scales at a lower rate than egg
mass.

Olsen et al. (1994) also found clutch volume to be curvilinear, scaling with a
slope of (0.9825 - (0.0353 - In body mass)). This gives an slope of 0.84 to 0.67 over
the size range of birds they studied. Blueweiss’s (1978) estimate of 0.74 for the
scaling of clutch mass falls into this range (although, again, we would expect
clutch mass to scale faster than clutch volume), so using a simple log-linear mode
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of egg scaling seems justified.

Sexual dimorphism

Sexual size dimorphism (ssp) is common in birds. Usually males are larger than
females; when the opposite is true it is conventionally referred to as reversed
sexual size dimorphism (rRssD). Ratites exhibit both ssp (Struthio) and extreme
cases of rRssD (Apteryx, Casuarius, Dinornis For the purposes of this chapter, it
is assumed that the two species of Aepyornisin fact represent males and females
with RssD roughly equivalent to that seen in Dinornis (Bunce et al., 2003).

Sexual dimorphism can be expressed as a ratio of M/F body masses, although
ratios have been regularly criticized for their statistically-undesirable properties
(Ranta et al., 1994). Smith (1999) concluded that in the case of sexual dimorphism
these criticisms were largely unfounded, and that the only correction needed was
to take the logarithm of the male/female ratio, so ssD and RSSD are represented
symmetrically as deviations from zero (where the masses of sexes are equal). RSSD
ratios are used in Table 4.2.

Dimorphism has an effect on egg size. Olsen and Cockburn (1993) examined
four groups of birds that exhibited ssp and rssD, and found egg volume was
proportional to log (female mass/male mass)**% that is, increased female size
relative to male led to relatively smaller eggs.

There is a large literature on the evolution of reversed sexual dimorphism,
summarized by Olsen and Cockburn (1993). The favored explanation is sexual
selection, where individuals of the larger sex directly compete for the smaller sex
(leading to evolutionary pressures for the larger sex to become even larger), and
the smaller sex compete for territories and nests. Competition is most intense in
the sex making the smaller reproductive investment. In most birds this is the
male, as the female usually both lays and incubates the clutch; incubation in birds
is a significant investment, as it renders the parent more vulnerable to predators
and less able to feed (Hanssen et al., 2005). In the ratites, males usually incubate.
Because the incubation period is longer and egg mass is a smaller percentage of
body mass (except for kiwis) than in any other bird group, male ratites are making
a larger investment and females a smaller one than in most birds. Thus the
pattern of reversed sexual size dimorphism we see in ratites should not be
surprising: the only ratite displaying (male biased) ssp is Struthio, where females
share in incubation and lay a large clutch. In the other ratites clutches are small,
or males undertake all incubation, or both, and all display varying degrees of
RSSD.

This hypothesis suggests that female size under rRssp (and male size under ssp)
increases through sexual selection, with the sex investing less being the one
increasing in size. This is supported by Olsen and Cockburn’s (1993) study—
dimorphism had less effect on the allometric relationship when the weight of the
smaller sex, instead of the female, is used as the independent variable. The smaller
sex may represent an “optimum” size, determined by natural selection, or an
ancestral body size from which the larger sex has diverged, whether that larger
sex be male or female. If this is true, then the mass of the smaller sex may also be
better than female mass at predicting egg mass. In fact, Weatherhead and Teather
(1994) found that in cases of sexual size dimorphism egg size was affected by the
size of both sexes. Female body mass directly affected egg mass, as one would
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expect, but male body mass also exerted an indirect, possibly epistatic effect—
when males were small, eggs were smaller than predicted from female size, and
and when males were large eggs became larger. To see whether such an effect
might be present in the ratites, male mass and the geometric mean of male and
female mass (the square root of their product) were thus included as independent
variables in this study.

Methods
Estimating Egg Mass

Worth (1940) calculated egg volume from length and breadth measurements,
using the formula for a ellipsoid (V = 7% x | x b*) minus 15%, based on his own
observations from chicken eggs. His logarithmic plot of egg volume against
incubation time was not a regression, merely a line drawn through the smallest
and largest egg volumes, and the residuals are explained through various ad hoc
hypotheses such as vulnerability to predation or size of clutches.

Worth also calculated incubation times for the ratites, but his estimates were in
some cases close to the times cited by most recent authors (collected in Davies
2002), about 30% too low in other cases, and off by 100% in the case of Apteryx
mantelli, whose 83 day incubation period (Taborsky and Taborsky, 1993) is 42
days by his formula; he even cited another author who “gives exactly the same
figure” Thus his extrapolations for Aepyornisand Dinornis egg masses and
incubation periods are probably unreliable. Moreover, Barth (1953) pointed out
that because shape and asymmetry vary so much in eggs, models that attempt to
calculate volume from length and breadth measurements are inherently
inaccurate. Barth, however, used extremely asymmetrical seabird eggs as his
example; the more rounded and closer to an ellipsoid an egg is, the more accurate
Worth’s (1940) estimates of volume are.

To calculate egg volume, Worth (1940) was multiplying length by breadth? by
the coefficient 0.44 (that is, 7% x 0.85). Hoyt (1979), in a study of 26 species, found
that using a value of 0.51 (which he called Ky) instead of 0.44 estimated volume
with an error of within 2% for most eggs, except for those which were very
pointed. He also calculated Kw, the corresponding coefficient for estimating egg
mass, to be 0.548. Because of the variability of egg densities he recommended Kw
be calculated for each taxonomic group of interest, using the tables of
Schonwetter (1960—1986). Not surprisingly, this advice was subsequently largely
ignored, and the value 0.548 is almost universally used in the literature regardless
of egg size and taxonomic group.

