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The extinct moa-nalo.s wei'e very large, flightless waterfowl I'rom the Hawaiian islands. We extracted, 
amplified and seqnenced mitochondria! DNA from fossil moa-iialo bones to determine their systematic 
relationships and lend insight into their biogeographical history. The closest living relatives of these 
massive, goose-like birds are the familiar dabbling ducks (tribe Anatini), Moa-nalos, however, are not 
closely related to any one extant species, but represent an ancient lineage that colonized the Hawaiian 
islands and evolved flightlessness long before the emergence of the youngest island, Hawaii, from which 
they are absent. Ancient DNA yields a novel hypothesis for the relationships of these bizarre birds, 
whereas the evidence of phylogeny in morphological characters was obscured by the evolutionary trans- 
formation of a small, volant duck into a giant, terrestrial herbivore. 
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1. INTRODUCTION 

The moa-nalos or 'lost fowl' were among the most extra- 
ordinary of the birds that vanished following human 
settlement of the Hawaiian islands some 1600 years agti, 
an event that led to the extinction of over half the 
endemic avifauna (Olson & James 1982ö). Known only 
from recently discovered bones, moa-nalos were 
ponderous, flightless waterfowl (family Anatidae) with 
tiny wings, heavy lower bodies and massive beaks (Olson 
& Wetmore 1976; Olson & James 1982Ô, 1991; James & 
Olson 1983). Four species have been described: 
Ckelychelynecken quassus from Kauai, Thamhetochen xanion 
from Oahu, Thamhetochen chauliodous from Molokai, Maui 
and Lanai and Ptaiochen pau from Maui (figure 1). 
Ckelychelynecken (the 'turtle-jawed goose') had a very 
broad and deep bill reminiscent of a tortoise, while the 
other two genera had unusual bony pseudoteeth. 
Apparently adapted to browsing, moa-nalos were the 
largest herbivores on the islands where they occurred and 
were the ecological counterparts of giant tortoises on 
other oceanic islands lacking large mammals. A recent 
study of the coprolites of Z chauliodous suggests that moa- 
nalos were specialized for hindgut fermentation of plant 
fibres (James & Burney 1997). 

The evolution of liightJcssncss and terrestrial herbivory 
altered the morphology of moa-nalos to such an extent 
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that assessment of even their subfamilial relationships has 
been problematic (livezey 1996a). Many potentially infor- 
mative ostcf»logical charac^ters have been obscured in moa- 
nalos by the extreme reduction in the wings and pectoral 
girdle, including loss of the keel from the sternum and the 
arcocoracoid portion of the coracoid, hyperti'ophy of the 
hind limbs and specialization of the skull and bill ( Olson 
& James 1982*, 1991; James & Olson 198.3; Livezey 1996a). 
Although initially thought to be geese (subfamily 
Anserinae) (Olson & VVctinorc 1976), the discovery of 
syringeal bullae, which are associated with the skeletons of 
Thamhetocken and Ptaiochen, in lava tubes on Maui led 
Olson & James (1991) to suggest that moa-nalos are part of 
the subfamily Anatinac, a diverse radiation of more than 
30 extant genera, including the typical ducks (Johnsgard 
1978). The syringeal bulla is an ossified resonating 
tliamber formed by the bronchi where they join the 
trachea. The simple, asymmetrical bullae of moa-nalos are 
moat similar to those of dabbling ducks (tribe Anatini) and 
sheldiicks (Tadornini) but are less elalioiate than the 
highly modified, fenestrated bullae of pochards (Aylhyini) 
and some sea ducks (Mergini) (Livezey 1986û; Olson & 
James 1991). Given that the Hawaiian avifauna includes 
two endemic dabbling ducks i^nas laysanensis and Anas 
wymlliana), both part of the'mallard'group (Livezey 1991) 
and several Holarctic Anas species that are winter visitors, 
Olson & James (1991) speculated that moa-nalos were 
derived from a mainland dabbling duck, such as the 
mallard (Anas platyrkynckos). In contrast, a recent osteoló- 
gica! study (Livezey 1996a) questioned the luimology of 
syringeal bullae in moa-nalos and ducks and tentatively 
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Figure 1.  Map of thp 
Hawaiian islands 
showing the islands on 
which remains of the four 
moa-nalo species 
described have been 
found. The approximate 
greatest extent of the 
Pleistocene island Maui 
Nui is shown as a line 
around Maui, Lanai and 
Molokai. The skull of the 
Hawaiian duck or kohia, 
a typical dabbling duck, is 
shown for comparison. 

placed moa-nalos a.s the sister group of the'true'geese and 

.swans (Anserinae), which lack syringeal bullae. 

Given the limitations of the morphological data for 

moa-nalos, Livezey (1996ß) suggested that DNA sequence 

data might help resolve their uncertain systematic 

relationships. Our analysis of mitochondrial DNA 

(mtDNA) sequences oljtained from ftîssil remains provides 

strong support for the inclusion of nioa-nalos in the 

subfamily Anatinae and leads to a novel conclusion about 

their placement within this group. The resulting phylo- 
geny also provides a clear explanation for the absence of 

moa-nalos from the youngest island, Hawaii. 

