
A�������.—Pleistocene glacial cycles have o� en been hypothesized to provide 
vicariant mechanisms leading to allopatric speciation in a wide range of southern 
South American (Fuegian and Patagonian) avian taxa. Few of those biogeographic 
hypotheses, however, have been rigorously tested using phylogenetic analysis. We 
examined sequence variation in three mitochondrial gene fragments (cytochrome b, 
ND2, and ND3) to construct a molecular phylogeny for the South American genus 
Geosi� a (Furnariidae) and to test the interrelated hypotheses that Geosi� a cunicularia 
and G. antarctica are sister species that originated from a common ancestor while 
isolated in glacial refugia during Pleistocene glacial events in Fuego-Patagonia. 
Sequence data were obtained for all 10 currently recognized species of Geosi� a 
as well as Geobates poecilopterus and two outgroup taxa (Upucerthia rufi cauda and 
Aphrastura spinicauda). We found levels of sequence divergence among Geosi� a spe-
cies to be high, ranging from 7.4% to 16.3%. Our phylogenetic reconstructions clearly 
indicate relationships among Geosi� a species that diff er considerably from those of 
traditional Geosi� a phylogeny. These data also strongly suggest that Geosi� a, as cur-
rently defi ned, is paraphyletic, with Geobates being embedded within Geosi� a. Our 
data do not support the hypothesized sister relationship between G. antarctica and 
G. cunicularia. Instead, they suggest that Geosi� a consists of two distinct clades, with 
antarctica and cunicularia falling into diff erent clades. The high levels of sequence 
divergence among Geosi� a species, lack of a sister relationship between cunicularia 
and antarctica, and placement of Fuego-Patagonian antarctica into a clade consisting 
of two high-Andean (saxicolina and isabellina) and one coastal–west-slope (maritima) 
species demonstrate that the evolutionary history of Geosi� a is much older and far 
more complex than a simple model of allopatric speciation in glacial refugia would 
suggest. Received 14 November 2003, accepted 28 August 2004.

Key words: biogeography, Furnariidae, Geobates, Geosi� a, glacial events, Patagonia, 
Pleistocene, sympatry, vicariant events.

Filogenia Molecular del Género Geositta (Furnariidae) e Implicaciones Biogeográfi cas 
para la Especiación de las Aves en Tierra del Fuego y Patagonia

R	�
�	�.—Se ha sugerido que los ciclos glaciales del Pleistoceno han causado 
eventos de vicarianza que han conllevado a procesos de especiación alopátrica en 
una amplia gama de taxa de aves del sur de América del Sur (Tierra del Fuego y 
Patagonia). Sin embargo, muy pocas de estas hipótesis han sido puestas a prueba 
rigurosamente por medio de análisis fi logenéticos. En este estudio examinamos la 
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T	 �	�
� G������� (Furnariidae), as tradi-
tionally recognized, includes 10 species (Cory 
and Hellmayr 1925, Peters 1951, Ridgely and 
Tudor 1994) that have a wide distribution in 
central, western, and southern South America; 
occurring along the Pacifi c coasts of Peru and 
northern Chile; along the western slopes and on 
the high plateaux of the central and southern 
Andes; and in the lowlands east of the Andes 
from central Argentina southward to Patagonia 
and Tierra del Fuego (Table 1). The taxonomy 
and phylogeny of the species that comprise 
the genus have been controversial for several 
decades. In the most extensive taxonomic treat-
ment of the genus to date, Vaurie (1980) consid-
ered Geosi� a to consist of 12 species and placed 
10 of them into 3 species groups (Table 1). 

In addition to the 10 species traditionally 
included in Geosi� a (e.g. Peters 1951), Vaurie 
(1980) assigned to it 2 species of other genera: 
poecilopterus Wied 1831 (usually placed in 
Geobates Swainson 1837, a monotypic genus of 
the Brazilian cerrado) and excelsior Sclater 1860, 
of the Andes of central Colombia and Ecuador, 
previously considered to belong to either of the 
two Andean and Patagonian genera Upucerthia 
(e.g. Cory and Hellmayr 1925) or Cinclodes 
(e.g. Peters 1951, Meyer de Schauensee 1966). 

Subsequently, the placement of Geobates has 
been controversial, with some workers support-
ing its inclusion in Geosi� a (Vuilleumier 1980, 
Remsen 2003a) and others maintaining Geobates 
as a genus separate from, though closely related 
to, Geosi� a (e.g. Ridgely and Tudor 1994). In the 
case of Cinclodes excelsior, many workers now 
agree that it should be placed within Cinclodes 
on the basis of plumage, behavioral, and molec-
ular characters (Vuilleumier 1980, Fjeldså et 
al. 1987, Fjeldså and Krabbe 1990, Ridgely and 
Tudor 1994, Remsen 2003a, Chesser 2004). 