While Ky is a constant, as the relationship between the dimensions and volume
of similarly-shaped eggs should not vary, we should in fact expect Ky to increase
with egg size. Kw is in effect a multiplier that assumes egg density is a constant
1.07 g/cm?® (that is, Kw/Ky). While this is within the range 1.055-1.104 g/cm®
recorded by Rahn et al. (1982), avian egg density is not constant, but scales
allometrically. The proportion of an egg which is shell scales with positive
allometry (Ar et al., 1974; Rahn and Paganelli, 1989a), and since eggshell is about
twice as dense as egg contents, egg density increases with increasing egg mass.
We should thus expect Kw not just to vary between avian orders but to show a
positive allometric trend, and indeed it does (Figure 4.5). In Rheaand Dromaius,
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egg density is 1.1-1.15 g/cm?®, which gives a calculated Kw of 0.565 (1.125 x Ky). Kw
is closer to 0.6 in the largest ratites, Struthio and (based on estimated density)
Aepyornis(Rahn and Paganelli, 1989b). The difference between 0.548 and 0.6 may
seem trivial, but it translates into the difference between 8.3 kg and 9.1 kg when
estimating the mass of Aepyorniseggs. In this study, a Kw of 0.565 was used for
ratite eggs, except for those species of ostrich size or greater, when a Kw of 0.6
was used (Table 4.2). It is worth noting that the percentage prediction error
increases in all cases, and changes from -1% to -10% in Struthio, if a Kw of 0.548 is
used throughout.

Ratite Data

Table 4.2 lists the ratite species included in this analysis. Data for extant ratites
are taken from Davies (2002), and for extinct ones from Worthy and Holdaway
(2002), unless otherwise noted. Brown kiwi are now considered three species
(Baker et al., 1995), and the well-studied North Island species Apteryx mantelliis
commonly referred to in the literature as Apteryx australis a name now referring
only to some South Island populations. Apteryx haastiibody mass is from Worthy
and Holdaway (2002, p. 221). The following ratites were excluded due to lack of
egg or body mass data: A. australis A. rowii (Burbidge et al., 2003) and the extinct
eastern kiwi species (Worthy and Holdaway, 2002, pp. 220—221), as well as
Casuarius bennettiMullerornis, all other moa species not listed, and the two
extinct species of Dromaius (D. baudinianusand D. ater).

Clutch sizes and incubation periods are from Del Hoyo (1992). Taborsky and
Taborsky (1993) give an incubation time of 83 days for Apteryx mantellifrom their
field study, as opposed to the 70—85 day range commonly encountered in the
literature. ApteryX clutch sizes are from Cockrem et al. (1992). Clutches for
extinct ratites are difficult to estimate, though based on the numbers of individual
eggs recorded in excavation sites (Worthy and Holdaway, 2002, pp. 178—186) a
clutch size of 1—2 (mean 1.5) is used for Dinornithiformes, and of a single egg for
Aepyornis Moa egg dimensions are from Worthy and Holdaway (2002, pp. 178—
186), as are their estimates of moa and Aepyornismass from femur length (pp.
146-147, 150—151) using Prange et al’s (1979) method. Worthy and Holdaway’s
mean body mass estimates lump males and females together, but in Euryapteryx
curtusand Emeus crassuse distribution of bone sizes found in fossil
assemblages is clearly bimodal, and this is usually interpreted as RssD (Bunce et
al,, 2003). In those species male and female body masses were estimated as in
Prange et al. (1979), taking the two modal femur lengths figured in Worthy and
Holdaway (2002) as representing males and females. A F/M mass ratio of 1.2 is
assumed in those species of moa where no greater rRssD is observed in the fossil
record. Since Worthy and Holdaway (2002) published, the three Dinornis species
have been lumped into two sexually dimorphic ones; the larger, formerly Dinornis
giganteusis included in this dataset, as less data on egg dimensions and body size
are available for D. novaezealandiadBody mass estimates for male and female D.
robustuswere calculated from a data set of 76 individual femur lengths, taken
from Bunce et al’s (2003) supplementary data, with the smaller of the now-
synonymized species designated “males” and the two largest “females”. (Since
male and female size ranges probably overlapped in life, this may overestimate the
amount of sexual dimorphism in Dinornis.) Aepyornisbody mass is commonly

48



quoted as 438 kg (Amadon, 1947), but this figure is based on an incorrect
measurement of femur circumference. Revised estimates of Aepyornisbody mass
are much lower (Worthy and Holdaway, 2002 pp. 150—152), with the largest
individuals about 300 kg. Male and female body mass estimates are calculated
using my own data and the methods described in Chapter 3, with the additional
assumption that Aepyornisrepresents a single sexually-dimorphic species (in
prep.). Sexual size dimorphism is calculated for convenience as a F/M ratio,
because RssD is the norm in ratites; whether this ratio or its reciprocal are chosen
has no effect on data analysis.

Egg mass data are taken from Davies (2002) unless otherwise noted. Where no
data were available, masses were estimated from length and breadth as in Hoyt
(1979), using values of Kyw appropriate to egg size as indicated in Figure 4.5: 0.565
for eggs up to 1 kg, and 0.6 for those larger. Dromaius egg mass is from
Dzialowski and Sotherland (2004). Aepyornisegg dimensions are incorrectly
given by Davies (2002) as 520 x 380 mm. In fact, the commonly-cited dimensions
of 13 inches by ¢ inches (340 x 240 mm) are the maximum length and maximum
breadth ever recorded for any Aepyornisegg—not one of the 23 eggs listed in
Schonwetter (1960, vol. 1, p. 33) is as large, the mean for these 23 specimens being
303 mm x 224 mm. In Casuarius casuariushe commonly-cited mass of 584 g
(20.6 0z), based on five eggs weighed by Hindwood (1962), is probably too low, as
the eggs were not freshly-laid and the nest had been abandoned in the open in
summer. Del Hoyo (1992) gives “about 650 g” for this species; the mean of these
two values has been used here. With Rheathe value “approximately 650 g” is
mentioned in passing by Ferndndez and Reboreda (1998) but no precise figures
are given. Del Hoyo (1992) gives 600 g; again, the mean has been used. The Davies
(2002) mass for Apteryx haastiieggs is based on only 2 measurements, and the
value estimated here is within this range. The difference between recorded egg
masses and those calculated according to Hoyt (1979) is no more than 5%, or 3% if
the uncertain A. haastiiegg mass is excluded (see Table 4.2). Thus it seems
reasonable to estimate the weight of moa, Aepyornisand C. unappendiculatus
eggs by Hoyt’s (1979) method.

