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We infer for the first time the phylogenetic relationships of genera and tribes in the ecologically and evolutionarily
well-studied subfamily Nymphalinae using DNA sequence data from three genes: 1450 bp of cytochrome oxidase
subunit I (COI) (in the mitochondrial genome), 1077 bp of elongation factor 1-alpha (EF1-

 

a

 

) and 400–403 bp of 

 

wing-
less

 

 (both in the nuclear genome). We explore the influence of each gene region on the support given to each node of
the most parsimonious tree derived from a combined analysis of all three genes using Partitioned Bremer Support.
We also explore the influence of assuming equal weights for all characters in the combined analysis by investigating
the stability of clades to different transition/transversion weighting schemes. We find many strongly supported and
stable clades in the Nymphalinae. We are also able to identify ‘rogue’ taxa whose positions are weakly supported (the
different gene regions are in conflict with each other) and unstable. Our main conclusions are: (1) the tribe Coeini
as currently constituted is untenable, and 

 

Smyrna, Colobura

 

 and 

 

Tigridia

 

 are part of Nymphalini; (2) ‘Kallimini’ is
paraphyletic with regard to Melitaeini and should be split into three tribes: Kallimini 

 

s.s.

 

, Junoniini and Victorinini;
(3) Junoniini, Victorinini, Melitaeini and the newly circumscribed Nymphalini are strongly supported monophyletic
groups, and (4) 

 

Precis

 

 and 

 

Junonia

 

 are not synonymous or even sister groups. The species 

 

Junonia coenia

 

, a model
system in developmental biology, clearly belongs in the genus 

 

Junonia

 

. A dispersal-vicariance analysis suggests that
dispersal has had a major effect on the distributions of extant species, and three biotic regions are identified as being
centres of diversification of three major clades: the Palaearctic for the 

 

Nymphalis

 

-group, the Afrotropics for Junoniini
and the Nearctic for Melitaeini. © 2005 The Linnean Society of London, 

 

Biological Journal of the Linnean Society

 

,
2005, 

 

86

 

, 227–251.
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INTRODUCTION

 

Butterflies belonging to the currently recognized sub-
family Nymphalinae (Wahlberg, Weingartner & Nylin,
2003b) have contributed extensively to our knowledge
of ecological and evolutionary processes, from hybrid
zones and ring-species (Forbes, 1928; Silberglied,
1984; Dasmahaptra 

 

et al

 

., 2002; Austin 

 

et al

 

., 2003),
metapopulation dynamics (Hanski, 1999) and evolu-
tionary developmental biology (Carroll 

 

et al

 

., 1994;
Brakefield 

 

et al

 

., 1996), to insect–plant interactions
(Singer, 1971; Nylin, 1988; Janz, Nylin & Nyblom,

2001; Wahlberg, 2001). Despite the long-standing
interest in these butterflies, the phylogenetic relation-
ships among the various tribes and genera have
remained remarkably obscure. Improving our under-
standing of the phylogenetic resolution of such scien-
tifically popular taxa should be a high priority, so that
this abundance of knowledge can be placed in an evo-
lutionary framework.

Since Nymphalinae is the type subfamily of the
diverse family Nymphalidae, its delineation has
enjoyed a dynamic history, as various authors have
considered diverse subsets of tribes and genera to rep-
resent ‘typical nymphalids’. This confusion has led to
several competing classification schemes based on dif-
ferent data sets (Ackery, 1988; Harvey, 1991; Kuznet-
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zov & Stekolnikov, 2001; Wahlberg 

 

et al

 

., 2003b). The
higher systematics of Nymphalidae is still in a state of
flux and the delineation of Nymphalinae has not yet
reached stability, though there is a growing consensus
that the classification of Harvey (1991) (based on the
classification of Müller, 1886), with the addition of the
tribe Coeini (= Coloburini of authors), currently pro-
vides the most natural definition of the subfamily
(Brower, 2000; Wahlberg 

 

et al

 

., 2003b; Freitas &
Brown, 2004). This concept of Nymphalinae comprises
a monophyletic group that includes the supposedly
well-defined tribes Nymphalini, Coeini, Melitaeini
and Kallimini. It is this hypothesis of nymphaline
relationships that we take as our point of departure in
our analysis and discussion.

Ehrlich’s (1958) influential paper on the classifica-
tion of butterflies included a much broader concept of
Nymphalinae, which was based mainly upon symple-
siomorphic and homoplastic characters and appeared
to comprise those taxa that do not fall into any of his
more restricted and homogeneous nymphalid subfam-
ilies (Danainae, Ithomiinae, Satyrinae, Morphinae,
Calinaginae, Charaxinae, Acraeinae). The taxa in Ehr-
lich’s Nymphalinae are today considered to represent
several different subfamilies, including Heliconiinae,
Limenitidinae, Biblidinae and Apaturinae. Several
subsequent authors have used much the same group
of tribes and genera to represent the ‘core nymphalids’
(e.g. Ackery, 1984; Scott, 1985; Scott & Wright, 1990),
though often splitting off some components as distinct
subfamilies. At the other extreme, some authors have
delineated Nymphalinae in a very narrow sense, to
include only the tribes Nymphalini and Kallimini
(Ackery, 1988) or Nymphalini and Melitaeini (Clark,
1948).

All of the above classifications have suffered from a
lack of clearly described morphological synapomor-
phies that diagnose the various circumscriptions. Har-
vey (1991) proposed a classification of the family
Nymphalidae based on a set of larval characters, that
was accepted by many authors (e.g. Ackery 

 

et al.

 

,
1999). He placed the tribes Nymphalini, Kallimini and
Melitaeini together, based on the arrangement of
spines on the larvae, but was unable to resolve the
relationships among them due to character conflict
within the subfamily. Harvey (1991) placed the genus

 

Amnosia

 

 in the tribe Kallimini, but Wahlberg 

 

et al

 

.
(2003b) showed that 

 

Amnosia

 

 does not belong in
Nymphalinae, but in Cyrestinae along with other
members of Pseudergolini (with which 

 

Amnosia

 

 was
affiliated prior to being moved to Kallimini (Ackery,
1988).

Most historical classifications of the Nymphalidae
have been intuitive rather than the product of rigor-
ous phylogenetic analysis of character state distribu-
tions formalized in a data matrix. More recently,

however, several cladistic analyses have been pub-
lished, based on either morphology (DeVries 

 

et al.

 

,
1985; de Jong 

 

et al.

 

, 1996; Penz & Peggie, 2003; Freitas
& Brown, 2004) or DNA sequences (Weller 

 

et al.

 

, 1996;
Brower, 2000; Wahlberg 

 

et al

 

., 2003b). Three of these
studies (Brower, 2000; Wahlberg 

 

et al

 

., 2003b; Freitas
& Brown, 2004) sampled enough representatives of
Nymphalidae to provide evidence bearing upon the
monophyly and circumscription of the Nymphalinae.
In all three, sampled taxa belonging to Nymphalini,
Coeini, Kallimini and Melitaeini form a monophyletic
group, with Coeini as the sister group to Nymphalini.
Freitas & Brown (2004) and Wahlberg 

 

et al

 

. (2003b)
suggest an association of Kallimini with Melitaeini,
while Brower’s (2000) study has a basal, paraphyletic
Kallimini, with regard to Melitaeini and Nymphalini 

 

+

 

Coeini. The sister group to the Nymphalinae remains
in doubt, with Freitas & Brown (2004) proposing Hel-
iconiinae, Brower (2000) suggesting Biblidinae 

 

+

 

 Apa-
turinae and Wahlberg 

 

et al

 

.’s (2003b) data implying
Apaturinae.

