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The diverse butterfly subtribe Euptychiina was thought to be restricted to the Americas.

However, there is mounting evidence for the Oriental Palaeonympha opalina being part of

Euptychiina and thus a disjunct distribution between it (in eastern Asia) and its sister taxon

(in eastern North America). Such a disjunct distribution in both eastern Asia and eastern

North America has never been reported for any butterfly taxon. We used 4447 bp of DNA

sequences from one mitochondrial gene and four nuclear genes for 102 Euptychiina taxa

to obtain a phylogenetic hypothesis of the subtribe, estimate dates of origin and diversifica-

tion for major clades and perform a biogeographic analysis. Euptychiina originated 31 Ma

in South America. Early Euptychiina dispersed from North to South America via the tem-

porary connection known as GAARlandia during Eocene–Oligocene times. The current

disjunct distribution of the Oriental Palaeonympha opalina is the result of a northbound dis-

persal of a lineage from South America into eastern Asia via North America. The common

ancestor of Palaeonympha and its sister taxon Megisto inhabited the continuous forest belt

across North Asia and North America, which was connected by Beringia. The closure of

this connection caused the split between Palaeonympha and Megisto around 13 Ma and the

severe extinctions in western North America because of the climatic changes of the Late

Miocene (from 13.5 Ma onwards) resulted in the classic ‘eastern Asia and eastern North

America’ disjunct distribution.
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Introduction
A general pattern of disjunct distributions between eastern

Asia and eastern North America has been reported for a

variety of animal and plant taxa (Carreno & Lankester

1994; Nordlander et al. 1996; Wang et al. 2003; Nie et al.
2006). This pattern was known from plants before Lin-

naean times (Xiang et al. 1998; Wen 1999) and has also

been reported in wasps (Nordlander et al. 1996) and fishes

(Hardman 2005). It has been proposed that this pattern is

the result of the severance of a continuous belt of tropical

and subtropical forests that extended throughout North
Academy of Science and Letters d
America, Europe and Asia during the Tertiary (Guo 1999;

Sanmartı́n et al. 2001).

Surprisingly, even though butterflies are relatively well

known biologically and are considered model organisms

for numerous fields of evolutionary study (Boggs et al.
2003), this pattern of disjunct distribution has not yet been

reported for any butterfly taxon. Although butterflies are

not as diverse as some other insects (e.g. beetles and leaf-

hoppers), studies on some groups of the approximately

14 000 species in the world (Ackery et al. 1999) have

permitted the discovery of interesting biogeographic
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patterns (Kodandaramaiah & Wahlberg 2007, 2009;

Wahlberg & Freitas 2007; Silva-Brandão et al. 2008;

Leneveu et al. 2009; Peña et al. 2010). As the Neotropical

region harbours about 40% of all known butterfly species

(Lamas 2004), one might expect that a great number of

biogeographic studies would be focused on the region.

However, most of our current ideas on the biogeographic

past of Neotropical butterflies are based on speculative

hypotheses with limited use of both phylogenetic informa-

tion and dated phylogenies (Miller & Miller 1997; Viloria

2003, 2007). Dating of phylogenies is crucial to place the

evolutionary history of the study groups in a temporal

framework, to allow the identification of those geological

events responsible for current biogeographic distributions

(Sanmartı́n et al. 2001).

It is only recently that phylogenetic analyses coupled

with estimation of origin and diversification times for

major lineages (employing relaxed molecular clock tech-

niques) have begun to be used with strong emphasis in

order to elucidate the biogeographic history of Central

and South American butterfly groups (Willmott et al.

2001; Mallarino et al. 2005; Wahlberg & Freitas 2007;

Elias et al. 2009). In a previous study, we found that the

highly diverse butterfly subfamily Satyrinae includes taxa

with interesting disjunct distributions (Peña et al. 2006).

Our molecular dataset of Satyrinae taxa and related

groups provided evidence that the Oriental butterfly Palae-

onympha opalina might be sister to some members of the

subtribe Euptychiina, which was thus far entirely

restricted to the Americas. This had been suggested ear-

lier by Miller (1968), who found morphological similari-

ties between Palaeonympha and members of the

Euptychiina. These findings tempted him to classify the

eastern Asian genus formally as a member of the Eupty-

chiina, a subtribe that includes only a few species in

North America. However, because of its disjunct distribu-

tion, Miller (1968) decided to give Palaeonympha opalina

incertae sedis status.

The Euptychiina is one of the biggest groups in the

highly diverse subfamily Satyrinae. It includes around 400

known species (Lamas 2004) distributed in the Nearctic

and Neotropical regions, although the bulk of species

occurs in Central and, especially, South America. As lar-

vae, Euptychiina feed mainly on monocot plants such as

grasses and bamboo (DeVries 1987; Ackery 1988), with

the exception of some species in the genus Euptychia that

feed on mosses and lycopsids (Singer et al. 1971; Singer &

Mallet 1986). Adults of most euptychiine species are

brown butterflies without the striking colours of other

members of the Nymphalidae, such as Morpho or Helico-

nius. This may account for the lack of basic evolutionary

studies on the group. Their taxonomy is in urgent need of
244 Zoologica Scripta, 39, 3, May 2010, pp 243–258 d ª 2
revision, plagued by unnatural genera and many unde-

scribed species (Lamas 2004; Murray & Prowell 2005;

Peña & Lamas 2005; Freitas & Peña 2006; Freitas 2007;

Pulido & Andrade 2008; Huertas et al. 2009).

Forster (1964) created many of the genera that currently

form Euptychiina based on morphological characters of

the male genitalia of species from Bolivia, but failed to

provide clear diagnoses for his new genera. Miller (1968)

formally established the subtribe (as Euptychiini) and

included many of Forster’s genera. The first phylogenetic

study of Euptychiina (Murray & Prowell 2005) found it to

be polyphyletic because Oressinoma was associated with the

Ypthimina and Lethina, and Euptychia tended to be related

to outgroup taxa. This was later explained by Peña et al.