Vaurie (1980) arranged Geosi� a species into 
groups on the basis of similarities in plumage 
and other morphological characters and, to a 
lesser extent, in habitat requirements (Table 
1). Vaurie (1980) did not give names to those 
groups, but we have done so here for conve-
nience in discussing them, according to similar-
ity among the species that comprise each group. 
The fi rst species group consists of fi ve straight-
billed lowland and Andean species, antarctica, 
cunicularia, isabellina, poeciloptera (= Geobates 
poecilopterus), and saxicolina. Within that group, 
Vaurie hypothesized that poeciloptera is closely 
related to cunicularia. The second group consists 
of two coastal species, maritima and peruviana, 
though note that Vaurie (1980) also suggested 

variación en las secuencias de tres fragmentos de genes mitocondriales (citocromo 
b, ND2 y ND3) para construir una fi logenia molecular del género suramericano 
Geosi� a (Furnariidae) y para poner a prueba la hipótesis de que Geosi� a cunicularia y 
G. antarctica son especies hermanas que se originaron de un ancestro común mientras 
estaban aisladas en refugios durante eventos glaciales del Pleistoceno en Tierra del 
Fuego-Patagonia. Obtuvimos secuencias para las 10 especies de Geosi� a reconocidas 
en la actualidad, así como para Geobates poecilopterus y para dos taxa considerados 
como grupo externo (Upucerthia rufi cauda y Aphrastura spinicauda). Encontramos que 
los niveles de divergencia entre las secuencias de especies de Geosi� a son altos, entre 
7.4% y 16.3%. Nuestras reconstrucciones fi logenéticas claramente indican relaciones 
entre las especies de Geosi� a que difi eren considerablemente de las sugeridas por la 
fi logenia tradicional del género. Nuestros datos también sugieren fuertemente que 
como está defi nido actualmente, Geosi� a es un grupo parafi lético, pues Geobates está 
anidado dentro de Geosi� a. Nuestros datos no apoyan la supuesta estrecha relación 
entre G. antarctica and G. cunicularia; en cambio, sugieren que Geosi� a comprende 
dos clados distintivos y que antarctica y cunicularia pertenecen a clados distintos. Los 
altos niveles de divergencia en las secuencias entre las especies de Geosi� a, la ausen-
cia de una relación de especies hermanas entre cunicularia y antarctica y la ubicación 
de la especie fueguino-patagónica antarctica en un clado conformado por dos espe-
cies de los altos Andes (saxicolina y isabellina) y una de la vertiente costera occidental 
(maritima), demuestran que la historia evolutiva de Geosi� a es mucho más antigua 
y bastante más compleja que lo que sugeriría un modelo sencillo de especiación 
alopátrica en refugios glaciales. 
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that morphological similarity between the two 
species may be largely superfi cial and, hence, 
that the grouping may be artifi cial. Vaurie’s 
(1980) third group includes species with “spe-
cialized bills”: crassirostris, excelsior (= Cinclodes 
excelsior), and tenuirostris. Vaurie (1980) placed 
those three species into a group because he felt 
that the greater length and overall higher degree 
of structural modifi cation of their bills implied 
recent common ancestry. Both G. crassirostris 
and C. excelsior have thick, coarse, and slightly 
decurved bills; whereas the bill of tenuirostris is 
long, slender, and well decurved. However, we 
and others think that it is likely that those bill 
characters are under parallel selective infl uences, 
and thus particularly vulnerable to homoplasy 
(Bock 1964, 1985; Remsen 2003b). Vaurie (1980) 
made no suggestion regarding the phylogenetic 
affi  nities of punensis and rufi pennis.

In addition to the phylogenetic diffi  culties 
encountered at the generic level, species-level 
taxonomy of Geosi� a is also somewhat unre-
solved, given that at least one widespread and 
polytypic species, G. cunicularia, with seven sub-
species, may actually include at least three spe-
cies-level taxa, a suggestion made on the basis 
of vocal diff erences among coastal, Andean, 
and Patagonian subspecies groups (Fjeldså and 
Krabbe 1990, Vuilleumier 1993). Given the con-
troversies surrounding the intra- and interspe-
cifi c taxonomic problems in Geosi� a, the need 
for a rigorous phylogenetic revision is evident. 
Furthermore, the biogeographic distribution 
of Geosi� a in diverse and historically unstable 
habitats of western (Andean) and Patagonian 
South America makes this group an excellent 
model genus for studies of speciation (Koepcke 
1965, Vuilleumier 1993).

On the basis of their morphological, eco-
logical, and some behavioral similarities, 
Vuilleumier (1991a, b) hypothesized that G. 
cunicularia and G. antarctica are sister species. 
Geosi� a cunicularia is widely distributed in 
southern South America, whereas the breed-
ing range of antarctica is restricted to Fuego-
Patagonia in extreme southern Chile and 
Argentina (Ridgely and Tudor 1994). The two 
species are entirely syntopic on Isla Grande of 
the Tierra del Fuego archipelago (Vuilleumier 
1991a, b). Extrapolating from the hypothesis 
that cunicularia and antarctica are sister species 
and from their contemporary distributions, 
Vuilleumier (1991a, b) hypothesized further that 

the two species diverged during a recent glacial 
event in Tierra del Fuego and Patagonia, which 
would have corresponded to the Llanquihue 
glaciation, approximately 20,000–14,000 years 
before the present. 

