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Darwin’s finches comprise a group of 15 species endemic to thép&gds (14 species) and Cocos (1 species)
Islands in the Pacific Ocean. The group is monophyletic and originated from an ancestral species that reached the
Galgagos Archipelago from Central or South America. Descendants of this ancestor on the Archipelago then
colonized Cocos Island. In the present study, we used sequences of two mitochondrial (mt) DNA segments (922
bp of the cytochromé gene and 1,082 bp of the control region), as well as two nuclear markers (83imii,
consisting of 140 bp of mtDNA control region and 690 bp of flanking nuclear DNA; and 740 hprot3,consisting

of 420 bp of mt cytochromd sequence flanked by 320 bp of nuclear DNA) to identify the species group most
closely related to the Darwin’s finches. To this end, we analyzed the sequences of 28 species representing the main
groups (tribes) of the family Fringillidae, as well as 2 outgroup species and 13 species of Darwin’s finches. In
addition, we used mtDNA cytochrontesequences of some 180 additional Fringillidae species from the database
for phylogeny reconstruction by maximum-parsimony, maximume-likelihood, minimum-evolution, and neighbor-
joining methods. The study identifies the grassquit genus Tiaris, and specifically the dpadesbscura,as the

nearest living relative of Darwin’s finches among the species surveyed. Darwin’s finches diverged from the Tiaris
group shortly after the various extant species of Tiaris diverged from one another. The initial adaptive radiation of
the Tiaris group apparently occurred on the Caribbean islands and then spread to Central and South America, from
where the ancestors of Darwin’s finches departed for thé gaglas Islands approximately 2.3 MYA, at the time

of the dramatic climatic changes associated with the closure of the Panamanian isthmus and the onset of Pleistocene
glaciation.

Introduction

The designation “Darwin’s finches” refers to acone-shaped bills; e.g., Snodgrass 1903; Sushkin 1925,
group of 15 finch-like species, 14 of which are endemit929; Lowe 1936). Doubts were raised only about the
to the Galpagos Archipelago (the Gadagos finches), Certhidea, which some authors thought was not a finch
while one is confined to Cocos Island in the Pacifiat all, but rather a warbler (i.e., a small perching bird
Ocean (Lack 1947; Grant 1999). Gould (1837), the owith a thin, pointed bill). However, as early as the be-
nithologist who, with the help of assistants, examineginning of the last century, a comparative anatomical
and described the bird skins collected by Charles Danalysis by Snodgrass (1903) provided evidence for the
win during his trip around the world on H.M.8eagle, close relationship of Certhidea to the rest of the Dar-
included all of the Galpagos finches available to himwin's finches. Recent mitochondrial (mt) DNA sequence
in the genus Geospiza. He divided the genus into tii®ato et al. 1999) and microsatellite (Petren, Grant, and
subgenera Geospiza, Camarhynchus, Cactornis, aahnt 1999) analyses strongly support the monophyletic
Certhidea, which he assigned to the family Coccotlstatus of the whole group of Darwin’s finches. This con-
raustinae, the hawfinch-like birds. In current classificaiusion is consistent with behavioral (Bowman 1983),
tions, Darwin’s finches fall into five groups: groundkaryotypic (Jo 1983), and biochemical (Yang and Patton
finches (Geospiza, including the species assigned b981) studies. The phylogenetic relationships among
Gould to the subgenus Cactornis); tree finches (Cam&arwin’s finches have been elucidated by analyses of
hynchus, Cactospiza); the vegetarian finch (PlatyspizajtDNA sequences (Sato et al. 1999; Freeland and Boag
warbler finches (Certhidea); and the Cocos finch (Pina99aa, 199%) and microsatellite markers (Petren,
roloxias). Dissenting classifications are discussed I®tant, and Grant 1999).

Lack (1947) and Grant (1999). On morphological  The original assignment of the group to the Coc-
grounds, all of the Darwin’s finch species have beegbthraustinae has now been abandoned, and the group
thought to be closely related to one another and to leas been relegated to a separate taxon, Geospizinae or
semble finches (i.e., primarily seed-eating birds witseospizini. On morphological grounds, the Geospizini
have been assigned to the finch family Fringillidae (e.g.,
Abbreviations:cr, control region;cytb, cytochromeb; ME, min-  Salvin 1876; Ridgway 1897; Rothschild and Hartert
imum evolution; ML, maximum likelihood; MP, maximum parsimony; 1899, 1902; Snodgrass and Heller 1904; Sushkin 1925,
mt, mito_chondrial_; Myr, million years; NJ, ne_ighbor j_oin.inlgumt,nu-__ 1929; Swarth 1931; Lowe 1936; Sibley and Ahlquist
?5‘1;?]23;?;2226" PCR, polymerase chain reaction; Ts, trans't'or‘fQQO) in the order Passeriformes. The taxonomy of the
Fringillidae is currently in a state of flux, but the family
is commonly divided into two subfamilies, Fringillinae
and Emberizinae (e.g., Sibley and Ahlquist 1990). The
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tribes Emberizini (true buntings and New World sparfable 1 _
rows), Parulini (wood-warblers), Thraupini (tanager§pecies Studied

and tanager finches_), Cardinalini (cardinal-grosb_eaks), Species Country Location
and Icterini (blackbirds and allies; see, e.g., KI'Ck%lapetes finucha . Ecuador Rundo Pamba
Johnson, and Lanyon 2_000)- Capsiempis flaveola. . . ... .... Ecuador Santo Domingo
Although Darwin’s finches have become a textbookarduelis magellanica. . . . . . .. Ecuador St Miguel
example of adaptive radiation (Lack 1947; Grant 1999¢atamenia inomata. ......... Ecuador ~ Alto Peru
the question of their origin has remained open. It is gefo¢eba flaveola ... Saint Lucia  Rainforest
lly assumed that their ancestors arrived in the -Ga oryphospingus cucullatus.. ... Peru Dealer/Zipke
erally . - anocompsa parellina. . . . ... Costa Rica  Cocos Island
pagos Archipelago from Central or South Americayendroica adelaidae......... Saint Lucia  Rainforest
where species related to them have been identified. S@iglossa humeralis. .......... Ecuador Alto Peru
eral species have been proposed by different authorsDIR{FS_bO”a”t?r_‘S'S ------------ gcvidlf’f _ ;‘”?'fa”d'et‘
be the closest living relatives of Darwin’s finches. Theg acnia martiniea. ... ... aint Lucia - rainiores
. . . uphonia musica............ Saint Lucia Rainforest
include the bananaquiCpereba flaveola(Harris 1972), cterus graceannae .. ... . ... .. Peru Dealer/Zipke
the blue-black grassquiv/flatinia jacaring (Steadman Loxigilla noctis .............. Saint Lucia  Rainforest
1982), the blackfaced grassqutidris bicolor) (Baptis- Melanospiza richardsoni. ... .. Saint Lucia  Rainforest
ta and Trail 1988), and the St. Lucia black findyig- ~ Qryzoborus angolensis. ... Ecuador  Santo Domingo
lanospiza richardsoni(Bowman 1983; Trail and Bap- Pheucticus aureoventris. . ... Ecuador St Miguel
c p ' P- pheucticus ludovicianus. . . . . . Costa Rica  Cocos Island
tista 1989). The proposals have been based on morpheospiza hispaniolensis. . . . . . Peru Dealer/Zipke
logical and behavioral similarities between Darwin'&®amphocelus carbo.......... Ecuador Yasuni
finches and the particular South/Central American caﬁwar'fp‘;"?};’le:r'ﬁe-r:c-éﬁé -------- Eg“; dor ggg‘gﬂﬁg's‘e
A - | Icana. ....... u
didate Species. NO agreement h_as' hqwever’ b rophila castaneiventris. ... Ecuador Yasuni
reached as to which of the.sg candidates is the neargsiophila nigricolls. . . . . . . . . Ecuador Santo Domingo
extant relative of the geospizines. Sturnella bellicosa. . . ........ Ecuador Pedernales
The aim of the present study was to shed light oHaris bicolor................ Saint Lucia Ralnfore_st
the origin of Darwin’s finches by using molecular markda"s canora............... Cuba Dealer/Zipke
ifically the control re iorch and the cvto- T|ar|s_ c_)bs_cura_ ............... Ecuador Santo Dom!ngo
ers, speci y g . Yy Volatinia jacarina............ Ecuador Santo Domingo
chromeb (cyth) gene of the mtDNA. During the study, zonotrichia capensis. . . . ... . .. Ecuador Alto Peru