2. MATERIAL AND METHODS 

We extracted DNA from the bones of three moa-nalos, all 

from lava Lube caves on Mount Halcakala, Maui. The samples 
included a pedal phalanx and tibiotarsus of T. c/iauliodous exca- 

vated from Puu Naio Cave, a left tibiotarsus of T. cf. chautiodnus 

from Polipoli Gave and a fibula of P.pau from Auwahi Tube 

(James el ai-. 1987). The museum accession numbers and collec- 

tion dates for the three sample are USNM 397 942 (February 

1984), BPBM 1997.009 (January 1997) and USNM 384171 

(1982), respectively. Radiocarbon date estimates are not avaib 

able for these particular samples, but other bones from extinct 

birds excavated on Maui have been dated from 9000 to 700 

years ago and other samjjles from the same stratigraphie layer as 

USNM 397 942 date to .Î64-790 years before present (Jame.s H 

al. 1987; Olson & James 1991). 

DNA was extracted from subfossil bones, amplified and 

sequenced following published protocols (Cooper et ai. 1992; 

Cooper 1994). We first  amplihcd and  sequenced around 400 

base pairs (bp) of the mitochondrial gene for the small stibunit 

(12S) ribosomal RNA for J.chauliodous, P.pau and 124 other 

Anseriformes, including most species and all extant genera. For 

the moa-nalos, two overlapping fragments were amplihcd and 

sequenced using primers 12SA, 12SH, 12SB2 (Cooper 1994) and 

12SK (5'-CCTACATAGCGCCGTCGCCAG-3^ Primers 12SA 

and ¡2SB2 were used for extant taxa. 

Because the 12S sequences failed to resolve the position of moa- 

nalos within the Anatinae (see below), we sequenced three addi- 

tional mtDNA fragments (cytochrome b (306 bp), tRNA-Lys/ 

ATP8 (192-193bp) and control region/tRNA-Phe (341-365bp)) 

for moa-nalos and a sample of 37 exiani waterfowl in 23 genera, 

the choice of which was based on the 12S results. The 37 extant 

taxa included representatives of all major groups within the 

Anatinae (see § 3 for taxa included in this stibfamily) and all majtjr 

lineages within the diverse gentis Anas. The control region frag- 
ment was amplified and sequenced with L736 (5'-ATCTAA- 

GCGTGGACACACCTG-3'), L82.5 {3'-TGACACTGATGCACT- 

TTGACC-3') or LI 117 (5'-TTATTAGAGAAACTCCAGlAC-3') 

and HI251 (5'-TGGCAGC'lT'CAGTGGCAT(iC-3'), L and H 
numbers referring to the strand and nucleotide positions of the 

3'-end in the chicken sequence (Desjardins & Moráis 1990). The 

highly divergent control region sequences of Anserana.!, Dendro- 

cygna, Anser, Branta and Cjignus were scored as missing because 

they could not be aligned, except arbitrarily, with sequences of 

the ingroup taxa, We used L9051 (5'-CAGCACTAGCCTTT- 

TAAG-3') and H9241 (.^'-TTGG'TCGA AtîAAGCTTAGG- 

TTGA-3') for the tRNA-Lys/ATPS fragment and standard 

primers for cytochrome b (Kocher et al. 1989). L15104 (5'-CCT- 

CCGTAGGCCACACATG-3') was used to amplify 174 bp of the 
cytochrome t) fragment in Thambetochen. An additional fragment 

in the highly variable 5'-end of the control region (190-199 bp) 
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was amplified and sequented for two moa-nalos and nint' oihcr 

taxa with primers Cl, CIR, RHNl and C\R'2 (Sorrnson & 

Fleisclicr 1996). VVc took requisite preeautions to avoid niielear 

copies of mlDNA sequences, which included usirig tissues other 

than blood for all taxa (see Sorenson & Quinn !998). 

We are confident that the DNA sequences obtained from the 
bones belong to the moa-nalos and do not reflect modern 

contamination. In Washington, DMA extractions and polymerase 

chain reactions (PCRs) for moa-nalos were completed with 

appropriate negative controls in a separate building from work on 

extant taxa. In addition, the 12S sequence for T. chauliodous was 

indepi-nilently leplicatcd in Colorado starting with extraction of 

DNA from a different bone of the same individual bird and with 

no discrepancies in the sequences determined by the two labora- 

tories, ATPase subunit 8 (,\TP8) and control region sequences for 
Tchauliodous were later replicated from the new sample found in 

Polipoli Gave in January 1997. Finally, the moa-nalo sequences 

clearly fall within the waterfowl (family Analidae), yet differ from 

each other and from all other specie.s that we sampled. 

Due to the difficulty in working with ancient material, the 

.sequence data were incomplete for the three moa-nalos. 