Pleistocene glacial events, specifi cally the 
repeated, quasicyclical habitat perturbations 
resulting from glacial–interglacial episodes, 
have long been hypothesized to have acted as 
vicariant mechanisms leading to speciation in a 
wide range of vertebrate taxa (e.g. Mengel 1964; 
Macpherson 1965; Haff er 1969; Vuilleumier 
and Simberloff  1980; Vuilleumier 1985, 1991a, 
b; Avise and Walker 1998; Holder et al. 1999). 
North- and south-temperate-zone biotas are 
believed to have been particularly aff ected 
by those events. For example, speciation of 
many North American avian taxa has been 
hypothesized to have occurred during climatic 
fl uctuations associated with that period (litera-
ture reviewed by Zink and Slowinski [1995]). 
However, the importance of Pleistocene glacial 
events to the speciation of temperate birds has 
become the subject of recent debate. Molecular 
studies have suggested that divergences among 
many North American species predate the 
Pleistocene (Zink and Slowinski 1995, Klicka 
and Zink 1997). Edwards and Beerli (2000), 
however, have shown that those divergence 
times are most likely overestimates because 
gene divergence estimates used by Klicka 
and Zink (1997) fail to correct for ancestral 
haplotype polymorphism present in ancestral 
populations prior to divergence, leading to an 
infl ated estimate of the variable of interest (i.e. 
time since population divergence). In addition, 
Johnson and Cicero (2004) suggested that com-
parisons used by Klicka and Zink (1997) were 
made between closely related congeners that 
are not sister species and that, therefore, esti-
mated divergence times refl ect deeper splits. 

Because of the analogous glacial histories of 
the regions, diversifi cation among avian taxa 
of South American high Andean and temper-
ate zones (especially Patagonia) has also been 
a� ributed largely to allopatric speciation in 
glacial refugia during Pleistocene glacial events 
(Vuilleumier and Simberloff  1980; Vuilleumier 
1985, 1991a, b; Corbin et al. 1988). However, 
diversifi cation among those taxa has not been 
studied as intensively as their northern-temper-
ate counterparts, especially from a molecular 
perspective. Although several recent studies 
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(e.g. Garcia-Moreno et al. 1998, 1999; Chesser 
1999, 2000, 2004) have added substantially to 
our understanding of pa� erns and processes of 
diversifi cation among those taxa, the phyloge-
netic pa� erns of diff erentiation of many Andean 
and Patagonian taxa remain poorly understood. 
Analyses of phylogenetic pa� erns of speciose 
genera with complex distributions in Andean 
and Patagonian biomes have the potential to 
elucidate some of the historical aspects of spe-
ciation events within the Andean–Patagonian 
avifauna, especially their timing and spatial 
unfolding. 

The objectives here were twofold: (1) to create 
a phylogenetic hypothesis for the interrelation-
ships of Geosi� a species based on mitochondrial 
DNA (mtDNA) sequence variation, and (2) to 
use that phylogeny to test the hypothesis that 
cunicularia and antarctica are sister taxa and, 
if so, whether they diverged from a common 
ancestor in glacial refugia. Lack of a sister rela-
tionship between those two species would fal-
sify the hypothesis of recent common ancestry, 
and thus also the biogeographical hypothesis of 
Pleistocene speciation (Vuilleumier 2004). 

M	����

Taxon sampling.—Twenty individuals were 
sampled, including at least one individual 
of each Geosi� a species, three individuals of 
Geobates poecilopterus, and two outgroup taxa 
(Upucerthia rufi cauda and Aphrastura spinicauda) 
(see Appendix 1). Because of widespread agree-
ment among ornithologists that the species 
does not belong in Geosi� a (Vuilleumier 1980, 
Fjeldså et al. 1987, Fjeldså and Krabbe 1990, 
Ridgely and Tudor 1994, Remsen 2003a, Chesser 
2004), C. excelsior was not sampled here despite 
Vaurie’s (1980) inclusion of excelsior in the genus 
Geosi� a. Tissue samples of G. cunicularia, G. ant-
arctica, and one outgroup taxon (A. spinicauda) 
were collected by F.V. and A.P.C. using standard 
fi eld collecting protocols. Tissue samples of 
all other taxa were obtained on loan from the 
Louisiana State University Museum of Natural 
Science (LSUMNS) and the American Museum 
of Natural History (AMNH) (Appendix 1). 

Extraction, amplifi cation, and sequencing of 
DNA.—Total genomic DNA was extracted 
from breast muscle using a DNeasy tissue 
extraction kit (Qiagen, Valencia, California). 
Fragments of the mitochondrial cytochrome-b, 

ND2, and ND3 genes were amplifi ed via 
polymerase chain reaction (PCR) using the 
following primers: for cytochrome b, H15149 
and L14841 (Kocher et al. 1989); for ND2, 
H5578 and L5215 (Hacke�  1996); and for ND3, 
H11151 and L10755 (Chesser 1999). All PCR 
reactions were performed in 50-µL volumes 
using a model PTC-200 Peltier thermal cycler 
(MJ Research, Waltham, Massachuse� s) and 
were conducted under the following condi-
tions: (1) an initial denaturing step at 94°C for 
7 min; (2) 35 cycles of the following: 1 min at 
92°C, 1 min at 50°C, and 1 min at 72°C; and (3) 
a 7-min extension step at 72°C. A� er amplifi ca-
tion, electrophoresis of a small aliquot of PCR 
product was carried out on an agarose gel to 
ensure correct fragment size and verify the 
presence of a single amplifi cation product. We 
purifi ed PCR products using a Geneclean II kit 
(Bio 101, Carlsbad, California). Cycle sequenc-
ing reactions were performed using a Big Dye 
Terminator kit (Applied Biosystems, Foster 
City, California) and the amplifi cation prim-
ers listed above. Following cycle sequencing, 
the product was precipitated in ethanol, dried, 
resuspended in 15 µL of template suppres-
sion reagent (Applied Biosystems, Foster City, 
California), and visualized using an ABI 310 
Genetic Analyzer. 

