October 2000]

1997. The relation among gonadal steroids, im-
munocompetence, body mass, and behavior in
young Black-headed Gulls (Larus ridibundus).
American Naturalist 150:201-219.

SAINO, N., A, P. MoLLER, AND A. M. BOLZERN. 1995.
Testosterone effects on the immune system and
parasite infestations in the Barn Swallow (Hi-
rundo rustica): An experimental test of the im-
munocompetence hypothesis. Behavioral Ecol-
ogy 4:397-404.

SAPOLSKY, R. M. 1992. Neuroendocrinology of the
stress-response. Pages 287-324 in Behavioral en-
docrinology (J. B. Becker, S. M. Breedlove, and
D. Crews, Eds.). MIT Press, Cambridge, Massa-
chusetts.

SCHOECH, S. J., E. D. KETTERSON, AND V. NOLAN, JR.

Short Communications

1051

1999. Exogenous testosterone and the adreno-
cortical response in the Dark-eyed Junco, Junco
hyemalis. Auk 116:64-72.

SLATER, C. H., AND C. B. SCHRECK. 1993. Testosterone
alters the immune response of chinook salmon
Oncorhynchus tshawytscha. General and Compar-
ative Endocrinology 89:291-298.

ZUK, M., T. S. JOHNSEN, AND T. MACLARTY. 1995. En-
docrine-immune interactions, ornaments and
mate choice in Red Jungle Fowl. Proceedings of
the Royal Society of London Series B 260:205-
210.

Received 6 August 1999, accepted 26 April 2000.
Associate Editor: . M. Wingfield

The Auk 117(4):1051-1056, 2000

Identification of the Extinct Hawaiian Eagle (Halineetus) by mtDNA
Sequence Analysis

ROBERT C. FLEISCHER, 2% STORRS L. OLSON,®> HELEN E JAMES,> AND ALAN C. COOPER?**
'Department of Biological Sciences, University of Durham, Durham DH1 3LE, United Kingdom;
2Molecular Genetics Laboratory, National Zoological Park, Smithsonian Institution, Washington, D.C. 20008, USA;
3Department of Vertebrate Zoology, National Museum of Natural History, Smithsonian Institution,
Washington, D.C. 20560, USA; and
Departments of Zoology and Biological Anthropology, University of Oxford, Oxford, OX2 6QS, United Kingdom

Among the many bones of extinct birds discovered
in the first extensive deposits studied in the Hawai-
ian Islands were a few from Molokai and Oahu that
clearly belonged to a large sea-eagle of the genus
Haliaeetus, as shown by their large size and the fusion
of the phalanges of the inner toe (Olson 1982, Olson
and James 1982). Even with the discovery of a nearly
complete skeleton of this eagle on Maui, its specific
identification could not be entirely resolved. Size and
other characters eliminated most species of the ge-
nus, but no qualitative osteological characters could
be discerned between the Hawaiian fossils and avail-
able skeletons of the Old World White-tailed Eagle
(H. albicilla) and the New World Bald Eagle (H. leu-
cocephalus; Olson and James 1991). Unable to make a
morphological resolution, Olson and James (1991:62)
were constrained to list this interesting specimen as
““Haliaeetus sp., aff. H. leucocephalus/H. albicilla.”” To
identify the Hawaiian eagle more satisfactorily, we
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turned to ““ancient” DNA methods to obtain mito-
chondrial DNA (mtDNA) sequences from its bones.
The bones used in ancient DNA analysis were ob-
tained from a nearly complete skeleton found on 4
April 1988 in a good state of preservation in Puu
Makua Cave, a lava tube at 1,463 m elevation on the
south slope of Mt. Haleakala, Maui (Olson and James
1991). The eagle had died in a cave that served as a
natural trap for flightless species such as moa-nalos,
rails, and ibises. The only entrance to the cave is a
skylight of approximately 5 m diameter above a ver-
tical drop of approximately 22 m. The eagle may
have flown into the cave to scavenge flightless birds
that had fallen in beforehand. The eagle presumably
became trapped because the entrance was too small
for such a large bird to be able to fly back out.
Previous analyses showed that the skeleton con-
tained 4.1% nitrogen and amino acids in proportions
only slightly different from those of modern cow
bone (T. Stafford, Jr. pers. comm.). An AMS radio-
carbon date on the skeleton gave an age of 3,300 *
60 years (two-sigma calibrated range 3,389 to 3,689
years; see James 1995). Because the nitrogen and ami-
no acid content suggested that organic compounds
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were well preserved in the skeleton, and despite its
antiquity, we chose this specimen for ancient DNA
analysis.

