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Abstract 

In this thesis, I conduct a series of molecular systematic studies on the large phytophagous 
moth superfamily Noctuoidea (Insecta, Lepidoptera) to clarify deep divergences and evolutionary 
affinities of the group, based on material from every zoogeographic region of the globe. 
Noctuoidea are the most speciose radiations of butterflies and moths on earth, comprising about a 
quarter of all lepidopteran diversity. The general aim of these studies was to apply suitably 
conservative genetic markers (DNA sequences of mitochondrial—mtDNA—and nuclear gene—
nDNA—regions) to reconstruct, as the initial step, a robust skeleton phylogenetic hypothesis for 
the superfamily, then build up robust phylogenetic frameworks for those circumscribed 
monophyletic entities (i.e., families), as well as clarifying the internal classification of 
monophyletic lineages (subfamilies and tribes), to develop an understanding of the major lineages 
at various taxonomic levels within the superfamily Noctuoidea, and their inter-relationships. The 
approaches applied included: i) stabilizing a robust family-level classification for the superfamily; 
ii) resolving the phylogeny of the most speciose radiation of Noctuoidea: the family Erebidae; iii) 
reconstruction of ancestral feeding behaviors and evolution of the vampire moths (Erebidae, 
Calpinae); iv) elucidating the evolutionary relationships within the family Nolidae and v) 
clarifying the basal lineages of Noctuidae sensu stricto. Thus, in this thesis I present a well-
resolved molecular phylogenetic hypothesis for higher taxa of Noctuoidea consisting of six 
strongly supported families: Oenosandridae, Notodontidae, Euteliidae, Erebidae, Nolidae, and 
Noctuidae. The studies in my thesis highlight the importance of molecular data in systematic and 
phylogenetic studies, in particular DNA sequences of nuclear genes, and an extensive sampling 
strategy to include representatives of all known major lineages of entire world fauna of Noctuoidea 
from every biogeographic region. This is crucial, especially when the model organism is as 
species-rich, highly diverse, cosmopolitan and heterogeneous as the Noctuoidea, traits that 
represent obstacles to the use of morphology at this taxonomic level.  
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“In scientific investigations, it is permitted to invent any hypothesis and, if it explains 
various large and independent classes of facts, it rises to the rank of a well-grounded 
theory” 

Charles Darwin  
1. INTRODUCTION 

1.1 Why Noctuoidea? 

I quote a magnificent passage from 
Charles Darwin who said ‘‘all the organic 
beings which have ever lived on this earth 
have descended from some one primordial 
form.’’ It can be obviously interpreted 
from this simple and meaningful passage 
that every characteristic of every species 
on Earth is the outcome of an evolutionary 
history (Futuyma, 2005). The evolutionary 
perspective and phylogenetic relationships 
have illuminated every subject in biology, 
from the molecular and morphology level 
to ecosystem and beyond. The geneticist 
Theodosius Dobzhansky (1973) famously 
argued that ‘‘Nothing in biology makes 
sense, except in the light of evolution.’’ 
Evolution governs diversity on Earth, and 
insects are the most diverse organisms in 
the whole history of life (Grimaldi & 
Engel, 2005). Consequently, insects should 
provide profound insights into evolution.  

The Order Lepidoptera (moths and 
butterflies) is one of four super-radiations 
of insects (along with beetles, flies and 
wasps) that account for the majority of 
animal life on Earth. Noctuoidea are the 
largest superfamily within Lepidoptera—
belonging to a large ditrysian clade that 
also includes e.g., geometroids and 
bombycoids (Regier et al., 2009, Mutanen 
et al., 2010)—with approximately 45,000 
described (Nieukerken et al., 2011) and 

many unknown as well as unnamed 
species, particularly from tropical regions.  

To understand Noctuoidea evolution, 
their systems of evolutionary 
relationships—phylogenies based on 
extensive evidence from living lineages of 
noctuoids—must be recognized. 
Fortunately, the monophyly of Noctuoidea 
is firmly established. It is based on the 
presence of a single apomorphic character, 
the metathoracic tympanal organ (Miller, 
1991). This organ is a highly specialized 
hearing apparatus that detects the 
echolocation signals of bats (Kitching & 
Rawlins, 1998); however, there is 
increasing evidence that the tympanum 
may also be involved in reception of 
mating signals (Kitching & Rawlins, 
1998). 

Noctuoidea, like most lepidopterans, 
are plant feeding as caterpillars and nectar 
feeding as adults, and they are a prominent 
element of terrestrial ecosystems, 
functioning as herbivores, pollinators and 
prey, as well as being one of the most 
damaging groups of pests to agriculture 
(Regier et al., 2009). Of the approximately 
6,000 Lepidoptera species noted to be of 
economic importance by Zhang (1994), 
about one-quarter belong to Noctuoidea. 
Although a large number of these can be 
assigned to what Mitchell et al. (2006) 
termed the ‘pest clade’, many more are 
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distributed across the whole superfamily 
Noctuoidea in over 500 genera (Zhang, 
1994). The caterpillars of many noctuoid 
genera have massive economic impact 
annually (Kitching, 1984). In addition, the 
adults of some genera damage fruit crops 
by piercing the skins to suck juices 
(Baenziger, 1982).  

The study of relationships among major 
lineages of organisms—phylogenetic 
analysis—has been closely associated with 
the classification and naming of the 
diversity of life on Earth (i.e., taxonomy), 
which both are a branch of the science of 
systematics. The classification of 
organisms has been one of the major 
ongoing accomplishments of human 
society (Wilson, 2000), but is still far from 
completion, both in terms of the inventory 
of species and of the classification of those 
species in a hierarchical system that has a 
phylogenetic basis. However, there has 
been a striking improvement in the theory 
and computational methodology for 
inferring phylogenies (Regier et al., 1995). 
In particular, the use of molecular data, in 
particular DNA sequences, is becoming 
increasingly important for testing and 
improving classifications, especially for 
highly diverse groups of organisms such as 
insects. 