Data analysis.—With the exception of several 
unidirectional ND3 sequences, sequence data 
from both DNA strands were obtained for all 
individuals. Sequence data have been depos-
ited in GenBank (ND2, AY694990–AY695009; 
cytochrome b, AY695010–AY695029; ND3, 
AY695030–AY595049). Heavy and light strands 
were aligned and diff erences between them 
reconciled using SEQUENCHER, version 4.1 
(Genecodes, Madison, Wisconsin). To ensure 
that sequences were mitochondrial in origin, 
several precautions were taken: (1) sequences 
were aligned with the entire domestic chicken 
(Gallus gallus domesticus) mtDNA sequence 
(Desjardins and Morais 1990), translated to 
amino acid sequence, and analyzed for evidence 
of insertions, deletions, and stop codons that 
would render coding regions nonfunctional; 
(2) partition homogeneity tests were performed 
to ensure similar phylogenetic signal among 
data partitions; (3) sequences were expected 
to exhibit substitution pa� erns characteristic 
of mitochondrial rather than nuclear genes 
(Joseph et al. 2002); and (4) genetic distance 
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matrices were carefully examined for evidence 
of any obviously diff erent sequences. Similar 
approaches have been used by other workers 
to check for presence of pseudogenes in other 
molecular phylogenetic studies of avian taxa 
(e.g. Sorenson and Quinn 1998, Bates et al. 1999, 
Aleixo 2002, Marks et al. 2002). Evidence of 
nuclear pseudogenes was not detected. 

Three pairwise partition homogeneity tests 
were performed to assess congruence in phylo-
genetic signal among the protein-coding regions 
of the three gene fragments. Each of those tests 
was performed using 1,000 replicates and only 
informatively variable sites. Because phyloge-
netic signal did not diff er signifi cantly among 
data partitions, all three gene fragments were 
analyzed as a combined data set. Each gene 
fragment was examined for evidence of satura-
tion at each codon position following the proto-
cols outlined by Hacke�  (1996). Transitions at 
the third codon position revealed evidence of 
saturation (not shown) and were thus down-
weighted in relation to all other substitutions in 
subsequent parsimony analyses. 

Phylogenetic hypotheses were constructed 
using both maximum-parsimony (MP) and 
maximum-likelihood (ML) methods using 
PAUP*, version 4.0b10 (Swoff ord 2002). Both 
weighted and equally weighted parsimony 
analyses were performed. To correct for 
observed saturation, transitions at the third 
codon position were downweighted in relation 
to all other substitutions by factors of 2, 5, 7, 10, 
50, 100, and 1,000 via codon-specifi c step-matri-
ces. Full heuristic searches were performed with 
all characters equally weighted and according 
to the aforementioned weighting scheme using 
tree bisection reconnection (TBR) branch swap-
ping with 10 random-taxon-addition replicates. 
Confi dence levels for each of the nodes in all 
MP analyses were evaluated using 1,000 non-
parametric bootstrap replicates. 

An MP tree with all characters equally 
weighted and likelihood-ratio test implemented 
in MODELTEST (Posada and Crandall 1998) 
was used to select the best-fi t model of molecu-
lar evolution based on the data set. A general 
time-reversible (GTR) model with empirical 
base frequencies, a proportion of invariant sites 
(I), and gamma-distributed rate variation across 
sites (G) with an estimated shape parameter (α) 
(GTR + I + G) was selected as best fi t. The follow-
ing parameters were used in all ML analyses: (1) 
substitution rate matrix: [A–C] = 1.7115; [A–G] = 
15.2023; [A–T] = 2.0377; [C–G] = 0.6142; [C–T] = 
25.6006; [G–T] = 1.00; (2) empirical base frequen-
cies: A = 0.3157; C = 0.3543; G = 0.1103; T = 0.2197; 
(3) proportion of invariant sites: I = 0.5797; (4) 
α = 2.177. All ML analyses were performed 
using the “full heuristic” option in PAUP, with 
10 random-addition replicates. Robustness of 
nodes in ML analyses was evaluated using 1,000 
nonparametric bootstrap replicates.

R	�
���

We obtained partial sequences of the mito-
chondrial cytochrome-b (262 base pairs [bp]), 
ND2 (298 bp), and ND3 (288 bp) genes for a 
total alignment of 848 bp for 18 Geosi� a–Geobates 
individuals and 2 outgroup genera (Upucerthia 
and Aphrastura). No insertions, deletions, or 
stop codons were observed in sequences of any 
gene fragment. 

Sequence variation.—A summary of sequence 
variation is presented in Table 2. Percentages 
of sequence divergence values (uncorrected 
P) among Geosi� a–Geobates species were high, 
ranging from 7.7% to 16.3% (Table 3). The 
lowest degree of divergence was between 
cunicularia and tenuirostris, and the highest was 
between cunicularia and antarctica, with a mean 
percentage of sequence divergence of 15.9% 
(Table 3). Generally, intraspecifi c divergence 

T���	 2. Variable and phylogenetically informative sites for each gene region.