We isolated DNA from two bones from the skele-
ton in two separate laboratories dedicated to ancient
DNA analysis. DNA was amplified from the Hawai-
ian eagle bones for three different gene regions of
mtDNA. We compared sequence from part of the cy-
tochrome-b (cyt b) gene with cyt-b sequences ob-
tained from GenBank for seven of the eight species
of Haliaeetus known worldwide (Seibold and Helbig
1996). We also obtained sequences of the ATP sub-
unit 8 gene (ATPase8) and part of the 12S ribosomal
RNA gene (125 rRNA) and compared them with se-
quences we obtained from individuals of H. leucoce-
phalus, H. albicilla, and H. leucogaster.

Methods.—Two bones were selected for analysis
from the nearly complete skeleton found in Puu
Makua Cave (USNM 431238): a thoracic rib fragment
and a pedal phalanx. We obtained two tissue sam-
ples of H. albicilla from the Swedish Museum of Nat-
ural History (nos. 501 and 502) and feathers of H. al-
bicilla and H. leucogaster (White-bellied Fish-Eagle)
from captive birds in the United States. DNA sam-
ples of H. leucocephalus were obtained from W. Piper.

All pre-PCR protocols were conducted in isolated
ancient DNA laboratories located in buildings dif-
ferent from the ones containing the primary DNA
laboratories. DNA isolations and PCRs for ATPase8
and 125 rRNA segments were conducted at the Na-
tional Zoological Park (NZP) by A. C. Cooper, and
DNA isolations and PCRs for cyt b and 125 rRNA
were conducted at the University of Durham by R.
Fleischer. Methods to reduce the probability of con-
tamination followed Handt et al. (1994) and included
the use of barrier pipet tips; sterile solutions; DNA
destruction with UV illumination; liberal washing of
equipment and bench surfaces with bleach solutions;
and the use of extract, PCR, and “/large DNA" con-
trols. In addition, equipment and supplies were ded-
icated to the ancient DNA laboratories, and work was
not conducted in an ancient DNA laboratory after
working in the main laboratory on the same day.

Isolation protocols in the two laboratories were
very similar. A small piece of each Halineetus bone
was cut away and cleaned in sterile water. This was
followed by a wash with rotation at room tempera-
ture in sterile 0.5 M EDTA, after which the EDTA was
discarded. At Durham, the bone was wrapped in
heavy aluminum foil (which had been decontami-
nated of DNA by UV illumination for 20 min) and
crushed in a mortar and pestle (decontaminated by
soaking in 50% bleach solution). At the NZP, a
bleach-sterilized coffee grinder was used to pulver-
ize the bone sample. The crushed bone was placed in
5 mL of sterile UV-treated lysis buffer (0.01 M Tris,
ph 8.0; 0.002 M EDTA; 0.01 M NaCl; 10 mg/mL DTT;
1% SDS; and 1 mg/mL Proteinase K) and rotated
overnight at 60°C. The sample was then extracted
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twice with 5 mL of phenol and once with 5 mL of
chloroform. The supernatant was placed in 1 mL of
sterile water in a Centricon 30 microconcentrator and
centrifuged until about 50 to 100 pL covered the
membrane. A second 1 mL of sterile water was added
and the centrifugation repeated. The remaining sam-
ple was collected from the membrane by a short cen-
trifugation and diluted to 200 pL total volume. From
2 to 4 pL of this were used in subsequent PCR ex-
periments.

We attempted PCR amplifications with primers
that amplify different-sized segments of the three
mtDNA genes: 125 rRNA, ATPase8, and cyt b. We de-
signed a set of primers (AncEag. 2: forward, 5'-AG-
GAATCTGCCTACTAACACA-3', 3’ is base 15,026 of
Gallus gallus sequence; Desjardins and Morais 1990;
reverse, 5'-TTCGACATGTATGGGCTACG-3’, 3’ is
base 15,090) from Haligeetus eagle cyt-b sequence
(Seibold and Helbig 1996) such that they flanked a
small (63 base pairs [bp]) region that contained four
transitional substitutions between H. albicilla and H.
leucocephalus and also differed by at least this much
from the other five Halineetus species. The AncEag. 2
product size was 104 bp.