The main theme of my thesis, as well as 
my ongoing research, is to improve our 
understanding of the reasons and causes 
behind the flourishing diversification of 
Noctuoidea on Earth. To address tens of 
such questions—diversity of their 
adaptations, biomass, species-richness, 
ecological and economical impacts, etc.—
it is necessary, as a first step, to place 
Noctuoidea and its major lineages in a 
phylogenetic context, by reconstructing a 

strong phylogenetic hypothesis. The 
resolution of a stable, extrapolative higher-
level classificatory structure for the major 
lineages of Noctuoidea, and understanding 
their phylogenetic relationships, is also of 
importance for pest bionomic studies. 

1.2 Status of Noctuoidea 

Historically, the classification of 
noctuoid moths has been highly unstable, 
with different classification systems being 
used by different authors. It seems that the 
fundamental distinction between the 
different systems is based on the use of 
unsatisfactory (occasionally 
plesiomorphic) characters in phylogenetic 
reconstruction. Various authors have 
recognized between five and thirteen 
families, and strikingly, no two 
publications have agreed on the same 
divisions of the superfamily into families 
(Kitching & Rawlins, 1998, Lafontaine & 
Fibiger, 2006). For instance, in Figure 1, I 
have summarized most recent Noctuoidea 
classifications and have compared them 
with the most recent one, which is 
presented in this thesis (I). Kitching (1984) 
published a historical review of noctuid 
subfamily relationships and showed that 
the higher classifications of Noctuidae 
used up to that time had been based upon 
superficial resemblance and vaguely 
defined characters, rather than on rigorous 
application of cladistic principles. 
Subsequently, Speidel and co-workers 
attempted to progress beyond the age of 
traditional morphological noctuid 
taxonomy by initiating investigations 
based mainly on the male genitalia and the 
tympanal region, which they considered 
particularly useful in elucidating the basic 
relationships of the noctuid subfamilies 
(Speidel & Naumann, 1995, Speidel et al., 
1996, Kühne & Speidel, 2004, 2005).  



Introduction 

 

9

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Different classification systems of the superfamily Noctuoidea that have been used since Kitching 

(1984) to date (I). In every classification moths (except the one for Micronoctuidae for which the author’s 

portrait—the late Michael Fibiger—is used) indicate family-group name being used in the system. 

 

Their work set the stage for the study of 
the systematics of noctuoids, and made it 
clear that increased character and taxon 
sampling were necessary to resolve the 
relationships of the diverse clades.  

Recently, three landmark publications 
(Fibiger & Lafontaine, 2005, Lafontaine & 
Fibiger, 2006, Mitchell et al., 2006) 
presented detailed phylogenetic hypotheses 
and revised the classification of 
Noctuoidea three times (Figure 1), each 

classification having its own limitations 
and strengths (Roe et al., 2010). Fibiger & 
Lafontaine (2005) proposed a rather new 
classification with ten families: 
Oenosandridae, Doidae, Notodontidae, 
Strepsimanidae, Nolidae, Lymantriidae, 
Arctiidae, Erebidae, Micronoctuidae and 
Noctuidae (Figure 1). Later on, Lafontaine 
& Fibiger (2006) proposed a further 
revision to the classification of the families 
of Noctuoidea, in which Nolidae, 
Strepsimanidae, Arctiidae, Lymantriidae 
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and Erebidae sensu Fibiger & Lafontaine 
(2005) were downgraded to subfamily 
status within an expanded family concept 
of Noctuidae based on the quadrifid 
venation of the forewing and the presence 
of a tympanal sclerite in the tympanal 
membrane. In their view, the superfamily 
should consist of five families: 
Oenosandridae, Doidae, Notodontidae, 
Micronoctuidae and Noctuidae (Figure 1).  

To resolve the dominant complexity of 
relationships in higher systematics of 
Noctuoidea, it was crucial to understand 
their phylogenetic relationships by 
building a robust skeleton phylogenetic 
hypothesis, i.e., a phylogeny that was 
based on certain specialized features, and 
that had a common ancestor and unique 
evolutionary history. To achieve a more 
robust phylogenetic hypothesis, one 
strategy is to increase the number of 
characters to obtain a dataset with a strong 
phylogenetic signal. In molecular 
systematics, datasets with a weak 
phylogenetic ‘signal’ tend to be strongly 
influenced by the assumptions made by the 
analytical methods applied, whereas 
datasets with a strong phylogenetic signal 
are not influenced as much (Wahlberg & 
Wheat, 2008). One avenue for acquiring 
more characters is to use morphology. 
However, a species-rich, cosmopolitan and 
heterogeneous group such as the 
Noctuoidea (Speidel & Naumann, 1995) 
with a vast number of species presents 
obstacles to the use of morphology at this 
taxonomic level. The adults and larvae of 
species in Noctuoidea exhibit a 
bewildering diversity of size, coloration, 
adaptation, behaviour and ecology 
(Kitching & Rawlins, 1998). 
Morphological data are thus often difficult 
to homologize and code, require great 
experience to identify character states 

correctly and can be subject to extensive 
homoplasy (character convergence and 
reversal). As a result, morphological 
analyses have often failed to determine 
relationships among most groups with 
confidence. 