     Informative sites 
  

Variable sites Informative sites
  by codon position

Gene Total (percentage of total) (percentage of total) 1st 2nd 3rd

Cytochrome b 262 bp 88 (33.6%)   71 (27.1%)   9 1   61
ND2 298 bp 119 (39.7%)   89 (29.7%) 17 6   66
ND3 288 bp 103 (35.8%)   82 (28.4%) 14 1   67
Total 848 bp 310 (36.4%) 242 (28.5%) 40 8 194
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values were low, ranging from 0.0% to 4.7%. It 
should be noted, however, that the highest intra-
specifi c divergence value is a� ributed to com-
parisons within the widespread G. cunicularia. 
Individuals sampled represent two subspecies, 
G. c. cunicularia (Tierra del Fuego) and G. c. 
georgei (Arequipa, southern Peru) (Appendix 
1). If the individual collected in southern Peru 
is excluded from intraspecifi c comparisons, 
divergence values within cunicularia are all <1%. 
In all cases, intraspecifi c divergence values are 
one to two orders of magnitude less than inter-
specifi c values. Phylogenetic analyses revealed 
two distinct clades (labeled A and B) within the 
genus (Fig. 1). Uncorrected divergence values 
between the two clades ranged from 11.8% to 
16.3%; values within clades ranged from 7.4% 
to 14.5% (Table 3). 

Partition homogeneity (ILD) tests did not 
reveal signifi cant discordance in phylogenetic 
signal among data partitions (cytochrome b vs. 
ND2, P = 0.99; ND2 vs. ND3, P = 0.55; and cyto-
chrome b vs. ND3, P = 0.33). Because of the over-
all congruence in phylogenetic signal among 
gene fragments, similarity in distribution of 
informative sites, and general topological con-
gruence in phylogenies estimated using single 
gene fragments, all fragments were combined in 
subsequent phylogenetic analyses.

Maximum-likelihood analyses.—Maximum-
likelihood analyses resulted in a single most 
likely tree (likelihood score –ln = 4313.66) (Fig. 
1), which revealed novel hypotheses of Geosi� a 
phylogenetic relationships. Geosi� a as defi ned 
by Cory and Hellmayr (1925), Peters (1951), 
and Ridgely and Tudor (1994) is paraphyletic 
(Fig. 1). Inclusion of Geobates within Geosi� a was 
supported with 100% bootstrap support. Within 
the enlarged genus Geosi� a, two distinct clades 
were recovered. The fi rst (clade A in Fig. 1) 
includes cunicularia, tenuirostris, and peruviana; 
the second (clade B in Fig. 1) consists of antarc-
tica, isabellina, saxicolina, maritima, crassirostris, 
punensis, rufi pennis, and Geobates poecilopterus. 
Within clade A, tenuirostris was sister to cunicu-
laria with 95% support, and peruviana was basal 
to that group with 92% support. Within clade 
B, two subclades are distinguishable. The fi rst 
subclade—consisting of antarctica, isabellina, 
saxicolina, and maritima—was well supported, 
with 93% bootstrap support. Relationships 
within that subclade, however, were poorly 
supported. The second subclade consists of T
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F��. 1. Maximum-likelihood (ML) tree constructed under a GTR + I + G model of evolution 
(see text for substitution parameters). Numbers above nodes correspond to ML bootstrap values. 
Numbers below the nodes correspond to bootstrap values for MP and 10× weighted MP analyses, 
respectively, if they differ from those in the ML analysis. All bootstrap values are based on 1,000 
replicates. Disagreement between ML and MP analyses is indicated by an asterisk (*) (see text for 
details).
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Geobates poecilopterus, Geosi� a punensis, rufi pen-
nis, and crassirostris. Again, relationships within 
the subclade were poorly supported, with the 
exception of punesis and rufi pennis, which were 
inferred to be sister taxa with 75% bootstrap 
support.

Maximum-parsimony analyses.—Maximum-
parsimony analysis with all characters equally 
weighted recovered six most parsimonious trees 
(length = 762, consistency index [CI] = 0.562, 
retention index [RI] = 0.664), the 50% majority 
rule consensus of which was nearly identical to 
the ML tree, in terms of both topology and lev-
els of support (Fig. 1). Diff erences occurred at 
two poorly supported nodes. First, the equally 
weighted parsimony analysis did not support 
the sister relationship between isabellina and 
saxicolina. Instead, isabellina was placed sis-
ter to antarctica, with 33% bootstrap support. 
Second, the sister relationship between Geosi� a 
crassirostris and Geobates poecilopterus was not 
supported. Instead, crassirostris was sister to the 
punensis + rufi pennis clade, with 56% bootstrap 
support, and Geobates was placed basal to that 
group, with 48% bootstrap support. 

 Despite observed saturation and high levels 
of interspecifi c sequence divergence, down-
weighting of third-position transitions had very 
li� le eff ect on overall topology as compared 
with the equally weighted parsimony and 
likelihood analyses, with all of the topologi-
cal diff erences occurring at poorly supported 
nodes. Topologies for the 2× and 5× weighting 
schemes were identical to the equally weighted 
parsimony topology. Because topological dif-
ferences were minor among the 10–1,000× 
weighted analyses (see below), only the 10× tree 
is discussed. 