(2010) who found that Euptychia suffers from long-branch

attraction artefacts and tends to be attracted towards either

the root or another unrelated Satyrinae taxon. In addition,

they confirmed that Oressinoma is not a euptychiine, but

actually part of the Coenonymphina, a subtribe distributed

in the Palaearctic and Indo-Australian regions (Peña et al.

2006; Kodandaramaiah et al. 2010).

The phylogenetic study by Peña et al. (2006) showed for

the first time, the big picture of relationships within Satyri-

nae. They found that the Oriental Palaeonympha belonged

to Euptychiina, as suggested by Miller (1968), and appears

to be more closely related to some euptychiines endemic to

the Atlantic forests of south-eastern Brazil. However, taxon

sampling by Peña et al. (2006) was incomplete. They did not

include any of the many euptychiines from North and Cen-

tral America that could be closely related to Palaeonympha

opalina and fit the classic eastern Asia–North America bio-

geographic pattern. Peña et al. (2006) did not elaborate

further on the relationships of Palaeonympha and were

unable to propose a satisfactory explanation for the disjunct

eastern Asia and south-eastern Brazil pattern.

In this study, we perform a phylogenetic analysis of an

extensive sampling of Euptychiina taxa to obtain a robust

phylogenetic hypothesis to use in a biogeographic analysis

of the group. We reconstruct the biogeographic history of

Euptychiina and propose an explanation for the disjunct

distribution of the Oriental Palaeonympha.

Materials and methods
Taxon sampling and molecular methods

We aimed to sample several species of as many genera as

possible in the Euptychiina for a total of 102 Euptychiina

species, including Palaeonympha. We could not obtain sam-

ples of the genera Caenoptychia, Praefaunula, Pseudeuptychia

and Taygetina. We also included in the analyses 24 out-

groups from our previous studies (Peña & Wahlberg

2008; Peña et al. 2010). Sequences for Satyrotaygetis

taygetina and Pareuptychia occirhoe were taken from Murray
010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters
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& Prowell (2005). Taxonomic nomenclature for genera

and species follows Lamas (2004), with additions by

Freitas (2004a, 2007) and Freitas & Peña (2006). All

sequences have been deposited in the GenBank. Table 1

shows the current classification of sampled species and

GenBank accession numbers.

We extracted DNA from two legs, dried or freshly con-

served in 96% alcohol, using QIAGEN’s (California,

USA) DNeasy extraction kit. For all species, we sequenced

1487 bp of the cytochrome oxidase subunit I gene (COI)

from the mitochondrial genome, and 1240 bp of the Elon-

gation Factor-1a gene (EF-1a), 412 bp of the wingless gene,

691 bp of the glyceraldehyde-3-phosphate dehydrogenase

gene (GAPDH) and 614 bp of the ribosomal protein S5

gene (RpS5) from the nuclear genome. We used the

hybrid primers for PCR amplification and sequencing

from Wahlberg & Wheat (2008). Sequencing and

sequence alignment were performed following protocols in

Peña & Wahlberg (2008).

Phylogenetic analyses

The complete dataset consisted of 126 taxa and 4447 char-

acters. We performed a maximum parsimony analysis (MP)

treating all characters as unordered and equally weighted.

We performed heuristic searches using the software TNT

1.1 (Goloboff et al. 2003) using a level of search 10, fol-

lowed by branch-swapping of resulting trees with up to

10 000 trees held during each step. The searches were per-

formed using the New Technology Search algorithms of

TNT – successive Sectorial searches, Ratchet, Tree Drift and

Tree Fusing. All cladograms were rooted with Aeropetes.

We evaluated clade robustness using the Bremer sup-

port (Bremer 1988) and the Partitioned Congruence Index

(PCI) (Brower 2006). The PCI was drawn from Parti-

tioned Bremer Support (PBS) values (Gatesy et al. 1999)

obtained using the scripting feature of TNT (script pbsu-

p.run taken from http://www.zmuc.dk/public/phylogeny/

TNT/scripts/).

We also implemented a model-based phylogenetic

method to analyse our dataset to test whether the resulting

tree is congruent with the MP method using the software

MRBAYES 3.1.2 (Ronquist & Huelsenbeck 2003). We mod-

elled the evolution of sequences according to the GTR+C
model as in a previous study (Wahlberg et al. 2009), and

to avoid artefacts resulting from a ‘pathological’ correla-

tion between the parameter C and the parameter I (invari-

able sites) (Ren et al. 2005; Wahlberg & Wheat 2008).

Parameter values were estimated separately for each gene

region (Table 2). The analysis was run twice for 20 mil-

lion generations, with every 1000th tree sampled and the

first 10 000 sampled generations discarded as burn-in

(based on visual inspection of the log-likelihood reaching
ª 2010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters d
stationarity). We ran the analyses on an AMD 64 dual

core twin processor workstation using the LAM ⁄ MPI

technology for parallel computing (http://www.lam-

mpi.org/). We will refer to clades that are recovered under

parsimony and Bayesian analyses as robust to the addition

of additional data (characters and ⁄ or taxa).

Dating of divergences

We used the Bayesian analysis software BEAST ver. 1.4.7

(Drummond & Rambaut 2007) under a log-normal relaxed

molecular clock. The DNA sequences were divided in sev-

eral datasets (one dataset per gene), with parameter values

estimated separately for each gene region. The combined

dataset was analysed under the GTR+C model with a relaxed

clock allowing branch lengths to vary following an uncorre-

lated log-normal distribution (Drummond et al. 2006). The

analysis was run twice for 15 million generations (with pre-

run burn-in of 200 000 generations) with sampled trees

every 2000 generations and the results compiled using both

runs. The tree priors were set to a Yule speciation process

and all other priors were left to the default values in BEAST.

To obtain absolute times of divergence, we used one

calibration point. We fixed the crown age of Satyrini at

36.6 Ma with a standard deviation of 5.1 Ma following

our previous results (Peña & Wahlberg 2008). Conver-

gence was analysed using Tracer v1.3 and trees were sum-

marized using TreeAnnotator v1.4.7 software, which are

distributed with the BEAST package.