1.3 Initiation of molecular phylogenetic 
approaches 

As noted above, until recently, the 
higher systematics of Noctuoidea had been 
based primarily on morphological 
characters with a predominantly phenetic 
approach, until the introduction and 
application of cladistic philosophy by 
Kitching (1984, 1987) and Miller (1991). 
More recently, molecular data, in 
particular DNA sequences of 
mitochondrial and nuclear genes (mtDNA 
and nDNA, respectively), have opened 
new and fruitful avenues for the study of 
phylogenetic relationships. Molecular 
studies have often been based on a small 
number of molecular markers, usually 
between one and three genes (Sperling, 
2003, Wahlberg & Wheat, 2008). The 
utility of using many mitochondrial genes 
alone is certainly questionable, as they 
have a shared evolutionary history, and 
even entire mitochondrial genomes 
(15,000–20,000 bp in insects) fail to 
provide robust inferences at deep levels 
(Cameron et al., 2004). However, they are 
useful in the recognition of cryptic species 
and sometimes resolve relationships 
among closely related species and genera 
(Lafontaine & Schmidt, 2010). They have 
proven most valuable for relatively recent 
divergences, especially those of mid-
Tertiary and later age, although they have 
also been applied, albeit infrequently, at 
deeper levels (Wiegmann et al., 2000). In 
contrast, protein-coding nuclear genes 
generally have slower mutation rates 
compared with mtDNA. They are most 
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frequently used to study older evolutionary 
divergences and are particularly good at 
resolving deeper nodes in phylogenetic 
hypotheses, where they have been 
important in establishing the family, 
subfamily and tribal classification of 
Lepidoptera (Regier et al., 2009, Wahlberg 
et al., 2009, Mutanen et al., 2010). Over 
the past few years, a series of papers have 
been published with a shared objective: to 
contribute to the development of a more 
satisfactory classification of Noctuoidea at 
levels above that of the genus and 
particularly the ‘quadrifid’ part—those 
noctuoids with forewing vein M2 arises 
closer to the origin of M3 than M1, in the 
lower part of the discal cell—of the 
superfamily. It began with the exploration 
of molecular markers by Weller et al. 
(1994), who were then followed by 
Mitchell et al. (1997, 2000, 2006). The 
utility of DNA sequences was undeniable, 
and systematists were able to gain 
fascinating insights that were not obvious 
before, e.g., the polyphyly of the old 
concept of Noctuidae (Mitchell et al., 
1997). Mitchell et al. (2006) found a 
strongly supported clade of quadrifine 
noctuid moths that also included the 
families Lymantriidae and Arctiidae. They 
termed this the L.A.Q. clade 
(Lymantriidae, Arctiidae and Quadrifine 
Noctuidae). 

Two recent molecular studies on 
ditrysian Lepidoptera sampled members of 
Noctuoidea and found that the enigmatic 
family Doidae did not group with the other 
noctuoids, but instead appeared to be 
related to Drepanoidea (Regier et al., 2009, 
Mutanen et al., 2010). Otherwise both 
studies found Noctuoidea to be 
monophyletic, with Oenosandridae being 
sister to the rest and Notodontidae the next 
lineage branching off.  

However, all of these studies had very 
poor sampling of the higher taxa putatively 
belonging to the L.A.Q. clade, and 
critically they did not sample type genera 
of many higher taxa. Given that the 
monophyly of many named groups 
remains questionable, it is crucial to 
sample the type genera of each family, 
subfamily and tribe to assess the 
taxonomic limits of a given category. 
Furthermore, previous molecular studies 
have used only a small number of 
molecular markers, usually one to three 
gene regions (Wahlberg & Wheat, 2008).  

1.4 Outline of the thesis 

In this thesis, I employed the methods 
of molecular phylogenetics using eight 
markers for genomic DNA extractions of 
Lepidoptera to study the evolution of 
Noctuoidea and reconstruct a skeleton 
phylogenetic hypothesis for its major 
lineages. The first chapter gives a 
comprehensive overview of the higher-
level phylogeny and evolutionary affinities 
of noctuoid moths, in an extensive 
sampling strategy of the entire Noctuoidea 
(I). It reveals a new high-level 
phylogenetic hypothesis comprising six 
major, well-supported lineages that are 
interpreted as families (I). The second 
chapter aims to understand the higher-level 
phylogeny and elucidate the evolutionary 
history of the moth family Erebidae, the 
most controversial group among the newly 
circumscribed families (II). Erebidae is a 
massive clade and includes a diverse 
groups exhibiting a broad range of feeding 
behaviors, including those that can be 
considered ‘piercers’ of fruits or other 
hosts (skin-piercers: hematophagous) and 
‘tear feeders’ (lachryphagous) (III). 
Within butterflies and moths, adult 
hematophagy is limited to species within 
the vampire moth genus Calyptra 
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Ochsenheimer, which are placed within the 
subfamily Calpinae, Erebidae. Paper III 
focused on the subfamily Calpinae using 
both morphological and molecular data to 
reconstruct ancestral feeding behaviors 
within Calpinae as well as whether fruit-
piercing behavior and associated 
modifications of the tongue have evolved 
independently in different groups of 
Erebidae (III). The fourth chapter seeks to 
elucidate the deep divergences and 
evolutionary relationships of the major 
lineages within the moth family Nolidae 
(IV). As a result of expanded sampling, a 
new lineage (i.e., Diphtherinae) within 
Noctuoidea—which includes taxa of 
previously uncertain affinity—was 
recovered. Diphtherinae is considered to be 
the plesiomorphic sister lineage to the rest 
of Nolidae (IV), thus a new phylogenetic 
hypothesis for Nolidae is presented (IV). 
The fifth chapter elucidates the 
evolutionary relationships of the basal 

lineages of the moth family Noctuidae (V). 
A summary flow chart is presented in Fig. 
2, representing my thesis process with their 
main outputs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 A flow chart summarizing five chapters 

included in this thesis. 
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2. MATERIAL AND METHODS

2.1 Sampling strategy 

The sampling strategy that I adopted 
has treated the world fauna. I attempted to 
include representatives of all known major 
lineages of quadrifine Noctuoidea from 
every biogeographic region. This strategy 
is being used to establish priorities for 
ongoing studies, to test further the 
robustness of the major clades of 
Noctuoidea, both in relation to each other 
and internally.  