Two most parsimonious trees (length = 383.2, 
CI = 0.551, RI = 0.757) were obtained in the 10× 
weighted analysis. A 50% majority rule consen-
sus of those trees was identical to the likelihood 
and equally weighted parsimony trees at the 
deeper nodes. Again, Geobates was embedded 
within Geosi� a with 100% bootstrap support, 
and the same two clades (A and B) within 
Geosi� a were recovered, both of which were well 
supported (98%). The taxa composing each clade 
were the same as those in the previous analyses, 
though some topological diff erences occurred 
at poorly supported nodes within clades A and 
B. First, cunicularia was polyphyletic in the 10× 
weighted analysis, with individuals collected in 

Tierra del Fuego (G. c. cunicularia) being sister to 
tenuirostris, rather than the individual collected 
in Arequipa, Peru (G. c. georgei) (51%). Both ML 
and equally weighted MP analyses recovered 
the monophyly of G. cunicularia haplotypes. 
Second, the 10× weighted analysis supported a 
sister relationship between saxicolina and isabel-
lina (38%), in agreement with the ML analysis, 
but diff ered from the ML analysis in that those 
two taxa, plus maritima, formed the sister clade 
to antarctica (36%). The 50–1,000× topologies 
diff ered from the 10× topology only by not sup-
porting the sister relationship between punensis 
and rufi pennis. 

D���
�����

Phylogeny of Geosi� a and taxonomic recom-
mendations.—Although the mtDNA phylogeny 
presented here is not fully resolved, our data 
reveal novel hypotheses of phylogenetic affi  ni-
ties within the genus. Most notably, Geobates is 
embedded within Geosi� a, supporting previous 
hypotheses based on morphological and behav-
ioral data (Vaurie 1971, 1980; Remsen 2003a). 
This result illustrates that the taxonomic signifi -
cance of the morphological characters used to 
defi ne Geobates—especially the underwing pat-
tern of primaries, bill and tail length, and body 
size—was overemphasized. Intermediate levels 
of sequence divergence between Geobates and 
members of Geosi� a clade B suggest that those 
morphological characters do not imply higher 
levels of genetic diff erentiation as compared 
with other members of Geosi� a. Furthermore, 
placement of Geobates within clade B is well 
supported (Fig. 1). Thus, unless Geosi� a is split 
into two separate genera, separate generic sta-
tus for Geobates is not warranted. Clearly, the 
simplest solution is to include Geobates poecilop-
terus within Geosi� a as previously suggested 
by Vaurie (1971, 1980) and Remsen (2003a). 
Remsen (2003a) proposed that plumage simi-
larities and lowland distribution suggest that 
Geosi� a poeciloptera (= Geobates poecilopterus; 
rendered poeciloptera because of the feminine 
Geosi� a) and cunicularia are sister taxa; how-
ever, that relationship was not corroborated in 
the present study. 

Our data also suggest that Geosi� a, thus 
enlarged, now consists of two distinct clades 
(here called clades A and B), with each of the 
previously proposed sister species, cunicularia 
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and antarctica (Vuilleumier 1991a, b), falling 
into diff erent clades. Geosi� a antarctica belongs 
to a clade of primarily high Andean (crassiros-
tris, isabellina, rufi pennis, saxicolina), Andean and 
Pacifi c coast (maritima, punensis), and Brazilian 
(poeciloptera) species (Fig. 1). Within that clade, 
antarctica was most closely related to isabellina, 
saxicolina, and maritima; and that subclade 
was well supported in both 10× weighted and 
equally weighted MP and ML analyses, with 
92%, 93%, and 93% bootstrap support, respec-
tively. The second clade, which contained cunic-
ularia, also included one Andean and one Pacifi c 
coast species. Geosi� a tenuirostris is widely dis-
tributed in the Andes of central Peru, Bolivia, 
and northwestern Argentina; whereas peruviana 
occurs along the northern and central coast of 
Peru. Within clade A, cunicularia was hypothe-
sized to be most closely related to tenuirostris in 
all phylogenetic analyses. The well-supported 
phylogenetic relationships within clade A did 
not support any previous hypothesis. Remsen 
(2003a), however, has proposed that plum-
age similarities suggest that tenuirostris and 
cunicularia are closely related, and that an over-
emphasis on bill morphology had led previous 
workers to conclude that those two species did 
not share a recent common ancestor. 

Neither of the two main mtDNA clades (A 
and B) was entirely consistent with the species 
groups proposed by Vaurie (1980). First, his 
modifi ed bill group (tenuirostris and crassiro-
stris) appears to be polyphyletic, because 
crassirostris and tenuirostris fall into diff erent 
clades. The molecular data suggest that the 
similarities in bill structure used to defi ne that 
group are a� ributable to homoplasy, which is 
most likely the result of the functional impor-
tance of bill morphology. Geosi� a species place 
their nests in underground burrows, and the 
substrate in which those burrows are dug may 
have a selective infl uence on bill morphology. 
Second, the lowland and Andean straight-
billed group also appears to be polyphyletic, 
with cunicularia being only distantly related to 
other members of that group. However, with 
the exception of cunicularia, the molecular data 
support Vaurie’s group. Finally, Vaurie’s coastal 
group is also polyphyletic. The molecular result 
is consistent with Vaurie’s (1980) suggestion 
that plumage characters defi ning that group 
are convergent, and those characters may refl ect 
adaptation to substrate conditions (Koepcke 

1965). These examples, as well as similarities 
between cunicularia and antarctica (see below), 
demonstrate that parallel selection pressures, 
such as background matching, are important 
factors leading to convergence in optimal bill 
and plumage types within Geosi� a. A paral-
lel can be drawn between Geosi� a and other 
ground-dwelling birds, such as several genera 
of southern African larks, whose general plum-
age color matches the color of their substrate 
(Niethammer 1940, 1959; Maclean 1970). The 
evolutionary trends of morphological (bill 
structure) and plumage convergence among 
Geosi� a species will be discussed elsewhere. 