various portions of the mtDNA genome were found to — — ——
be transferred and integrated into the nuclear genom]%é\lng.—For the origin of Darwin’s finches used in this study, see Sato et al.
These so-called nuclear mitochondrial, mumt, DNA (1599).

sequences (Tsuzuki et al. 1983; Lopez et al. 1994; Quinn

1997), too, were used as phylogenetic markers. To pre- obscurawere sampled from three localities, 50—70
clude the possibility that none of the proposed candidaig apart, near Santos Domingos, Pichincha Province,
species, but rather a species of a different tribe, is tmuador_ Blood was stored in an AS-Buffer (Qiagen
actual nearest relative of the Geospizinae, we samplBfbod Kit, Qiagen). This kit was also used for DNA
and tested a wide range of representatives of the variQugraction. The Darwin’s finch data set was that de-
Fringillidae tribes. Resolving the phylogeny of the Frinscribed in an earlier publication (Sato et al. 1999).
gillidae was, however, not the purpose of the study; rath-

er, the goal was to narrow down the group of the po ; ; ; ;
sible candidates from which the ancestors of the sz’r_olymerase Chain Reaction, Cloning, and Sequencing
win’s finches may have originated so that the informa-  Short polymerase chain reaction (PCR) conditions
tion thus obtained could be used to make inferences&re as follows: one cycle of denaturation for 30 s at
about the age, place of origin, and appearance of t84’C, annealing for 15 s at the annealing temperature,

ancestors. and extension for 7 min at 7, followed by 34 cycles

of denaturation for 15 s at 98, annealing for 15 s at
M aterials and Methods the annealing temperature, and extension for 1 min at
Birds 72°C, and a final extension for 7 min at @2 In each

reaction, 2ul of genomic DNA, 0.2 mM of each of the

Blood samples (10-2@.l from wing veins) were four deoxyribonucleotides, 0p6M of each of the sense
taken from mist-netted specimens collected by H.T. aand antisense primers, 2.5 U B&aqpolymerase (Amer-
St. Lucia and in Ecuador (table 1). Each bird was idesham Pharmacia Biotech), and 0.4Rfu DNA poly-
tified with the help of local ornithologists, photo-merase (Stratagene) were added topl®f 5 X PCR
graphed, bled, marked, and released. Government pauffer. Hot-start PCR was carried out using HotWax 3.5
mission could be obtained for this procedure onlynM Mg?* beads (Invitrogen). The DNA was amplified
voucher specimens could therefore not be collectdd.the GeneAmp PCR System 9700 (PE Applied Bio-
Photographs of the birds and other documentation asystems) or the PTC-200 Thermal Controller (Biozym
however, available for inspection. Additional specimerBiagnostik, Hess. Oldendorf, Germany).
of Tiaris canora, Coryphospingus cucullatie)dPoos- Long PCR conditions involving the Expand Long
piza hispaniolensisvere obtained from a dealer (ZooTemplate PCR System (Roche Diagnostics) were as fol-
Zipke, Wesel-Bislich, Germany). The nine specimens tdws: denaturation for 2 min at 92, followed by 10



Origin of Darwin’s Finches 301

Table 2
PCR Primers Used
Annealing
Temperature
Designation Sequence (°C) Orientation

CBl ........ 5’- CCAACATCTCHKCHTGATGAAAYTT- 3’ 56 S
CB2 ........ 5'- GATGAAKGGGTVTTCTACTGGTTG 3’ 56 A
ML .. ....... 5'- CATCAGACAGT CCATGAAATGTAGG 3’ 58 S
H1261 ...... 5'- AGGTACCATCTTGGCATCTTC- 3’ 58 A
RF12 ....... 5'- TCTACCACAGAGCAATGI TCCAGC- 3’ 58 A
NB77 ...... 5'- CCTCCTCCTAACCCTCATAGCAAC- 3’ 58 S
NB74 ...... 5'- CTGTCAGGGT GGTAAGGCACTAG 3’ 58 A
RR51....... 5'- AGTCCATGAAATGTAGGATA- 3’ 54 S
RR52....... 5'- GCTCGGTTCTCGTGAGAAGC- 3’ 54 A
RR55....... 5'- GTCGGTTGAATACTCCTCCC- 3’ 58 S
RR54....... 5'- CCATCTTGGCATCTTCAGIG- 3’ 58 A
RR32....... 5'- TATCTCTGACGT TGAGTAGCTCGGTTCTCGTGAG- 3’ 64 A
RR33....... 5'- CTCCTTGCTCTTCACAGATACAAGTGGTCGGT TG 3’ 64 S
RR43....... 5'- CACAGATACAAGTGGTCGGTTGAATACTCCTCCC- 3’ 64 S
RR42....... 5'- TATGACGT TGAGTAGCT CGGT TCTCGTGAGAAGC- 3’ 64 A

NoTe.—Primer H1261 was based on Baker and Marshall (1997); all other primers were of our own design. A
= antisense; $= sense.

cycles of 10 s at &€, 30 s at 64C, and 25 min at 6&, the phylogenetic reconstructions. For the MP analyses,
and then by 20 cycles of 10 s at°@ 30 s at 64C, and heuristic search methods of the PAUP program were ap-
25 min at 68C (20-s cycle elongation for each succeslied. A starting tree was obtained by the stepwise ran-
sive cycle), followed by 7 min at 68. The DNA was dom addition of sequences with one tree held per ad-
amplified in the GeneAmp PCR system 9700. The adition. Ten replications of the addition procedure were
nealing temperature was %&for primer pair CB1/CB2, performed. Optimization was performed by branch-
58°C for M1/H1261, M1/RF12, NB77/NB74, andswapping using tree bisection and reconnection. Either
RR55/RR54, and 5€ for RR51/RR52. The list of PCR all sites or transversions only were used in reconstruc-
primers appears in table 2. tions, with equal weights given to each substitution.
Cloning and sequencing were carried out usinfrees were also constructed in which either third-posi-
methods described elsewhere (Sato et al. 1998). The sén transversionscyth) or all transversionscf) were
quencing reactions were processed by the LI-COR Loggven a fivefold weighting over transitions. The degree
Read IR DNA sequencer (MWG Biotech) and the Auof weighting was determined from the biases found in
tomated Laser Fluorescent (A.L.F) sequencer (Amefie Ts:Tv ratio for the species examined and was sim-
sham Pharmacia Biotech). Each clone was sequencegah to that used by Burns (1997). To construct the ME
both directions, and at least two independent clongges, the PAUP heuristic search was used to optimize

were sequenced from each individual. an NJ tree based on LogDet distances. LogDet is known
_ ) to reduce the influence of compositional biases (Lock-
Phylogenetic Reconstruction hart et al. 1994). Ten replications using the random ad-