Nonetheless, 1308 and 846 bp were determined for Thambetochen 

(combining tw<3 samples) and Ptaiochen, respectively. The 

Ptaiochen .sample and one of the Thamhetochen samples were 

sequcnccd for the 12S and ATP8 fragments and two portions of 

the control region (197 and 94 95 bp). A partial cytochrome i 

sequence (174 bp) was obtained for Thambetochen only. The second 

Thambetochen sample was sequenced for ATP8 and one control 

region fragment (S."!? bp) and differed at only one position from 

the first Thambetochen sample over 288 bp sequenced for both. 

Phyiogcnctic analyses based on parsimony and maximum 

likelihood were conducted in PAUP*, v. 4.0d65 (Swofford 1999). 

At least 100 replicate heuristic searches with random addition of 

taxa were used in the parsimony analyses. Alignment of the 

sequences was generally straightforward, although the control 

region fragments included numerous indels. Alignment gaps 

were treated as a fifth character state because most indels in our 

data set involve the addition or loss of a single base. To explore 

the sensitivity of our results to the alignment parameters, we 

performed additional analyses using POY (Gladstcin & 

Wlicelcr I99h), a program that uses direct optimization to mini- 

mize alignment and cladogram costs simultaneously (Wheeler 

1996). In the latter analyses, we used the 28 anatine taxa for 

which complete data were available over approximately 1130 

alignment positions and ran 30 random addition searche.s for 

each of five weighting schemes. These included relative transi- 

tion, transversion and gap costs of 1:1:1, 1:1:2, 1:2:2, 1:2:4 and 

3:4:5. Sequences from the 5'-end of the control region were also 

analysed usitig POY. Genetic distances between cladcs were 

calculated by the method of Steel et at. (1996) and were based 

on Kimura's (1980) two-parameter model. We excluded posi- 
tions with alignment gaps Ibr distance calculations. 

The sequences used in this study have been deposited in 
GenBank (accession numbers U83730-33, AF059053-55, 63, 73, 

76 77, 81, 86, 90, 98, 100-104 and 109-113, AFO903.37 and 

AF173684-813). The alignments used in all analyses can be 
(bund in the electronic appendices from this paper on the Royal 

Society Web site. 

3. RESULTS AND DISCUSSION 

Phyiogcnctic analyses of the 12SrDNA sequences placed 

moa-nalos within the subfamily Anatinae or 'ducks' but left 

their ]30sitioii within this group iniresolved. Parsimony 

searches based on 41b aligned positions for 126 anseriform 

taxa and with equal weights tor all characters yielded over 

10 000 equally parsimonious trees of length 908 

(CI =0.27 and RI=0,69), All of these trees included a 

large clade (79 taxa including .35 genera) of relatively 

recently derived ducks which includes Thambetochen and 

Ptaiochen. In the following, we refer to thi.s clade as the 

subfamily Anatinae (or 'ducks'), a definition that includes 

most of the taxa in Johnsgard's (1978) Anatinae, and in 

Livezey's (1997) ladoriiinae and Anatinae combined. In 

contrast to previous treatments, however, otir definition 

excludes the 'stilTtails' (tribe Oxyurini: Heleronelia, 

J\fomonjx, Oxyura and Biziura) and the genera Malacorhjinchus 

and .Nettapus. This definition is consistent with other recent 

molecular analyses (Sraml el al. 1996; M. D. Sorenson and 

K. P. Johnson, unpublished data). Other distantly related 

taxa included Stictonetta and members of the Anserinae 

(geese and .swans) and Dendrocygninae (whistling ducks). 

The shortest trees in which Thambetochen and Ptaiochen are 

exckided from the Anatinae, as defined above, require six 

additional steps in the 12S data. 

Phyiogcnctic analyses of an expanded set of mtDNA 
characters for moa-nalos and 37 extant anatids are 

consistent with the above results and resolve the relation- 

ships within the y\natinae (figure 2). We first discuss the 

suljfamilial placement of moa-nalos and then their posi- 

tion within Anatinae. The monophyly of a large clade of 

'ducks' (Anatinae) that includes moa-nalos is well 

supported (decay index = 8 and bootstrap value = 93), 

Our data strongly reject the alternative hypothesis of a 

sister relationship between moa-nalos and the 'true' geese 

and swans (Anserinae). Using the same data as in 

figure 2, trees in which the moa-nalo clade is sister to 

Anserinae require at least 14 additional steps, a signi- 

ficant increase in tree length (p<ü.ül; Kishino & 

Hasegawa 1989). 