Because cunicularia and antarctica fall into 
diff erent clades, the previously proposed sister 
relationship between cunicularia and antarctica 
is clearly not supported by the molecular data. 
Moreover, in terms of percentage of sequence 
divergence (uncorrected P), cunicularia and 
antarctica are the most divergent of all pair-
wise comparisons of species-level taxa in the 
genus, with a mean divergence value of 15.9% 
(Table 3). All previous hypotheses (Vaurie 1980; 
Vuilleumier 1991a, b) have considered cunicu-
laria and antarctica closely related.

The new data provided here suggest that 
plumage and behavioral similarities between 
cunicularia and antarctica are also the result of 
convergent evolution. Despite close similarity 
in plumage and behavior, the two species are 
clearly distinguishable vocally (Vuilleumier 
1991b, 1993), which is o� en the most reli-
able means for distinguishing the two species 
in the fi eld where they occur sympatrically 
(Vuilleumier 1991b, A. P. Capparella and F. 
Vuilleumier pers. obs.). The high degree of 
apparent morphological and plumage conver-
gence within Geosi� a underscores the diffi  culty 
of assessing homology in those characters; 
whereas vocal diff erences, such as those high-
lighted between cunicularia and antarctica, may 
be more phylogenetically conservative. Further 
analyses of vocal and molecular characters are 
likely to reveal additional examples of plum-
age convergence in other furnariid taxa within 
which the emphasis has historically been placed 
on taxonomic signifi cance of potentially plastic 
morphological characters (e.g. bill structure). 

Although the sampling design of the present 
study did not permit a rigorous analysis of the 
species status of subspecies and “subspecies 
groups” within cunicularia, some preliminary 
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assessment can be made. Here, individuals of 
lowland (G. c. cunicularia) and Pacifi c coast (G. c. 
georgei) subspecies groups were sampled. In the 
weighted parsimony analysis, the monophyly 
of cunicularia haplotypes was not recovered, 
with tenuirostris being sister to the individuals 
collected in Tierra del Fuego (G. c. cunicularia). 
The individual collected in southern Peru (G. c. 
georgei) was basal to those two taxa. However, 
those nodes were poorly supported (51% boot-
strap support), and the equally weighted par-
simony and likelihood analyses recovered the 
monophyly of cunicularia haplotypes with 75% 
and 77% bootstrap support, respectively (Fig. 
1). Finally, although divergence values (uncor-
rected P) between G. c. cunicularia and G. c. 
georgei were relatively high (mean = 4.72%), they 
were only slightly more than half that between 
the least divergent species-level taxa, cunicularia 
and tenuirostris (mean = 7.44%). Further study 
is warranted to reassess the species status of 
cunicularia subspecies. A species-level linear 
sequence for Geosi� a based on our phylogenetic 
results is given in Appendix 2.

Biogeographic implications.—Hypotheses of 
diversifi cation of Patagonian and Andean 
avian taxa generally focus on the importance 
of Pleistocene glacial events as vicariant 
mechanisms (e.g. Vuilleumier and Simberloff  
1980; Vuilleumier 1985, 1991a, b; Corbin et al. 
1988; Chesser 2000). For Geosi� a specifi cally, 
climatological and ecological correlates of a 
late Pleistocene glaciation event were hypoth-
esized by Vuilleumier (1991a, b) to have led 
to the original isolation of an ancestral stock, 
eventually leading to diversifi cation of  modern 

cunicularia (in Patagonia) and antarctica (in 
Tierra del Fuego). Though not explicitly stated 
as such, Vuilleumier’s (1991a, b) hypothesis 
referred to the Llanquihue glaciation, which 
took place approximately 20,000–14,000 
years before the present. His biogeographic 
hypothesis was based on the proposed sister 
relationship between cunicularia and antarctica 
that is clearly not supported by the molecular 
data. Furthermore, the high levels of sequence 
divergence (7.7–16.3%) among Geosi� a species 
suggest that species-level divergences may be 
older than late Pleistocene in origin. Although 
we acknowledge the diffi  culties associated with 
estimating divergence times on the basis of 
single-locus gene trees (e.g. Edwards and Beerli 
2000), the high levels of sequence divergence 
(7.7%) between proposed sister species cunicu-
laria and tenuirostris suggest that all species-
level divergences may predate the Pleistocene 
entirely. Unless, of course, rates of mitochon-
drial molecular evolution in Geosi� a are ≥2.5× as 
fast as those estimated in other avian taxa (∼2% 
mya–1) (e.g. Fleischer et al. 1998).

Given the lack of well-supported resolution 
within clade B, we are reluctant to infer causal 
mechanisms or possible vicariant events lead-
ing to diversifi cation among Geosi� a species. 
However, one important pa� ern emerging from 
the data is that pairs of sympatric species are 
generally distantly related (i.e. members of each 
of the two diff erent clades), whereas allopatric 
species are generally closely related (i.e. mem-
bers of the same clade). Table 4 identifi es nine 
areas where at least two Geosi� a species occur 
sympatrically. The overarching pa� ern is one 

T���	 4. Areas of sympatry for Geosi� a species. (A) Clade A in Figure 1. (B) Clade B in Figure 1. 
Areas of sympatry are illustrated in Figure 2. Areas of sympatry adapted from Peters (1951), 
Fjeldså and Krabbe (1990), Ridgely and Tudor (1994), Remsen (2003a), J. Fjeldså and J. V. Remsen 
pers. comm., and F. Vuilleumier unpubl. data. 