Primers cyt-b 2-rc (5'-TGAGGACAAATATCC
TTCTGAGG-3’, 15,320 of Gallus, reverse comple-
ment of cyt b 2; Kocher et al. 1989) and cyt-b ack (5'-
CCTCCTCAGGCTCATTCTAC-3', 15,376 of Gallus)
amplified a 98-bp segment of cyt b disjunct from
AncEag. 2. The 125 rRNA segments were amplified
and sequenced using primers 12SA, 12SH, 125], and
125SB2 (Cooper 1994), producing 392 bp of sequence.
The ATPase8 segment included 35 bp of tRNA-lysine
and was amplified and sequenced with “Birds-R-Us"
(5'-TGGTCGAAGAAGCTTAGGTTCA-3', 9,241 of
Gallus) and t-lys (5'-CACCAGCACTAGCCTTTT
AAG-3’, 9,051 of Gallus).

Final PCR components in a 50-uL reaction volume
were 1X taq buffer (Perkin Elmer), 1.25 units of Tag-
gold polymerase, 0.2 mM each dNTP, 2.0 mM MgCl,,
3 mg/mL non-acetylated BSA, and 1 uM of each
primer. PCR was conducted for 45 cycles beginning
with a ““hot-start’” for 10 min at 94°C and ending
with a 6-min soak at 72°C. Conditions per cycle were
92°C denaturation for 40 s, 50°C annealing for 1 min,
and 72°C extension for 1 min.

Successful amplification was determined by visu-
alizing PCR products on a 2% agarose gel. Single-
banded products were cleaned by centrifugation us-
ing a Qiagen kit following the manufacturer’s in-
structions. About 100 ng of product were used for cy-
cle sequencing of both strands using dye-labeled
dideoxynucleotide terminators; resulting sequence
reactions were run on an ABI 377 sequencer. We as-
sessed chromatograms for accuracy and aligned se-
quences using Sequencher 3.0.

We compared sequences from the Hawaiian eagle
bones directly with those of other Haliaeetus species.
We also conducted a total-evidence phylogenetic
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analysis of the sequences of the Hawaiian bone and
composite sequences from three outgroup Haligeetus
taxa. Replicate sequences for H. leucocephalus and H.
albicilla for ATPase8, and for H. leucocephalus for
12srRNA, were identical; thus, we used only one se-
quence from these to represent each taxon in the
analysis. The cyt-b sequences of H. albicilla, H. leu-
cocephalus, and H. leucogaster were from a different
study and therefore arise from different individuals
than the sequences obtained for these same species
in this study. Nonetheless, we combined the gene re-
gions into the full 704 bp of sequence (shown
abridged in Table 1 as variable sites only) and con-
ducted an exhaustive search, with no character
weighting, in PAUP* (Swofford 1999). We also ran a
bootstrap (1,000 replications) using a branch-and-
bound search algorithm to determine the relative
support for different clades. In addition, we con-
strained the Hawaiian bone to be a sister taxon to H.
albicilla in one tree and H. leucocephalus in another
and then used a Kishino-Hasegawa test (Kishino and
Hasegawa 1989) to determine whether the alterna-
tive trees differed significantly in length.

Results.—We obtained a total of 704 nucleotide
sites of sequence from the Hawaiian eagle bones: 392
nucleotide sites of 125 rRNA, 118 bp of cyt b, and 194
bp of ATPase8 (Table 1). We compared the cyt-b se-
quences with those obtained by Seibold and Helbig
(1996) for seven species of Haliaeetus, and the 125 and
ATPase8 sequences with ones we obtained from H.
albicilla, H. leucocephalus, and H. leucogaster (Table 1).
The cyt-b sequence of the Hawaiian Haligeetus was
identical to that of H. albicilla and differed by 5 to 17
bp from all other Haliseetus taxa, including H. leu-
cocephalus. The more-conserved 125 sequence was
identical to that of H. albicilla but differed by two
transitions from the sequence for H. leucocephalus and
by 24 substitutions from H. leucogaster. The Hawaiian
eagle bone ATPase8 sequence differed at only 3 po-
sitions from H. albicilla, but differed at 6 positions
from H. leucocephalus and at 24 positions from H. leu-
cogaster.