Biogeographic analysis

We investigated the biogeographic history of Euptychiina

butterflies by evaluating our preferred phylogenetic

hypothesis under a dispersal–vicariance analysis (DIVA;

Ronquist 1997). The distributions were divided into five

biogeographic regions (Fig. 1). Because of a limited sam-

ple of species from each outgroup lineage, some of the

recovered phylogenetic relationships were spurious. To

avoid the estimated areas of distribution of outgroups

being affected by an incorrect topology, we used the out-

group relationships as inferred in our previous phyloge-

netic study of the whole tribe Satyrini Peña et al. (2010),

which included a more extensive sampling of species.

Reconstruction of ancestral distributions was inferred

using default costs in the software DIVA (Ronquist 1996) –

vicariance events cost zero, dispersal and extinction events

cost 1 per unit area.

Results
Euptychiina phylogeny

The combined dataset produced nine equally most parsi-

monious cladograms of length 20 678 steps (CI 0.17; RI

0.42), the strict consensus of which is shown in Fig. 2.
Zoologica Scripta, 39, 3, May 2010, pp 243–258 245
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Ö

la
nd

D
Q

33
87

77
D

Q
33

89
20

EU
52

83
85

EU
52

84
28

D
Q

33
86

37

Sa
ty

rin
ae

Sa
ty

rin
i

C
oe

no
ny

m
ph

in
a

O
re

ss
in

om
a

so
ra

ta
C

P0
6-

89
PE

R
U

:
O

xa
pa

m
pa

G
Q

35
72

09
G

Q
35

72
78

G
Q

35
74

40
G

Q
35

75
70

G
Q

35
73

42

Sa
ty

rin
ae

Sa
ty

rin
i

C
oe

no
ny

m
ph

in
a

O
re

ss
in

om
a

ty
ph

la
C

P0
7-

71
PE

R
U

:
La

So
lit

ar
ia

D
Q

33
88

02
D

Q
33

89
49

G
Q

35
74

41
EU

52
84

52
D

Q
33

86
66

Sa
ty

rin
ae

Sa
ty

rin
i

Er
eb

iin
a

Er
eb

ia
oe

m
e

EW
24

-7
FR

A
N

C
E:

La
ng

ue
do

c
D

Q
33

87
80

D
Q

33
89

23
EU

14
14

79
EU

14
13

75
D

Q
33

86
40

Sa
ty

rin
ae

Sa
ty

rin
i

Er
iti

na
C

oe
lit

es
eu

pt
yc

hi
oi

de
s

C
P1

6-
14

IN
D

O
N

ES
IA

:
K

al
im

an
ta

n
G

Q
35

72
47

G
Q

35
73

13
G

Q
35

75
09

G
Q

35
76

35
G

Q
35

73
81

Sa
ty

rin
ae

Sa
ty

rin
i

Er
iti

na
Er

ite
s

ar
ge

nt
in

a
C

P1
6-

13
IN

D
O

N
ES

IA
:

K
al

im
an

ta
n

EU
52

83
21

EU
52

82
98

EU
52

83
90

EU
52

84
35

EU
52

82
77

Sa
ty

rin
ae

Sa
ty

rin
i

Er
iti

na
Zi

pa
et

is
sa

iti
s

D
30

IN
D

IA
D

Q
33

88
31

D
Q

33
89

81
EU

52
84

18
EU

52
84

72
D

Q
33

86
96

Sa
ty

rin
ae

Sa
ty

rin
i

Le
th

in
a

Le
th

e
m

in
er

va
N

W
12

1-
17

IN
D

O
N

ES
IA

:
B

al
i

D
Q

33
87

68
D

Q
33

89
09

EU
14

14
92

EU
14

13
87

D
Q

33
86

16

Sa
ty

rin
ae

Sa
ty

rin
i

M
an

io
lin

a
M

an
io

la
ju

rt
in

a
EW

4-
5

SP
A

IN
:

Sa
nt

C
lim

en
t

AY
09

02
14

AY
09

01
80

EU
14

14
81

EU
14

13
76

AY
09

01
47

Sa
ty

rin
ae

Sa
ty

rin
i

M
el

an
ar

gi
in

a
M

el
an

ar
gi

a
ga

la
th

ea
EW

24
-1

7
FR

A
N

C
E:

La
ng

ue
do

c
D

Q
33

88
43

D
Q

33
89

93
EU

52
83

98
EU

52
84

44
D

Q
33

87
06

Sa
ty

rin
ae

Sa
ty

rin
i

M
yc

al
es

in
a

M
yc

al
es

is
te

rm
in

us
EW

18
-8

A
U

ST
R

A
LI

A
:

C
ai

rn
s

D
Q

33
87

65
D

Q
33

89
05

EU
52

84
00

EU
52

84
46

D
Q

33
86

32

Sa
ty

rin
ae

Sa
ty

rin
i

M
yc

al
es

in
a

O
rs

ot
ria

en
a

m
ed

us
EW

25
-1

7
B

A
N

G
LA

D
ES

H
:

Sy
lh

et
D

iv
.

D
Q

33
87

66
D

Q
33

89
06

EU
52

84
05

EU
52

84
53

D
Q

33
86

33

Sa
ty

rin
ae

Sa
ty

rin
i

Pa
ra

rg
in

a
Pa

ra
rg

e
ae

ge
ria

EW
1-

1
FR

A
N

C
E:

C
ar

ca
ss

on
ne

D
Q

17
63

79
D

Q
33

89
13

EU
14

14
76

EU
14

13
72

D
Q

33
86

20

Sa
ty

rin
ae

Sa
ty

rin
i

Sa
ty

rin
a

Sa
ty

ru
s

ac
ta

ea
N

W
16

2-
21

FR
A

N
C

E:
A

ud
e,

V
ill

eg
ly

G
Q

86
48

07
G

Q
86

49
01

G
Q

86
50

30
G

Q
86

54
94

G
Q

86
44

95

Sa
ty

rin
ae

Sa
ty

rin
i

Y
pt

hi
m

in
a

Pa
ra

la
sa

jo
rd

an
a

C
P-

A
C

23
-3

5
R

U
SS

IA
:

K
ar

as
u

D
Q

33
85

97
D

Q
33

90
27

EU
53

21
76

EU
52

84
55

D
Q

33
87

36

Sa
ty

rin
ae

Sa
ty

rin
i

In
ce

rt
ae

se
di

s
H

yp
on

ep
he

le
ca

du
si

a
C

P1
0-

07
IR

A
N

:
H

am
ad

an
D

Q
33

88
39

D
Q

33
89

89
EU

52
83

95
EU

52
84

41
D

Q
33

87
02

Sa
ty

rin
ae

Sa
ty

rin
i

Pr
on

op
hi

lin
a

La
si

op
hi

la
ci

rt
a

C
P0

4-
36

PE
R

U
:

JU
,

Q
ue

br
ad

a
M

al
am

bo
D

Q
33

88
51

D
Q

33
90

02
G

Q
35

74
77

G
Q

35
76

06
D

Q
33

87
14

Sa
ty

rin
ae

Sa
ty

rin
i

Pr
on

op
hi

lin
a

M
an

er
eb

ia
cy

cl
op

in
a

C
P0

3-
63

PE
R

U
:

Q
ue

br
ad

a
Si

et
e

Je
rin

ga
s

D
Q

33
87

85
D

Q
33

89
28

EU
52

83
97

EU
52

84
43

G
Q

86
44

77

Sa
ty

rin
ae

Sa
ty

rin
i

Pr
on

op
hi

lin
a

Pa
m

pa
sa

ty
ru

s
gy

rt
on

e
N

W
12

6-
12

B
R

A
ZI

L:
C

am
po

s
do

Jo
rd

ão
D

Q
33

88
37

D
Q

33
89

88
EU

52
84

06
EU

52
84

54
D

Q
33

87
01

Sa
ty

rin
ae

Sa
ty

rin
i

Pr
on

op
hi

lin
a

Pe
da

lio
de

s
sp

n1
17

C
P0

9-
66

PE
R

U
:

S.
N

.
de

A
m

pa
y

D
Q

33
88

56
D

Q
33

90
08

EU
52

84
07

EU
52

84
56

D
Q

33
87

19

Sa
ty

rin
ae

Sa
ty

rin
i

Eu
pt

yc
hi

in
a

A
m

ph
id

ec
ta

ca
lli

om
m

a
N

W
12

6-
21

B
R

A
ZI

L:
M

at
o

G
ro

ss
o

D
Q

33
88

79
D

Q
33

90
37

G
Q

35
74

23
G

Q
35

75
52

D
Q

33
87

45

Sa
ty

rin
ae

Sa
ty

rin
i

Eu
pt

yc
hi

in
a

A
rc

he
up

ty
ch

ia
cl

ue
na

N
W

14
9-

9
B

R
A

ZI
L:

Sã
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Table 2 Parameter values estimated using Bayesian phylogenetic methods. Values estimated separately for each gene region.

Gene TL(all) r(A<->C) r(A<->G) r(A<->T) r(C<->G) r(C<->T) r(G<->T) pi(A) pi(C) pi(G) pi(T) Alpha

COI 25.340 0.074 0.035 0.032 0.010 0.845 0.004 0.396 0.069 0.131 0.404 0.263

EF-1a 0.065 0.256 0.084 0.047 0.501 0.048 0.279 0.214 0.225 0.282 0.238

Wingless 0.074 0.284 0.117 0.029 0.426 0.070 0.167 0.323 0.357 0.154 0.380

GAPDH 0.075 0.281 0.100 0.050 0.442 0.052 0.266 0.205 0.228 0.301 0.314

RpS5 0.107 0.235 0.144 0.039 0.444 0.031 0.260 0.197 0.216 0.327 0.274

Fig. 1 A–E. The five different biogeo-

graphical areas used in this study for the

DIVA analysis. —A. Northern South

America. —B. South-eastern South

America. —C. Central America. —D.

North America. —E. Distribution of

Palaeonympha opalina taken from Shirôzu

(1960). The distribution of Megisto cymela

(sister of Palaeonympha opalina) is also

shown.
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The Bayesian analysis produced a tree (Fig. 3) that is

broadly congruent with the most parsimonious clado-

grams. Parameter values for the models used in the analy-

sis are given in Table 2. The major difference is in the

positions of Chloreuptychia arnaca, Taydebis peculiaris and

Satyrotaygetis satyrina. In the parsimony analysis, C. arnaca

appears sister to a clade containing Cepheuptychia cephus,

Chloreuptychia chlorimene, Chloreuptychia herseis, Chloreupty-

chia marica and Archeuptychia cluena, whereas in the Bayes-

ian tree, it appears sister to a clade that mainly includes

species of the genera Caeruleuptychia and Magneuptychia. In

the parsimony analysis, Taydebis peculiaris appears as sister

to a clade containing Splendeuptychia doxes and Splendeupty-

chia furina, Satyrotaygetis, Erichthodes antonina and Erichth-

odes julia, Neonympha, Megeuptychia and Pareuptychia,

whereas in the Bayesian analysis, Taydebis peculiaris appears

sister to Splendeuptychia doxes and S. furina. The monotypic

Satyrotaygetis appears sister to Erichthodes antonina and E.

julia in the most parsimonious cladograms, whereas in the

Bayesian tree, it is sister to a clade including Erichthodes,

Neonympha, Megeuptychia and Pareuptychia.
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Neither of the methods of analysis found the subtribe

Euptychiina as a monophyletic entity. The Bayesian

analysis recovered Euptychia sensu stricto (represented here

by Euptychia enyo and Euptychia spp. n.) as sister to a

clade formed by some outgroups and another clade that

includes all other Euptychiina (Fig. 3). MP’s strict con-

sensus recovered Euptychia sensu stricto, all other eupty-

chiines and some outgroups collapsed in a polytomy

(Fig. 2). All other patterns of relationships are recovered

consistently in both analyses, implying a strong phyloge-

netic signal that is recovered independent of method of

analysis used. Of the sampled genera and species, we

found that Paramacera, Yphthimoides, Zischkaia, Herme-

uptychia, Taygetomorpha, Erichthodes, Megeuptychia, Pare-

uptychia and Caeruleuptychia are monophyletic. However,

it should be borne in mind that we did not sample all

species for some of these genera and it is possible that

including the remaining species of large genera, such as

Yphthimoides and Caeruleuptychia, will render them non-

monophyletic. We could not test the monophyly of Cyll-

opsis, Megisto, Amphidecta, Pharneuptychia, Godartiana,
Zoologica Scripta, 39, 3, May 2010, pp 243–258 249



Fig. 2 Strict consensus of three equally parsimonious trees (20 799 steps; CI = 0.17; RI = 0.42) from the maximum parsimony analysis.