Eggshell thicknesses were taken from Worthy and Holdaway (2002) for moa
species, and from Schonwetter (1960-1986) for all others.

Log egg mass data were regressed on log body mass, using a linear Least
Squares model. This model is appropriate where R® is especially high, though the
undoubted estimation error in the independent variable would make a Reduced
Major Axis model appropriate. All previous published analyses of avian egg
allometry use Ls regression, however, and it was felt desirable for the results to be
directly comparable. Least Squares regression is also appropriate for prediction
equations of this type, as described in Chapter 3. Log clutch mass, calculated
from recorded or estimated egg mass and number of eggs laid per clutch, was also
regressed against male and female mass, and their geometric mean mass. Log
eggshell thickness was regressed against egg mass, and the residuals regressed
against clutch size, to test if unusually-thick shells were associated with larger
clutches.

Results
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Regressing egg mass against female body mass (Figure 4.6) gives a slope of 0.53,
lower than any found by Rahn et al. (1975). This is largely determined by the mass
of kiwi eggs, disproportionately large compared both with other ratites and with
birds in general. If one assumes that kiwi are outliers and repeats the regression
with them excluded, the R? increases to 0.80, but the relationship is now close to
isometry (b = 1.03), also very different from the slope of 0.67 seen in individual
bird orders. Either way, ratite egg mass does not seem to scale with body mass the
same way as in other birds.

A regression of total clutch mass (clutch size x egg mass) against female body
mass shows quite a different and stronger relationship (Figure 4.7), with R* = 0.79.
Preliminary analyses suggest the relationship is not changed if standardized
phylogenetically independent contrasts are used (in prep.). The total clutch mass
is masked by the variation in egg number in the ratites; the large extant ratites lay
six to nine eggs in a clutch, while kiwi lay close to one, and the largest extinct
ratites likely had similarly-small clutches. Clutch mass corresponds to total
reproductive effort in a breeding season, and as previously mentioned there is a
tradeoff between egg size and egg number in birds (Blackburn, 1991a; Christians,
2000). The slope of 0.63 for ratites is less than the exponent for all birds of 0.74
(Blueweiss et al., 1978), but the latter is possibly elevated through between-taxa
effect. To test this, using the same data set as Blueweiss (1978), egg and clutch
masses for the orders Anseriformes, Falconiformes, and Charadriiformes taken
from Heinroth (1922) were regressed against female body mass using a standard
least squares model. The scaling exponents for egg mass for each order (0.73, 0.65,
and 0.69 respectively) were lower than that Blueweiss et al. (1978) found for Aves
as a whole (0.77), probably for the same reasons seen in Rahn et al. (1975). The
exponents for clutch mass (0.47, 0.37, 0.50 respectively, compare with 0.74 for
Aves) were noticably lower; clutch mass increases slower than egg mass,
equivalent to the number of eggs laid decreasing with increasing body size. These
exponents were also noticably lower than those of ratites, suggesting that the
number of eggs laid declines at a slower rate in ratites than in other birds.

The most anomalous clutch mass is that of Eurapteryx curtuswhich has a
female body mass and egg mass very similar to the extant ratites Rheaand
Pterocnemiawith smaller eggs relative to its body mass than any other moa
(Figure 4.6). Assuming a clutch size of 1.5, its clutch mass of 970 g is the most
noticeable outlier on Figure 4.7. Because E. curtushad a slow juvenile growth rate,
taking three years to reach maturity (Turvey et al., 2005), it was probably K-
selected and unlikely to have a clutch size comparable to rheas, where several
females contribute to a nest of 18 or more eggs (Davies, 2002). Assuming a clutch
size of 2 instead of 1.5, however, gives a residual similar to that seen in the other
moa species.

What effect do the varying degrees of ssD observed in ratites have on egg mass?
Weatherhead and Teather (1994) propose that both male and female size have an
allometric effect on eggs, expressed epistatically in the case of males. If, as seems
likely in the ratites, females have undergone size increase related to sexual
selection then egg mass may not be strongly tied to female mass. The mean
masses of male and female, or of males alone, may in fact be a better predictor of
egg mass. This seems borne out by Figure 4.8, which shows the regression of
clutch mass against the geometric mean of male and female size, with an R* value
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of 0.81. A regression against male mass suggests a slightly stronger relationship,
with R? equal to 0.84 and a slope of 0.67, equal to the scaling coefficient for egg
mass against female body mass of all avian orders (Rahn et al., 1975), but this is
not significantly different from the other two slopes in Figure 4.8.

Eggshell thickness for all ratites is proportional to egg mass®*® (Figure 4.9), a
higher rate of increase than found in non-passerine birds as a whole (Ar et al.,
1974; Rahn and Paganelli, 1989a). Kiwi, however, are outliers with very thin shells
for their mass (Calder, 1979). This may be a consequence of their burrow-nesting
habit, their routinely single-egg clutch (since collisions with others eggs are more
likely to damage the shell than the weight of the parent), and New Zealand’s
relative lack of egg predators. If kiwi are excluded from the data set, the
regression is equally significant (R* = 0.87 as opposed to 0.86, p>F still <0.0001),
but the fitted curve, with a slope of 0.45 and a y-intercept of 0.051, is much closer
to that previously determined for non-passerine birds, which have corresponding
parameters of 0.441 and 0.0546 (Rahn and Paganelli, 1989a).

Discussion

Although ratites at first glance seem to display an unusual pattern of egg sizes,
they in fact show scaling relationships typical of other avian orders, once
allowances are made for their range of body masses and variation in number of
eggs per clutch. Ratites have in fact the the greatest range of clutch size of any
avian order, with the number of eggs laid by a single female ranging from 1
(Apteryx) to as many as 24 (Dromaius). Kiwi and elephant bird eggs have
traditionally been seen as exceptional, but this analysis suggests that, allowing for
clutch size and to some extent the effects of sexual dimorphism, the eggs of
Aepyornisand Apteryxare consistent with the allometric trend for all ratites,
despite the former being the largest egg known and the latter the largest relative
to body weight.

Are kiwi eggs oversized?