In summary, the Hawaiian Haligeetus bone se-
quences differed at only 3 of 704 bp (0.4 %) from the
White-tailed Eagle, but by 13 of 704 (1.8 %) from the
Bald Eagle. Divergence of the Hawaiian eagle bone
sequence from the Bald Eagle sequence was signifi-
cantly greater than its divergence from the White-
tailed Eagle sequence (Fisher exact test, P = 0.021).
Divergence of the Hawaiian bone sequence from the
White-tailed Eagle sequence was not significantly
different from zero (Fisher exact test, P = 0.250).

The three ATPase8 sequence differences between
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FiG. 1. Total-evidence parsimony phylogram showing relationships among mtDNA sequences from Ha-
waiian bone and from three species of Haliaeetus (see Table 1). Note that the outgroup sequences are chimeric
for individuals: ATPase8 and 125 rRNA were obtained from individuals sequenced as part of this study, and
cyt-b sequences are from different individuals described in Seibold and Helbig (1996). The 98% bootstrap
value for the Hawaiian bone and H. albicilla clade is on the clade’s node.

sents a postmortem artifact rather than a real sub-
stitution. Other than this single change, which does
not modify our conclusions, no other differences are
suggestive of artifacts owing to environmental mod-
ification.

The reconstructed phylogeny (Fig. 1) shows the
close relationship of the Hawaiian bone sequences to
those of H. albicilla and their more-distant relation-
ship to H. leucocephalus and the outgroup taxon H.
leucogaster. Bootstrap support for a Hawaiian bone/
H. albicilla clade was very high (98%). Constraining
the Hawaiian bone sequences to be sister to H. leu-
cocephalus increased the tree length by five steps, but
the Kishino-Hasegawa test was not quite significant
in supporting the Hawaiian bone/H. albicilla clade
over the Hawaiian bone/H. leucocephalus clade (t =
1.9, P = 0.058).

Discussion.—We obtained mtDNA sequences from
two subfossil Hawaiian eagle bones that are nearly
identical to ones from Haliaeetus albicilla. Our anal-
yses were conducted in two separate laboratories us-
ing independently purchased supplies, solutions,
and synthesized primers. No outgroup samples of
Haligeetus were present in the laboratories used at
Durham University (where the cyt-b and some
125rRNA sequences were obtained). In the NZP lab-
oratory (where the ATPase8 and 12SrRNA sequences
were obtained), all outgroups were analyzed after
DNA isolation from the subfossil. Thus, it is extreme-
ly unlikely that these sequences are the result of con-
tamination by external sources of DNA.

It is remarkable that DNA and amino acids are well
preserved in this skeleton that has lain in a cave in a

subtropical climate for perhaps 3,500 years, espe-
cially when considering that the eagle skeleton was
exposed to dripping water in the cave and was moist
when collected. Factors that may have favored pres-
ervation of organic compounds include the relatively
constant, cool temperatures of this high-elevation
cave, and the fact that the eagle corpse was always
protected from UV radiation, being preserved in
darkness.

Our results show that DNA sequences of the Ha-
waiian Haligeetus are more similar to sequences of
the White-tailed Eagle than they are to those of the
Bald Eagle. They do not support a hypothesis that
the Hawaiian eagle skeleton is conspecific with the
Bald Eagle. The protein-coding sequence divergence
(i.e. cyt b and ATPase8, combined) between the two
(3.5%) is higher than might be expected for a within-
species level divergence in birds and more typical of
divergence between congeneric species (Klicka and
Zink 1997, Avise and Walker 1998). On the other
hand, the divergence between the White-tailed Eagle
and Hawaiian bone protein-coding sequences (1.0%)
is much lower and is within the typical range of
within-species variation. Our results do not allow us
to reject the hypothesis that the Hawaiian skeleton is
that of a White-tailed Eagle, or its very close relative.
Therefore, we suggest that the Hawaiian eagle is con-
specific with and represents a disjunct Hawaiian
population of the White-tailed Eagle.