Alignments were made for ther using the CLUS- dition of taxa with tree bisection and reconnection as

TAL X program (Thompson et al. 1997) with defaulth® Optimization method were used to obtain the final
gap penalty settings. Phylogenetic reconstructions wd¥E trees. Prior to ML phylogenetic reconstructions, the
undertaken both including highly variable segments &fE LogDet tree was used to estimate the Ts/Tv ratio,
the cr (particularly the 3-terminal 200 bp of the 1,208- the rate ratioc, and they-distribution shape parameter
bp alignment including insertions/deletions) and exclu@- The estimated rate variations and empirically ob-
ing such segments. Theytb, numt2,and numt3 se- served nl_JcIeot|de frquenmes were used to reconstruct
guences, which contained few indels, were aligned [®pylogenies on the basis of the Hasegawa-Kishino-Yano
eye. The aligned sequences were subjected to phylogeadel (Hasegawa, Kishino, and Yano 1985) wtdis-
netic reconstructions using the maximum-parsimorijibution by the ML method, giving two substitution
(MP; Swofford 1998), maximum-likelihood (ML; Fel- types and four rate categories. Starting branch lengths
senstein 1993), neighbor-joining (NJ; Saitou and N#fere obtained using the Rogers-Swofford approxima-
1987), and minimum-evolution (ME; Rzhetsky and Netion method. A heuristic approach was based on nearest-
1992) methods. The MP, ML, and ME analyses wergeighbor interchange for branch swapping to optimize
carried out using the PAUP program (Swofford 1998jhe ML tree. The MEGA program (Kumar, Tamura, and
The different methods were chosen to minimize the ilNei 1993) was used to draw NJ trees. Both Kimura’'s
fluence of possible confounding factors (rate variatio]980) two-parameter method and the Tamura-Nei meth-
compositional biases). Evidence of saturation, indicated (Tamura and Nei 1993) with @ shape parameter
by a decrease in the transition/transversion (Ts/Tv) ratimken from the ME calculation were used to estimate
facilitated the identification of the less reliable parts alistances.
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numt1 M Cefu Tibi Meri Lono
- 922 bp -
numt2 =
-t ~3 kb -
é mtct; l Nuclear sequence 9.4 —
140bp  690bp 6.5 —
‘Sequenced parr
830 bp 4 3 —
numt3
740 bp——————
— P 2.3 —
’ mtcyt!_) ; Nuclear sequence 2 —
- 420 bp T a20bp
Fic. 1.—Organization of nuclear mitochondrial DNAsums) in
Darwin’s finches and related birdsumtlis shown here for compari-
son; it is restricted to Darwin’s finches (see Sato et al. 1988)=
mitochondrial;cr = control region;cytb = cytochromeb. 6
0.5 =

Strategy and Procedures

Since there is general agreement that the geospi- Fic. 2—Examples of long PCR used to distinguish genuine
zines are finch-like birds, members of the family Frinm't\l'?A’\‘z“n usrﬁgi’e&cfssif?émm;nrt@?'fpfﬁigﬁiﬂﬁcﬁtfgﬁii g‘rtgigukﬂiaf
g||||d_ae, we fgcuseq our search for their ne.areSt “V'ngefu: Certhidea fuscaTibi = Tiaris bicblor, Meri = Melanospiza ’
relative on this family and used representatives of Tyfizhardsoni Lono = Loxigilla noctis.
annidae Capsiempis flaveola, Elaenia martinjcas an

outgroup. Of the Fringillidae, we sampled the tribegmplify nearly the entire length-(L6 kb) of the mtDNA

. : o N -~ : .?ﬁg. 2) and then amplified ther andcytbsegments from
tropical region (Thraupini, Emberizini, Parulini, Icterini,i, "' 41ct of the first amplification by nested PCR with
Cardinalini, and Carduelini) to identify the tribe t0g acific primers (RR51/RR52 for one end and RR55/
which the Darwin’s finches could be assigned. We th R54 for the other end of ther. and CB1/CB2 for the
sampled this tribe for the possible candidate genus anth, "=omnarison of the sequences established the iden-
species. The sampling included the four species pr y o.f the cytbandcr sequences obtained by short PCR

posed by earlier investigators as being the closest refgt o of the species tested. The four DNA segments
tives of Darwin's finches. Altogether, we tested 30 Spgue o chosen to sample slowlymy, intermediately
cies (.one to eight individuals per speqes), not count ytb), and rapidly ¢r) evolving regi;)ns and coding
Darwin's finches, whose phylogenetic relationships VZ}éytbfand noncodingdr, numj regions, as1 well as gene
described earlier (Sato et al. 1999). . .(cyth) and pseudogenengm) regions, of the genome.
We isolated DNA from blood samples, amplified i he sequences obtained from each of the four DNA seg-

by PCR, and either sequenced the amplification produ%t] nts were aligned and examined for evidence of base
directly or cloned and then sequenced them. We focusg mposition bias, sequence saturation, and rate

on four DNA segments: mtytb (922 bp, sites 102— variation
1023; primer pair CB1/CB2), mtr (1,082-1,157 bp, ’
sites 125-1260; primer pair M1/H126hymt2(830 bp,
with the initial 140 bp corresponding to sites 125-26
from the cr, followed by 690 bp of flanking nuclear
DNA sequence; primer pair M1/RF12), andmt3(740 To answer the questions posed by the present study,
bp, with the initial 420 bp corresponding to sites 382we determined and evaluated the sequences of four ge-
801 fromcytb, followed by 320 bp of flanking nuclear nomic segments, two nucleanymt2 and numt3 and
DNA sequence; primer pair NB77/NB74). (The knowriwo mitochondrial ¢r andcytb). It can be expected that
organization of thenums is diagramed in fig. 1.) To the tempo and mode of the evolution of these segments
distinguish thenumt from the mtDNA sequences, wediffer, and these differences must be taken into account
used the long PCR method (primer pair RR32/RR38hen using the sequences in phylogenetic reconstruc-
and, for reamplification in some cases, RR42/RR43) tmns. To define and characterize the differences, we ex-