Kiwi eggs are up to 22% of the female’s body mass, proportionately the largest egg
of any bird. This would seem at first glance to be an adaptation for highly
precocial young, because the kiwi yolk, 60% of the egg’s contents, is also
proportionately the largest of any egg (Calder, 1979), and the kiwi hatchling
survives from remnant yolk alone for up to 17 days after hatching (Prinzinger and
Dietz, 2002) before foraging on its own with no parental care. This functionalist
explanation has in fact fallen out of favor, and an alternative hypothesis has
emerged, claiming that kiwi egg size is a side-effect of secondary size decrease,
and perhaps not an adaptation at all. In other words, kiwi were once the size of
moa, and their eggs have yet to catch up with their dwarfing.

Cracraft (1974), in his pioneering cladistic analysis of the ratites, first
concluded that kiwi were secondarily reduced in size, while “the large egg
remained advantageous”. In his classification, kiwi and moas are sister taxa in the
Infraorder Apteryges, the most basal ratite group, and the evidence that the
common ancestor of ratites was large is “the most primitive group of the
Apteryges, the moas, [was] large...” In fact, his cladogram for the ratites, based on
only 15 morphological characters at that time, gives both kiwi and moa 3 primitive
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and 4 derived character states, no justification for thinking moa were the most
primitive member of the Apteryges. Since the generally-accepted sister group to
the ratites, the tinamous, is kiwi-sized, and since size increase almost universally
accompanies flightlessness, while size decrease in flightless birds is hardly ever
seen, it would have been more plausible from Cracraft’s evidence to conclude that
the common ancestor of ratites was small and kiwi have retained this body size. It
is surprising that his statement went unchallenged.

In his survey of the various peculiarities of kiwi eggs, Calder (1979) compares
them to the antlers of red deer (Cervus elephgsliscussed in Huxley (1932), which
allometrically scale faster than body mass, giving the larger red deer of New
Zealand disproportionately large antlers. He suggested that kiwi have decreased
in size, but their eggs have been slow to catch up, remaining at a size appropriate
“for a 12.9 kg moa” While conceding that there are selective advantages to large
egg size, Calder pointed out that no other New Zealand birds had developed
disproportionately-large eggs, presumably because of the demanding suite of
physiological and structural changes required for such an increase. These
problems had already been solved by the kiwi’s giant ancestors, allowing it to
retain a large egg as it dwarfed.

This theme was taken up by Gould (1986), who argued for a historical rather
than a functional explanation for oversized kiwi eggs. Rather than being actively
selected for, they are merely the side-effect of kiwi being a dwarfed descendant of
a moa-sized ancestor. Gould notes that a scaling exponent of about 0.67 for avian
egg mass leads to smaller birds having larger eggs, but concedes that kiwi eggs are
still oversized compared to other birds of their body mass. He points out, though,
that their mass and moa egg mass (of an unspecified species) fit an allometric
curve with an exponent of only 0.15, the same curve that fits intraspecific egg
mass scaling in chickens (Figure 4.11). So kiwi eggs are larger than expected for
the same reason bantam eggs are larger than expected: egg size decreases at a
slower rate than body size.

There are several flaws in the above arguments. All depend on the notion, first
suggested by Cracraft (1974), that kiwi are descended from giant ancestors,
specifically moa. More recent molecular evidence suggests kiwi are more closely
related to the Australian ratite clade of cassowary and emu than they are to moa
(Cooper et al., 2001). The body mass of cassowary and emu actually fits Gould’s
(1986) model better (Figure 4.11b), but this sister-group relationship with an
Australian clade suggests ancestral kiwi almost certainly arrived in New Zealand
by flying across an oceanic barrier (see Chapter 5), implying flighted ancestors no
larger than kiwi are today and secondary flightlessness in several lineages of
ratites. Thus, kiwi are the probably the only ratite that have retained their
ancestral body size.

Both Calder (1979) and Gould (1986) use intraspecific allometry as analogies for
the evolution of kiwi. These can indeed only be analogies, because the
mechanisms controlling changes in body proportions within a single species over
a century or two (Cervus elephasnd Gallus gallug are almost certainly different
from those at work in different orders that diverged perhaps 40 million years ago.
The fact that intra- and interspecific scaling exponents usually differ significantly
should make us skeptical about using one in place of the other.

The particular analogies in this case do not stand up to scrutiny. While Gallus
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galluseggs decrease at a much slower rate than body mass, we should remember
that the domestic chicken has probably been under intense artificial selection to
maintain as large an egg as possible in relation to body size, and may be the least-
representative bird from which to infer intraspecific egg scaling. When New
Zealand Cervus elephasubsequently became smaller as a consequence of decline
in resources, their antler size also decreased, at the same speed; antlers did not lag
behind and remain oversized (Huxley, 1932), as Calder (1979) suggests has
happened for kiwi eggs. There is in fact little support for the idea that eggs dwarf
slower than other properties of birds. Any such lag time (millions of years, in the
case of the kiwi) would need to be justified by evidence, not analogy. This
confusion perhaps arises from the use of the word “rate” to refer both to the
temporal speed of change and the exponent of the allometric relationship. A
lower slope on an allometric curve does not imply slower evolutionary change.

Kiwi eggs are large, but kiwi have a clutch mass typical for a ratite bird of their
size. Where they are exceptional is in putting all their resources into only one or
two eggs, and provisioning hyper-precocial young with large amounts of yolk.
Kiwi egg size has been explained as an adaptation to enable nest parasitism of
moa (Morgan, 1992; Potter and McLennan, 1992). It is more likely, though, to be a
consequence of the peculiar environment of New Zealand, which has no native
terrestrial mammals, and which might encourage a trend toward K-selected life
histories, smaller clutch sizes, extended parental care, and slower rates of
reproduction. With the only nest predator in prehuman New Zealand being the
flightless rail Gallirallus australis (Potter and McLennan, 1992), the burrow-
nesting kiwi probably suffered few direct threats. Compared to their Australian
counterparts, New Zealand birds exhibit K-selected life histories (Worthy and
Holdaway, 2002), though see also Franklin and Wilson (2003). Cyclical growth
marks on moa bone indicate delayed sexual maturity was common in this group,
with some species taking nine years to reach adult size (Turvey et al., 2005),
suggesting a K-selected life history consistent with their small clutches. Kiwi, with
their similarly small clutches, long life spans, and extremely precocial chicks, also
fit this model.
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Property (y)

Egg mass, all birds

Egg mass, non-passerines

Egg mass, common slope for orders
Eggshell surface area (cm?)
Eggshell thickness, non-passerines
Eggshell mass, non-passerines
Eggshell yield point (F, in g)

Clutch mass, all birds

Incubation time (days)

Incubation time (days)

Table %" : Scaling parameters for avian eggs, of the form y = a-x®. B = body mass, E = egg mass. All masses in

grams.

