
unusually large settlement with some characteristics (e.g., pueblos
of contiguous rooms) of the SW and other attributes (e.g., ball
courts) that were more typical of Mesoamerica (29, 30). Also
present were macaw pens in public plazas, eggshells, and skeletal
remains of >300 scarlet macaws ranging in age between nestlings
and breeding age individuals. Oxygen isotopes support the con-
clusion that a majority of the scarlet macaws at Paquimé were bred
in northern Mexico outside their endemic range (31).

The highest concentrations of scarlet macaws in the SW before
the 13th century and before the construction of Paquimé have been
recovered from archaeological contexts in Chaco Canyon (n = 35)
in northwestern New Mexico, the Mimbres region (n > 10) of
southwestern New Mexico, Wupatki in north-central Arizona (n >
22, see ref. 28), and the Hohokam region of southern Arizona (21,
23). Directly radiocarbon-dated scarlet macaw bones from Chaco
Canyon and the Mimbres region indicate an increased rate of the
acquisition of these birds in the SW between 900 and 1200 CE
compared with sparse evidence between 200 and 900 CE in the
Hohokam region (23) (Fig. 2). However, archaeological excava-
tions have not revealed pre-Paquimé breeding centers (e.g., egg
shells, possible nesting boxes, nestlings and breeding age birds all
recovered from the same settlement) in the SW/NW. At both
Pueblo Bonito in Chaco Canyon and Wupatki, for example, which
have relatively large numbers of scarlet macaws, analysis revealed
only one bird at each site that was possibly of breeding age. We
should emphasize, however, that the intensity of archaeological
research has been more limited in northern Mexico compared with
adjacent areas of the SW and central Mexico. Archaeologists thus
have generally assumed that during this period, wild scarlet macaws
were acquired directly or passed from community to community
from their endemic range to the SW/NW.

The presence of scarlet macaw skeletons at archaeological
sites in Mesoamerica and the SW/NW is not surprising. The
significance of macaws as metaphorical markers of human social
identities is widespread among living and historic Amerindians
of the tropics, perhaps most famously the Amazonian Bororo
(e.g., refs. 32 and 33), and in some other parts of the New World.
In the Late Preclassic period (400 BCE–200 CE) in southern
Mesoamerica, depictions of high-status individuals adorned with
scarlet macaw feathers suggest they were markers of prestige (34).
Imagery of macaws and macaw feathers on carved stone monu-
ments, painted murals, and polychrome pottery showing, for
example, macaws resting on elite headdresses continued into the

Classic period (250–900 CE) among the Maya and suggests the
importance of scarlet macaws in cosmology and religion (34).

Among historic Pueblo groups in the SW, European explorers in
the 16th century and later ethnographers commented on the sig-
nificance of scarlet macaws and their feathers in Pueblo society
(e.g., refs. 21 and 28). The long-term presence of a high-status
Parrot/Macaw clan among the Hopi, the prominent role of ma-
caws and their eggs in mythology and ritual representations at
Acoma and Isleta pueblos (e.g., ref. 35), and the continuing, wide-
spread use of macaw feathers in ritual dress in contemporary Pueblo
ceremonies demonstrate the significance of macaws. The impor-
tance of macaw feathers also is demonstrated by contemporary ef-
forts to supply Pueblos with bird feathers, including macaws (36). In
current, historic, and likely Pre-Hispanic Pueblo cosmology, color-
direction symbolism is very important. Macaws are the bird equiv-
alent to reddish Spondylus(spp.) shell and the color red, often
marking the southern cardinal point, just as western bluebirds (Sialia
mexicana) and turquoise mark the opposing cardinal direction (e.g.,
ref. 37). It is thus almost certainly no coincidence that both scarlet
macaws and turquoise are unusually abundant in Chaco Canyon.

Throughout much of the SW/NW, the occurrence of scarlet
macaws is both temporally and geographically discontinuous, with
unusual frequencies in areas such as Chaco Canyon or Mimbres
that are also characterized by other rare features (e.g., the re-
markable representational images on Mimbres pottery and the
unusually large great houses of Chaco). A previous study suggested
that scarlet macaws served a central role in creating and main-
taining the sociopolitical economic foundations of Chacoan society

Fig. 1. Map showing the locations of archaeological sites in the SW/NW referenced in this study. The historic range of wild scarlet macaws in the Americas is
shown in red.