Based on the results of recent 
publications (Fibiger & Hacker, 2005, 
Lafontaine & Fibiger, 2006, Mitchell et al., 
2006, Lafontaine & Schmidt, 2010), 152, 
237, 35, 120 and 76 terminal taxa were 
sampled as representatives of the most 
recognized Noctuoidea lineages for papers 
I–V, respectively. Furthermore, there were 
numerous unplaced taxa of uncertain status 
that were included in each paper. Indeed, 
the allocation of the unplaced taxa into any 
higher taxa of Noctuoidea, however 
tentatively, could not be determined in 
previous classifications. I was unable to 
sample/amplify a few rare taxa with 
restricted distributions and/or low species 
richness (e.g., Strepsimaninae, Afridinae, 
Camptolominae). Where possible, a 
representative of the type genus of each 
lineage is included, but this was not 
possible for a few tribes/subtribes, in 
which case a closely related genus was 
selected.  

Appendix 1 summarizes all 393 
terminal taxa that are used in the five 
papers with their voucher codes and 
GenBank accession numbers. 

To test the monophyly of the target 
taxon under study in the different papers, I 
included representatives from the most 

closely related taxa of other families of 
Lepidoptera (papers I, II, IV, V) or 
subfamilies of Erebidae (III). I rooted the 
cladograms, in different papers, with 
different taxa, which represents what I 
consider to be the putative sister family to 
the remainder of the terminal taxa. 

 
2.2 Molecular markers 

The total genomic DNA from one or 
two legs, dried or freshly preserved in 96% 
ethanol, was extracted using the DNeasy 
tissue extraction kit (Qiagen, Hilden, 
Germany) following the manufacturer’s 
instructions. For each specimen, I 
sequenced cytochrome c oxidase subunit I 
(COI) from the mitochondrial genome, and 
elongation factor-1α (EF-1α), ribosomal 
protein S5 (RpS5), carbamoylphosphate 
synthase domain protein (CAD), cytosolic 
malate dehydrogenase (MDH), 
glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), isocitrate 
dehydrogenase (IDH) and wingless genes 
from the nuclear genome. For paper III, I 
sequenced an additional gene, the D2 
region of the nuclear ribosomal RNA 
(rRNA) 28S region. All genes—except 
28S, which is multiple-copy and encodes 
ribosomal RNA—are single-copy, protein-
coding exons and have previously been 
found to be highly informative in 
phylogenetic analyses of Lepidoptera at 
higher taxonomic levels (Wahlberg et al., 
2009, Mutanen et al., 2010, I, II).  

DNA amplification (PCR) and 
sequencing protocols follow Wahlberg & 
Wheat (2008). Sequencing was performed 
mainly with an ABI 3730XL capillary 
sequencer (Macrogen, Seoul, Korea), and a 
smaller part with an ABI PRISMR 
3130XL capillary sequencer (Turku, 
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Finland). The resulting chromatograms 
were checked and DNA sequences aligned 
by eye using BioEdit v. 7.0.4.1 (Hall, 
1999). Alignment was trivial and the few 
insertion/deletion events that were detected 
were of entire codons (in CAD, IDH and 
RpS5), and could be easily aligned. To 
minimize the risk of any kind of confusion 
during the sequencing protocol and errors 
in alignments, I constructed neighbor-
joining and Maximum Likelihood trees 
separately for each gene region and 
checked them carefully for identical 
sequences and other doubtful patterns. In 
addition, to minimize the risk of 
misidentification, all the specimens were 
cross-checked with their DNA barcodes 
(COI) in BOLD (Barcode of Life Data 
System, http://www.boldsystems.org/views 
/login.php) (Ratnasingham & Hebert, 
2007), where reference specimens were 
available for many of the species used in 
this study. 
 
2.3 Phylogenetic analyses and character 

optimizations 

The gene regions were analyzed using 
various phylogenetic approaches including 
model-based (Maximum Likelihood, ML; 
and Bayesian Inference, BI), and non 
model-based (i.e., parsimony) methods. 
Initially, the data matrices were analysed 
in various combinations using ML to 
explore their phylogenetic signal. Single 
genes were analyzed on their own, nuclear 
genes were combined, third codon 
positions were removed, data was 
partitioned into mtDNA and nDNA and 
finally the data was partitioned by gene 
regions (8 partitions). The effects of 
varying taxon and gene combinations were 
compared against the analyses of the full, 
combined and partitioned by gene data. 
Based on these data explorations, it was 
decided to include all genes and third 

codon positions as well as to partition the 
data by genes (8 partitions) in the ML 
analyses, and by nDNA and mtDNA (two 
partitions) in the BI analyses.  