0.277

0.399
4.835
0.0546
0.0524
50.86
1.24
12.03

9.105
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0.675

0.662

0.441

1.113

0.915

0.217

0.167

Reference

Rahn et al. (1975)

Rahn et al. (1985)

Rahn et al. (1975)
Paganelli et al. (1974)
Rahn & Paganelli (1989a)
Rahn & Paganelli (1989a)
Aretal. (1979)
Blueweiss et al. (1978)
Rahn & Ar (1974)

Rahn et al. (1975)
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Table %#: Ratite egg data. Estimates are italicized. Data for extant ratites are taken from Davies (2002), and for

Del Hoyo (1992), s = Schonwetter

extinct ones from Worthy and Holdaway (2002) unless indicated. DH

(1960), w

Cockrem et al (1992), D =

Worthy & Holdaway (2002), T = Taborsky & Taborsky (1993), c =

Hindwood (1962), F = Ferndndez & Reboreda (1998), and * = own

Dzialowski & Sotherland (2004), H

calculations; see text.
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Figure %" : Ratite phylogenetic tree with relative branch lengths.

Property (y)

Egg mass

Egg mass (excluding Apteryx)
Clutch mass

Clutch mass

Clutch mass

Shell thickness (mm)

Shell thickness (excluding Apteryx)

a x b R n S S Sxy I x2
4.480 F *%  0.68 17 0.425 0.093 0.920 97.87
0015 F Y% o079 14 0.717 0.149 0.616 16.97
3.606 F % o079 17 0.390 0.085 0.844 97.87
3.118 M ***®  0.81 17 0.364 0.081 0.784 94.86
2877 M %' 0.84 17 0.34 0.076 0.736 92.85
0.023 E *% 0.86 15 0.193 0.063 0.366 33.59
0051 E % 0.87 12 0.176  0.056 0.242 18.7

Table %%: Scaling parameters for ratite eggs, of the form y = a-x®. F = female body mass, M = male body mass,

FM = geometric mean of male and female body mass, E = egg mass, all in grams. Sg and Sp are standard errors

of intercept and slope, Sxy the root mean squared deviation from the regression, and Xx* the sum of squares of

the deviations in X.
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Figure %#: Avian egg mass as a function of body mass, from Rahn et al. (1975). Ratite data (extant species only)
from Table 4.3 superimposed. The four species used by Rahn et al. in their regression for ratites are indicated in

gray.

Figure %$: Ratite egg dimensions, to scale.

Left to right:
Aepyornis
Dinornis
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Casuarius
Apteryx
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Figure %% Allometric exponents for Aves vs individual avian orders. While the egg masses of individual bird
orders scale with a mean allometric exponent of 0.675, the exponent for the Class Aves is 0.77 (Rahn et al.,
1975), as the y-intercept increases with increasing size.
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Figure %& Avian egg mass as a percentage of body mass. Kiwi (Apteryxspp.) have disproportionately large eggs
for a bird of their size. (Modified from Rahn et al. 1975)
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5. Ratite Biogeography
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The ratites are a group of medium-sized to enormous flightless birds currently or
formerly found on every major land mass in the Southern hemisphere. They are a
classic popular exemplar of a vicariant distribution; being unable to disperse
across oceanic barriers, their radiation is taken to reflect the isolation of different
populations of flightless common ancestors during late Cretaceous breakup of
Gondwana (Cracraft, 1974; Sibley and Ahlquist, 1990; Cracraft, 2001).

This now-predominant view of ratites being monophyletic and Gondwanan,
with a flightless common ancestor, has occasionally been challenged by advocates
of the view that ratites are a polyphyletic group, made up of two or more
independently-flightless lineages that have convergently evolved similar body
types through neoteny (De Beer, 1956; Olson, 1985). Polyphyly and convergence in
the ratites is not supported, however, by recent molecular and fossil analyses (van
Tuinen et al., 1998; Cracraft and Clarke, 2001; Mayr and Clarke, 2003)

The biogeography of ratites has until now been framed as a debate between
monophyletic, Gondwanan, vicariance with a single loss of flight, and
polyphyletic Laurasian dispersal with multiple convergent flight loss. But there is
a third alternative: monophyletic ratites radiating in the Tertiary followed by
multiple losses of flight. The purpose of this chapter is to suggest this scenario is
the most compatible with geological, paleontological, and molecular evidence.

Ratite Monophyly

The most serious proposal for ratite polyphyly, put forward by Olson (1985) and
based on osteological evidence alone, placed ostriches within the Gruiformes as
relatives of the eogruids and ergilithornids. These two-toed cursorial flightless
birds seem only to be convergent on Struthioniformes, however, and Fain and
Houde’s (2004) analysis confidently positions ostriches in the paleognaths, where
they are sister group to all other Neornithes. A convergence of osteological and
molecular evidence strongly suggests that ratites are monophyletic, and with their
sister group the tinamous (Tinamidae) they constitute the Paleognathiformes,
sister to all other extant birds (Cracraft, 1974; Sibley and Ahlquist, 1990; Lee et al.,
1997; Livezey and Zusi, 2001; Mayr and Clarke, 2003). Mayr and Clarke (2003) use
six osteological characters to establish ratite monophyly; four of the skull, one of
the sternum, and the reduction of the hallux. Of their four synapomorphies
distinguishing ratites from tinamous, two are soft tissue (one related to the
reduced hallux), one is a fused scapulocoracoid, and the last concerns the degree
of deflection of trochlea metatarsi IL It is important to note, however, that several
of these characters are associated with increased body size, terrestriality, and
flightlessness, such as sternal reduction (seen in most flightless birds) and fusion
of the scapulocoracoid (which is not even present in the wingless
Dinornithiformes). The extinct and volant lithornithids (Houde, 1986; Dyke and
van Tuinen, 2004) are paleognathous, but uncertainly related to living ratites.
One diagnostic character of the group is a well-developed hallux, although this is
simply a trait associated with arboreal flying birds; the hallux is reduced or absent
in the ratites and the terrestrial tinamous. Osteological characters should be
treated with caution; living ratites all happen to be flightless, but allowing that
trait to define them makes us less willing to accept the possibility of a flying ratite.
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Ratite Phylogenetic Trees