Numbers given above branches are Bremer support values and numbers below the branch are PCI values for the node to the right of the

number.

Biogeographic history of Euptychiina butterflies d C. Peña et al.
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Fig. 3 Majority rule cladogram based on Bayesian inference, modelled with a GTR+C model. Numbers at the branches are posterior

probability values for the node to the right of the number.
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Cepheuptychia and Neonympha as our dataset included

only a single species. We could not test whether the

subspecies in Palaeonympha opalina form a monophyletic

entity.

The North and Central American euptychiines do not

group together and are related to different ingroup taxa:

Paramacera and Cyllopsis are sister genera and closely

related to Euptychia ernestina; Megisto cymela is sister to the

Oriental Palaeonympha opalina; Pindis squamistriga appears

as sister to Chloreuptychia arnaca; and Neonympha is sister

to the genus Megeuptychia or Erichthodes.

It is possible to identify five major clades in the Eupty-

chiina (Fig. 3). Of these, probably the ‘Megisto clade’ is

the most interesting because it includes the North Ameri-

can Megisto and East Asian Palaeonympha as sister to a

clade of species that are mainly endemic to south-eastern

Brazil (cf. Fig. 1). We found this pattern in a previous

study (Peña et al. 2006), although Megisto was not included

in that dataset. The ‘Hermeuptychia clade’ includes the

monophyletic Hermeuptychia, Amphidecta calliomma and the

monotypic genera Rareuptychia and Cercyeuptychia. Our

third clade corresponds to the ‘Taygetis clade’ found by

Murray & Prowell (2005), while our fifth clade is the ‘Cis-

sia clade’ in Murray & Prowell (2005) that we call ‘Splen-

deuptychia clade’ because the type species of Cissia (Cissia

penelope) does not appear in this group. Our ‘Splendeupty-

chia clade’ also includes the Brazilian endemic Capronnieria

galesus. Our fourth clade consists in a disparate collection

of taxa, which, among others, includes the ‘Pareuptychia

clade’ of Murray & Prowell (2005), Megeuptychia, and the

monotypic Archeuptychia and Satyrotaygetis.

Times of divergence

Our time estimates from the relaxed molecular clock tech-

nique produced wide confidence intervals for most nodes

(Fig. 4). This results from taking account of the standard

error for the estimated age of Satyrini as 36.6 ± 5.1 Ma

(from Peña & Wahlberg 2008). Wider intervals are

expected when employing secondary calibration points

(Graur & Martin 2004). Our estimated times indicate that

the Euptychiina appeared during the Oligocene at around

31 Ma. The genus Euptychia is an old lineage that diversi-

fied at around 23 Ma. The five major clades in Euptychi-

ina diverged in the early Miocene, and most of the

diversification at the genus and species level occurred dur-

ing the mid to late Miocene (16–7 Ma) (Fig. 4). In the

‘Megisto clade’, the split between Palaeonympha and Megisto

is estimated to be as early as 13 Ma, while the split

between these two taxa and the Brazilian endemics

occurred at �21 Ma. It is interesting to note that some

North and Central American euptychiines are relatively

old lineages: Cyllopsis split from Paramacera almost 20 Ma;
252 Zoologica Scripta, 39, 3, May 2010, pp 243–258 d ª 2
and Pindis branched off around 21 Ma. This contrasts with

the relatively young ages of Neonympha and Satyrotaygetis,

dated at around 11 Ma.

Biogeographic history

Our biogeographic analysis in DIVA suggests that dispersal

events have been important in the biogeographic history

of the Euptychiina. DIVA suggests that 67 dispersal events

are needed to explain the current distributions of our sam-

pled euptychiines (Fig. 4). Restricting the number of maxi-

mum ancestral areas only affects the ancestral distributions

of five nodes, and the major biogeographic patterns and

implications are not affected.

The area of origin of Euptychiina is not clear. Our DIVA

reconstructions indicate that the ancestor of Euptychiina

originated somewhere in South America (A + B). Alterna-

tively, DIVA estimates an implausible disjunct area of origin

in South and North America (A + D) (Fig. 4).

Early in the evolution of Euptychiina, at least two dis-

persal events into south-eastern Brazil and Central or

North America gave rise to (Paramacera + Cyllopsis) and

Euptychia ernestina (Fig. 4). The lineage that remained in

central South America underwent similar dispersal events

producing at least two lineages. First, a dispersal into

south-eastern Brazil and subsequent diversification gave

rise to most of the euptychiines endemic to the Brazilian

Atlantic forests (taxa in the ‘Megisto clade’). The other

lineage corresponds to the Nearctic Megisto + Oriental

Palaeonympha, which is inferred to be the result of dis-

persal into North America and the Oriental region

(Fig. 4). Our DIVA analysis demonstrates that the diversifi-

cation of all other euptychiines occurred in South Amer-

ica, and that incursions to south-eastern Brazil, Central

America and North America were not rare (Fig. 4).

Discussion
Euptychiina phylogeny

The robust phylogenetic hypotheses in this study confirm

that Euptychiina, as delimited by Lamas (2004), is a poly-

phyletic group. We present a revised checklist of a mono-

phyletic Euptychiina, which includes two genera long

considered incertae sedis: the Neotropical Amphidecta and

the Oriental Palaeonympha opalina (Table 3). Previous stud-

ies using morphological characters from adult and imma-

ture stages of Amphidecta (Miller 1968; Viloria 2003;

Freitas 2004b) were inconclusive and failed to define the

position of this genus.