Parsimony analyses (MP) were 
undertaken using New Technology 
heuristic searches implemented in the 
program, TNT v 1.1 (Goloboff et al., 
2003). New technology searches 
(Goloboff, 1999) consisted of Tree Fusion, 
Ratchet, Tree Drifting and Sectorial 
Searches performed, with default 
parameters applied, until the minimal tree 
was found 1000 times. All characters were 
treated as unordered and equally weighted, 
and robustness of the hypothesis was 
assessed through the bootstrap (BP) with 
1000 pseudoreplicates (Felsenstein, 1985). 
In addition, in papers I and II clade 
support was estimated by Bremer support 
(BS) (Bremer, 1988, 1994) using a script 
(Peña et al., 2006) in TNT. Model-based 
phylogenetic analyses were performed 
using ML and a GTR + Γ model was 
selected as the most appropriate model of 
sequence evolution for each gene partition 
based on the Akaike Information Criterion 
using FindModel (http://www.hiv.lanl.gov/ 
content/sequence/findmodel/findmodel.ht
ml). ML analyses were conducted using 
the default settings on the web-server 
RAxML III BlackBox (Stamatakis et al., 
2008). ML bootstrap analysis with 1000 
pseudoreplicates (Felsenstein, 1985) was 
also conducted with RAxML III.  

BI was not used for papers I and II. In 
the other papers, BI analyses were carried 
out using the software MrBayes v3.1 
(Ronquist et al., 2005) on the freely 
available Bioportal server (http://www. 
bioportal.uio.no). The dataset was divided 
into two partitions: mtDNA and nDNA, as 
partitioning by gene resulted in poor 
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mixing of chains and problems with 
convergence of likelihoods. I modeled the 
evolution of sequences according to the 
GTR + Γ model independently for the two 
partitions using the “unlink” command in 
MrBayes. The Bayesian analyses were 
separately run two times for five, 23 and 
20 million generations for papers III−V, 
respectively, with every 1000th generation 
sampled. Clade robustness was estimated 
by posterior probabilities (PP) in MrBayes. 
Convergence was determined when the 
standard deviation of split frequencies 
went below 0.05 and the PSRF (Potential 
Scale Reduction Factor) approached 1, and 
both runs had properly converged to a 
stationary distribution after the burn-in 

stage (which was 1,000 sampled 
generations).  

To understand character evolution in 
higher noctuoids, a character optimization 
analysis based on parsimony was 
undertaken in paper IV using the software 
Mesquite v2.75 (Maddison & Maddison, 
2011). Ancestral state reconstructions and 
character transformations were optimized 
onto the topology resulting from the 
Bayesian analysis (IV).  

All laboratory procedures and 
phylogenetic data analyses are detailed in 
the original papers. 
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3. RESULTS AND DISCUSSION 

3.1 Phylogenetic hypothesis for 
Noctuoidea 

In the initial study, I aimed, as a first 
step, to reconstruct a robust phylogenetic 
hypothesis for higher taxa of Noctuoidea. 
The results strongly supported the 
monophyly of Noctuoidea. The major 
groups within the Noctuoidea clade all 
shared a particular morphological 
synapomorphy—a metathoracic tympanal 
organ. I found six strongly supported 
major lineages within Noctuoidea that 
deserved family status. These are 
Oenosandridae, Notodontidae, Euteliidae, 
Erebidae, Nolidae and Noctuidae (Fig. 3). 
The first two major lineages are well-
recognized taxa that have often been 
considered families within Noctuoidea. 
Oenosandridae are a small family, only 
known from Australia, comprising eight 
species in four genera (Nielsen et al., 
1996), which mainly feed on Myrtaceae 
(Miller, 1991). Notodontidae contain 
approximately 3,800 species (Nieukerken 
et al., 2011) and occur worldwide. The 
other four lineages have been split into as 
many as 10 families, with arctiines, 
lymantriines and nolines frequently being 
considered to be sufficiently distinct from 
the rest to warrant full family status. My 
phylogenetic hypothesis (I) placed 
previously recognized families—arctiines, 
lymantriines, aganaines, herminiines and 
micronoctuines—into the strongly 
supported Erebidae clade. Within 
Erebidae, relationships of only a few 
lineages (e.g., Arctiinae, Aganainae and 
Herminiinae) were well supported (I). The 
low support for some nodes within 

Erebidae and Noctuidae probably stems 
from high levels of homoplasy 
(particularly in the third codon position) 
and very sparse sampling.  

At this stage, with well-supported 
monophyletic groups established within a 
phylogenetic framework, the question 
arose of how best to apply the Linnaean 
system of nomenclature to the structure of 
that framework, by making decisions on 
the content and arrangement of families, 
subfamilies, tribes and subtribes in a 
manner that was most likely to optimize 
the stability of that system and facilitate 
access to its information content (II). In 
particular, the establishment of a well-
founded family-level noctuoid 
classification is certainly an issue of 
considerable practical importance, because 
it affects the classification of about a 
quarter of the world’s lepidopteran species, 
according to current estimates (Nieukerken 
et al., 2011). In paper II, I discussed in 
detail reasons for applying the six family-
group system to the higher systematics of 
Noctuoidea with their advantages and 
drawbacks. 

One of the most striking features of the 
application of molecular data in my thesis 
was uncovering the phylogenetic 
relationships of many unplaced taxa of 
uncertain affinity. Molecular phylogenetic 
techniques allowed the easy allocation of 
these taxa, which had remained ‘incertae 
sedis’ or with uncertain limits for many 
years. For example, the position of a 
number of taxa characterized by the 
pseudoquadrifine hindwing venation had 
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been unstable for a long time (IV–V). 
Most of these groups (i.e., 
pseudoquadrifine Noctuidae) were 
previously assumed to be related to erebid 
subfamilies (Fibiger & Lafontaine, 2005, 
Lafontaine & Fibiger, 2006) (II) or even 
considered as distinct families (e.g., 
Pantheidae) (Kitching & Rawlins, 1998) 
(V). The results of papers IV–V placed 
them in a basal position within the family 
Noctuidae with strong support. 