Results
évolutionary Dynamics
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Fic. 3.—Plots of transitions (Ts) or transversions (Tv) in pairwise comparisons at each skpayflg, (B) cr, (C) numt2,and ©) numt3
sequences against the corresponding total percentages of Tv or Ts divergence. The taxa compared were Darwin’s finches (except for the Cocos
finch numt3, Tiaris obscura, Tiaris canora, Tiaris bicolor, Loxigilla noctalignd Melanospiza richardsoniThe x axis shows Ts or Tv
substitutions per site measured as the uncorrected percentage of sequence divergence. The ordinate axis shows the mean percentage (over all
pairwise comparisons) of Tv (filled squares) or Ts (open circles) per site corresponding to a fixed number of Ts or Tv, respectively, found in

the same pairwise comparisons.

amined the relative frequencies of transitions and trarfer both cr andcytb and 2.7% and 4.3% fanumt2and
versions by pairwise comparisons of the individual sewumt3, respectively. Similarly, the maxima of per-site
quences, and in one caseyib) also codon positional transversions were close to 2% forandcytband 1.3%
effects. The comparisons were of two kinds: in one casand 1.9% fomumt2and numt3,respectively. The most
we used the entire set of sequences; in the other, vetiable estimates were obtained from comparisons with-
focused on sequences derived frdmobscura, T. can- in the Darwin’s finch group, in which the use of a large
ora, T. bicolor, M. richardsoni,and Loxigilla noctis. number of pairwise comparisons reduced stochastic ef-
The latter group was used to enable us to compare tleets and lower divergences reduced saturation effects,
dynamics of all four segments, two of which (thems) particularly in the case of mtDNA.
were present in only some of the species surveyed. The Second, substitutional saturation occurred in the
reason for choosing these five particular species will bewo mitochondrial segments. The Ts: Tv ratio fell from
come apparent later. Here, we show the results of thi&:1 in comparisons between Darwin’s finches to 5:1 in
second comparison (fig. 3) and refer to the first onlypomparisons between Darwin’s finches and the Tiaris/
where it provides additional information. The results dlelanospiza/Loxigilla species, and ultimately ap-
the comparisons enable us to draw three maproached 1:1 in intrathraupine comparisons. There was
conclusions. no evidence of substitutional saturation in the taont
First, in all segments, transition rates exceedesgments. Even in the comparison of distant thraupine
transversion rates, 10-fold in the case of mtDNA anidxa, the Ts: Tv ratio of 3:1 to 2:1 appears to hold.
two—threefold in the case of nuclear DNA. The maxima  Third, evolutionary rates differed between the seg-
of per-site transitions in figure 3 were approximately 6%ments: in comparisons involving the same taxa, the
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mtDNA segments diverged at two—fourfold higher rate® analysis by the MP and ML methods, its size was
than the nuclear segments. However, the excess depardiuced to 35 by randomly choosing one sequence per
ed strongly on the type of mtDNA sites used in thepecies (or species group in the cases of Darwin’s finch-
comparisons. For example, the third-position sites of tles). The reduced set consisted of 28 Fringillidae, 2 Tyr-
cytb gene and certain sites of tlee segment evolved annidae, and 5 Darwin’s finch sequences, representing
more rapidly than the remainder of the sites. There wése ground, tree, Cocos, vegetarian, and warbler finches
also some indication of a slight difference in the evdfig. 4). Comparisons of NJ trees drawn for the full and
lutionary rates of the twaums: the number of per-site reduced sets did not reveal any bias introduced by the
substitutions innumt3was approximately 1.5 times asselection of sequences. Application of the various meth-
high as that imumt2. ods of phylogenetic reconstruction to thgtb data set

Substitutional saturation at the two mitochondriajielded trees in which the major clades shown in figure
segments presents a problem if these segments are talbveere recovered consistently. The mutual relationships
used to resolve basal levels of phylogenetic divergena#.the clades varied, however, depending on the method
Although a correction method can be applied based, fand the parameters (e.g., the distance measure) used.
example, on weighting transversions (e.g., Burns 1997)he clades themselves were relatively robust, but the
the phylogenetic signal is inevitably weakened and lostatistical support for their branching order was not sig-
at some sites. By contrast, the twamt segments, nificant. The assortment of the species into clades only
which show little or no evidence of saturation evepartially agrees with the tribal classification of the Frin-
when used in basal phylogenetic comparisons, can ¢pdidae by Sibley and coworkers (Sibley and Ahlquist
regarded as resilient phylogenetic markers. Their resii990; Sibley and Monroe 1990) or the classification sys-
ience can be attributed to three factors: a slow evoltems of other investigators. The two major deviations
tionary rate, absence of an extreme transitional bias, afindm these systems are the consistent separatidtuof
absence of a strong nucleotide composition bias. Thaonia musicdrom the Thraupini and o$turnella bel-
two mtDNA segments are affected by these three factdisosa from the Icterini. The interpretation of these
to different extents. The third-positiaytb sites and the anomalies and of our reconstructions in the context of
rapidly evolvingcr sites are the most strongly affecteddata reported by other authors is provided in Dis-
the effect on the remaining sites is less pronounced. Baissionsection. Here, we focus on one of the two main
cause of the different rates and saturation points, tigeals of the study—determining the position of the
mtDNA segments can be expected to be best suited fyggospizines within the Fringillidae.
resolving terminal nodes of phylogenetic reconstruc- In the various phylogenetic reconstructions, Dar-
tions, whereas thaumtsegments should be more reliwin’s finches consistently clustered with five Thraupini
able for resolving deeper divergences. species:T. obscura, T. bicolor, T. canora, M. richard-

A comparison of GC composition did not reveasoni,andL. noctis.These are, then, the five living spe-
any major differences between thgtb sequences used.cies most closely related to Darwin’s finches among the
The third position showed a tendency toward avoidanepecies we surveyed; we refer to them as the “Tiaris
of GT, which is a characteristic of all bircitb sequenc- group.” We place their observed mutual affinity within
es (Moore and DeFilippis 1997). The first-, second-, artde framework of other studies below (sBecussio,
third-position biases in all sequences were close to that we note here that the clustering is consistent with
averages of 0.057, 0.222, and 0.502, respectively. Pls@me similarities in morphology (Baptista and Trail
of the number of transitions against the number of tran¥988; Webster and Webster 1999) and vocalization
versions in third positions obtained by pairwise comBowman 1983; Baptista and Trail 1988; Grant, Grant,
parisons indicated a tendency toward saturation of traaAd Petren 2000) between the two groups. The statistical
sitions in comparisons between the most divergent saipport for the geospizine-Tiaris group clade is very
quences within tribes. Nevertheless, NJ trees drawn usgh (close to 100% in terms of bootstrap values). The
ing transversions only and those drawn usingade is further supported by the consistency of the
transversions and transitions did not differ significantlgrouping observed in the applications of the four meth-

in their topologies. ods of phylogenetic reconstruction and its recovery in
the analysis of all four genomic segments (see below),
Phylogenetic Analysis of Fringillidae as well as by the existence of several shared derived

substitutions and insertions/deletions in the various seg-

To determine the position of the Darwin’s finchesnents. Less consistently, the clade was joined in most
within the Fringillidae, the sequences of the four gen®f the trees byCoereba flaveolandVolatinia jacarina.
mic segmentsdytb, cr, numt2,and numt3y were ana- These two species, together with the Tiaris group, in-
lyzed by the four methods of phylogenetic reconstrucliude all four candidates for the closest relative of Dar-
tion (MP, ML, ME, and NJ). Because of the absence afin’s finches proposed on morphological grounds (Har-
the nums in some of the taxa, these taxa had to ks 1972; Steadman 1982; Baptista and Trail 1988; Trall
excluded from the analysis using these two segmenénd Baptista 1989).
The cytb data set consisted of 44 nearly full length se- The cr data set comprised sequences of 21 Frin-
quences, not counting identical sequences and the dillidae and 13 Darwin’s finch (Sato et al. 1999) species;
sequences obtained earlier from 13 Darwin’s finch sptte sequences of some of the more distantly related spe-
cies (Sato et al. 1999). To make the set more amenables were difficult to align with the geospizine sequences
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Sporophila americana -AF310054 + + |
Sporophila nigricollis -AF310053 + +
Oryzoborus angolensis -AF310055 + +
Sporophila castaneiventris -AF310056 + +
Diglossa humeralis -AF310050 + ~
Catamenia inornata -AF310049 + —
Sicalis flaveola -AF310051 + —