The study of Murray & Prowell (2005) concluded that

the genus Euptychia does not share a common ancestor with

other euptychiines. It is possible that the results of Murray

& Prowell (2005) were affected by long-branch attraction

artefacts (Bergsten 2005). Our previous study of the Satyrini
010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters



Fig. 4 Estimated times of divergence derived from the BEAST analysis. Results of a dispersal–vicariance analysis, with unrestricted ancestral

areas shown for each node. Error margins for estimated times are shown as horizontal bars at the nodes.
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Table 3 Revised checklist of genera in the subtribe Euptychiina.

Amphidecta Butler, 1867

Archeuptychia Forster 1964

Caenoptychia Le, Cerf 1919

Caeruleuptychia Forster, 1964

Capronnieria Forster, 1964

Cepheuptychia Forster, 1964

Cercyeuptychia Miller & Emmel, 1971

Chloreuptychia Forster, 1964

Cissia Doubleday, 1848

Coeruleotaygetis Forster, 1964

Cyllopsis Felder, 1869

Erichthodes Forster, 1964

Euptychia Hübner, 1818

Euptychoides Forster, 1964

Forsterinaria Gray, 1973

Godartiana Forster, 1964

Guaianaza Freitas & Peña, 2006

Harjesia Forster, 1964

Hermeuptychia Forster, 1964

Magneuptychia Forster, 1964

Megeuptychia Forster, 1964

Megisto Hübner, [1819]

Moneuptychia Forster, 1964

Neonympha Hübner, 1818

Palaeonympha Butler, 1871

Paramacera Butler, 1868

Parataygetis Forster, 1964

Pareuptychia Forster, 1964

Paryphthimoides Forster, 1964

Pharneuptychia Forster, 1964

Pindis Felder, 1869

Posttaygetis Forster, 1964

Praefaunula Forster, 1964

Pseudeuptychia Forster, 1964

Pseudodebis Forster, 1964

Rareuptychia Forster, 1964

Satyrotaygetis Forster, 1964

Splendeuptychia Forster, 1964

Taydebis Freitas, 2003

Taygetina Forster, 1964

Taygetis Hübner, [1819]

Taygetomorpha Miller, 2004

Yphthimoides Forster, 1964

Zischkaia Forster, 1964

Biogeographic history of Euptychiina butterflies d C. Peña et al.
(Peña et al. 2010) found that Euptychia is on a long branch

that suffers from attraction to several other satyrines. When

other long branches, such as Calisto, some taxa in Ypthimina

and even some Brassolinae and Morphinae, are included in

a phylogeny, Euptychia is prone to be attracted to them

(Peña et al. 2010). This could be due to Euptychia being a

relatively old lineage that branched off early in the history

of Euptychiina, around 22 Ma (Fig. 4), and then underwent

rapid diversification. Euptychia ernestina does not appear

related to Euptychiia sensu stricto, which is expected because

morphological traits of the lectotype indicate that this spe-

cies should be removed from the genus Euptychia.
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Even though our sampling of Euptychiina is incomplete,

it is evident that the subtribe is plagued by polyphyletic gen-

era and needs a great deal of taxonomic work. Although

recent studies have begun to tackle this problem (Freitas

2003, 2004a, 2007; Peña & Lamas 2005; Freitas & Peña

2006; Pulido & Andrade 2008; Huertas et al. 2009), the cur-

rent classification of genera in Euptychiina remains basically

unchanged since the work of Forster (1964).

Our results support Murray & Prowell’s (2005) division

of Euptychiina into several clades. We recovered basically

the same Taygetis and Splendeuptychia (‘Cissia clade’ in their

study) clades, but their ‘Pareuptychia clade’ should be

expanded to include Megeuptychia, Archeuptychia and Saty-

rotaygetis. We found two additional major clades in Eupty-

chiina (Fig. 3): our ‘Megisto clade’, which includes the

Oriental Palaeonympha opalina as sister to a clade that

includes Megisto and some endemic euptychiines to south-

eastern Brazil (Fig. 3); and our ‘Hermeuptychia clade’,

which includes Cercyeuptychia, Zischkaia, Amphidecta, Pindis,

Rareuptychia and some members of Splendeuptychia, Phar-

neuptychia and Godartiana (Fig. 3).

The genus Splendeuptychia is polyphyletic. The type spe-

cies of the genus, Splendeuptychia ashna (Hewitson, 1869)

and Splendeuptychia purusana (Aurivillius, 1929) appear in a

clade equivalent of Murray & Prowell’s (2005) ‘Cissia

clade’, whereas the other sampled members are placed in

two other widely separated clades. However, detailed mor-

phological studies combined with DNA sequencing of the

remaining species will be needed to reassign the species

currently included in Splendeuptychia to other genera.

Cissia is also polyphyletic. The type species Cissia penel-

ope (Fabricius, 1775) appears in our ‘Megisto clade’ as sister

to Cissia proba (Weymer, 1911) and Paryphthimoides phro-

nius (Godart, [1824]). This implies that Cissia myncea (Cra-

mer, 1780) needs to be transferred to another genus,

probably Magneuptychia or Euptychoides because of many

similarities with the type species Magneuptychia libye and

Euptychoides hotchkissi.

The relationships in the ‘Taygetis clade’ are not clear.

Our preferred hypothesis is for a clade of Taygetis and rel-

atives (including Harjesia oreba) sister to a polytomy

formed by Forsterinaria quantius, Harjesia blanda, (Parat-

aygetis albinotata + Posttaygetis penelea) and a clade including

other Forsterinaria and Guaianaza (Fig. 3). Guaianaza

appears to be within Forsterinaria and thus could be sub-

sumed into the latter. This hypothesis could be tested with

a better sampling of the genus, including most of the

remaining 20 Forsterinaria species.