3.2 Pattern of relationships among 
major lineages of Noctuoidea 

Notodontidae are found to be the sister 
group of all other Noctuoidea, with 
Oenosandridae branching off next (I). 
However, this pattern of relationships 
relative to the rest of Noctuoidea is not 
well supported in all papers. Both 
Oenosandridae and Notodontidae have a 
trifid forewing venation similar to that of 
Geometridae, a character state that appears 
to be plesiomorphic relative to the 
quadrifid forewing venation found in the 
other noctuoid families. All these terms are 
discussed and defined in detail in paper II. 

The results of paper I recovered the six 
recognized families within Noctuoidea and 
the monophyly of the quadrifid Noctuoidea 
(i.e., Euteliidae, Erebidae, Nolidae, and 
Noctuidae). Although, the relationships 
amongst the remaining four families are 
not clear, they formed a monophyletic 
group (i.e., quadrifid Noctuoidea clade) 
with very strong support (Fig. 3) and 
shared a synapomorphy (i.e., quadrifid 
forewing venation). The relationships of 
the four clades of quadrifid lineage 
remained somewhat ambiguous in papers 
I–II, although the results of papers IV–V 
suggested a basal position for Euteliidae in 
all three phylogenetic methods (MP, ML 

and BI). In paper I, Euteliidae were sister 
to Noctuidae in ML analyses (Fig. 3), and 
sister to the other three families together in 
MP analyses. Similarly, in papers IV–V, 
Euteliidae were placed as sister to the rest 
of the quadrifid clade with moderately 
good support in MP, ML and BI analyses 
(Figs 4–5). In paper I, Nolidae were sister 
to Erebidae in ML analyses, but form a 
trichotomy with Erebidae and Noctuidae in 
MP analyses. 

The short internal nodes, with little or 
no support for many basal divergences, in 
all quadrifid Noctuoidea lineages (I, II, 
IV, V), suggest that these groups 
diversified rapidly within a relatively short 
period of time (Whitfield & Kjer, 2008). 
Evolutionary rates in basal divergences 
appear punctuated and such explosive 
radiations are generally interpreted in two 
different ways: (i) there is an historical 
explanation (e.g., rapid radiation or the 
signature of a mass extinction event) or (ii) 
it is simply an artefact. Under the rapid 
radiation scenario, it is hypothesized that 
the lineages diverged so rapidly and within 
such a narrow time window that there was 
little opportunity for the ancestors of each 
monophyletic group to evolve distinctive 
apomorphies (Futuyma, 2005). However, 
such a pattern of short internal nodes and 
lineages with low support can be produced 
by other factors, such as inadequate data 
quality, poor and sparse sampling strategy, 
conflict within or among datasets (data 
inconsistency), incongruence between the 
real evolutionary process and the assumed 
models of sequence evolution, or even lack 
of phylogenetic signal due to accumulation 
of overlapping mutations (i.e., the 
probability of substitutional saturation at a 
given site). 
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Figure 3 The phylogenetic hypothesis of the superfamily Noctuoidea based on a maximum likelihood 

analysis, along with outgroups. Clades representing families are coloured. The six families recognized here 

are indicated. Names of moths shown in figure clockwise are: Notodontidae: Phalera Hübner; Euteliidae: 

Eutelia Hübner, Noctuidae: Eucocytia Rothschild & Jordan (Pantheinae), Periphanes Hübner (Heliothinae); 

Nolidae: Eligma Hübner (Eligminae); Erebidae: Scoliopteryx Germar (Scoliopteryginae), Lymantria Hübner 

(Lymantriinae), Peridrome Walker (Aganainae), Euplagia Hübner (Arctiinae), Calyptra Ochsenheimer 

(Calpinae), Phytometra Haworth (Boletobiinae), Spirama Guenée (Erebinae), Cocytia Boisduval (Erebinae), 

and Ophiusa Ochsenheimer (Erebinae). 

 

In addition, a recent study indicates that 
such phylogenetic patterns may well be 
signature of mass extinction events (Crisp 
& Cook, 2009), because mass extinction 
produces a sharp drop in the cumulative 
fossil diversity and is commonly thought to 
stimulate subsequent adaptive radiation, 

creating a sharp increase in the rate of 
diversification (Benton & Emerson, 2007). 
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3.3 Phylogenetic hypothesis for 
quadrifid Noctuoidea 

Paper I revealed an urgent need for a 
comprehensive series of revisions for the 
higher classifications of quadrifid 
Noctuoidea families used up to that time. 
My results in paper I almost failed to 
recover some previously recognized 
subfamilies within Erebidae as 
monophyletic groups. For instance, they 
suggested that some recent concepts of 
subfamilies Calpinae, Catocalinae, 
Erebinae and Phytometrinae were 
polyphyletic (I). Consequently, the focus 
in paper II was designed to elucidate the 
higher-level phylogeny and evolutionary 
relationships of the massive Erebidae clade 
(II). I thus conducted a large-scale 
molecular phylogenetic analysis, which 
uncovered a well-resolved skeletal 
phylogenetic hypothesis. I thus presented a 
new phylogenetic hypothesis for Erebidae 
consisting of 18 moderate to strongly 
supported subfamilies (Fig. 4): 
Scoliopteryginae, Rivulinae, Anobinae, 
Hypeninae, Lymantriinae, Pangraptinae, 
Herminiinae, Aganainae, Arctiinae, 
Calpinae, Hypocalinae, Eulepidotinae, 
Toxocampinae, Tinoliinae, 
Scolecocampinae, Hypenodinae, 
Boletobiinae and Erebinae (Fig. 4). Where 
possible, I diagnosed apomorphic 
morphological character states for each 
monophyletic lineage (II).  