In contrast to this clear result from the molecular 

analysis, the existing morphological data are largely 

inconclusive. Only two additional steps were required to 

place moa-nalos as sister to 'ducks' in Livezey's (1996(3) 

analysis and these extra steps depend on the 'estimated' 

19 or 20 cervical vertebrae in the Thamhetochen holotype. 

llic holotype was actually found with 14 cervical 

vertebrae, ten of which were stil! in articulation, but 

missing the axis. Smooth articulation of all 14 vertebrae 

and comparison with the cervical vertebrae of other 

waterfowl suggest that the most likely alternatives are 

that Thambetochen actually had only 1,5 vertebrae (one less 

than in any other waterfowl) or that the specimen is 

missing one vertebra in addition to the axis and, there- 
fore, had 16 vertebrae as in most ducks, A single modifi- 
cation to Livezey's (1996«) data set, scoring Thamhetochen 

as having 16 cervical vertebrae, makes trees in which 
moa-nalos are sister to 'ducks' and sister to Anserinae 

equally parsimonious. 

Among the other morphological (4iaracters considered 

by Livezey (1996a), three potentially group moa-nalos 
with Anserinae. These are an enlarged end of the pubis 

(the significance of whi(-h is def)atable given the hyper- 

trophied pch'is of moa-nalos), a larger modal number of 

synsacral vertebrae, a relatively variable character both 

within and between waterfowl genera (Woolfenden 1961), 

Pmr   R   .Knr   J imii  R 'Wm\ 
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Figure 2.  Strict consensus nf three shortest trees of length 2089 (CI = 0.39 and Rl=0.48) found in parsimony analysis of all 
available intDNA sequence data {1309 alignment positious). Alignment gaps were treated as a fifth character state and all 
characters and changes were given equal weight. Decay indices (number of additional steps required in the shortest tree without 
the node in question; Bremer 1988) and minimum branch lengths are given above each branch and bootstrap values for nodes 
found in greater than 50% of replicates are given below each branch. The tree is rooted with Anseranas, most recently placed as a 
motioiypic family (Anseranatidae) sister to Anatidae (Livezey 1997). Groups names correspond to I.ive/ey (1997) except for 
Anatini and Anatinae, which are defined in the text. Aix, Cairinn, Pteronttta and Chenonetfa were included iu Anatini by Livezey 
(1997) but arc excluded from the tribe as defined here. Moa-nalos are shown in bold. 

and a depression in tlie skull for ihc nasal gland, a 

character scored as variably present in Anserinae and 

differing between the two moa-nalo sçencra. These are 
countered by three characters consistent with the 

inclusion   of  moa-nalos   in   Anatinae:   the   number   of 

cervical vertebrae (see above), a reduced extension of the 

caudal-lateral process of the sternum (also of question- 

able significance given the highly modified .sternum of 

moa-nalos) and ihe presence of an asymmetrical syrin- 

geal buUac in males. In the context of the molecular tree, 

Proc. R. Sac. Larul. B (19991 
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Figure 3. Rflaüonsliips vvithiii liic moa-iialo-Anaiini cladç ' 
biist'd on weiglited parsimony analysis. In this example, 
transitions were given a relative weight of 0.2. Five trees of 
length 86S.4 differed only in their relationships between Anas 
acuta. Anas gibberífrons. Anas píatyrhynchos and Anas carohinensis. 
The analysis included all taxa and irised the same data set as 
in figure 2 but only a portion of the tree.is showui The branch 
lengths are proportional tt) the genetic distances between 
cladcs {Kimura 198Q; Steel et at. 1996), tlie, values of which 
are shown for selected nodes. Moa-nalos are sjiown in bold,. 

asymmetrical syringt-al buUae in moa-nalßs and other 

ducks are homologou.s and this character uniqtiely diag- 
noses the subfamily Anatinae (Jfihnsgard 1961): Placement 

of moa-nalos wiilh the Anserinae would require the de 

novo appearance of this secondary sexual structure in 

moa-nalos, a scenario that seems particularly unlikefy 

given thai most island waterfowl lack sexual dimorphism 

(Lack 1970; VVcl]crl98ü). 

Within Anatinae, the molecular data consi.stently unite 

the two moa-nalo genera sampled and place them sister 

to the dabbling ducks or Anatini (figure 2). For the 

purpose of this discussion, we define Anatini as including 

the genera Anas, Speculanas, Lophonetta, Amazoneita and 

Tachyeres. Although the moa-nalo-dabbling duck clade is 

supported Ijy relatively few characters, two unambiguous 

and unreversed changes are the synapomorphics of this 

group, including a unique C to A transversion resulting in 

an aniinn acid substitution in A'l'PS. Parsimony analyses 

with transversions weighted by as little as 1.1:1 over trans- 

itions (we also used weights of 2:1, 5:1 and 1:0) yielded 

trees in whii:h Anas is monophyletic and sister to; a clade 

of four South American genera (Speculanasl- hophoneliaf 

Amazonelia and Tachyeres) but which retain .tHe'sisten 
relationship between moa-nalos and dabbling ducks 
(figure 3). (The character state r.econstriiction on the 

most parsimonious trees found with equal weights 

indicated an overall transition: transyersipn. ratio of 

around 5:1.} Maximum-likelihood analyses usmgi defaullj 

parameter settings in PAUP* and eithef including 'or 

excluding positions with alignment gaps also yielded trees 

in which Anas is monophyletic and nióa-nálos are'siátéíto 

dabbling ducks. This placement of moa-nalos was also 
stable to variation in the alignment parameters: the bcÄf 