Within Nymphalinae, several taxa have received
attention from systematists in recent years. The rela-
tionships among genera and species groups have been
investigated in Melitaeini (Kons, 2000; Wahlberg &
Zimmermann, 2000) and Nymphalini (Nylin 

 

et al

 

.,
2001; Wahlberg & Nylin, 2003) using both molecular
and morphological data. In Melitaeini, it has become
clear that Harvey’s (1991) proposed division into three
subtribes (Euphydryina, Melitaeina, Phyciodina) is
not satisfactory. Wahlberg & Zimmermann (2000),
based on mtDNA, found that the 

 

Euphydryas

 

-, 

 

Meli-
taea-, Chlosyne-

 

 and 

 

Phyciodes-

 

groups of species and
genera were of equal status. Kons (2000), using mor-
phology, also found these four major groups and
additionally described a fifth group containing 

 

Gna-
thotriche

 

 species. However, the relationships of the
four major groups are in conflict between these two
studies. Wahlberg and Zimmermann inferred the 

 

Mel-
itaea

 

-group to be sister to the 

 

Chlosyne-

 

group,
whereas Kons found Phyciodina and 

 

Gnathotriche

 

 to
be sister to the 

 

Chlosyne

 

-group.
The two studies on Nymphalini (Nylin 

 

et al

 

., 2001;
Wahlberg & Nylin, 2003) have established the mono-
phyly of the the 

 

Nymphalis

 

-group of genera (i.e.

 

Aglais, Nymphalis

 

 and 

 

Polygonia

 

) and the close rela-
tionship between 

 

Araschnia, Mynes

 

 and 

 

Symbrenthia

 

,
but otherwise the relationships of genera within
Nymphalini remain unclear. A further recent morpho-
logical study of 

 

Symbrenthia, Mynes

 

 and 

 

Araschnia

 

(Fric, Konvicka & Zrzav

 

y

 

, 2004) suggests that 

 

Mynes

 

is nested within 

 

Symbrenthia

 

.
In addition to these tribal-level studies, species-

level phylogenetic studies have been done for the gen-
era 

 

Euphydryas

 

 (Zimmermann, Wahlberg & Desci-
mon, 2000), 

 

Chlosyne

 

 (Kons, 2000), 

 

Hypanartia
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(Willmott, Hall & Lamas, 2001), 

 

Anartia

 

 (Blum, Ber-
mingham & Dasmahapatra, 2003), 

 

Phyciodes

 

 (Wahl-
berg, Oliveira & Scott, 2003a) and 

 

Symbrenthia

 

,

 

Mynes

 

 and 

 

Araschnia

 

 (Fric 

 

et al

 

., 2004). Of these, only
Kons (2000), Wahlberg 

 

et al

 

. (2003a) and Fric 

 

et al

 

.
(2004) included sufficiently extensive outgroup sam-
pling to test the monophyly of the genus being studied.

From this brief review of the current state of
nymphaline systematics, it is clear that many ques-
tions remain unanswered. The relationships among
genera in Kallimini and Coeini have never been inves-
tigated, and relationships within Melitaeini and
Nymphalini are still contentious. In this study we test
the monophyly of the most recent definition of Nymph-
alinae, comprising Nymphalini, Coeini, Kallimini and
Melitaeini (Wahlberg 

 

et al

 

., 2003b), and endeavour to
resolve the relationships among the tribes and genera
within the subfamily. In the current circumscription,
the subfamily Nymphalinae comprises about 496 spe-
cies in 56 genera. We have studied the relationships of
representative species belonging to the subfamily with
DNA sequences from three gene regions. These are
cytochrome oxidase subunit I (COI) from the mito-
chondrial genome, and elongation factor-1

 

a

 

 (EF1-

 

a

 

)
and 

 

wingless

 

 from the nuclear genome. Based on our
results, we investigate the biogeography of the group
using dispersal-vicariance analysis (Ronquist, 1997).
The investigation is intended to identify broad biogeo-
graphical patterns for closer inspection at a later date.

 

MATERIAL AND METHODS

 

We sampled as many species as possible from almost
all of the genera belonging to Nymphalinae, a total of
161 species in 49 genera. Of the seven missing genera,
six are in Melitaeini and one is in Coeini. In addition,
we sampled 28 outgroup species, representing all sub-
families of the nymphaline clade (

 

sensu

 

 Wahlberg

 

et al

 

., 2003b), i.e. Cyrestinae, Biblidinae and Apaturi-
nae, each of which may be the sister group to Nymph-
alinae (see Wahlberg 

 

et al

 

., 2003b). We also included a
specimen of Heliconiinae and Limenitidinae, which
belong to the putative sister clade to the nymphaline
clade. The species sampled and their collection locali-
ties are listed in Appendix 1.

We extracted DNA mainly from one or two legs of
freshly frozen or dried butterflies using QIAgen’s
DNEasy extraction kit, although some specimens
were extracted following the protocol of Brower (1994).
The spread voucher specimens can be viewed at http:/
/www.zoologi.su.se/research/wahlberg/. For each spec-
imen we sequenced 1450 bp of COI, 1077 bp of EF1-

 

a

 

and 400–403 bp of the 

 

wingless

 

 gene. Primers for COI
were taken from Wahlberg & Zimmermann (2000), for
EF1-

 

a

 

 from Monteiro & Pierce (2001) and for 

 

wingless

 

from Brower & DeSalle (1998). We performed all PCRs

in a 20 

 

m

 

L reaction volume. The cycling profile for COI
and 

 

wingless

 

 was 95 

 

∞

 

C for 5 min, 35 cycles of 94 

 

∞

 

C for
30 s, 47 

 

∞

 

C for 30 s, 72 

 

∞

 

C for 1 min 30 s and a final
extension period of 72 

 

∞

 

C for 10 min. The cycling pro-
file for EF1-

 

a

 

 was 95 

 

∞

 

C for 7 min, 35 cycles of 95 

 

∞

 

C
for 1 min, 55 

 

∞

 

C for 1 min, 72 

 

∞

 

C for 2 min and a final
extension period of 72 

 

∞

 

C for 10 min. For all three
genes, the PCR primers were also used for sequencing.

In addition, we developed two internal primers for
sequencing: (EFmid 5

 

¢-

 

CAA TAC CRC CRA TTT
TGT

 

-

 

3

 

¢

 

) for EF1-

 

a

 

 and (Patty 5

 

¢-

 

ACW GTW GGW
GGA TTA ACW GG

 

-

 

3

 

¢

 

) for COI. Sequencing was done
with a Beckman-Coulter CEQ2000 or CEQ8000 capil-
lary sequencer (Bromma, Sweden). We checked the
resulting chromatograms using BioEdit (Hall, 1999)
and aligned the sequences by eye. Clear heterozygous
positions in the nuclear genes (chromatogram peaks
almost or exactly equal) were coded according to the
IUPAC ambiguity codes, but were treated as missing
characters in further analyses. The sequences have
been submitted to GenBank (Accession numbers in
Appendix 1).

We searched for the most parsimonious cladograms
from the equally weighted and unordered data matrix
consisting of 189 taxa using a heuristic search algo-
rithm in NONA 2.0 (Goloboff, 1998) via WINCLADA
1.00.08 (Nixon, 2002). The heuristic searches were
conducted with 1000 random addition replicates using
TBR branch swapping with ten trees held during each
step and a final swapping to completion. We did this
for each gene separately and for all three genes com-
bined. Trees were rooted with 

 

Heliconius

 

 for display.
For the separate analyses, we evaluated clade support
using bootstrap with 100 pseudoreplicates. It is now
widely recognized that assessing incongruence among
data partitions is much more complex than measuring
with a simple all-or-nothing significance test (Farris

 

et al

 

., 1994; DeSalle & Brower, 1997; Miller et al.,
1997; Darlu & Lecointre, 2002). We have thus chosen
to analyse the three gene regions as a single data set,
and have assessed the impact of each gene region on
the support values of each node using Partitioned
Bremer Support (PBS) analyses (Baker & DeSalle,
1997; Baker et al., 1998).