Poospiza hispaniolensis -AF310052 + —
Volatinia jacarina -AF310046 + —

Coereba flaveola -AF310045
Loxigilla noctis -AF310041

+ o+
+ +

Tiaris canora -AF310042 + +
Melanospiza richardsoni -AF310043 +
Tiaris bicolor -AF310044 + +

Tiaris obscura -AF108807 + +
Certhidea fusca -AF108806 + +
Platyspiza crassirostis -AF108802 + +
Geospiza fortis -AF108772 + +
Pinaroloxias inornata -AF108790 + +
Cactospiza pallida -AF108792 + +
Coryphospingus cucullatus -AF310047
Ramphocelus carbo -AF310048 + —
Cyanocompsa parellina -AF310059  +
Pheucticus aureoventris -AF310057 +
Pheucticus ludovicianus -AF310058 +
Dendroica adelaidae -AF310062

Dives bonariensis

-AF310063 - —

Icterus graceannae -AF310064
Zonolrichia capensis -AF310060
Atlapetes rufinucha -AF310061

28

Sturnella bellicosa -AF310065

94 Euphonia musica -AF310067

L

Carduelis magellanica -AF310066

100
| 3

Elaenia martinica

Capsiempis flaveola -AF310068

-AF310069 - —

+

+ o+
=J
i

+

o

Thraupini

Cardinalini

Parulini

leterini

Emberizini

fcterini
Thraupini
Carduelini

Tyrannidae

Fic. 4.—Strict consensus of three best maximum-parsimony trees aofthgene sequences. The tree was made using heuristic approaches
and indicates topological relationships only. There were 322 parsimony-informative characters (921 sites in total and no gaps). Each of the three
best trees found had 1,723 steps and differed only in the positidroxagjilla noctis and Tiaris canora. A number on a node indicates the
percentage recovery of that node in 500 bootstrap replications; values below 10% are not shown. Analysis of substitutional saturation indicates
that deep divergences may be misconstructed (the Ts-to-Tv ratio falls from 10:1 within the Darwin’s finch [DF] group to close to 1:1 in
comparisons to nonthraupine finches). There is little evidence of substantial saturation up to and including comparisons between DF and Tiaris,
Loxigilla, and Melanospiza species, in which transition : transversion ratios are in the range of 5:1 to 10:1. Plus signs and minus signs following
species names indicate the presence or absenwenaf (first symbol) anchumt3(second symbol). In this figure and in the figures that follow,
the sequences are identified by their GenBank accession codes.

and were therefore excluded from the analysis. To ebeles.” However, Southern blot analysis using genomic
pedite the analysis, the same five representative sped@®$A from T. bicolor and numt2specific probes re-
of the main Darwin’s finch groups were used as in theesaled the presence of only one strongly hybridizing
cytb analysis. In all cases, based on the use of the fooand (not shown). This result could mean thatrbent2
tree-drawing programs, the Tiaris group came out as teegment is tandemly duplicated in some of the species.
closest of the Fringillidae clades to the Darwin’s finchegxhaustive exploration of PCR conditions and the use
followed by C. flaveolaandV. jacarina. This clustering of secondary nested primers failed to amplify the seg-
was observed regardless of whether we used the entinent. The species-specific clustering of the multiple se-
cr sequence or a sequence from whicB00 bp of the quences suggests that the duplications occurred inde-
most variable parts were excluded. Similarly, the inclypendently in different species and therefore do not great-
sion of all 13 species of Darwin’s finches in the analysiy influence the interpretation of the phylogenetic anal-
or the exclusion of the nonthraupine sequences fromysis. A total of 47 uniquenumt2 sequences were
had no effect on the sister group relationship of the Tiapbtained, 16 from Darwin’s finches, 28 from Thraupini,
is species to Darwin’s finches. and 3 from Cardinalini. The application of the four
The numt2segment was found to be present in alinethods of phylogenetic analysis to these sequences
of the Thraupini (with the exception d&. musicd and yielded trees in which, again, the Tiaris species formed
Cardinalini species tested; it was found to be absent ansister group to Darwin’s finches. The bootstrap support
the Parulini, Icterini, Emberizini, and Carduelini speciedor the geospizine-Tiaris group cluster was very high
as well as in the two species of Tyrannidae. Some 9% in most of the trees).
the positive species appear to possess more than one Finally, thenumt3segment was also found only in
copy of the segment, since in at least one species {Thraupini and Cardinalini, and not in the remaining taxa
canorg, threenumt2 sequences were obtained from &ested. In contrast toumt2,however, only some Thrau-
single individual, and since in certain other species, rghni (including all species of Darwin’s finches) seem to
atively large genetic distances separate nhent2“al- possess the segment (fig. 4). In none of the phylogenetic
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Poospiza hispaniolensis -AF310052 Coereba flaveola -AF310074
Volatinia jacarina -AF 310046 (o
Tiaris canora -AF310072
qur_eba flaveola -AF310045 —|43 Loxiailt tis -AF310073
Tiaris canora -AF310042 giiia noctis
p Meélanospiza richardsoni -AF310043 __:Melanospiza richardsoni -AF310070
p— Lg?“'g;'”a 'Loégfd&imm“ &3 Tiaris bicolor -AF310071
45 iaris bicolor - -
77 Tiaris obscura -AF 108807 97 Tiaris obscura -AF109065
Certhidea fusca- AF 108806 -~ Certhidea fusca -AF108025
4 Platyspiza crassirostris - AF 108802 - Platyspiza crassirostis -AF109026
Geospiza fortis -AF 108772 DF : - ) DF
7 Pinaroloxias inornata - AF 108790 56 Pmarolf;x:as /r‘wmata AF109024
56 ke Cactospiza pallida - AF 108792 =1 Geospiza fortis -AF109052
o1 Cactospiza pallida -AF109017
Fic. 5.—Maximum-likelihood tree obtained usimgtb sequences Fic. 6.—Strict consensus of two best maximum-parsimony trees

of those species found to be most closely related to the Darwin’s fineli the control regionscfs) of selected Darwin’s finches (DF) and their
(DF) group by various tree-drawing methods applied to the four DNalosest relatives. Each of the two best trees had 404 steps and differed
sequence data seRoospiza hispaniolensis included as an outgroup. only in the placement of the Cocos finch within the Darwin’s finch
The estimated transition : transversion ratio is 4.747=(9.390), and group.Coereba flaveolas always more distant than the Tiaris group
the o parameter is 0.202. Numbers below nodes show bootstrap feom the Darwin’s finches and is used here to root the tree. Transver-
covery in 500 replications. During bootstrapping, trees with approxgions are weighted five times transitions for ellsites. Removal of
mate likelihoods of 5% or farther away from the target score weile weighting or an alternative selection of Darwin’s finch represen-
rejected without additional iteration. The log likelihood of the tredatives does not alter the topology of the tree. A number below a node
shown is—3,129.739. The scale bar indicates the number of substitdicates the percentage recovery of that node in 500 bootstrap
tutions per site. replications.