Paper II provides strong support for 
subordinating five taxa where previously 
treated as families—Arctiidae, 
Lymantriidae, Micronoctuidae, 
Herminiidae and Aganaidae—within 
Erebidae. One of the most striking 
features, a strong association among three 
of them, was shown in papers I–II: 
Aganainae + Herminiinae + Arctiinae are 

recovered as monophyletic clade (Fig. 4), 
in which Arctiinae have a sister 
relationship with a strongly supported 
pairing of Aganainae and Herminiinae. 
The clade also has a morphological 
synapomorphy in the prespiracular position 
of the counter-tympanal hood, which was 
until then thought to be plesiomorphic. 
Adults of many aganaines and arctiines are 
visually striking and aposematic, and 
aganaines and herminiines share long 
labial palps and a bare lower frons. 
Herminiinae are generally cryptic, feeding 
on vegetable detritus, and Aganainae are 
aposematic, feeding on the same suite of 
toxic cardenolide-synthesizing plant 
families (Apocynaceae and Moraceae) as 
the danaine Nymphalidae and other moth 
genera such as Glyphodes (Crambidae) and 
Agathia (Geometridae) (Holloway, 2008). 

Another interesting result from paper II 
was the placement of the new established 
family Micronoctuidae. Hypenodinae are 
enlarged to incorporate Micronoctuini as a 
tribe, corroborating the findings of paper I. 
The subfamily Erebinae, brings together 
the core catocalines (with the exceptions of 
Hypocalinae, Toxocampinae and 
Tinoliinae). 

Calpinae sensu Lafontaine & Fibiger 
(2006) consisted of four tribes, Anomini, 
Scoliopterygini, Calpini and Phyllodini on 
the basis of the sharing of peculiar 
morphological adaptations. A robust, 
highly developed fruit-piercing (and in 
some cases skin-piercing and blood 
sucking) proboscis is found widely in 
Calpini and in some of the more robust 
scoliopterygines such as Anomis Hübner, 
with many similar features in the structure. 
However, my phylogenetic analysis  
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Figure 4 Phylogenetic hypothesis of the moths family Erebidae, based on ML analysis. Clades representing 

the major clades are coloured. Support values (bootstrap) are shown next to the branches. Names of moths 

shown in figure clockwise are: Nolidae: Eligma (Eligminae); Noctuidae: Periphanes (Heliothinae); Erebidae: 

Scoliopteryx (Scoliopteryginae), Anoba Walker (Anobinae), Lymantria (Lymantriinae), Pangrapta Hübner 

(Pangraptinae), Peridrome (Aganainae), Euplagia Hübner (Arctiinae), Syntomis Ochsenheimer (Arctiinae), 

Calyptra (Calpinae), Eulepidotis Hübner (Eulepidotinae), Eublemma Hübner (Boletobiinae), Phytometra 

(Boletobiinae), Thysania Dalman (Erebinae), Catocala Schrank (Erebinae), Cocytia (Erebinae), and Ophiusa 

(Erebinae). 

 

confirmed the polyphyly of the old concept 
of Calpinae, and supports a monophyletic 
Calpinae that places members of Anomini 
and Scoliopterygini in other noctuid 
subfamilies (II–III). These results 

suggesting that the fruit-piercing behavior 
and the associated modifications of the 
tongue seen in moths of both groups have 
evolved independently (III). The 
phylogenetic hypothesis suggested three 
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subclades for the subfamily Calpinae that 
were treated as tribes: Phyllodini, 
Ophiderini and Calpini (II). The polyphyly 
of the former concept of Calpinae provides 
an object lesson in how the sharing of 
peculiar morphological adaptations may 
mislead classifications, and how shared 
features of a more subtle nature may be 
overlooked in an unchallenged traditional 
classification. Within the entire 
Lepidoptera, adult hematophagy—the 
ability to pierce mammalian tissue and 
extract a blood meal—is limited to species 
within the vampire moth genus Calyptra 
Ochsenheimer, which belongs to the 
subfamily Calpinae. In paper III, we tested 
whether hematophagy in Calyptra arose 
from plant (e.g., fruit-piercing) or animal-
related behaviors (e.g., tear feeding or 
lachryphagy). To do that, we subjected the 
resulting phylogenetic trees to a Bayesian 
method of ancestral state reconstruction to 
reconstruct ancestral feeding behaviors 
within Calpinae and test competing 
hypotheses regarding their evolution. The 
results supported the hypothesis that blood 
feeding in vampire moth evolved from the 
fruit-piercing habit as opposed to tear 
feeding or other animal-related feeding 
behaviors (e.g., dung feeding, urine 
feeding) (III). 

In paper IV, I aimed to elucidate the 
higher-level phylogeny of Nolidae and to 
clarify relationships in basal lineages of 
Noctuidae (V). My phylogenetic 
hypothesis (I) had already recovered 
Nolidae and Noctuidae as well-supported 
monophyletic clades (Fig. 3). The results 
were fascinating and fairly robust. Many 
genera previously placed in Nolidae and 
the former subfamily Ophiderinae 
(Erebidae) were placed with strong support 
within Noctuidae, in the subfamily 
Bagisarinae, supporting an expanded 