We evaluated the character support for the clades in
the resulting cladograms using Bremer support (BS)
(Bremer, 1988, 1994). We calculated BS and PBS
values using anticonstraints in PAUP* 4.0b10 for
Windows (Swofford, 2001). As in previous studies
(Wahlberg & Nylin, 2003; Wahlberg et al., 2003b), we
refer to the support values as giving weak, moderate,
good or strong support when discussing our results.
We define ‘weak support’ as BS values of 1–2 (gener-
ally corresponding to bootstrap values <50%–63%),
‘moderate support’ as values between 3 and 5 (boot-
strap values 64%-75%), ‘good support’ as values

http://www.zoologi.su.se/research/wahlberg


230 N. WAHLBERG ET AL.

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 86, 227–251

between 6 and 10 (bootstrap values 76%-88%) and
‘strong support’ as values >10 (bootstrap values 89%-
100%). We strongly endorse BS values over bootstrap
values because they are a parameter of the data
rather than an estimate based on manipulated sub-
samples of the data, and have no upper bound as sup-
port for a given clade increases.

We evaluated the stability (sensu Wheeler, 1995;
Judd, 1998; Giribet, 2003) of clades inferred for the
equally weighted data set to different character-state
transformation weighting assumptions under parsi-
mony searches using PAUP*. We weighted transver-
sions 2, 3, 5, 7 and 10 times transitions for the
combined data set. Such sensitivity analyses may help
identify potential instances of long branch attraction
(Giribet, 2003), and can provide a valuable heuristic
tool to guide subsequent sampling strategies for
refinement of the current hypothesis. We refer to
clades that are recovered under all the tested weight-
ing schemes as stable.

We investigated the historical biogeography of the
subfamily using dispersal-vicariance analysis (Ron-
quist, 1997) as implemented in DIVA (Ronquist,
1996). Species distributions were recorded at the level
of zoological biomes, i.e. Nearctic, Neotropical,
Afrotropical, Palaearctic, Oriental and Australasian.
Clades for which component species had identical dis-
tributions were collapsed into a single terminal. The
maximum number of ancestral areas was either not
constrained or restricted to two.

RESULTS

CHARACTERISTICS OF THE DATA SETS

The total combined data set consisted of 2935 nucle-
otides, of which 12 positions were coded as gaps in
some taxa. All inferred gaps were in the wingless data
set and represent indel events of whole codons. These
include an inferred codon insertion in all Melitaeini
sequences (as noted in Brower, 2000), an inferred
codon insertion in Tigridia acesta, an inferred codon
insertion in Rhinopalpa polynice and an inferred
codon deletion in the three species of Aglais (as noted
in Nylin et al., 2001). All inferred indel events have

occurred between positions 91 and 137 in the Colobura
dirce sequence (GenBank accession number
AY090162) and were easily detected when aligning by
eye (flanking regions were relatively conserved). Gaps
were treated as a ‘fifth base pair’ in all phylogenetic
analyses. The basic statistics for the three gene
regions are given in Table 1. All three gene regions
showed an ample amount of variation, though EF1-a
was less variable than the other two genes. The two
nuclear genes show about equal base frequencies,
while COI has a high AT bias, in accordance with all
previous publications on this gene in insects.

GENERAL PHYLOGENETIC PATTERNS

When analysed as separate data partitions, none of
the three gene regions recovered the subfamily
Nymphalinae as a monophyletic entity (data not
shown). There are, however, several phylogenetic com-
ponents common to the separate hypotheses: Meli-
taeini and Nymphalini (as delineated below) are
monophyletic, the genera Junonia, Precis, Hypolim-
nas, Yoma, Salamis and Protogoniomorpha together
form a monophyletic group, and the Nymphalis-group
of species (see Wahlberg & Nylin, 2003) is monophyl-
etic.

Combining the three data sets yields eight trees of
length 17547 steps (CI = 0.13, RI = 0.58), the strict
consensus of which gives a much clearer picture of
the relationships among the various groups in
Nymphalinae (Figs 1–4). The subfamily as currently
delimited is inferred to be polyphyletic, with the
genera Historis and Baeotus branching off close to
the base of the larger nymphaline clade (sensu Wahl-
berg et al., 2003b). The monophyly of Nymphalinae
without Historis and Baeotus receives moderate sup-
port. Nymphalini and Melitaeini form monophyletic
groups, while Coeini and Kallimini are poly- and
paraphyletic, respectively. Three genera tradition-
ally placed in Coeini (Colobura, Tigridia and
Smyrna) are associated with Nymphalini with good
support, while the two other sampled genera, His-
toris and Baeotus, are outside Nymphalinae with
weak support. Kallimini + Melitaeini has moderate
support, but the kallimine taxa form a paraphyletic

Table 1. The basic statistics for the three molecular data sets in 174 species of Nymphalidae

Gene No. of sites No. variable No. informative

Empirical base frequencies (%)

T C A G

COI 1450 775 614 39.9 14.7 31.9 13.6
EF1-a 1077 469 364 22.6 28.1 25.9 23.4
wingless 412 238 192 21.0 26.2 24.9 27.9
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Figure 1. Summary of strict consensus of eight trees found for the combined data set when all changes weighted equally
(length = 17547, CI = 0.13, RI = 0.58), pruned to show only genera. For unpruned trees, see Figs 2–4. Numbers above the
branches are Bremer support values and numbers below are Partitioned Bremer Support values for the COI, EF1-a and
wingless data partitions, respectively. Thickened branches are stable to changes in weighting schemes (transversions
weighted 1, 2, 3, 5, 7 and 10 times transitions).
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grade with respect to Melitaeini. The sister group of
Nymphalinae (without Historis and Baeotus) is Bib-
lidinae in the most parsimonious trees from the com-
bined data set, although this clade has weak support
(Fig. 1).

Results of the PBS analysis show that all three gene
regions are congruent at 52 of the 183 resolved nodes
(Figs 1–4). These nodes generally have high BS values
(range 3–63, mean 19) and tend to be concentrated in
the clades describing Nymphalini and Melitaeini. At

Figure 2. Relationships of sampled species from the tribe Nymphalini as delimited in Fig. 1. Tree statistics and branch
thickness as in Fig. 1.

Aglais io
Aglais milberti
Aglais urticae

Antanartia abyssinica

Antanartia delius
Antanartia schaenia

Araschnia levana

Colobura dirce

Hypanartia bella

Hypanartia charon
Hypanartia kefersteini

Hypanartia lethe
Hypanartia lindigii

Polygonia canace

Mynes geoffroyi

Nymphalis antiopa
Nymphalis californica

Nymphalis l album
Nymphalis polychloros

Nymphalis xanthomelas

Polygonia c-album

Polygonia c-aureum

Polygonia comma

Polygonia egea

Polygonia faunus

Polygonia haroldi

Polygonia interrogationis

Polygonia oreas

Polygonia progne

Polygonia satyrus

Polygonia gracilis

Smyrna blomfildia

Symbrenthia lilea
Symbrenthia hypatia

Symbrenthia hypselis

Tigridia acesta

Vanessa annabella

Vanessa atalanta

Vanessa braziliensis

Vanessa cardui

Vanessa gonerilla

Vanessa indica

Vanessa itea

Vanessa kershawi

Vanessa myrinna

Vanessa virginiensis

9
22.5,-8.6,-4.9

6
11.5,4.4,-9.9

11
12.7,7.2,-8.9

4
21.5,-1.5,-16.0

4
19,-1.4,-13.5

8
21.2,-0.3,-12.9

16
5,0.9,
10.1

26
9,11.4,

5.6

8

2,3.9,2.1

1
1,-1,1 6

4.5,-0.6,2.1 5
3.2,1.4,0.4 5

-4.5,5.4,4.1

2
3,-2.1,1.1

6
0.5,4.5,1.1

1
0.4,0.6,

0
11

5.6,4.2,1.2

7
9.3,-2.3,0 4

9.9,-5.2,-0.7 7
8,-1.1,0.1 1

7.3,-4.3,-2.0 1
7.2,-4.3,-1.9 4

5.4,-1.2,-0.2

3

2,1.9,
-0.9

8
2.9,4.3,0.8

1
-2.8,3.7,0.1

1
-2.8,3.7,

0.1
7

2.9,4.6,-0.5

24
9.2,10.2,4.6 5

6, 2.1,1.1- 9
0.2,5.4,3.4

7
7.1,-1.1,

1.1

25
11,6.9,

7.1

22
7,9.9,
5.1

2
2,0.9,-0.9

10
24.7,-4.4,

-10.3

62
37,
13.4,
11.6

17
23.9, 0.6,

-6.3
- 21
21.8,5.3,-6.2

9
3.6,2.7,

2.7

11
2.5,3.5,5.1 15

2.4,6.6,6.1

19
33.6,-5.7,

-8.9



PHYLOGENY OF NYMPHALINAE 233

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 86, 227–251

Figure 3. Relationships of sampled species from the tribes Junoniini and Victorinini, as delimited in Fig. 1, as well as
species in the genera Kallimoides, Vanessula and Rhinopalpa. Tree statistics and branch thickness as in Fig. 1.
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Figure 4. Relationships of sampled species from the tribe Melitaeini and Kallimini as delimited in Fig. 1. Tree statistics
and branch thickness as in Fig. 1.
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131 nodes, one or two gene regions provide signal that
is incongruent with the weight of the combined evi-
dence. The different patterns of incongruence are sum-
marized in Table 2. Nodes which show incongruence
tend to have lower BS values (range 1–19, mean 7.7).
Most of the incongruent nodes lie in the basal
branches of the cladogram (Fig. 1) and in the kal-
limine grade (Figs 3, 4).