solution for each set of parameters used in POY (Glad- 
stein & Wheeler 1996) included Anatini and Thambetochen 

as sister taxa. Finally, sequences from the highly variable 

Aix sponsa 

Cairina maschata 

Anas platyrhynchos 

Ptaiochen pau 

Thambetochen chauUodes 

Martnaronetta angusirostris 

Aythya americana 

Netia rufina 

A.sarcornis scutellata 

Branla canadensis 

Anser cygnoides 

Figure 4.  Shortest tree (length 512) resulting from an 
optimization alignment analysis using POY (Gladstdn & 
Wheeler 1996) of sequences from the .5'- and 3'-cnds of the 
mtDNA control region for 11 anatid taxa (286-297 bp per 
taxon). The sister relationship between moa-nalos and Anas 
was stable to variation in transversion and gap costs. Decay 
indices are shown for each node. 

,5'-end of the control region, data that were not included 

in any of the above analyses, also support a sister relation- 

ship between moa-nalos and dabbling ducks (figure 4). 

While partially consistent with Olson & James' (199L) 

suggestioti that moa-nalos are derived from a dabbling 

duck, the molecular data indicate that moa-nalos are not 

closely related to any one extant species or genus but, 

instead, represent a relatively early divergence within the 

subfamily Anatinae. Three unambiguous synapomorphics 

in the control region/tRNA-Phe fragment, including two 

unique transversions, support the monophyly of dabbling 

dttcks to the exclusion of moa-nalos. Hypotheses in which 
moa-nalos are sister to any of the terminal taxa (i.e. indi- 

vidual species) in our analysis are strongly refuted. For 

example, using equal weights for all characters, 13 addi- 

tional steps are required when moa-nalos are constrained 

to be the sister taxon of mallard {A. platyrhynchos) and 

between nine and 54 extra steps are needed to make 

moa-nalos sister to other terminal taxa in the subfamily 

Anatinae. A sister relationship with shelducks, another 

widely distributed group with relatively siinple syringeal 

bullae, is likewise refuted; 32 and 12 additional steps are 

needed to make moa-nalos sister to Tadorna and 'Tador- 

niiii' (including Chloephaga and Mochen), respe<.:tively. 

The relatively basal position of moa-nalos within 

Anatinae somewhat limits the conclusions that can be 
drawn about the morphology and geographical origin of 
the moa-nalos' ancestor, but it is likely that moa-nalos 

evolved from a relatively small duck. All of the dabbling 

ducks, with the exception ofTachyeres, are small (0.2-1.5 kg) 

and vary little in body proportions. Likewise, other 
members of the stibfamily range from 0.3 to 2 kg, except for 

Chloephaga, Cyanochen, Sarkidiornis, Plectropierus and Alopo- 

chen, in which larger, more 'goose-like' morphologies have 
evolved independently (figure 2; Livezey 1996Ä). In 

c-ontrast to dabbling ducks, moa-nalos ranged from 4 to 

7.5 kg (based on a regression of avian body masses agamst 

libiotarsus shaft circumference; Campbell & Toni 1983). 

Aïif   J¥   Sn,   /.n,i,i   R ÍI44QÍ 
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The evolution of moa-nalos very probably included a 
dramatic increase in body size and extensive modification 
of bill morphology in addition to the extreme reduction in 
structures associated with flight. Our analysis also includes 
Tachyeres (steamer ducks) as part of the Anatini (dabbling 
ducks), a result consistent u^ith Woolfenden (1961) but not 
with more recent classifications (Johnsgard 1978; Livezey 
1997). Tachyeres represents a more recent, independent 
example of the evolution of flightlessness and larger body 
size. Three out of four Tachyeres species are flightless, Wiih 
individuals ranging up to 6 kg as compared to 3 kg for the 
flighted species {Todd 1996). 

Analysis of genetic distances suggests that moa-nalos 
are ancient denizens of the Hawaiian islands. Using the 
largest data set for which sequences are complete for 
Thamhelodien, Piaiochen and other Anatinae (33 taxa and 
625 characters), moa-nalos are on average 7.2% divergent 
from dabbling ducks and 6.3 % divergent from each other. 
Particularly striking is the deep split between the two 
moa-nalo genera, which is as large as the deepest diver- 
gences between dabbling ducks (figure 3) and which is 
also evident in sequences from the S'-end of the control 
region, in which Thambelochen and Ptaiochen differ in 23% 
of 202 aligned positions. We hesitate to translate these 
values into precise estimates of divergence time because 
the fossil record lacks the temporal resolution to calibrate 
the rates of sequence evolution m Anatinae adequately. In 
addition, the distances based on our subset of 625 charac- 
ters are generally smaller than those based on 2086 bp of 
cytochrome é and ND2 sequences (Johnson & Sorenson 
1998) for 23 of the anatine taxa in our study, such that 
our estimates of divergence are not necessarily representa- 
tive of the entire mitochondrial genome. With these 
caveats, the often-cited figure of 2% sequence divergence 
per million years (My) for mtDNA (Brown et al. 1979; 
Tarr & Fleischer 1993; Fleischer et al. 1998) yields rough 
point estimates of 3.6 My for the divergence of moa-nalos 
and Anatini and 3.1 My for the divergence oî Thamhelochen 
and Ptaiochen. 