The biogeographic history of Euptychiina

We have used the age of Satyrini (36.6 ± 5.1 Ma) found

by Peña & Wahlberg (2008) (which itself used 25 Ma as
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the age of the fossil Lethe corbieri) as a secondary calibra-

tion point to estimate dates of origin of the major lineages

in the Satyrinae. Peña & Wahlberg (2008) concluded that

both Euptychiina and Pronophilina were the products of

Palaearctic ancestors that dispersed into the Americas via

the Beringian Bridge during the Eocene–Oligocene (Peña

et al. 2010). This event corresponds to the ‘Beringian

Bridge I’ phase of Sanmartı́n et al. (2001). According to

our times of divergence and inferred ancestral distributions

for Euptychiina, it appears that by approximately 31 Ma,

Euptychiina had established in the New World and started

diversification either in South America or alternatively in

both North and South America. We speculate that early

Euptychiina dispersed from North to South America via

the temporary connection between the Greater Antilles

and north-western South America during Eocene–Oligo-

cene times, known as the GAARlandia landspan 35–33 Ma

(Iturralde & MacPhee 1999). It has been found that this

land connection may have also been important for the evo-

lution of Phyciodina butterflies (Nymphalidae) (Wahlberg

& Freitas 2007). Our hypothesis implies that early colo-

nizers of North America went extinct and current eupty-

chiines in North and Central America are the result of

later colonizations from South America (see below).

We found that dispersal events have been very impor-

tant in the evolution of the Euptychiina, resulting in a

rather complex biogeographic history. We have previously

shown that dispersal in this taxon, and in satyrines in gen-

eral (Peña & Wahlberg 2008), is likely to have been aided

by the fact that host plant occurrence does not set strong

range limits, as the larvae of most species feed on a range

of grasses with extensive combined distributions.

Our data indicate that during the Early Oligocene (at

around 28 Ma) there was an early dispersal event into

North America, which produced the genera Cyllopsis and

Paramacera. The Eocene–Oligocene transition was a time

of retreat of seas and land uplift because of a decrease in

global temperatures that lasted until the Late Oligocene

(27–25 Ma) (Iturralde & MacPhee 1999). Therefore, it is

possible that the Cyllopsis + Paramacera lineage used the

same GAARlandia connection between North and South

America to disperse, this time, however, in a northward

direction.

An almost simultaneous split at 24 Ma originated of

two lineages, the ancestor of the ‘Megisto clade’ and that

of all remaining euptychiines. The ‘Megisto clade’ split

into two lineages, one of which dispersed onto the Brazil-

ian shield and gave rise to several extant euptychiines

endemic to the Atlantic forests in south-eastern Brazil.

The other lineage, the ancestor of Megisto + Palaeonympha,

migrated northwards. During this period, the sea level was

again rising, after reaching its lowest level at 35 Ma
ª 2010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters d
(Miller et al. 1996), and the GAARlandia land bridge

underwent marine transgressions. During the Late Oligo-

cene (27–25 Ma), it consisted in a series of terranes sepa-

rated by deep marine gaps (Iturralde & MacPhee 1999).

Our data suggest that the ancestor of Megisto + Palaeonym-

pha was able to overcome these marine barriers by cross-

ing from one terrane to the next along the axis of former

GAARlandia and then disperse into North America and

Asia.

Palaeonympha and Megisto split around 13 Ma (Fig. 4).

The results of the DIVA analysis suggested that their com-

mon ancestor was distributed in both North America and

Asia (areas D + E; Fig. 4). As Megisto inhabits open decid-

uous woodlands (Miller 1976) and Palaeonympha occurs in

mountain forests (Mell 1942), it is plausible that their

common ancestor could inhabit the continuous forest belt

across North Asia and North America, which was con-

nected by Beringia from the Middle–Late Miocene (14–

10 Ma) to the Late Pliocene (3.5 Ma), the ‘Beringian

Bridge II’ of Sanmartı́n et al. (2001). The global cooling

of climate during the Late Miocene (from 13.5 Ma

onwards) that caused extensive extinctions in western

North America (Janis 1993), a continuous decrease in tem-

perature with aridification of climate in Eurasia and

replacement of forests by grasslands (Cerling et al. 1997)

might have contributed to the extinction of Megisto and

Palaeonympha in western North America and North Asia

respectively. Therefore, these events and a vicariance event

resulting from the closure of the Beringian Bridge caused

the current disjunct distribution of these two taxa.

The major diversification of Euptychiina coincides

with the last uplift of the Andes mountain chains (Late

Miocene–Early Pliocene) (Gregory-Wodzicki 2000). For

some butterfly groups, the Andean foothills have been

reported to act as a ‘species pump’, pushing new species

that originate in the Andes into the Amazon basin (Hall

2005; Whinnett et al. 2005). It appears that the ‘species

pump’ hypothesis did not exert a major influence on the

biogeographic history of the Euptychiina, as the majority

of extant euptychiines are dwellers of the lowland forests

in Amazonia (area A). It is remarkable that very few

Euptychiina genera have species inhabiting montane habi-

tats of the Andes (Peña & Lamas 2005; Pulido & Andrade

2008). Species in the subtribe Pronophilina are dominant

in high Andean habitats while they are absent in the low-

lands. It is possible that the ancestor of Pronophilina was

preadapted for coping with the cold temperatures of

Andean mountain forests (1500–3200 m where they are

most abundant), and because of competition for resources,

only few euptychiines were able to colonize those habitats.

Although there are several hypotheses to explain the

megadiversity of terrestrial organisms in the Amazonia,
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the reasons why this region harbours more species than

other areas remain unclear. It is entirely possible that the

high diversity of Euptychiina butterflies in the Amazonia

has been the result of the complex history of the region –

marine incursions during the Miocene (Wesselingh et al.

2002), dynamic riverine barriers (Hall & Harvey 2002),

and climatic cooling and droughts of the controversial

Pleistocene refugia (Solomon et al. 2008) – which dis-

turbed communities and populations driving diversifica-

tion.

Conclusions
The subtribe Euptychiina had Palaearctic ancestors that

dispersed into the Americas via the Beringian Bridge dur-

ing the Eocene–Oligocene and colonized the New World

approximately 31 Ma. There was considerable diversifica-

tion in the Amazon basin (area A) with recurrent dispersal

onto the Brazilian shield and into Central and North

America. It is clear from our time estimates of the diversi-

fication of Euptychiina and reconstructions of ancestral

areas that the current disjunct distribution of the Oriental

Palaeonympha opalina is the result of a northbound dis-

persal of a lineage from South America into North Amer-

ica and then west into Asia.