The PBS results show that the data partitions are
contributing unequally to the phylogenetic patterns
inferred in this study. The COI data set conflicts at 17
nodes, of which one node has a PBS score of <-4. The
total PBS for the COI data partition is 2176.1 (mean
11.9). The EF1-a data partition is incongruent at 70 of
the 183 resolved nodes, 23 of which have a PBS score
of <-4, and has a total PBS of 370.3 (mean 2.0). The
wingless data alone have a negative PBS score at 106
of the 183 resolved nodes, 64 of which have a PBS
score of <-4, and the gene region has a total PBS of -
533.5 (mean -2.9).

Many of the clades are very stable (sensu Giribet,
2003) and are present in a strict consensus of all trees
found across the different weighting schemes from the
equally weighted analysis to the analysis with 10 : 1
TV/TI weighting (Figs 1–4). These include the larger
nymphaline clade (including Biblidinae, Cyrestinae,
Apaturinae and Nymphalinae; see Wahlberg et al.,
2003b), Apaturinae and Biblidinae, Pseudergolini,
Cyrestini, Nymphalini and Melitaeini (Fig. 1), and
many of the well-defined genera (Figs 2–4). Weighting
transversions 2 times transitions is the only analysis
which gives a monophyletic Nymphalinae, with His-
toris + Baeotus coming out as sister to the rest of
Nymphalinae.

PHYLOGENETIC PATTERNS IN COEINI

The tribe Coeini does not form a monophyletic group
in any of the analyses (Figs 1, 2). In the combined
analysis, Smyrna is sister to Nymphalini with good

support, Colobura and Tigridia are sister genera with
strong support and they are sister to Nymphalini +
Smyrna. The monophyly of Smyrna, Tigridia,
Colobura and Nymphalini has good support and is sta-
ble, though there is conflict from the nuclear genes
(Fig. 1). Historis and Baeotus form a monophyletic
group with strong support and both genera are mono-
phyletic (Fig. 1). Historis odius and H. acheronta (the
latter sometimes placed in the genus Coea, from which
the tribal name is derived) are sister species with only
weak support and moderate conflict from the two
nuclear genes. Baeotus, on the other hand, is a
strongly supported monophyletic group with no con-
flict from the different data partitions. Constraining
the five coeine genera to form a monophyletic group
results in trees that are 19 steps longer than the most
parsimonious trees found for the combined data sets.
Constraining Colobura, Tigridia and Smyrna to form
a monophyletic group results in trees seven steps
longer than the most parsimonious trees.

The association of Colobura, Tigridia and Smyrna
with Nymphalini is stable under all the different
weighting schemes, as is the clade containing Historis
and Baeotus species. However, the position of Historis
+ Baeotus changes as one increases the weight of
transversions to transitions. When transversions are
weighted 2 times transitions, this clade is sister to
Nymphalinae. At higher tested weighting schemes
(transversions weighted 3–10 times transitions), His-
toris + Baeotus appears as the sister clade to Apaturi-
nae.

PHYLOGENETIC PATTERNS IN NYMPHALINI

Within the monophyletic Nymphalini, relationships
within the Nymphalis-group of genera (i.e. Nymphalis,
Polygonia and Aglais) are almost identical to those
hypothesized in a previous study (Wahlberg & Nylin,
2003). The exception is Polygonia canace, which is sis-
ter to Nymphalis in the present study, whereas it was
sister to the rest of Polygonia in the 2003 study. Wahl-
berg & Nylin (2003) was based on an additional gene
sequence and a morphological data set and thus we
prefer the hypothesis supported in that study. Polygo-
nia oreas and P. haroldi were not included in previous
phylogenetic studies of the Nymphalis-group, and our
results suggest that the former is related to P. gracilis
and the latter is sister to a clade containing P. oreas,
P. gracilis and P. satyrus.

Other genera in Nymphalini are here sampled more
broadly than in previous studies and we are now able
to identify three additional clades within Nymphalini.
Two species of Antanartia (A. delius and A. schaenia)
form the sister group to the rest of Nymphalini. The
next most basal clade is formed by the genera Ara-
schnia, Mynes and Symbrenthia, which group together

Table 2. Number of nodes in the ingroup at which differ-
ent patterns of incongruence were observed. +, PBS score
positive or 0; -, PBS score negative (magnitude not taken
into account)

Number of nodes COI EF1-a wingless

47 + + +
46 + + –
20 + – +

6 – + +
56 + – –

0 – – +
8 – + –
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with good support. The third major new clade com-
prises the genera Vanessa and Hypanartia, though
this clade has only moderate support and is not stable.
Vanessa + Hypanartia is sister to the Nymphalis-
group clade. A surprising result is the position of
Antanartia abyssinica within Vanessa; it is not at all
closely related to the other Antanartia species. Within
Vanessa, species often placed in the genus Cynthia do
not form a monophyletic group, as one species,
V. annabella (and presumably its putative sister spe-
cies V. carye; Shapiro & Geiger, 1989), appears to be
sister to the rest of Vanessa.

Sensitivity analyses suggest that the relationships
within the Nymphalis-group are very stable; the only
node which is unstable is the sister relationship
between Polygonia egea and P. c-album + P. faunus.
Hypanartia is stable, as are the relationships of spe-
cies within the genus. Within Vanessa, the sister rela-
tionship of A. abyssinica to V. atalanta + V. indica is
stable, as is the sister species relationship of
V. gonerilla + V. itea, and the V. cardui clade (V. cardui
to V. myrinna in Fig. 2). Other stable clades are
Antanartia delius + A. schaenia and Symbrenthia.

PHYLOGENETIC PATTERNS IN KALLIMINI

The tribe Kallimini as currently circumscribed does
not form a monophyletic group, but rather a paraphyl-
etic grade with regard to Melitaeini. Constraining it to
be monophyletic results in trees that are four steps
longer than the most parsimonious trees found for the
combined data set. The strict consensus of the most
parsimonious trees shows two clades. The basal clade
contains the following subclades: (1) a largely Neotro-
pical subclade including Anartia, Siproeta, Napeocles
and Metamorpha (termed the Anartia-clade), (2) the
African Kallimoides, a subclade with Vanessula and
Rhinopalpa (both monotypic genera that have not pre-
viously been associated with each other or indeed with
any other kallimine genera) and (3) a subclade that
contains the largely African and Asian genera
Junonia, Kamilla, Precis, Hypolimnas, Salamis, Pro-
togoniomorpha and Yoma (termed the Junonia-clade).
The second clade in the Kallimini grade, which is sis-
ter to the tribe Melitaeini, includes the African Catac-
roptera and Mallika, the Asian Kallima and the
Australasian Doleschallia (termed the Kallima-clade).