One of the first cladistic analyses of a vertebrate taxon was performed on the
ratites by Cracraft (1974; 1976). Based on osteological characters, it placed the
New Zealand ratites (Apteryxand Dinornithiformes) as each other’s closest
relative and the most basal branch on the ratite tree. This view is still held by
workers using primarily morphological data (Lee et al., 1997; Cracraft, 2001),
though by few others. It is important to note that the character state polarity in
morphological trees of ratites assumes a single flightlessness event, with varying
degrees of reduction of pectoral girdle and sternum, and if flight was lost in more
than one ratite lineage the tree loses all support. In addition, not all
morphological trees agree; Bledsoe’s (1988) cladistic analysis of the post-cranial
skeleton put kiwi as a sister to the cassowary/emu clade, with moa basal to all.
The first ratite tree based on mitochondrial DNA was proposed by Cooper et
al. (1992), and supported by other authors with increasingly-large datasets
(Cooper et al.,, 2001; Haddrath and Baker, 2001), including the entire
mitochondrial genome for several moa species recovered from ancient DNA. The
molecular trees do not agree on whether moa or rhea are the most basal clade,
but consistently place kiwi as a sister group of emu/cassowary. Insufficient
ancient DNA (several hundred base pairs for four genes) has been recovered to
determine the position of Aepyornisbut Cooper et al (2001) place it as a possible
sister group of the kiwi+(emu+cassowary) clade in an unresolved trichotomy. For
the purposes of this chapter, a working tree based on these studies and recent
analysis of the Dinornithiformes (Baker et al., 2005) is shown in Figure 5.1.

The Fossil Record of Ratites

Claims about the occurrence of ratite birds in the fossil record should be treated
with skepticism, even beyond the caution usually required in the interpretation of
paleontological material. Many of the post-cranial characters defining
paleognaths and ratites, as noted above, are associated with large size,
terrestriality, and flightlessness, a strongly-correlated suite of characters that have
evolved independently numerous times in avian history, for example in the
anseriform Diatryma and Gastornis(Andors, 1991; Martin, 1992) and the
gruiform Phorusrhacidae (Alvarenga and Hofling, 2003). A bone fragment or
even eggshell from any large bird is liable to be labeled as ratite until cranial
material is obtained. On several occasions unrelated taxa, even when represented
by almost-complete skeletons, were first described as ratites and later removed:
the Dromornithidae of Australia, now in the Anserifomes (Murray and Vickers-
Rich, 2004); Sylviornisof New Caledonia, now a megapode (Poplin, 1980; Poplin
et al,, 1983); and the ergilithornids mentioned previously.

There is no Cretaceous fossil record for palaeognaths (Unwin, 1993; Dyke and
van Tuinen, 2004) although they were certainly present in the Cretaceous: they
are the most basal avian crown group, and a few representatives of less basal avian
divergences such as the Galloanseres (Clarke et al., 2005) and possibly Gaviformes
(Dyke and van Tuinen, 2004) have been found in Cretaceous deposits. Although
there is a perception that the avian paleontological record is very poor, the fossil
record of Mesozoic birds is rich in non-Neornithine birds, so it is likely that the
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depauperate Cretaceous neornithine record accurately represents their low

diversity at that time (Fountaine et al.,, 2005). There is a similarly poor Tertiary

fossil record for ratites, compared with many other avian groups (Dyke and van

Tuinen, 2004), although their large dense bones should fossilize well. Various

paleognath fossils are known from the Paleogene, all of small to mid-sized birds,

some of which were flightless, but there are no unequivocal representatives of

modern ratite orders until 25 million years ago, while numerous ratite species are

known from the Neogene. The generally-accepted Tertiary fossil record of the

ratites, depicted in Figure 5.2, is as follows:

= Remiornisfrom the late Paleocene of France (Martin, 1992). The fragmentary
material recovered is enough to suggest it is a palaeognath, but not its sister
group (Mayr, 2005).

= EleutherornisSchaub 1940, existing only as a fragmentary pelvis which is not
even sufficient to establish it as a palaeognath (Mayr, 20053).

= An unnamed small late-Eocene/early-Oligocene ratite from Seymour Island in
Antarctica (Tambussi et al., 1994). A single partial tarsometatarsus with one
trochlea missing, the shape of the trochloa and position of the distal foramen
are sufficient to establish it as a ratite but nothing more (C. Tambussi, pers.
comm.) The trochlea are approximately 20-25 mm wide at the base, which is
comparable to the smallest moa species, such as Euryapteryx curtusor perhaps
the dwarf cassowary Casuarius bennettit would thus have a body mass of
about 25 kg and be flightless.

= Alvarenga (1983) described Diogenornis fragilisa ratite from the upper
Paleocene of Brazil, from a tibiotarsus and a partial tarsometatarsus. A partial
maxilla is the only cranial material. Its estimated body mass based on
tibiotarsus circumference and the regression equation of Campbell and Marcus
(1992) is only 6 kg, about that of a wild turkey (Meleagris gallopavp it probably
stood 60 cm at the shoulder, and had moderately well-developed wings. Its
chicken-like beak is quite different from that of the modern ratites, but close to
that of Tinamidae and presumably the ancestral ratite state.