trees based on theytb, cr, or numt2sequences do the Nearest Relative

six numt3negative Thraupini specie®iglossa humer- To determine which of the extant species in our

alis, Catamenia inornata, Sicalis flaveola, P. hispanizg|iection was most closely related to the Darwin’s

olensis, V. jacarinaand Rhamphocelus carecluster i ches; we focused on the Tiaris group, which all earlier
together. Moreover, in terms ofiumt3 distribution eqts jdentified as the sister group of the geospizines.
among Thraupini and Cardinalini, the former appear {qgre again, all four genomic segments were used in ge-

hich are highly sensitive for resolving phylogenies of
lose relatives (Hillis, Huelsenbeck, and Swofford
994). Examples of the trees obtained are given in fig-
res 5-7.

In all tests, without exception, the dull-colored
rassquit,T. obscura,was identified as a sister species

of Thraupini and Cardinalini and secondary loss
numt3in some of the taxa. Alternatively, thmumt3dis-
tribution might be indicative of as-yet-unrecognize
phylogenetic affinities within Thraupini and Cardinalini.
In addition to the clustering of Darwin’s finches with

the Tiaris group in phylogenetic trees, as seen with g \he Darwin's finch clade. Particularly good resolution

other three genomic segments, temt3segment also 45 ghtained with ther data set. UsingC. flaveolaas
provides other evidence for the existence of this clad

; &n outgroup, 1,140 sites of this region were aligned and
At the border between theytb-derived and the nuclear g hiacted to MP and ML analyses. Both tree-drawing
sequences afiumt3,there is an 11-bp deletion which is

’methods identified’. obscuraas the closest of the sam-

present only in some of the Thraupini. This deletion i§s gpecies to the geospizines. The MP method produced
a shared derived character for the Darwin’s finch specigs, most-parsimonious trees which differed only in the
and the Tiaris group, with the exception Mt richard- 5 angement of the Darwin's finch species. Bootstrap
soni. The absence of the deletion . richardsonimay upport for the grouping of. obscurawith Darwin’s
be indicative of allelic segregation of both forms Oﬁnches ranged from 52% to 77%. The support for the
numt3in the Tiaris group ancestor. same grouping for trees obtained using the other three
The numtmarkers we used here have many usefyl,,,mic segments ranged from 44% to 63%. Weighting
phylogenetic properties but are not ideal. Problems cOfiy not affect the terminal clade topologies ®ftb and

cern the patchiness of trumtdistribution and the pre- ¢, yrees but did improve the bootstrap support for some
sumed orthology of the sequences. Nevertheless, the 8pihe nodes in ther trees. In the alignments ajytb,

parent consistency betweenumtbased and the o, 4ngnumi3sequences, seven, five, and three shared
mtDNA-based phylogenies (at least in the reliable recegil i eq substitutions, respectively, were foundrirob-
divergences) suggests that a strong phylogenetic siglg;ra and all of the species of Darwin's finches. We
is shared by these markers. This would rule out scenggciyde, therefore, that. obscurarather than any of

ios of numt evolution involving horizontal transfer or e gther species proposed earlier, is the closest relative

introgression between species. As discussed above, gxparwin's finches among the species we surveyed.
planations for the distribution afums can be found in

recent tandem_ dupllcatlons, failed priming, or secondarg/ge Estimate

loss. Any duplications that may have occurred are prob-

ably recent and insufficient to scramble the phylogenetic  Since no fossil record of the Thraupini is available
signals of speciation on the phylogeny of thems. which could be used to calibrate the molecular clock of
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Pheucticus aureoventris-AF310037
Coryphospingus cucullatus -AF310039

Oryzoborus angolensis -AF310035

Sporophila nigricollis -AF 310038

Coereba flaveola -AF 310036

= Tiaris bicolor -AF310019

_ﬂglla noctis -AF310020
67 Tiaris canora -AF310021
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During the preparation of this manuscript, several
papers were published which describedb sequences
of various Fringillidae and allied taxa. These include 10
species of Drepanidini by Feldman et al. (1997); 14 spe-
cies of Piranga and other Thraupini by Burns (1997,
1998); an assortment of Fringillini and Emberizini spe-
cies by Groth (1998); Fringilla and Carduelis by Mar-
shall and Baker (1998, 1999); 25 recognized species of

83 Melanospiza richardson -AF310040
Tiaris obscura -AF310022 Icterus by Omland, Lanyon, and Fritz (1999) and other
& Platyspiza crassirostris -AF310023 7 Icterini by Lanyon and Omland (1999); and six species
Certhidea fusca -AF310034 of Anairetes (family Tyrannidae) by Roy, Torres-Mura,
Camarhynchus psittacula -AF310024 and Hertel (1999). We used these sequences, if available
gz‘s"s’z”:fn‘f’gl‘:is :‘iFs"’onggfooze in the database, together with our own to draw phylo-
oa nf; rhyncguspauper-AF310029 DF  genetic trees, which contain almost 200 species and
Camarhynchus parvuius -AF310030 which, because of their size, we do not show. Most re-
Geospiza difficilis -AF310031 cently, Klicka, Johnson, and Lanyon (2000) reported
Geospiza fortis -AF310025 cytb and NADH dehydrogenase 2 (ND2) mtDNA se-
— ssla Pinaroloxias inornata -AF 310032 guences of 35 Fringillidae, 12 of which belong to the

oot same genera as some of the 43 species used in the pre-

Fic. 7.—Maximum-likelihood reconstruction afumt3phyloge- sent study. Unfortunately, these sequences were not
ny. The initial tree, branch length, and rate variations were obtaingp/aijlable at the time of submission of this manuscript
from a minimum-evolution tree. The DNA segment has an estimatqu any of the public databases