Weighting transversions more than transitions
causes Kallimoides and Vanessula to become sister
taxa. These two form the sister clade to Rhinopalpa
and the Anartia- and Junonia-clades when transver-
sions are weighted 2 or 3 times transitions. However,
weighting schemes of 5 and above cause Kalliomoides,
Vanessula, Rhinopalpa and the Anartia-clade to
become the most basal clades in the entire tree, after
the outgroups Heliconius and Adelpha.

Within the Anartia-clade, Napeocles and Siproeta
form a strongly supported, stable subclade, as do the
three species of Anartia. The sister group of Anartia
may be either Siproeta/Napeocles or Siproeta/Napeo-
cles + Metamorpha. It is clear that Metamorpha is an
entity distinct from Siproeta (as suggested by Fox &
Forbes, 1971), though historically Siproeta stelenes
has occasionally been placed in Metamorpha. The
clade containing these neotropical genera is stable in
sensitivity analyses. The position of Kallimoides as
the most basal taxon of this clade has only weak sup-
port and the node is not stable, suggesting that its
placement requires further investigation.

The Junonia-clade exhibits some of the greatest sur-
prises of this study. The first is that Junonia and Pre-
cis are separate genera that are not even sister
groups. The genus Kamilla is clearly within Junonia,
as was concluded by Shirôzu & Nakanashi (1984)
based on morphology (but see Larsen, 1991). In addi-
tion, the species Protogoniomorpha cytora is found
within Junonia, rather than with other speices of Pro-
togoniomorpha or Salamis, with which it has always
been associated. The sister group relation between
Precis and Hypolimnas has good support and is stable,
except when transversions are weighted 3 times tran-
sitions, when it is sister to the Salamis + Yoma + Pro-
togoniomorpha + Junonia clade. Another surprise is
that the African Protogoniomorpha, which has been
usually considered to be a synonym of Salamis, is the
sister group to the Australasian Yoma, and that Sala-
mis is the sister group to Protogoniomorpha + Yoma.
Vári (1979) has argued that species of Protogoniomor-
pha should not be considered to be congeneric with
species of Salamis based on genitalic differences, a
position corroborated by our data. The sister group
relationship of Yoma and Protogoniomorpha has good
support and is stable. To complete the surprise, Sala-
mis, Yoma and Protogoniomorpha, usually considered
to be related to Hypolimnas, are placed in our results
as sister group to Junonia, though this clade disap-
pears when transversions are weighted 5 or more
times transitions.

The implied position of the Kallima-clade as sister
to the Melitaeini is somewhat surprising given tradi-
tional classifications, but this grouping has weak sup-
port and may be due to long branch attraction. Indeed
the sister group relationship is not stable and disap-
pears when transversions are weighted 2 or more
times transitions. The relationships between Catac-
roptera, Mallika and Kallima are strongly supported
and stable. The strongly supported, stable sister rela-
tionship of Catacroptera and Mallika (both monotypic)
has been suggested earlier by Shirôzu & Nakanishi
(1984). Catacroptera and Mallika are usually associ-
ated with Junonia rather than Kallima (Larsen,
1991). The recently suggested (Parsons, 1999) associ-
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ation of Doleschallia with Kallima is corroborated by
our data, although support is not strong and there is
strong conflict between the nuclear genes and the
mitochondrial gene regions.

PHYLOGENETIC PATTERNS IN MELITAEINI

The monophyly of Melitaeini is very strongly sup-
ported and stable, as are Euphydryas, Melitaea,
Phyciodina and the sister relationship between Gna-
thotriche and Higginsius (termed the Gnathotriche-
group). The Chlosyne-group has moderate support but
is unstable, with both the COI and wingless gene
regions conflicting with the EF1-a data. The genus
Chlosyne itself is a strongly supported, stable clade.
The position of Euphydryas as the sister group to the
rest of the melitaeines is strongly supported and sta-
ble, in agreement with previous studies (Kons, 2000;
Wahlberg & Zimmermann, 2000). Relationships
between the Chlosyne-, Melitaea-, Gnathotriche-
groups and Phyciodina are not well-supported and are
unstable. The most parsimonious trees from the
equally weighted analysis suggests that the Gnathot-
riche-group is sister to Phyciodina with moderate sup-
port, and that the Melitaea-group is sister to these two
with good support (Fig. 4). This arrangement is stable
when transversions are weighted 2 and 3 times tran-
sitions, but breaks down at higher weights. The sister
relationship of the Gnathotriche-group and Phyciod-
ina is not stable and disappears after weights of 3
times. This study presents a third novel arrangement
of these four clades, with Kons (2000) having the Chlo-
syne-group sister to Phyciodina + Gnathotriche-group
and Wahlberg & Zimmermann (2000) having the
Chlosyne-group sister to the Melitaea-group.

The positions of two genera (Poladryas and Higgin-
sius) are not in agreement with previous studies. In
contrast to Wahlberg & Zimmermann (2000) but in
agreement with Kons (2000), Poladryas is here related
to the Chlosyne-group. Morphological evidence that
Poladryas is associated with Higginsius (Kons, 2000)
is quite decisively contradicted by molecular evidence,
which places Higginsius as sister to Gnathotriche with
strong support and stability. Within the Chlosyne-
group, the genera Microtia, Texola and Dymasia form
a strongly supported, stable monophyletic group, as
found by Kons (2000).

Relationships of the Neotropical Phyciodina (repre-
sented by the genera Mazia, Tegosa, Eresia, Castilia,
Telenassa, Janatella and Anthanassa) are generally
not well-supported or stable at the deeper nodes. Ere-
sia, Castilia, Telenassa, Janatella and Anthanassa do
form a stable monophyletic group to the exclusion of
Tegosa and Mazia, even though the wingless data par-
titions is in conflict with the COI and EF1-a data at
the node.

DISCUSSION

This is only the second comprehensive phylogenetic
analysis of the relationships within a nymphalid
subfamily, and the first to use molecular data. The
sole previous attempt to infer relationships within a
nymphalid subfamily is the recently published study
by Penz & Peggie (2003) on Heliconiinae. This is not
altogether surprising, given that the circumscrip-
tions of the subfamilies have only recently stabi-
lized (Harvey, 1991; Wahlberg et al., 2003b), and
because the high degree of variation in morphologi-
cal characters among species in Nymphalidae has
confounded previous attempts to delineate natural
groups (de Jong et al., 1996). In our study, we have
been able to identify clades that are well-supported
by the three gene regions and stable to varied char-
acter state transformation weights, as well as clades
that are less robust and therefore likely to change
with the addition of more data. Based on our
results, we are proposing a new classification of the
subfamily Nymphalinae, which is shown in Appen-
dix 2.

THE CIRCUMSCRIPTION OF NYMPHALINAE

We have found that Nymphalinae as currently
circumscribed is not monophyletic, although Nym-
phalini, Kallimini and Melitaeini do form a mono-
phyletic group with the inclusion of three genera
traditionally placed in Coeini (i.e. Colobura,
Tigridia and Smyrna). Two genera also tradition-
ally placed in Coeini (Historis and Baeotus) are
clearly not related to these three genera and indeed
do not appear to be closely related to Nymphali-
nae. Our results are not unprecedented, as Muys-
hondt & Muyshondt (1979) argued that based on
larval morphology Smyrna should be placed in
Nymphalini and that Colobura is closer to Nympha-
lini than Historis and Baeotus. However, the sug-
gestion by Muyshondt & Muyshondt (1979) that
Coeini is an unnatural group has not been followed
by subsequent authors. On the other hand, Freitas
& Brown (2004) found that, based on morphologi-
cal data, Historis, Colobura and Smyrna formed a
monophyletic group sister to Hypanartia and Van-
essa. We were unable to sample the remaining
ostensibly coeine genus, Pycina, which has morpho-
logical features in larvae and pupae that appear to
be intermediate between those in Historis/Baeotus
and Colobura (Muyshondt & Muyshondt, 1979). The
unstable behaviour of the Historis + Baeotus clade
in our study and its quite different position in the
study by Freitas & Brown (2004) suggests that
more data are needed to clarify its relationship
within Nymphalidae.
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THE CIRCUMSCRIPTION OF NYMPHALINI

The well-supported association of Colobura, Tigridia
and Smyrna with Nymphalini suggests that they
should be incorporated into the tribe, though the tra-
ditional delineation of the tribe is also well-supported
and, in addition, is stable.