Assuming a single colonization from the mainland, the 
latter estimate suggests that the ancestor of moa-nalos 
arrived in the Hawaiian islands relatively early in the 
histories of Kauai and/or Oahu, the oldest rocks of which 
are 5.7 and 3.8 My, respectively (Macdonald et al. 1983). 
A detailed at-count of the diversification of moa-nalos in 
relation to the geological history of the islands on which 
they occur would be premature given the lack of genetic 
data for Chelychelynechen and recent discoveries of 
additional moa-nalo taxa on Kauai (S. L. Olson and 
H. F. James, unpublished data). This history, however, 
must have included either successful dispersal by flightless 
moa-nalos across the open ocean between Kauai and 
Oahu, an event we consider unlikely or the independent 
loss of flight in more than one moa-nalo lineage after 
colonization of the variotis islands by volant ancestral 
stock. Ancestral moa-nalos surely passed through a stage 
of incipient flightlessness during which dispersal between 
islands might still have been possible and from which 
convergent evolution of complete flightlessness is very 
plausible. Examples of such intermediate stages are 
observed in flying steamer ducks {Tachyeres patachonius) 
(Humphrey & Livezey 1982; Livezey 1986è) and extinct 
geese {Branta spp.) from Hawaii (Olson & James 1991). 

The deep divergence between moa-nalo genera and 
their placement as the sister group of dabbling ducks also 
leads to the conclusion that the continental ancestor from 
which moa-nalos derived has long been extinct. Although 
there is no direct evidence of a link with moa-nalos, 
Anabernicla, known from Late Miocene to Late Pleisto- 
cene deposits in western North America (Howard 1964; 
Bickart 1990), is one example of an extinct waterfowl 
lineage which may have been capable of long distance 
colonization at the time the ancestor of moa-nalos 
colonized the Hawaiian islands. 

That moa-nalos represent an ancient lineage not 
closely related to any extant species provides an 
explanation for their absence from the island of Hawaii. 
Long before Hawaii emerged from the sea some 500 000 
years ago, moa-nalos had evolved flightlessness, limiting 
their ability to disperse to new islands. Interestingly, the 
fossil avifauna of Hawaii includes a large, flightless goose 
that is very closely related to the extant, flighted nene 
{Branta sandvicensis) and the extinct Branta hylobadistes 
{E. Paxinos, H, F. James, S. L. Olson, M. D. Sorenson, 
A. Cooper and R. C. Fleischer, tmpublished data). This 
group of Hawaiian geese is closely related to the larger 
subspecies of Canada geese [Branta canadensis) still extant 
on the mainland and is therefore relatively recently 
derived from a flighted ancestor (E. Paxinos, H. F. James, 
S. L. Olson, M. D. Sorenson, A. Cooper and R. C. 
Fleischer, unpublished data). Thus, distantly related 
waterfowl have at least twice colonized the Hawaiian 
islands and evolved flightlessness. The striking conver- 
gence between moa-nalos and flightless geese in the 
Hawaiian islands may reflect similar evolutionary 
responses to the ecological opportunities presented by the 
absence of mammalian and reptilian herbivores. 

The evolution of moa-nalos included an extreme adap- 
tive shift from volant, filter-feeding, aquatic birds to flight- 
less, terrestrial herbivores. When an extinct lineage has 
undergone such radical change in a new environment, 
identifying a sufficient number of homologous morpho- 
logical characters to establish systematic relationships may 
be difficult, though not necessarily impossible (e.g. Worthy 
et al. 1997). As in other studies of extinct flightless birds (e.g. 
Cooper et al. 1992; Houde et al. 1997), ancient DNA from 
moa-nalos provided a valuable source of characters for 
phylogenetic analysis. In contrast to the inconclusive 
evidence available from morphology, molecular data 
provide a clear resolution of the subfamilial relationships of 
moa-nalos and a novel hypothesis for their position within 
the subfamily Anatinae, results consistent with an unusual 
morphological character, the syringeal bulla. 

We tliank Milte and Ali Lubbock for providing most of the 
samples of extant waterfowl, Mark Siddall and two anouymous 
reviewers for comments on the manuscript and Carl Mrlntosh 
and Suzy Brown for assistance in the laboratory. Funding was 
provided by the Smithsonian Institution Scholarly Studies 
Program and Walcott Fund awards to R.C.F., S.L.O., H.F.J. 
and T.W.Q. and by US National Science Foundation grants to 
M.D.S.,T.W.Q, and Robert B. Payne. 