Fig. 2. Summed probability distribution of all directly AMS radiocarbon
dated scarlet macaw samples from the SW compared with the directly dated
samples with complete mitogenomes (highlighted in blue). These data are
shown relative to the known date range of scarlet macaw breeding at
Paquimé in northern Mexico (black bar).
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(21). Macaw plumes fade and lose their vivid colors quickly, and
the effort required to obtain macaws is consistent with other luxury
items sought after as markers of status in Pre-Hispanic times (38).

To infer the geographic source of scarlet macaws and to ex-
plore the character of acquisition networks before the 13th
century, we examined the mitogenomic variability and pop-
ulation structure of 14 scarlet macaws from five archaeological
sites located in either Chaco Canyon (n = 11) or the Mimbres
area (n = 3) of New Mexico (SI Appendix, Table S1 and Dataset
S1). We compare our results with phylogeographic data available
for wild scarlet macaws collected within the last 200 y from their
endemic range in Mexico and Central America (39) to describe
genetic relationships among the archaeological macaws and to
investigate the geographic extent of socioeconomic interaction
and possible long-distance acquisition in the SW/NW.

Archaeogenomic Analysis
We initially extracted ancient DNA from the bones of 20 scarlet
macaws excavated from two sites in Chaco Canyon (n = 14 ma-
caws), three sites in the Mimbres region (n = 5 macaws), and to add
some spatial and temporal variation, one site (Arroyo Hondo; n =
1 macaw) in north central New Mexico (SI Appendix, Table S1 and
Dataset S1). None of the scarlet macaws studied was associated
with human burials. We prepared massively parallel sequencing
libraries from each extract, but before sequencing we used a DNA
capture approach (40) to enrich our libraries for scarlet macaw
mitochondrial DNA fragments, using biotinylated RNA baits
complementary to the reference scarlet macaw mitochondrial ge-
nome sequence (GenBank accession: CM002021.1; ref. 41). Post-
capture libraries were then sequenced using the Illumina HiSeq
2500 and Illumina NextSeq 500 platforms (SI Appendix, Table S2).
Three of the 20 samples yielded no recoverable endogenous DNA.

For 17 of the 20 ancient macaws included in this study, we re-
covered 133–32,607 nonredundant sequence reads that mapped to
the reference scarlet macaw mitochondrial genome from South
America (A. m. macao; GenBank accession: CM002021.1; ref. 41).
We were able to reconstruct complete or nearly complete mito-
genome sequences from 14 of these individuals. After masking
nucleotides at the end of reads subject to ancient DNA damage,
we assembled consensus sequences using a minimum of 2× non-
redundant reads covering each nucleotide position and 80% site
identity (91–99.94% of the reference mitogenome represented:
sevenfold to 218-fold average sequence coverage per nucleotide).
The observed misincorporation pattern for each sample was con-
sistent with that expected from ancient DNA damage (refs. 42 and
43 and SI Appendix, Fig. S1), serving as a strong marker of au-
thenticity. The three remaining mitogenomes were considerably
less complete and were only included in subsequent analyses to
ascertain whether the partial mitogenomes are assignable to a
reference haplogroup (9.15–65% of the reference mitogenome;
see SI Appendix). All 14 samples with complete or near-complete
mitogenomes were directly radiocarbon dated to between 900 and
1200 CE (Fig. 2, SI Appendix, Table S1, and Dataset S2).

All the complete and nearly complete mitogenome sequences
belonged to haplogroup 6 (Haplo6) and were assigned by com-
paring 23 unique modern A. m. cyanopterareference haplotypes
consisting of multiple mtDNA gene segments from Schmidt (39)
(SI Appendix, Fig. S3; base pairs analyzed = 3,128 from the 12S,
16S, COI, cytb, control region). Samples collected from wild scarlet
macaws in Mexico and Central America clustered within the evo-
lutionarily distinct cyanopteralineage consisting of five haplogroups
(Haplo1, Haplo2, Haplo3, Haplo5, Haplo6; Dataset S3). Ranging
further south in Costa Rica, Panama, and South America, the A. m.
macao lineage consists of two haplogroups (Haplo4 and Haplo7;
see refs. 39 and 44). We did not include A. m. macaohaplotypes in
the majority of our analyses, given evidence of geographic isolation
between lineages in lower Central America. However, the complete
mitogenome reference sample used here from an exemplar of A. m.

macaooriginating from South America is Haplo4 (39). There are
currently no published modern or historically collected A. m. cya-
nopteracomplete mitogenomes available.