The placement of Antanartia abyssinica within Van-
essa is clear. Vanessa (including A. abyssinica) is a
well-supported clade and the sister relationship of
A. abyssinica to V. atalanta + V. indica is stable.
Indeed, larval morphology of A. abyssinica corrobo-
rates our evidence that it is unrelated to other
Antanartia species and related to Vanessa (Nakanishi,
1989). Antanartia has been divided into two species-
groups, the delius-group, comprising A. delius,
A. schaenia and the unsampled A. borbonica, and the
hippomene-group, to which A. abyssinica, and the
unsampled A. hippomene and A. dimorphica belong
(Howarth, 1966). Whether A. hippomene and
A. dimorphica should also be placed in Vanessa is not
clear; Nakanishi (1989) noted that the larvae of
A. abyssinica differed greatly from those of
A. schaenia and A. hippomene. Clearly, the missing
species need to be sampled.

The divergent position of Antanartia with respect to
Hypanartia is also surprising, as all species were
included in Hypanartia prior to the description of
Antanartia by Rothschild & Jordan (1903). Antanartia
has always been assumed to be the sister group of
Hypanartia (e.g. Willmott et al., 2001). However, our
results suggest that the sister group to Hypanartia is
Vanessa and that Antanartia is sister to all the rest of
the traditionally recognized Nymphalini. These posi-
tions are stable when transversions are weighted 2
and 3 times transitions, but they break down at higher
weights. Weighting 5 and 7 times suggests that
Antanartia is sister to the Symbrenthia/Mynes/Ara-
schnia clade and that Hypanartia is sister to these. In
no analysis does Antanartia appear as the sister to
Hypanartia.

Vanessa is usually thought to be the sister group to
the Nymphalis-group of genera (Wahlberg & Nylin,
2003). Our study suggests that Vanessa is sister to
Hypanartia and that these two clades make up the sis-
ter group to the Nymphalis-group. This arrangement
is stable when transversions are weighted 2 and 3
times transitions, while at higher weights only Van-
essa is sister to the Nymphalis-group. Thus, it is likely
that either Vanessa or Vanessa + Hypanartia is more
related to the Nymphalis-group than to the other gen-
era in Nymphalini, and further new characters
(molecular and morphological) will help in refining the
relationships further.

The relationships of Symbrenthia, Mynes and Ara-
schnia are rather surprising, especially since the sis-

ter relationship between Mynes and Araschnia is
stable up to a weighting of transversions 7 times tran-
sitions. A recent morphological study of this group
found that Mynes is within Symbrenthia (Fric et al.,
2004). Normally, Symbrenthia has been associated
with Mynes (Parsons, 1999; Nylin et al., 2001; Wahl-
berg & Nylin, 2003). For our results to be congruent
with those of Fric et al. (2004), we would have to find
that Mynes geoffroyi is sister to Symbrenthia hypselis,
which is clearly not the case. Obviously, more species
of all three genera need to be sampled to resolve the
conflicting results of the two studies.

This study contains a much more comprehensive
sampling of species in Nymphalini than our two pre-
vious studies (Nylin et al., 2001; Wahlberg & Nylin,
2003). The Nymphalis-group continues to be a well-
supported and stable clade, though the stable position
of Polygonia canace as sister to species in the genus
Nymphalis is in contrast to earlier results. Polygonia
canace is usually placed in its own genus Kaniska, and
the uncertainty of its position may warrant the use of
that genus name. However, our study confirms the sta-
ble relationship of Aglais io (usually placed in its own
genus Inachis) with other species of Aglais and the
stable relationship of Nymphalis l-album with other
species of Nymphalis. Also stable and well-supported
is the sister relationship of Polygonia and Nymphalis,
with Aglais as sister to these two. This study includes
two species of Polygonia that have not been included
in previous phylogenetic studies, P. oreas and
P. haroldi. The position of P. oreas as sister to
P. gracilis is surprising as it is often considered to be a
subspecies of P. progne (Scott, 1984). Polygonia
haroldi is a little known species and morphologically it
is somewhat intermediate between P. progne and
P. satyrus. The relationships of species in Polygonia
are being investigated in more detail currently (E.
Weingartner, N. Wahlberg & S. Nylin, unpubl. data).

THE FATE OF KALLIMINI

The monophyly of Kallimini appears to be doubtful.
The tribe, as previously circumscribed, never formed a
monophyletic group in our analyses. Species belonging
to Kallimini have occasionally been placed in higher
taxa of their own, and our results show that some of
these groups are strongly supported and stable. These
well supported groups of genera should be recognized
at the tribal level, unless one cares to resort to the (in
our opinion, unacceptable) synonymization of Kal-
limini with Melitaeini. Names are available for two
tribes: Victorinini Scudder, 1893 for the Anartia-clade
and Junoniini Reuter, 1896 for the Junonia-clade. The
Kallima-clade constitutes the newly circumscribed
tribe Kallimini. The three remaining genera (Kalli-
moides, Vanessula and Rhinopalpa) have to remain
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incertae sedis until their positions are stabilized by
further investigation.

There are 11 species in four genera in the newly cir-
cumscribed tribe Victorinini. The close relationship of
Napeocles and Siproeta has never been considered,
though Metamorpha has been considered to be a
derived Siproeta (Fox & Forbes, 1971). Perhaps the
superficial similarity of Metamorpha to Siproeta and
the highly distinctive wing patterns of Napeocles has
led previous investigators to ignore the latter. How-
ever, weighting transversions higher than transitions
causes Napeocles to become sister to S. stelenes, which
is also recovered in some of the most parsimonious
trees of the equally weighted analysis. All weighting
schemes other than equal weighting also recover a sis-
ter relationship between Metamorpha and Anartia,
suggesting that Metamorpha is not as closely related
to Siproeta as previously thought. The relationships of
the three species of Anartia included in this study are
in concordance with a previous study on the genus
(Blum et al., 2003). It is clear from our study that Vic-
torinini is a well-defined entity that deserves the rank
of tribe in the Nymphalinae.

The Junoniini, as circumscribed here, is also a well-
defined and stable group. The relationships of the gen-
era in Junoniini found in the equally weighted analy-
sis are stable under fairly severe weighting schemes
(transversions weighted up to 5 times transitions). At
higher weights, the Yoma + Protogoniomorpha clade
becomes sister to the Precis + Hypolimnas clade, and
Salamis is sister to the rest of Junoniini. The close
relationships of Protogoniomorpha and Yoma and Pre-
cis and Hypolimnas are stable under all weighting
schemes. The clean separation of Precis and Junonia
in our study is both surprising and gratifying. These
two genera have long been conflated in the literature,
despite their biogeographical disjunction and the fact
that de Lesse (1952) showed clear genitalic differences
between them. de Lesse’s (1952) delimitations of the
two genera are corroborated here. For North American
researchers it is important to emphasize that all New
World species (including the well-studied J. coenia)
belong to Junonia and that Precis is restricted to
Africa.

The once common concept of Kallima (i.e. containing
Kallimoides, Kamilla and Mallika) is clearly untena-
ble, as firmly concluded by Shirôzu & Nakanishi
(1984). The Kallimini, as delimited here, contains only
four genera: Kallima, Catacroptera, Mallika and Dole-
schallia.

THE DELINEATION OF MELITAEINI

The monophyly of Melitaeini is beyond doubt. All
three gene regions support the clade and it is stable in
a variety of weighting schemes. The sister group to

Melitaeini appears to be the newly circumscribed Kal-
limini and/or Junoniini. Within Melitaeini, the sister
relationship of Euphydryas to the rest of Melitaeini is
in agreement with all previous studies and has a clear,
well-supported, stable position in this study. The rest
of Melitaeini appears to be divided up into four dis-
tinct groups: Phyciodina, Melitaeina (including only
Melitaea), the Gnathotriche-group and the Chlosyne-
group. Of these, only the Chlosyne-group is not stable,
though Poladryas remains associated with Chlosyne
with transversions weighted up to 7 times transitions.
The Microtia + Texola + Dymasia clade becomes the
sister to the rest of Melitaeini (excluding Euphydryas)
when transversions are weighted 5 and 7 times tran-
sitions, though it returns to being sister to Chlosyne at
the highest weighting scheme. The close relationship
of Microtia, Texola and Dymasia was also found by
Kons (2000), who suggested that Texola and Dymasia
should be synonymized with Microtia.