The similarity of the sampled sequence from the
Hawaiian eagle to that of the White-tailed Eagle also
suggests that this species colonized the archipelago
at a relatively late date, although one that apparently
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preceded the arrival of humans (James 1995). The
relative recency of colonization is also supported by
the absence of eagle fossils in the sediments of a
Pleistocene lake at Ulupau Head, Oahu (James 1987)
and the lack of skeletal differences between the Ha-
waiian eagle and H. albicilla (Olson and James 1991).
The Hawaiian eagle and the Black-crowned Night-
Heron (Nycticorax nycticorax) are the only lineages of
Hawaiian birds that successfully colonized the ar-
chipelago without the aid of humans, but that have
not differentiated at least to the level of subspecies.
This, and other evidence (e.g. Olson and James 1991,
Fleischer and McIntosh 2000) suggest that coloniza-
tion of the Hawaiian Islands is an ongoing process
and that ““equilibrium’” diversities predicted by the-
ories of island biogeography have not yet been
reached.

Although the eagle appears to have been the only
indigenous predator capable of depredating the
large flightless waterfow] of the islands (see Olson
and James 1991), genetic and other data indicate that
these waterfow] existed in the islands well before the
arrival of H. albicilla (Paxinos 1998, Sorenson et al.
1999).

Our study demonstrates the utility of analyzing
fossil or ancient DNA for identifying species when
other approaches will not work. The identification of
the Hawaiian eagle adds another Palearctic element
to the sources of colonization of the Hawaiian avi-
fauna. Most avian lineages in Hawaii appear to have
colonized from the New World, particularly North
America, and very few from the Palearctic (Mayr
1943, Fleischer and McIntosh 2000). Other lineages of
Palearctic origin include the Laysan Rail (Porzana pal-
meri; Olson 1973a,b; Fleischer and McIntosh 2000)
and possibly the Acrocephalus warblers and the dre-
panidines (Groth 1994, Fleischer et al. 1998). Histor-
ical records of eagles in the Hawaiian chain include
a Golden Eagle (Aquila chrysaetos) resident on Kauai
for 17 years (Berger 1981, Pyle 1997) that may have
originated in either North America or Asia, and the
Asian Steller’s Sea-Eagle (H. pelagicus) that was re-
corded from the Northwestern Hawaiian Islands of
Kure and Midway (Pyle 1997). Haligeetus albicilla is a
latitudinal migrant in Eurasia, especially in the east-
ern part of its range (del Hoyo et al. 1994), and some-
times is a vagrant and thus could be expected to have
reached the islands.
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Are Nest Predation and Brood Parasitism Correlated in Yellow Warblers? A Test of
the Cowbird Predation Hypothesis
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Brown-headed Cowbirds (Molothrus ater) are gen-
eralist brood parasites that reduce the productivity
of many of their passerine hosts through egg removal
and competition between cowbird and host nestlings
(Lowther 1993, Payne 1998, Lorenzana and Sealy
1999). Recently, it has been suggested that cowbirds
exert a previously unappreciated influence on the de-
mography of their hosts through predation (Arcese
et al. 1992, 1996; Smith and Arcese 1994; Arcese and
Smith 1999). The cowbird predation hypothesis (Ar-
cese et al. 1992) was suggested to explain the fre-
quently observed link between nest predation and
interspecific brood parasitism in many passerines
(e.g. Wolf 1987, Payne and Payne 1998). Specifically,
the hypothesized link is a direct result of cowbird

! Address correspondence to this author. E-mail:
sgsealy@cc.umanitoba.ca

predation of host nests that are discovered too late in
the host’s nesting cycle for successful parasitism.
This creates future opportunities for parasitism by
causing hosts to renest (Arcese et al. 1996). Alter-
natively, a link between predation and parasitism
may result if cowbird parasitism facilitates preda-
tion, or if both factors are correlated with a third var-
iable such as nest vulnerability (Arcese and Smith
1999). Determining the independent effects of brood
parasitism and nest predation on host populations is
difficult because of this potential functional depen-
dence (Pease and Grzybowski 1995, Arcese and
Smith 1999).

In a resident population of Song Sparrows (Melos-
piza melodia) on Mandarte Island, British Columbia,
the frequency of nest failure was positively related to
the frequency of cowbird parasitism (Arcese et al.
1996). In 5 of 19 years when cowbirds were rare, ab-
sent, or removed on the island, nest failure was lower