= Diogenornishas been tentatively placed in the Rheiformes (Alvarenga, 1983;
Unwin, 1993). The earliest true Rheidae records are some proximal phalanges
from the mid-Paleocene (Tambussi, 1990), but although these resemble the
phalanges of extant rhea we should be cautious about assigning them to the
ratites, let alone to a particular family, until more material is found. There is a
single fossil rheid, Opisthodactylus patagonicusecorded from the Miocene,
and all other rheid fossils date from the Pliocene or later (Tambussi, 1995).

= Emuarius guljaruba dated at 25 Ma, the first unequivocally crown-clade ratite
in the fossil record, and known only from a single tibiotarsus (Boles, 2001). The
specimen was placed in the emu lineage by Boles because it possesses features
associated with more advanced cursoriality than those found in cassowaries
today. Emuarius gidjy almost as old, is intermediate between Casuariusand
Dromaiusin its leg bone proportions (Boles, 1997). If one assumes that
cassowary retain the primitive leg proportions of the common ancestor of
Casuariusand Dromaius, then Emuariuscan be placed some distance in time
from the split between these two lineages. There are, however, no cassowary
fossils older than the Pleistocene, so it is equally plausible that the Casuarius
lineage adopted more graviportal limb proportions as they adapted to the thick
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jungle of New Guinea and northern Australia, while Dromaius moved into the
open habitat that became common in Australia from the middle Miocene
onwards. This scenario is compatible with Emuarius preceding, not postdating,
the emu-cassowary split. Emuarius living in open Nothofagusdominated
forest, was intermediate in cursoriality between these two lineages (Boles,
1997), and may well closely resemble their common ancestor. The scarcity of
ancestral cassowary-emu fossils in the Australian Tertiary is surprising given
the abundant dromornithid material found from the Miocene onwards (Murray
and Vickers-Rich, 2004).

= The oldest known struthionid fossil, the small ostrich Struthio coppensifrom
the Miocene of Namibia (Mourer-Chauviré et al., 1996a). Mourér-Chauvire et
al. (1996b) point out that the fossil record of ostrich bones and eggshells begins
in the Middle Miocene of Africa, and the Middle and Late Miocene records of
ostriches in Europe represent two separate invasions, representatives of both
persisting into the Pleistocene. Pliocene ostriches ranged from Greece to
China, and even in historical times were found in Syria and Arabia (Mourer-
Chauviré et al., 1996b).

= Palaeotis weigeltia small Middle Eocene palaeognath from the Messel shales of
Germany, usually placed in the Struthionidae (Houde and Haubold, 1987). Dyke
(2003) confirmed Palaeotisas a ratite with a cladistic analysis of osteological
data, but placed it as a sister group to all but the New Zealand ratites, which
runs counter to the molecular phylogenies discussed previously. Dyke and van
Tuinen (2004) revisited this analysis, and on the basis of an unpublished
osteological character set concluded that Palaeotisis the sister group to all
modern ratites. Although these analyses agree that Palaeotisdoes not belong to
any extant ratite order, its exact placement remains unclear.

Calibration of the Ratite Tree

To assign branching times to the ratite molecular phylogeny (Figure 5.1) there are
several possible calibration points. Most authors assume ratites descend from a
single flightless common ancestor in Cretaceous Gondwana, and major divisions
in the ratite tree are then matched with the breakup of the supercontinent.

The Cretaceous history of Gondwana is outlined in Haddrath & Baker (2001)
and Cracraft (2001) (see Figure 5.3). Madagascar split from Africa in the early
Cretaceous, approximately 160 Ma, though remained connected to the rest of
Gondwana via India until perhaps 118 Ma, or at the latest 100 Ma, when Indo-
Madagascar broke away from Australia/Antarctica/South America. Cracraft
(2001) claims this latter split is in fact 100—80 Ma, based on late Cretaceous
paleontological similarities between Greater India and Antactica, but this is not a
widely-held view. Madagascar separated from India and was completely isolated
from about 84 Ma on.

Cooper et al. (2001) used the 82 Ma split between New Zealand and Australia
to calibrate the isolation of the Dinornithiformes and thus the age of the basal
ratite branch. But since they place kiwi as a more recent sister group of the
Australian ratite clade, they are forced to conclude that kiwi must have dispersed
to New Zealand across the ocean. If kiwi ancestors were not stopped by an ocean
barrier, there is no logical reason why moa ancestors would have been, and so the

68



82 Ma date has no real validity for calibrating the ratite tree.

Cooper and Penny (1997) contend that three ratite lineages cross the K-T
boundary, using seven calibration dates. Two of them are based on ratite fossils;
they assume that the dubious Palaeocene proximal phalages mentioned above
belong to the Rheidae rhea, and they mistakenly consider Palaeotisan ostrich
(Mayr, 2005).

Haddrath and Baker’s (2001) calibration is based on the approx 25 Ma date for
Emuarius guljaruba(Boles, 2001). This single tarsometatarsus apparently shows
emu-like characters, and thus Haddrath and Baker consider it to postdate the
emu-cassowary split by 10 million years. (As discussed above, it is entirely
possible that E. guljarabuis much closer than this to the emu/cassowary node,
and it may even predate it.) Haddrath and Baker give very little justification for
their choice of 35 Ma as a calibration date. If their estimate is off by even 5 million
years, which is equally consistent with the fossil record of Emuarius then their
date for the divergence of Dinornithiformes becomes 68 Ma, which postdates the
split between New Zealand and Australia.

All these calibrations attempt to place the radiation of the extant ratite lineages
back into the Cretaceous, but do not hold up to scrutiny. In addition, they create
three main biogeographical problems.

Problems with a Cretaceous Ratite Radiation

1. Madagascar has been separated from Africa for 160 million years, but
elephant birds are less basal than moa, which split at 8o mya + 15 (Haddrath
and Baker, 2001). Cooper et al. (2001) have Aepyornithids postdating the
ostrich split, which they put at 72—78 Ma. Madagascar splits from India 84
ma, and Greater India is connected to the rest of Gondwana no later than
100 ma, so the most favorable series of divergence dates for Madagascar still
predates the origin of elephant birds by 30 Ma.

2. Africa and South America separated about 100 Ma, but the African—
Australian ratite clade split from the South American clade 70 Ma + 12
(Haddrath and Baker, 2001).