The close relationship of Higginsius to Gnathotriche
was suggested by Higgins (1981), but Kons (2000)
found Higginsius to be associated with Poladryas. Our
results strongly corroborate Higgins’ (1981) hypothe-
sis. The two genera are very curious members of the
Andean fauna and appear to be always rare (Higgins,
1981). They comprise a total of six species and, with
the unsampled Caribbean Atlantea and Antillea (also
very species-poor and always rare), create something
of a biogeographical mystery. We find that the sister
relationship of Gnathotriche and Higginsius to Phycio-
dina is stable with transversions weighted up to 7
times transitions. When transversions are weighted
10 times transitions, the Gnathotriche-group becomes
sister to Melitaea. Since Phyciodina is largely a Neo-
tropical subtribe, its close relationship to the Gnathot-
riche-group is perhaps not surprising, but the possible
origin of both groups in South America requires fur-
ther investigation.

Of the six missing genera, four (Tisona, Dagon, Orti-
lia and Phystis) putatively belong to the subtribe Phy-
ciodina (Higgins, 1981). The remaining two genera,
Antillea and Atlantea, are restricted to the Greater
Antilles in the Caribbean and have until recently not
been associated with other melitaeine genera. Kons
(2000) placed both in the Chlosyne-group, with
Atlantea being sister to Higginsius. It is clear that
these two genera need to be sampled for molecular
data.

A NOTE ON PHYLOGENETIC PATTERNS IN THE 
OUTGROUPS

Although our study has concentrated on Nymphali-
nae, we have extensively sampled several potential
sister groups to the subfamily. In particular, we have
sampled all genera in the tribes Cyrestini and Pseud-
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ergolini, which constitute the Cyrestinae in Wahlberg

 

et al

 

. (2003b). However, in the present study the two
tribes do not form a monophyletic group; rather,
Cyrestini appears as the most basal group in the
nymphaline clade and Pseudergolini is sister to Apa-
turinae (Fig. 1). There are four clades in the outgroup
appearing with good to strong support that correspond
to the Apaturinae, Biblidinae, Cyrestini and Pseuder-
golini. However, the relationships among these four
taxa and Nymphalinae are very poorly supported, are
unstable and show much conflict among partitions.
Clearly, the nymphaline clade (

 

sensu

 

 Wahlberg 

 

et al

 

.,
2003b) needs to be more extensively sampled and
more data need to be added before any robust
conclusions emerge about relationships of the major
clades.
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Despite the limitations of our current phylogenetic
hypothesis, some strong patterns emerge from our dis-
persal-vicariance analysis (Fig. 5). First of all, many
dispersal events are required to explain the distribu-
tion patterns seen today: 44 when the maximum num-
ber of ancestral areas is not constrained and 46 when
they are constrained to two. This should not be sur-
prising, since Nymphalinae contains some of the most
mobile butterflies known, such as 

 

Vanessa cardui

 

,
which is famous for being able to disperse over thou-
sands of kilometers in one generation. Indeed, the
genus 

 

Vanessa

 

, which is present in all the major zoo-
logical biomes of the world, has a highly ambiguous
reconstruction of its ancestral distribution. Perhaps
the ancestor of 

 

Vanessa

 

 was a widespread species,
much like 

 

V. cardui

 

 today, that subsequently speciated
during intervals of isolation due to climatic or other
factors.

The distribution of the most recent common ances-
tor of Nymphalinae (excluding 

 

Historis

 

 and 

 

Baeotus

 

)
appears to be widespread (Fig. 5), though this may be
an artefact of the program used and might be fixed by
including outgroups with known ancestral distribu-
tions (Ronquist, 1996). We refrained from doing so, as
our sampling of the outgroups is not sufficient to
resolve their ancestral distributions; also, we are not
confident about the current hypothesis of relation-
ships among major groups in the nymphaline clade.

The tribe Nymphalini may have originated in South
America, one of the seven possible ancestral areas in
the unconstrained analysis (Fig. 5) and one of two in
the constrained searches. Africa may have been colo-
nized from South America by the common ancestor of

 

Smyrna

 

 and the rest of Nymphalini. Once the lineage
leading to 

 

Smyrna

 

 split off, it appears that the Palae-
arctic was colonized from Africa by the common ances-
tor of 

 

Antanartia

 

 and the rest of Nymphalini

(excluding 

 

Colobura, Tigridia

 

 and 

 

Smyrna

 

). An alter-
native scenario would have a widespread common
ancestor in South America, Africa and the Palaearctic
that then speciated through a series of vicariance
events (Fig. 5). The Palaearctic has, however, been a
very important area for the diversification of the gen-
era 

 

Aglais, Nymphalis, Polygonia

 

 and possibly 

 

Van-
essa

 

. There have clearly been several independent
colonizations of the Nearctic from the Palaearctic by
species in the the former three genera.

The clade that includes the tribes Junoniini and Vic-
torinini, as well as 

 

Kallimoides, Rhinopalpa

 

 and 

 

Van-
essula

 

, appears to have originated in Africa (Fig. 5).
There is a colonization of South America from Africa
by the ancestor of 

 

Kallimoides

 

 and Victorinini. Also,
the Oriental region appears to have been colonized
independently several times. The patterns in this
clade are obscured somewhat by the weak support for
the current hypothesis of relationships; in addition,
many missing species in the genera 

 

Hypolimnas

 

 and

 

Junonia

 

 are likely to have had a decisive effect on the
results due to their presence in the African, Oriental
and Australasian areas. However, it is clear that the
African region has been instrumental in the diversifi-
cation of taxa in the clade.

The tribe Kallimini appears to have originated in
the Oriental region, with a colonization of Africa by
the common ancestor of 

 

Kallima

 

 and 

 

Catacroptera/
Mallika

 

 (Fig. 5). This hypothesis needs to be tested by
including the several species of 

 

Doleschallia

 

 found
exclusively in the Australasian region.

The Nearctic region has been an important area for
the diversification of the tribe Melitaeini (Fig. 5). One
interpretation of the patterns recovered by DIVA is
that the group originated in the Nearctic and subse-
quently colonized the Palaearctic (the ancestor of

 

Melitaea

 

) and the Neotropics (ancestor of the 

 

Gnathot-
riche

 

-group and Phyciodina). Interestingly, the cur-
rent phylogenetic hypothesis suggests a disjunct
distribution for the ancestor of 

 

Melitaea

 

 

 

+

 

 

 

Gnathot-
riche/Higginsius

 

 

 

+

 

 Phyciodina being found in the
Palaearctic and the Neotropics. Sampling the two
missing Caribbean genera will be important to under-
standing the historical biogeography of Melitaeini.

In summary, it is clear that several regions have
been important areas of diversification of clades in
Nymphalinae, viz. the Palaearctic for the 

 

Nymphalis

 

-
group of genera, Africa for Junoniini and related gen-
era and the Nearctic for Melitaeini. Our DIVA analy-
sis indicates that dispersal has had a major effect on
the distributions of extant species in Nymphalinae.
Whether dispersal or vicariance has been the more
important process in generating the deeper diver-
gences in Nymphalinae can be tested by dating diver-
gences using molecular clocks calibrated with fossils.
Such a study is in preparation and the implications of
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Figure 5. Reconstructed ancestral distributions according to a dispersal-vicariance analysis. Letters after the names of
taxa give the current distribution of those taxa.