REFERENCES 

Bickart, K. J. 1990 The birds of the Late Miocene Early 
Pliocene big sandy formation, Mohave County, Arizona. 
Ornithol. Mpnogr. 44, 1-72. 

I'm,:. R. Snr. l.ond. B (1999) 



Relationships of ilic exiinftmoa-nalos    M. D. Sorciisoii and others    219!i 

Bremer, K. 1988 The limits ol' aminu-iicid sequence data 
in angiospcrm phylogcnctic rcconsl ruction. Evolution 42, 
795 803. 

Bruwn, \V. M, Gcorsçc, M. & Wilson, A. C. 1979 Rapid evo- 
lution of animal mitoehoiidrial DNA. Proc. .Mat! Acad. Set. USA 
76, 1967   1971. 

Campbell, K. E. & Toni, E. P. 198,3 Size and ¡oeomotion in 
tcratorns (Aves: Tctatoniithidac). Auk 100, 390 403. 

Cooper, A. 1994 DN.-X from museum specimens. In Ancient DNA 
(ed. B. Herrmaim & S. Herrmann), pp. 149 Hi.î. New York: 
Springer. 

Cooper, .\., Mourcrchauvirc, C, Chambers, G. K., Vouhaeseler, 
A., Wilson, A. C. & Paabo, S. 1992 Independent orijrins of 
New Zealand moas and kiwis. Pmc. Nat! Acad. Set. USA 89. 
8741  8744. 

Desjardins, P. & Moráis, R. 1990 Sequence anci gene organiza- 
tion of tjic chicken mitochondrial genome•a no\'el 2;ene 
order in higher vertebrates. J. Moi. Bid. 212, .'í99-6.'34. 

Fleischer, R. C, Mclnlosh, C. E. & Tarr, C. L. 1998 Evolution 
on a volcanic conveyor belt: usina; phy!ogcogra]Dhic rccoii- 
strtictions and K-Ar based ages of the Hawaiian islands lo 
estimate molecidar evolutionai-y rates. Mol. Ecoi. 7, 333-,'i4.'5. 

Gladsteln, D. & Wheeler, W. C. 1996 POT New York: American 
Museum of Natural History. 

Houde, P., Cooper, A., Leslie, E., Strand, A. E. & Montano, 
G. A. 1997 Pliylogeny and evohttioii of I2S rDNA in 
Crruilbrmes (Aves). In Aiiian molecular evolution and systematic^ 
(cd. D P Mindell). pp. 121-158. San Diego, CA: Academic 
Press. 

Howard, H. 1964 Fossil .Anser¡formes. In JVaterfowl of lite world, 
vol. 4 (ed. J. Dclacour), pp. 233-326. London: Country Life 
Ltd. 

Humphrey, P. S. & l.ivezey, B. C. 1982 Flightiessness in flying 
steamer-ducks. /1a¿ 99, 3<i8-372. 

James, H. F. & Burney, D. /\. 1997 I'he diet atid ecology of 
Hawaii's extinct flightless waterfowl: c\idence from coprolitcs. 
ßiol. J. Linn. Soc. 62, 279-297. 

James, H. F. & Olson, S. L. 1983 FHgluless birds. Ml. Hisl. 92, 
30-40. 

James, H. ¥., Staflbrd, T. W., Steadman, D. W., Olson, S. L., 
Martin, P S., Jull, A. J. T. & McCoy, P C. 1987 
Radiocarbon dates on bones of extinct birds from Hawaii. 
Pmc. Nail Acad. Set. USA 84, 2350-23,^4. 

Johnsgard, P. A. 1961 Trachea! anatomy of the .Anatidae and its 
taxouomic signifirance. Wildfowl 12, .58-69. 

Johnsgard. P. .\. 1978 Duciis, geese, and swans of the world. Lincoln, 
NE: Lîniversity of Nebraska Press. 

Johnson, K. P. & Sorenson, M. D. 1998 Comparing molecular 
evolution in two mitochondrial protein coding genes (cyto- 
chrome b and ND2) in the dabbling ducks (tribe: Anatini). 
Mol. Pliylogenet. Evol. 10, 82  94. 

Kimura, M. 1980 A simple method for estimating cvolulionary 
rate of base su1»titutions through comparative studies of 
nucleotide sequences. J. Mol. Evol. 16, 111   120. 

Kishino, H. & Hasegawa, M. 1989 Evaluation of (he 
maximum-likelihood estimate of the evolutionary tree topo* 
logics from DN.Vseciucuce data, and the branching order in 
Hominoidea. J. Mol. Evol. 29, 170-179. 

Kocher, T. D., Thomas, W. K., Meyer, A., Edwards. S. V., 
Paabo, S., Villablaiica, F X. & Wilson, A. C. Í989 Dynamics 
of mitochotidrial-DNA evolution in animais•ampliftcation 
and sequencing with conserved primers. Proc. .Nati Acad. Sei. 
USA 86, 6196-6200. 