The nucleotide sequences of our 14 complete or near-complete
ancient macaw mitogenomes are remarkably similar to each other
and belong to four separate haplotypes (Haplo6a1, Haplo6a2,
Haplo6a3, Haplo6a4). The primary haplotype (Haplo6a1) includes
10 of the 14 individuals, and each sequence is identical across all
base pairs, whereas the remaining four mitogenomes differ from
the primary haplotype and each other at only two to five nucleo-
tides across 15,584 and 16,982 positions (99.9–100% similarity; Fig.
3A). In contrast, the ancient mitogenome haplotypes differ from
the South American reference scarlet macaw mitogenome at 102–
105 positions (98.8% similarity). The 10 Haplo6a1 sequences were
recovered across four archaeological sites — Pueblo Bonito (n =
6), Pueblo del Arroyo (n = 2), the Mitchell Site (n = 1), and the
Wind Mountain site (n = 1) — and they represent the entire time
span of our sample based on the radiocarbon dates, including the
earliest and latest dated individuals and multiple other individuals
within the � 300-y span (Fig. 3B and SI Appendix, Table S2).
Haplo6a2 (n = 1) and Haplo6a3 (n = 2) were only recovered at
Pueblo Bonito after 1045 CE, and Haplo6a4 (n = 1) was found
only in the Mimbres area at Old Town 1020 CE.

We separately aligned the three additional specimens (PB74 and
PB80A from Chaco Canyon, and BA660 from Arroyo Hondo)
with partial mitogenomes to the 14 complete or near-complete
sequences to determine the degree of haplotype similarity among
these samples (SI Appendix, Fig. S2). Although the two partial
sequences from Pueblo Bonito (PB74 and PB80A) were 100%
identical to Haplo6a1 across 3,580 and 11,006 alignable positions,
only three of the five positions used to distinguish the ancient
haplotypes were present in PB80A, and only one of the five po-
sitions was present in PB74. None of these positions was present in
the BA660 sequence found at Arroyo Hondo across 1,523 align-
able positions. We then aligned 16 ancient macaws (14 complete or
near-complete and two partial mitogenomes) to the 23 unique
modern A. m. cyanopterareference haplotypes. We found that two
of the three partial mitogenomes cluster within the Haplo6 clade
across all alignable reference mtDNA gene segments (base pairs
analyzed = 3,128; SI Appendix, Fig. S3 and Table S2). Although
coverage was too low to accurately define the ancient haplotype,
the two partial mitogenome sequences from Pueblo Bonito share
identical segments across conserved genes used to identify the
A. m. cyanopteralineage and known variable positions used to
define Haplo6. These data indicate that these two partial mito-
genomes share a high degree of genetic similarity with our 14
complete or nearly complete ancient scarlet macaw mitogenomes.

There has been one previously published ancient DNA study of
scarlet macaws from three archaeological sites in the SW (45). In that
study, sequence data from a 396-bp fragment of the mitochondrial
genome (12s gene) of four scarlet macaws were reconstructed using
PCR-based ancient DNA amplification and Sanger sequencing
methods (45). We aligned each of these sequences and modern
references to our 14 complete or near-complete mitogenomes (SI
Appendix, Table S4 and Dataset S4). The 12s gene mtDNA se-
quences of two ancient macaws (Grasshopper Ruin 2 in Arizona and
Cameron Creek in the Mimbres region) are identical to those from
our study across all alignable positions. One of the previously studied
ancient macaws (Grasshopper Ruin 1 in Arizona) differs by a single
nucleotide from our sequences, and the fourth macaw (Salmon
Ruins, a site related to those in Chaco Canyon) has differences at
four positions (SI Appendix, Fig. S5A). Importantly, all but one of
these differences could potentially be explained by unmasked C to T
or G to A mismatches attributed to ancient DNA damage (SI Ap-
pendix, Fig. S5B). After masking for potential DNA degradation,
three of the four ancient macaws from the previous study cluster
within a region of the 12s gene consistent with Haplo6. However,
Haplo3 cannot be ruled out when examining the 12s region alone.
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mitogenome consensus sequences are available from GenBank (accession
nos. MH400234–MH400248; Dataset S2).
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