Area of sympatry Taxon 1 (clade) Taxon 2 (clade)

1. Central Peru coast peruviana (A) maritima (B)
2. Southern Peru coast cunicularia (A) maritima (B)
3. Central Peruvian Andes tenuirostris (A) saxicolina (B)
4. Central Peru to northwestern Argentina cunicularia (A) a tenuirostris (A) a

5. Altiplano of Bolivia punensis (B) a rufi pennis (B) a

6. Altiplano of southern Peru and Bolivia cunicularia (A) punensis (B)
7. Central Chile rufi pennis (B) a isabellina (B) a

8. Chubut, Argentina cunicularia (A) rufi pennis (B)
9. Tierra del Fuego, Chile cunicularia (A) antarctica (B)

a Indicates sympatry between members of the same clade. 
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of dichotomous sympatry between distantly 
related species (Table 4). In six of the nine 
areas (P > 0.05, nonparametric sign test) identi-
fi ed in Table 4, sympatric species are distantly 
related. The three exceptions occur in the Andes 
of central Peru and northwestern Argentina 
where proposed sister species cunicularia and 
tenuirostris occur sympatrically, the altiplano 
of Bolivia where punensis and rufi pennis are 
sympatric, and central Chile where rufi pennis 
and isabellina are sympatric (Table 4 and Fig. 
2). However, in those cases, sympatry does 

not necessarily imply syntopy. Circumstantial 
evidence suggests niche separation in forag-
ing habitat and nest-site selection in all those 
cases (F. Vuilleumier pers. obs., J. V. Remsen 
pers. comm.). Alternatively, complete syntopy 
has been documented in at least one case of 
distantly related taxa, cunicularia and antarc-
tica, which are o� en found nesting in the same 
rodent burrow system (Vuilleumier 1991b). 

Not surprisingly, li� le work has been done to 
investigate the ecological dynamics of Geosi� a 
species in those areas. The present study 

F��. 2. Areas of sympatry among Geositta species. Distribution of all Geositta species is illustrated 
in gray. Light cross-hatched areas are areas of sympatry between closely related species (members 
of the same clade). Dark cross-hatched areas are areas of sympatry between distantly related spe-
cies (members of different clades). Numbers refer to areas listed in Table 4. Distributions are based 
on Peters (1951), Vaurie (1980), Fjeldså and Krabbe (1990), Ridgely and Tudor (1994), and Remsen 
(2003a).
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provides ornithologists with a phylogenetic 
framework for addressing many unanswered 
questions regarding pa� erns of sympatry within 
the genus. Future research focused on the fol-
lowing questions may prove fruitful. Are dis-
tantly related species entirely syntopic in areas 
of sympatry, as is the case with cunicularia and 
antarctica? Conversely, are closely related species 
segregated in their niche specialization in areas 
where they overlap? These questions must await 
further investigation, but their answers may 
provide important insights into our understand-
ing of the development of sympatric distribu-
tions between closely related species. Finally, 
our study demonstrates that speciation within 
Geosi� a (and probably other Andean–Patagonian 
birds) is more complex than a simple model 
of allopatric speciation in Pleistocene glacial 
refugia would suggest and highlights the need 
for further research, both phylogenetic and 
ecological, of the understudied and intriguing 
Andean–Patagonian avifauna.
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A��	���� 2. Linear sequence of species-level taxa in the genus Geosi� a.

Genus Geosi� a Swainson 1837 (type species Geosi� a cunicularia)
 Subgenus Geosi� a Swainson 1837 (type species: Geosi� a cunicularia)
  Geosi� a cunicularia (Vieillot, 1816)
  Geosi� a tenuirostris (Lafresnaye, 1836)
  Geosi� a peruviana Lafresnaye, 1847
 Subgenus Geobates Swainson 1837 (type species: Geosi� a poeciloptera)
  Geosi� a antarctica Landbeck 1880
  Geosi� a isabellina (Philippi and Landbeck, 1864)
  Geosi� a saxicolina Taczanowski 1874
  Geosi� a maritima (Lafresnaye and d’Orbigny, 1837)
  Geosi� a poeciloptera (Wied, 1831) [=Geobates poecilopterus (Wied, 1831)]
  Geosi� a crassirostris Sclater 1866
  Geosi� a punensis Dabbene 1917
  Geosi� a rufi pennis (Burmeister, 1860)

The linear sequence of species in the genus Geosi� a is based on the phylogeny in Figure 1. Species in the subgenus Geosi� a 

correspond to the species in clade A of Figure 1. Species in the subgenus Geobates are those included in clade B of Figure 1. 

However, because the phylogenetic arrangement of species in clade B is not yet fully resolved, the present linear arrangement 

of species in the subgenus Geobates remains tentative. Nomenclature follows Cory and Hellmayr (1925). According to Vaurie 

(1971), priority is given to Geosi� a because it was described in July 1837, whereas Geobates was described in December 1837.
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