Colobura/Tigridia B
Smyrna B

Antanartia C

Araschnia D
Mynes F

Symbrenthia E

Hypanartia B
Vanessa annabella A

Vanessa abyssinica C
Vanessa atalanta AD
Vanessa indica DE

Vanessa gonerilla/itea F

Vanessa cardui ACDE
Vanessa kershawi F

Vanessa virginiensis AB
Vanessa braziliensis/myrinna B

Aglais io D
Aglais milberti A
Aglais urticae D

Polygonia canace DE
Nymphalis l-album AD

Nymphalis polychloros D
Nymphalis xanthomelas D

Nymphalis californica A
Nymphalis antiopa AD

Polygonia c-aureum D

Polygonia egea D
Polygonia faunus A
Polygonia c-album D

Polygonia North American clade A

Kallimoides rumia C
Victorinini B

Rhinopalpa E
Vanessula C

Hypolimnas anthedon/usambara C
Hypolimnas misippus CEF

Hypolimnas alimena F
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it will be discussed elsewhere (N. Wahlberg, unpubl.
data).

PBS AND SENSITIVITY ANALYSIS

The ease with which molecular data can be generated
has led to an ever-increasing number of published
phylogenetic studies. Common to almost all these
studies is the lack of sensitivity analyses and, in the
case of multiple independent data sets, evaluation of
congruence at given nodes (but see Reed & Sperling,
1999). An exception to the former are studies based on
direct optimization of ribosomal DNA sequences
(Wheeler, 1995; Giribet, 2003). Congruence among
data partitions is usually evaluated at the level of
entire data sets through tests such as the ILD (Farris
et al., 1994), rather than through evaluation at every
resolved node. Again, a few exceptions are notable (e.g.
Gatesy et al., 1999; Cognato & Vogler, 2001; Lambkin
et al., 2002; Damgaard & Cognato, 2003; Wahlberg &
Nylin, 2003). Both the PBS and sensitivity analysis
allow detailed evaluation of which nodes are likely to
be robust and stable to the addition of new data, as
well as which nodes require further investigation. We
emphasize that these are heuristic tools to assess the
quality of the most parsimonious hypothesis and guide
future sampling of characters and taxa, rather than
alternate analytical approaches that challenge the
philosophical basis of our preferred optimality
criterion.

CONCLUSION

The main conclusions of this study are: (1) Smyrna,
Colobura and Tigridia are associated with Nympha-
lini, (2) ‘Kallimini’ is more closely related to Melitaeini
than to Nymphalini, (3) ‘Kallimini’ is not monophyl-
etic, but is paraphyletic with regard to Melitaeini, (4)
Melitaeini and Nymphalini plus the three coeine gen-
era are strongly supported monophyletic groups, and
(5) Precis and Junonia are not synonymous or even
sister groups.

Major unanswered questions are: (1) the positions of
Historis + Baeotus in the nymphaline clade, and (2)
the sister group of Nymphalinae. Increased sampling
of species in the subfamilies Biblidinae and Apaturi-
nae, as well as increased character data (molecular
and morphological), will help to resolve these
questions.
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APPENDIX 2

Proposed higher classification of the subfamily
Nymphalinae based on results presented in this paper.
Genera marked with asterisks were not sampled for
this study. For a full synonymic list of the species
please see http://www.zoologi.su.se/research/wahlberg

Subfamily NYMPHALINAE Rafinesque, 1815
incertae sedis

Pycina* Doubleday, 1849
Kallimoides Shirôzu & Nakanishi, 1984
Vanessula Dewitz, 1887
Rhinopalpa Felder & Felder, 1860

Tribe Coeini Scudder, 1893
Historis Hübner, 1819

= Coea Hübner, 1819
= Aganisthos Boisduval & Le Conte, 1835
= Megistanis Doubleday, 1845
= Megistanis Boisduval, 1870

Baeotus Hemming, 1939
Tribe Nymphalini Rafinesque, 1815

Colobura Billberg, 1820
= Gynoecia Doubleday, 1845

Tigridia Hübner, 1819
= Callizona Doubleday, 1848

Smyrna Hübner, 1823
Antanartia Rothschild & Jordan, 1903
Araschnia Hübner, 1819
Symbrenthia Hübner, 1819

= Laogona Boisduval, 1836
= Brensymthia Huang 2001

Mynes Boisduval, 1832
Hypanartia Hübner, 1821

= Eurema Doubleday, 1845
Vanessa Fabricius, 1807

= Nymphalis Latreille, 1804
= Cynthia Fabricius, 1807
= Pyrameis Hübner, 1819
= Bassaris Hübner, 1821
= Ammiralis Rennie, 1832
= Neopyrameis Scudder, 1889
= Fieldia Niculescu, 1979

Aglais Dalman, 1816
= Ichnusa Reuss, 1939
= Inachis Hübner, 1819
= Hamadryas Hübner, 1806

Nymphalis Kluk, 1780
= Scudderia Grote, 1873
= Euvanessa Scudder, 1889
= Roddia Korshunov, 1996

Polygonia Hübner, 1819
= Kaniska Moore, 1899
= Eugonia Hübner, 1819
= Comma Rennie, 1832
= Grapta Kirby, 1837

Tribe Victorinini Scudder, 1893
Anartia Hübner, 1819

= Celaena Doubleday, 1849
= Celoena Boisduval, 1870
= Anartiella Fruhstorfer, 1907

Siproeta Hübner, 1823
= Victorina Blanchard, 1840
= Amphirene Doubleday, 1845
= Amphirene Boisduval, 1870
= Aphnaea Capronnier, 1881

Napeocles Bates, 1864
Metamorpha Hübner, 1819

Tribe Junoniini Reuter, 1896
Junonia Hübner, 1819

= Alcyoneis Hübner, 1819
= Aresta Billberg, 1820
= Kamilla Collins & Larsen, 1991

Salamis Boisduval, 1833
Yoma Doherty, 1886

= Yoma de Nicéville, 1886
Protogoniomorpha Wallengren, 

1857
Precis Hübner, 1819

= Coryphaeola Butler, 1878
= Kallimula Holland, 1920

Hypolimnas Hübner, 1819
= Esoptria Hübner, 1819
= Diadema Boisduval, 1832
= Euralia Westwood, 1850
= Eucalia Felder, 1861

Tribe Kallimini Doherty, 1886
Kallima Doubleday, 1849
Doleschallia Felder & Felder, 1860

= Apatura Hübner, 1819
Catacroptera Karsch, 1894
Mallika Collins & Larsen, 1991

Tribe Melitaeini Newman, 1870
incertae sedis

Antillea* Higgins, 1959
Atlantea* Higgins, 1959
Gnathotriche Felder & Felder, 1862

= Gnathotrusia Higgins, 1981
Higginsius Hemming, 1964

= Fulvia Higgins, 1959
Chlosyne Butler, 1870

= Morpheis Geyer, 1833
= Synchloe Doubleday, 1845
= Anemeca Kirby, 1871
= Coatlantona Kirby, 1871
= Limnaecia Scudder, 1872
= Charidryas Scudder, 1872
= Thessalia Scudder, 1875

Microtia Bates, 1864
Texola Higgins, 1959
Dymasia Higgins, 1960
Poladryas Bauer, 1961

http://www.zoologi.su.se/research/wahlberg
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Subtribe Euphydryina Higgins, 1978
Euphydryas Scudder, 1872

= Lemonias Hübner, 1806
= Occidryas Higgins, 1978
= Eurodryas Higgins, 1978
= Hypodryas Higgins, 1978

Subtribe Melitaeina Newman, 1870
Melitaea Fabricius, 1807

= Lucina Rafinesque, 1815
= Schoenis Hübner, 1819
= Cinclidia Hübner, 1819

= Mellicta Billberg, 1820
= Didymaeformia Verity, 1950

= Athaliaeformia Verity, 1950

Subtribe Phyciodina Higgins, 1981
Phyciodes Hübner, 1819
Phystis* Higgins, 1981
Anthanassa Scudder, 1875

= Tritanassa Forbes, 1945
Dagon* Higgins, 1981
Telenassa Higgins, 1981
Ortilia* Higgins, 1981
Tisona* Higgins, 1981
Tegosa Higgins, 1981
Eresia Boisduval, 1836
Castilia Higgins, 1981
Janatella Higgins, 1981
Mazia Higgins, 1981