transition : transversion ratio of 2.838 & 5.687) and ay shape pa- .
rameter of 0.563. Numbers below noges shogv boog}rap r%cc?very in I_n the trees drawn from the different se_ts of data,
500 replications. During bootstrapping, trees with approximate likeld Series of clades emerges, only some of which are sup-
hoods of 5% or farther away from the target score were rejected withorted by high bootstrap values and only some of which
out additional iteration. The tree obtained has a log likelihood Qfgrrespond to the groups (tribesnsuSibley and Ahl-
2120820 The scale bar indicates the number of subsfitutions Riliist 1990) of the traditional classifications. In the tree
in figure 4, one such clade is composed of the genera
Sporophila and Oryzoborus, which have long been
the cytb segment, we used the calibrations of Shieldgown to be closely related. Their merger has been fa-
and Wilson (1987) and Irwin, Kocher, and Wilsonvored by some taxonomists (Olson 1981; Wetmore, Pas-
(1991). The Shields and Wilson (1987) calibration iguier, and Olson 1984) but not by others (e.g., Webster
based on mtDNA restriction fragment length polymorand Webster 1999); it is supported by the molecular data
phism in geese and assumes a sequence divergencin @igure 4. The Catamenia/Sicalis/Poospiza clade is part
2% per million years. The Irwin, Kocher, and Wilsornof the South American grassland group erected by Web-
(1991) calibration is based on the fossil record of urster and Webster (1999) on osteological grounds. Sim-
gulate mammals and assumes a rate of 0.5% divergefiagly, the clade composed of Volatinia, Coereba, Loxi-
in third-position transversions per million years. Botlgilla, Tiaris, Melanospiza, and Darwin’s finches is part
rates have been widely used in studies of many verigf Webster and Webster's (1999) seed-eaters group, unit-
brate taxa, including thraupine birds (Burns 1997). Thed by the sharing of several skeletal features (more on
average genetic distance betwebnobscuraand Dar- this clade later). An affinity of the Icterini to the Em-
win’s finches is 4.6%t* 0.6% for allcytbsites and 0.6% berizini (fig. 4) is also seen in the mtDNé&ytbandND2
+ 0.4% for cytb third-position transversions. Applyingtrees of Klicka, Johnson, and Lanyon (2000) and in trees
the above rates to these values, we estimatez2(3 drawn from the entire collection of Fringillidae mtDNA
Myr and 1.2+ 0.8 Myr divergence times of. obscura cytb sequences (not shown). The closeness of the Car-
and Darwin’s finches from their common ancestor, retinalini to some of the Thraupini (fig. 4) is also indi-
spectively. The latter value is based on a small numbested by the DNA-DNA hybridization data of Bledsoe
of substitutions which may lead to an underestimatiqn988) and by mtDNAcytb trees based on all of the
of the divergence time. The former value is fairly closavailable Fringillidae sequences (not shown).
to the estimate of 2.8 Myr reached by Grant (1994) after The two major departures from the traditional clas-
the recalibration of the molecular clock was applied teifications are the separation of Euphonia from the
the allozyme data of Yang and Patton (1981). In prifFhraupini and of Sturnella from Icterini. Euphonia has
ciple, cytb-based age estimates can be tested using othewitionally been classified as a tanager, largely on the
loci. Unfortunately, no calibration of evolutionary ratepasis of superficial resemblances such as bright plumage
is available for thenums, and calibrations based on theoloration and a frugivorous diet. At the same time,
cr for geese are unsuited to tlee of finches (Marshall however, it has always appeared to be an atypical tan-
and Baker 1997). ager because of several morphological and behavioral
idiosyncrasies (e.g., Ridgway 1901). In the mtDNA
Discussion analysis of the Thraupini by Burns (1997), Euphonia
Phylogenetic Relationships: Comparisons with Other appeared consistently outside of the group, as it also
Data Sets does in the tree in figure 4. Burns (1997), as well as
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Klicka, Johnson, and Lanyon (2000), found Euphonia t@cent osteological comparisons by Webster and Webster
associate with Chlorophonia, and in both our study arf@999). These authors examined 39 characters in a de-
that of Klicka, Johnson, and Lanyon (2000), Euphoni@ended correspondence (DCA) ordination and found
clusters with the Carduelini. Morphological similaritieghat Volatinia, Melanospiza, and Tiaris were within the
of Euphonia to cardueline finches have been pointed aange of variation observed in the four genera of Dar-
by Dickey and Van Rossem (1938). Burns (1997) pravin’s finches for 28 characters. In nine characters, Vol-
poses that Euphonia is either a derived cardueline groatinia was outside and Tiaris, as well as Melanospiza,
of species or a basal Fringillidae clade. Klicka, Johnsowjthin this range. At least one Tiaris species was always
and Lanyon (2000) suggest that it may represent “golavithin the range of Darwin’s finches in all 39 characters.
finches” secondarily adapted to a fruit diet. Webster and Webster (1999) conclude that on the basis
The genus Sturnella has traditionally been considf the suite of osteological characters used, Volatinia is
ered an Icterini. In the tree in figure 4, however, ththe least likely and Tiaris the most likely ancestor of
single Sturnella species tested assumes an outgroup Parwin’s finches. It should be noted that some taxono-
sition to the rest of the Emberizinae, albeit with lownists (e.g., Ridgway 1901) assi@yh richardsonito the
bootstrap support. In the study by Klicka, Johnson, amgnus Tiaris and that in most trees based on molecular
Lanyon (2000), Sturnella associates with Icteria, a Pdata (both mtDNAcytb and nucleanumt2and numt3,
rulini. In the tree based on all of the available Fringilthe genus Tiaris is polyphyletic, witM. richardsoni
lidae cytb sequences and containingd0 Icterini spe- consistently positioning itself among the various Tiaris
cies, Sturnella is not part of the Icterini clade (nospecies (figs. 4-7).
shown). Its position in the Fringillidae system remains

unresolved. The Ancestor of Darwin’s Finches

Position of Darwin’s Finches Within Fringillidae Our data identify the dull-colored grassquit, ob-
scura, as the nearest living relative of the Darwin’s

The molecular data indicate that the Fringillidadinches among the species we studied (figs. 4Fiaxis
tribes as defined, for example, by Sibley and Ahlquistbscurawas originally classified aSporophila obscura
(1990) will have to be revised. In particular, some of th@Paynter 1970), but was later moved to Tiaris by several
genera traditionally included in the Thraupini will haveauthors (Steadman 1982; Clark 1986; Ridgely and Tudor
to be taken out of this tribe and reassigned to oth&®89; Kaiser 1992; Bates 1997). Its reclassification is
positions. Nevertheless, there remain a large numberstfongly supported by the examination of skeletal anat-
taxa that appear to form a monophyletic group and wwmy (Webster and Webster 1999) and by the molecular
which the designation Thraupini could be restrictediata of the present study. The species is distributed in
Darwin’s finches are unambiguously part of this redeelatively narrow strips of land in Venezuela, Colombia,
fined group. Specifically, they cluster with the generaestern Ecuador, western and southern Peru, western
Tiaris, Melanospiza, and Loxigilla, and this clade reBolivia, and northwestern Argentina (Ridgely and Tudor
ceives very high bootstrap resampling support in all tHE989). Its habitat ranges from humid forest edges,
trees analyzed (e.g., the one in fig. 4). Somewhat letssough scrub, to open woodland and farmlands, and
support is provided for an extended cluster that includé&®m lowlands to altitudes of 2,000 m in the Andes. It
Coereba, and still less support is provided for a grodpeds on seeds, either singly or in pairs, and seasonally
broadened by the inclusion of Volatinia (figs. 4—7). Than small flocks. Like other Tiaris species and all Dar-
position of Darwin’s finches remains unchanged regarddn’s finches, it builds dome-shaped nests with a side
less of the method applied to draw the trees, the sentrance (Sporophila, by contrast, constructs cup-shaped
quences used (mitochondrial or nuclear), and the tamasts). In addition to the three Tiaris species we tested,
included in the trees. It is also indicated by trees bas#tkre are two otherd,. olivaceaandT. fuliginosa,which
on all the available Fringillidaecytb sequences (not were not available to us. We cannot, therefore, exclude
shown). Since the latter collection consists of sequendde possibility that one or both of these are even more
from some 200 species sampled extensively over thsely related to Darwin’s finches thanTs obscura.
entire range of the Fringillidae, it can scarcely be ob- If T. obscurais the nearest living relative of Dar-
jected that the indicated position of Darwin’s finches iwin’s finches, is it also their ancestor? Comparisons of
the result of inadequate or biased taxon representatiarenetic distances within the Tiaris group, within the