Lack, D. 1970 The endemic ducks of remote islands. Wildfoial 21. 
5   10. 

Livezey, B. C. 1986« A phylogcnciic analysis of recent 
anseriform genera using mor])ho1ogica1 characters, .iuk 103. 
737-754. 

Livczcy, B. C. 1986/j Flightiessness in steamer-ducks (Anatidae: 
Tachyercs):  its morphological bases and probable evolution. 
Evolution 40. .540-558. 

Livezey, B. C. 1991 A phylogcnctic analysis and classilkation of 
recent dabbling ducks (Tribe .'\iiatini) based on comparative 
moiphology. Auk 108, 471   507. 

Livezey, B. C. 1996a A pliylogenetic analysis of geese and swans 
(Anseriformes:   Anscrinae),  including selected fossil  .species. 
Sysl. Biol. 45, 415-450. 

Livezey, B. G. I996¿ A phylogenetic reassessment of the tadornin«^ 
anatine divergence (Aves: .Anseriformes: Anatidae). Ann. Carnegie 
.WM.f.65,27 «8. 

Livezey,  B.  G.  1997  A phylogcnctic classification ol' waterfc)w1 
(Aves:  Anseriformes),  including  selected  fossil   species.   .Ann. 
Carnegie Mus. 66, 457-496. 

Macdonald,  G.   A.,   Abbott,  A. 'F.   &   Peterson,   F.   L.   1983 
Volcanoes in the .sea: the geolog): of Hmvaii. 2nd edn. Honolulu: 
University of Hawaii Press. 

Olson,   S.   L.   &  James,   H.   K   1982fl   Fossil   birds   from   the 
Hawaiian islands: evidence lor wholesale extinction by man 
bclbre Western f:ontact. Science 217, 633-635. 

Olson,   S.   L.   & James,  H.   F.   1982A  Prodomus  of the fossil 
avifauna of the Hawaiian islands. .%út¡i.mnian Cnnt. Zool. 365, 
1-59. 

Olson. S. L. & James, H. F. 1991 Descriptions of thirty-two new- 
species of birds from the Hawaiian islands.  I. Non-passeri- 
formcs. Ornil/wl. Monogr. 15, 1-88. 

Olson,  S.   L.   &  Wetmore,  .\.   1976  Preliminary diagnoses  of 
extraordinary new genera of birds from Pleistocene deposits 
in ihc Hawaiian islands. Proc. Biol. Soc. Wash. 89, 247 257. 

Sorenson, M. D. & Fleischer, R. C. 1996 Multiple independent 
transpositions of mitochondrial DNA control region sequences 
to the nucleus. Proc. Mtl Atad. Sei. USA 93, 15 239  15 243. 

Sorenson, M. D. & Qiiinn, T. W. 1998 Numts: a challenge Ibr 
avian systcmatics and population biology. Auk 115, 214 221. 

Sraml, M., Christidis,  L., Easteal,  S., Horn, F.  &  Collet, C. 
1996 Molecular relationships within Australasian wateifovvl 
(Anseriformes). Aust. J. ^ool. 44, 47- 58. 

Steel,   M,   A.,  Cooper,   A.   C.   &   Penny,  D.   1996  Confidence 
intervals for the divergence time of two elades. Syst. Rial. 45, 
127-134. 

Swofford, D. L. 1999. PAUP. Phylogenetic analysis using parsimony 
Cand other  methods),   v.   4.0d65.   Sunderland,   MA:   Sinauer 
Associates. 

Tarr, C. L. & Fleischer, R. C. 1993 Mitocliondrial-DNA varia- 
tion and evolutionarv rclationsliips in the amakihi complex. 
/lai; 110, 82.5-831. 

Todd, F. S. 1996 .Natural history of the waterfowl. Vista, C.4: Ibis 
Publishing Co. 

Weiler,   M. W.  1980   The  island waterfowl.   .'Xmcs:   Iowa  State 
University Press. 

Wheeler, W. C. 1996 Optimization alignment: the end of multiple 
sequence alignment in phylogenetics? Cladistlcs 12, 1-9. 

Woolfendcn,   G.   1961  Poslcranial  osteology  of the  waterfowl. 
Florida State Mus. Bull. 6, 1-129. 

Worthy, T H., Holdaway, R. N,,  Sorenson, M. D.  &  Cooper, 
A. C.   1997   Description   of the   first   complete   skeleton   of 
Crumiornis   calcitrans   Owen,    (Aves:   Anatidae),   and   a   re- 
assessment of the relationships of Cnemiornis. J. ^ool. 243, 
695-723. 

.As this paper exceeds the maximum length normally permitted, 
the authors have agreed to contribute to production costs. 

Electronic  appendices to this  paper can be found al   (http:// 
www.pubs.roya1soc.ac.uk/publish/pro_bs/rpbl434.htm). 

/')*. H.Sùc. Land. 1Î ¡1939) 