We conclude that the ancestor of Megisto and its sister

taxon Palaeonympha probably inhabited the continuous for-

est belt across North Asia and North America, which was

connected by Beringia. A vicariance event as a result of

the closure of the Beringian Bridge combined with the

global climatic changes during the Late Miocene, that

caused dramatic changes in vegetation and extensive

extinctions in western North America and Eurasia contrib-

uting to the extinction of Megisto and Palaeonympha in wes-

tern North America and North Asia, resulted in the classic

‘eastern Asia and eastern North America’ disjunct distribu-

tion of Palaeonympha and Megisto. To our knowledge, this

is the first time that this pattern is reported for a group of

butterflies.
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zoologischen Staatssammlung München, 8, 51–188.

Freitas, A. V. L. (2003). Description of a new genus for

‘‘Euptychia’’ peculiaris (Nymphalidae: Satyrinae): immature stages

and systematic position. Journal of the Lepidopterists’ Society, 57,

100–106.

Freitas, A. V. L. (2004a). A new species of Yphthimoides

(Nymphalidae, Satyrinae) from southeastern Brazil. Journal of
the Lepidopterists’ Society, 58, 7–12.

Freitas, A. V. L. (2004b). Immature stages of Amphidecta reynoldsi
(Nymphalidae: Satyrinae). Journal of the Lepidopterists’ Society,

58, 53–55.

Freitas, A. V. L. (2007). A new species of Moneuptychia Forster

(Lepidoptera: Satyrinae, Euptychiina) from the highlands of

southeastern Brazil. Neotropical Entomology, 36, 919–925.
010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters



C. Peña et al. d Biogeographic history of Euptychiina butterflies
Freitas, A. V. L. & Peña, C. (2006). Description of genus

Guaianaza for ‘‘Euptychia’’ pronophila (Lepidoptera:

Nymphalidae: Satyrinae) with a description of the immature

stages. Zootaxa, 1163, 49–59.

Gatesy, J., O’Grady, P. & Baker, R. H. (1999). Corroboration

among data sets in simultaneous analysis: hidden support for

phylogenetic relationships among higher level artiodactyl taxa.

Cladistics, 15, 271–313.

Goloboff, P., Farris, J. & Nixon, K. (2003). TNT – Tree Analysis
Using New Technology, Ver. 1.1. [Computer software and manual].

Available at: http://www.zmuc.dk/public/phylogeny/TNT/

(accessed 2009-01-11).

Graur, D. & Martin, W. (2004). Reading the entrails of chickens:

molecular timescales of evolution and the illusion of precision.

Trends in Genetics, 20, 80–86.

Gregory-Wodzicki, K. M. (2000). Uplift history of the Central

and Northern Andes: a review. Geological Society of America
Bulletin, 112, 1091–1105.

Guo, Q. (1999). Ecological comparisons between eastern Asia and

North America: historical and geographical perspectives.

Journal of Biogeography, 26, 199–206.

Hall, J. P. W. (2005). Montane speciation patterns in Ithomiola

butterflies (Lepidoptera: Riodinidae): are they consistently

moving up in the world? Proceedings of the Royal Society of

London, Series B: Biological Sciences, 272, 2457–2466.

Hall, J. P. W. & Harvey, D. J. (2002). The phylogeography of

Amazonia revisited: new evidence from riodinid butterflies.

Evolution, 56, 1489–1497.

Hardman, M. (2005). The phylogenetic relationships among non-

diplomystid catfishes as inferred from mitochondrial

cytochrome b sequences; the search for the ictalurid sister taxon

(Otophysi: Siluriformes). Molecular Phylogenetics and Evolution,

37, 700–720.

Huertas, B., Rı́os, C. & Le Crom, J. F. (2009). A new species of

Splendeuptychia from the Magdalena Valley in Colombia

(Lepidoptera: Nymphalidae: Satyrinae). Zootaxa, 2014, 51–

58.

Iturralde, M. A. & MacPhee, R. D. E. (1999). Paleogeography of

the Caribbean region: implications for Cenozoic biogeography.

Bulletin of the American Museum of Natural History, 238, 95.

Janis, C. M. (1993). Tertiary mammal evolution in the context of

changing climates, vegetation, and tectonic events. Annual
Review of Ecology and Systematics, 24, 467–500.

Kodandaramaiah, U. & Wahlberg, N. (2007). Out-of-Africa

origin and dispersal mediated diversification of the butterfly

genus Junonia (Nymphalidae: Nymphalinae). Journal of
Evolutionary Biology, 20, 2181–2191.

Kodandaramaiah, U. & Wahlberg, N. (2009). Phylogeny and

biogeography of Coenonympha butterflies (Nymphalidae:

Satyrinae) – patterns of colonization in the Holarctic. Systematic
Entomology, 34, 315–323.

Kodandaramaiah, U., Peña, C., Braby, M., Grund, R., Müller, C.

J., Nylin, S. & Wahlberg, N. (2010). Phylogenetics of

Coenonymphina (Nymphalidae: Satyrinae) and the problem of

rooting rapid radiations. Molecular Phylogenetics and Evolution,

54, 386–394.

Lamas, G. (2004). Checklist: Part 4A. Hesperioidea-Papilionoidea,

Vol. 5A. Gainesville: Association for Tropical Lepidoptera ⁄
Scientific Publishers.
ª 2010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters d
Leneveu, J., Chichvarkhin, A. & Wahlberg, N. (2009). Varying

rates of diversification in the genus Melitaea (Lepidoptera:

Nymphalidae) during the past 20 million years. Biological
Journal of the Linnean Society, 97, 346–361.

Mallarino, R., Bermingham, E., Willmott, K. R., Whinnett, A. &

Jiggins, C. D. (2005). Molecular systematics of the butterfly

genus Ithomia (Lepidoptera: Ithomiinae): a composite

phylogenetic hypothesis based on seven genes. Molecular

Phylogenetics and Evolution, 34, 625–644.
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