The close relationship of Darwin’s finches to th@eospizines, and between the two groups reveal that the
Tiaris group of the Thraupini has been favored for sondistance betweem. obscuraand Darwin’s finches based
time on morphological grounds, although only two obn thecytb sequences is on averagelO substitutions.
the four candidates proposed to be the closest livifithis distance is~20% smaller than that betwedn ob-
relatives of the geospizines come from this grodp (scuraand its nearest relative$.(canora, T. bicolorand
bicolor andM. richardsonj see Bowman 1983; BaptistaM. richardson), which amounts, on average, te54
and Trail 1988; Trail and Baptista 1989). Numerous sinsubstitutions (47 transitions and seven transversions,
ilarities between the geospizines and the Tiaris finchesth the exception off. canora,which differs fromT.
have been noted by different authors (reviewed in Ladbscuraby 45 transitions and 10 transversions). Similar
1947; Grant 1999). The most striking resemblance dfstances are also obtained for pairwise comparisons of
Darwin’s finches to Tiaris finches has been reported the various Tiaris/Melanospiza species with one another.
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Since the distances from Darwin’s finchesTtoobscura ~1,000 km shorter than that from the Caribbean islands,
are only 80% of the distances within the Tiaris groufi seems more parsimonious to argue that the ancestors
itself, it is very likely that the geospizine ancestor spliof the geospizines first dispersed from their Caribbean
off from the Tiaris group early in its radiation. Thesecradle to the former region before they undertook the
deductions are further supported by the analysis of ti@urney to the Galpagos Archipelago.
numt3sequences. In phylogenetic reconstructions using The geological events that ultimately led to the clo-
numt3,as in those based arytb, T. obscuras the clos- sure of the seaway between the North and South Amer-
est relative of the Darwin’s finch group. There are, oi¢an continents lasted from 13 to 1.9 MYA (Haug and
average~20 differences (15 transitions and 5 transveriedemann 1998 and references therein). The closure
sions) betweeriT. obscuraand anynumt3 Darwin's Was apparently almost complete 3.6 MYA, although the
finch sequence. This distance is again comparable w@ftual landbridge connecting South and North America
the distances betweeh. obscuraand its closest rela- Probably did not form until~2.7 MYA. However,
tives, T. bicolorandM. richardsoni,which average-28 Mmarked reorganization of ocean circulation resulting
substitutions, consisting of 19 transitions and 9 tran§om the shallowing of the seaway had already started
versions. Tiaris canorais, in this case, more distant4-6 MYA. Changes in the ocean currents were probably
from T. obscurathan in the case of theytb sequences, acppmpa_nled by aI_teratlons in the direction of the pre-
having ~35 differences from the latter.) va|I|ng.W|nds, and it may have been one of _the strong
There are then two possibilities. Eith&r obscura N€W wind currents that blew the flock of ancient Tiaris

arose early in the radiation and has to this day retain8Becies in the direction of the open waters of the Pacific
its species identity in Central and South America, whil?c€an and carried it to the Gatagos Archipelago.

in the Galmagos Archipelago its early descendants uYincek et al. [1997] estimate the size of the founding
derwent a new round of adaptive radiation, or the 0CK t0 have been in excess of 30 individuals.) In the
obscuralineage underwent radiation both on the mairﬁrchlpelago, the finches must have found conditions not

land and on the Gagmgos Islands following the sepa-°° different from those in their place of origin, and this
ration of the two sublineages. In the former cage circumstance may have facilitated the colonization of

obscurawould be the true ancestor of Darwin’s finchestheir new environment. Their occupation of the various

in the latter, T. obscuraand Darwin’s finches would ecological niches available on the Archipelago and their

dispersion to the different islands triggered a round of
share a most recent common ancestor, bubbscura adaptive radiation, a process that continues to this day.

:}self would not be the actual ancestor of the Darwing "o shological (Grant 1999) and molecular (Free-
finches. This reasoning is contingent on our COMMefl ., anq Boag 1990 199%; Petren, Grant, and Grant
|dferr1]t|f|cat|or} c,)ﬂ]:: oﬁscurms the closest living relative 1 999. 5419 et al. 1999) data indicate that species bound-
of the Darwin's finches. aries have not been fixed firmly. Not only do the species

hybridize (Grant 1993), but their mtDNA lineages have
The Origin of Darwin’s Finches not yet been sorted out among them (Freeland and Boag
. . .. 199%, 199%; Sato et al. 1999).

Burns (1997) used the biogeographical distribution gjnce the dramatic geolog)ical and climatic changes
of the Thraupini, their age as estimated from mMtDNA}, he Caribbean region, as well as those in Central and
divergence, and the topology of their phylogenetic tre€q,,th America, continued after the departure of the Dar-
to argue that_ the group arose on the Caribbean islangs finch founding flock and provided the same op-
and then radiated throughout Central and South Amgjprtunity for the continuing adaptive radiation of Tiaris
ica. He estimated that the genera of Thraupini begand@cestors in this region as the flock found on the Ga-
dlverge frqm Parulini around 26 MYA and that most p]‘épagos Archipelago, one might expect that the stock
the diversity among the genera then evolved over a tifj®m which the founding flock was drawn no longer
span of approximately 10 Myr. This period was markegxists but that botHl. obscuraand Darwin’s finches
by major uplifts of the Andes, which provided the conrepresent its descendants. If the ancestor of Darwin’s
ditions for the adaptive radiation of the tanagers. Thgches was a bird resembliffy obscura,possessing a
divergence within the Thraupini genera followed angjunt beak, then it evolved on the Gpéos Islands into
may have been influenced by the closure of the Panawarbler-like finch, and one of the lineages secondarily
manian isthmus-3 MYA and the onset of Pleistoceneevolved into a blunt-beaked species that gave rise to the
glaciation in the Northern Hemisphere 2-3 MYA. remaining extant geospizine species. Alternatively, the

Using thecytb substitution rate of 2% per site percommon ancestor of botf. obscuraand the warbler
million years and the 0.5% rate per million years fofinches of the Galgagos Islands may have evolved the
third-position transversions, we estimate that the diverarbler-like morphology on the mainland. In the ab-
gence within the genus Tiaris occurred 2-3 MYA andence of a detailed and statistically well supported phy-
was followed shortly afterward by the separation of thiegeny of the genus Tiaris, we are currently unable to
geospizine ancestor from this group. The biogeograpteconstruct their morphological evolution and distin-
ical distribution of most of the extant Tiaris species iguish between these possibilities.
centered on the Caribbean islands (Ridgely and Tudor
1989), so presumably the radiation of this genus oécknowledgments
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