3. The Cooper et al (1992) tree was immediately controversial, as it implied that
New Zealand was colonized twice by ratites. New Zealand and Australia
separated no later than 8o Ma, but kiwi supposedly split from the emu/
cassowary clade 62 Ma + 7 (Haddrath and Baker, 2001)

How are these problems solved?

To explain the late divergence dates of Aepyornithidae and Struthionidae,
Cooper et al (2001) suggested that the elephant bird/ostrich lineage crossed into
Indo-Madagascar via the Kerguelan Plateau 8o million years ago, or at least
before Madagascar and India separated; ostrich ancestors then rafted on India
(leaving no fossils or descendants) until it collided with Asia 50 Ma; finally, they
crossed Eurasia (leaving, according to Cooper et al., early—mid Tertiary fossils—
presumably Paleotis now no longer considered a ratite) and spread down into
Africa.

One problem of this model is that it predicts struthionids present in India and
Madagascar for 8o Ma, in Eurasia for 50 Ma, and appearing last in Africa. In fact,
we see the opposite pattern: struthionids appear 20 Ma in Africa, then invade
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Eurasia, and do not appear in the fossil record of India and Madagascar until the
Pleistocene.

To confront the third problem, all authors explicitly (Cooper et al., 1992) or
tacitly claim that flightless kiwi ancestors dispersed to New Zealand via island
hopping, swimming, or rafting. Unfortunately, not only is there no real evidence
of a Tertiary island chain connecting the two land masses, there is no record of
any other flightless Australian vertebrate colonizing New Zealand in this way;
there are no native terrestrial mammals except bats, no reptiles except
cosmopolitan Pacific lizards and the Gondwanan Sphenodonand only
Gondwanan frogs (Worthy and Holdaway, 2002). Flightless birds are extremely
poor dispersers; indeed, there is no evidence of a flightless bird ever crossing even
a short ocean distance—cassowaries do not colonize the island chains around
New Guinea unless carried by humans (Davies, 2002), and the numerous endemic
Pacific flightless rails are never found on adjacent islands unless these were
connected during lowered Pleistocene sea levels (Kirchman and Steadman, 2005;
Steadman, 2006).

Could these problems be restricted to this particular configuration of the ratite
tree? The Cooper et al (2001) positioning of rhea as most basal group pushes the
origin of each clade further back in time, if the tree remains calibrated by the 82
Ma New Zealand—Australia split, but not far back enough for kiwi, elephant bird,
and ostrich lineages to avoid crossing oceanic barriers. Even Cracraft’s (1974)
morphological tree still has to deal with the dispersal to Madagascar of elephant
bird ancestors.

The Tertiary Ratite Radiation Model

In recent years there have been several studies emphasizing new views of the
importance of long-distance dispersal to the New Zealand biota, and using it to
explain what were formerly considered Gondwanan distributions (Pole, 1994;
Waters and Craw, 2006), including that of the ratites. The implications of a
Tertiary dispersal of a ratite lineage to New Zealand has never been fully
explored, though. If kiwi ancestors flew to New Zealand, then flightlessness had
yet to evolve several nodes into the ratite tree, implying not only that the common
ancestor of ratites was not flightless, but that multiple volant lineages of ratites
existed in the Tertiary. If the common ancestor of ratites was not flightless, then
the oceanic barriers created by the breakup of Gondwana cannot be used to
calibrate the ratite tree. If we instead rely on the fossil record, which suggests that
even in the Paleogene ratites were small and possibly volant, we have a model of
long-distance dispersal of ratites as late as the Oligocene, and multiple
flightlessness events, compatible with all ratite diversification occurring in the
Tertiary (see Figure 5.4). Contra Cooper and Penny (1997) and Clarke et al (2005),
there is no evidence ratites originate in the Cretaceous, although palaeognaths
likely do; the Tertiary radiation model is compatible with the tinamou lineage and
one common ratite ancestor crossing the K-T boundary, as opposed to the seven
extant orders required by a Cretaceous origin of ratites.

A common assumption in accounts of ratite evolution, and the one causing
problems for the Cretaceous model of ratite radiation, is that a flightless common
ancestor is “most parsimonious” (Cracraft, 2001). But flightlessness has evolved
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many times in other lineages: pigeons, ducks, megapodes, and especially rails
(Steadman, 2006). It has been suggested that a simple change in developmental
timing can cause flightlessness in birds through paedomorphosis (Livezey, 1995),
and this can happen in as little as several thousand years (Worthy, 1988).

Multiple independent flightlessness events are in fact the rule in avian lineages;
a species radiation after a single flightlessness event has only occurred on one
other occasion, in penguins. A Tertiary ratite radiation requires six independent
transitions to flightlessness: Dinornithiformes, the South American ratites,
Struthio, the Aepyornithidae, Apteryx, and the emu/cassowary clade. Evidence for
such multiple origins of flightlessness might be found in different patterns of
reduction in wing components in different lineages; this is supported by a recent
study by Cynthia Marshall (in press) analyzing the heterochrony of embryonic
wing growth suggests that ostrich and emu lineages independently achieved
flightlessness.

If ratites have evolved flight multiple times, why are there no surviving flying
members of the clade? It is possible that a tendency to become large and flightless
has allowed this relictual and basal clade to persist in niches not open to flying
birds, such as terrestrial herbivory. The ratite fossil record is quite poor, as
discussed above, and includes flying stem groups well into the Tertiary. And the
branching pattern of the traditional paleognath tree may well represent our
assumption of a single flightlessness event; a new tree of the paleognaths
(Harshman et al., in press) based on 20,000 bp of nuclear DNA nests tinamous
within the ratites, implying not only paraphyly but at least three independent
flightlessness events.

The discovery that the closest relatives of kiwi are Australian ratites strongly
implies transoceanic dispersal of flighted ratite lineages. Until a reliable molecular
clock is developed for the paleognaths and agreement is reached on their rates of
genetic change, this model of ratite evolution postulating multiple flightlessness
events followed by a Tertiary radiation seems more parsimonious than the
prevailing one.
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Figure &% Two hypotheses of ratite dispersal and radiation. In both cases the tree shown is from Figure 5.1,
with relative branch lengths remaining the same after horizontal scaling.
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