concept of the subfamily (V). In addition, 
by increasing taxon sampling of several 
unassigned Neotropical taxa, I uncovered a 
previously unknown lineage of Noctuoidea 
with Neotropical origins (Diphthera 
Hübner + Lepidodes Guenée) with strong 
support. This lineage appears to be the 
sister group to Nolidae, and it shares an 
unambiguous feature and the most 
characteristic Nolidae apomorphy yet 
proposed—the structure of the boat-shaped 
cocoon with a vertical, anterior exit slit—, 
suggesting that the clade could be included 
in the family Nolidae as the subfamily 
Diphtherinae (IV). Diphtherinae is 
considered to be the plesiomorphic sister 
lineage to the rest of Nolidae, 
characterized by the loss of the proximal 
pair of tibial spurs on the hindlegs of 
males, and the presence of a frontal 
tubercle or process, which is presumably 
associated with a derived strategy of 
emergence from the cocoon (IV). My 
analyses (IV) revealed a well-resolved 
phylogenetic hypothesis for Nolidae, 
allowing me to present a new classification 
for Nolidae consisting of eight strongly 
supported subfamilies: Diphtherinae, 
Risobinae, Collomeninae, Beaninae, 
Eligminae, Westermanniinae, Nolinae, and 
Chloephorinae. Among these, two groups 
are suggested as new subfamilies (i.e., 
Collomeninae and Beaninae). I also 
defined each monophyletic group by 
autapomorphic morphological character 
states. 

3.4 Character optimizations 

The higher systematics of the quadrifid 
Noctuoidea is often discussed in terms of 
whether the hindwings have a trifine or 
quadrifine venation. To understand 
character evolution in higher noctuoids and 
major nolids, I undertook a character 
optimization analysis based on parsimony 
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using the software Mesquite v2.75 
(Maddison & Maddison, 2011). My results 
of ancestral-state reconstructions and 
character optimization (Fig. 5) showed that 
most traits—those characters that are 
considered to be of phylogenetic 
significance—are clearly synapomorphic 
for major lineages of quadrifids, except the 
hindwing venation which was an 
ambiguous character state (IV). It is 
generally thought that the 
pseudoquadrifine condition is the ancestral 
state for Noctuoidea. This condition 
concerns the position of three veins (M2, 
M3 and CuA1), in which M2 arises about 
one-third of the way up the discal cell, and 
M2 is strong and parallel to M3. My 
character examinations indicated that the 
pseudoquadrifine condition is shared by 
the basal lineages of Noctuidae s.s. (i.e., 
Bagisarinae, Plusiinae, Dilobinae and 
Pantheinae) (V), and a few erebid 
subfamilies (Hypeninae, Herminiinae, 
Scoliopteryginae and Rivulinae) (II), as 
well as Diphtherinae (Nolidae) (IV). I 
evaluated the distribution patterns and 
evolutionary trends of this complex trait 
under the two most commonly used 
character optimization algorithms of 
parsimony analysis: ACCTRAN—
accelerated transformation—and 
DELTRAN—delayed transformation—
(Agnarsson & Miller, 2008). I finally 
favoured DELTRAN optimization (IV), 
which minimizes reversals and maximizes 
convergences and parallel evolution. This 
favours the acquisition of the derived 
quadrifine state—base of M2 close to 
M3—independently in Erebidae, Nolidae 
(with Diphtherinae excluded), and 
Euteliidae (Fig. 5). In other words, the 
plesiomorphic condition of M2 in the 
hindwing of the four quadrifid lineages is 
the form found in Diphtherinae and basal 
lineages of Noctuidae, and arguably some 

basal lineages of Erebidae. This trend of 
character evolution can be traced by 
checking the position of the vein M2 in 
different groups of quadrifids. For 
instance, the condition of M2 in 
Diphtherinae is exactly the same condition 
that occurs in Pantheinae, Plusiinae, 
Dilobinae and Bagisarinae (V), where M2 
is very slightly reduced. In higher noctuids 
(i.e., Hadeninae) the vein is still visible in 
exactly the same position, but is even more 
reduced, and then entirely lost in 
Noctuinae (Fibiger & Lafontaine, 2005). In 
the Erebidae lineage, M2 is seen in this 
condition in some primitive lineages (e.g., 
Rivulinae, Hypeninae, and Herminiinae). 
As a consequence, the quadrifine (M2 
adjacent to M3) form of venation must 
have been independently gained several 
times within Erebidae, acquired once in 
Nolidae (after the Diphtherinae lineage 
branched off), and once in Euteliidae (Fig. 
5). Thus, all these so-called primitive 
lineages have retained the ancestral 
(symplesiomorphic) hindwing venation 
trait with a pseudoquadrifine condition 
(Fig. 5).  

3.5 Evolution of host-plant 
associations in Noctuoidea 

There have been few attempts to study 
the evolution of host-plant use in 
Noctuoidea. The results from the character 
optimizations (IV) drove me to learn more 
about the evolution of feeding habits in 
higher noctuoids. One feature that has been 
suggested as the prime factor governing 
the evolution of butterfly-host plant 
associations, is host growth form, which 
appears, on the whole, to be more 
conserved phylogenetically than host-plant 
taxon affiliation (Janz & Nylin, 1998). 
Given its prevalence among the deeper 
lineages, woody-plant feeding can be  
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Fig. 5 Summary of ancestral states reconstruction on Bayesian tree under DELTRAN optimization. Clades 
representing higher taxa (i.e., families) are coloured. Support values under the two support measures 
(bootstrap/posterior probabilities) shown next to the branches. Coloured characters on terminal branches and 
internal nodes indicate the presence of morphological traits as shown below the tree. Names of moths shown 
in figure from top to bottom are: Spirama (Erebidae, Erebinae), Autographa Hübner (Noctuidae, Plusiinae), 
Diphthera (Nolidae: Diphtherinae), Eligma Hübner (Nolidae: Eligminae), Nola Leach (Nolidae, Nolinae), 
Pseudoips Hübner (Nolidae, Chloephorinae, Chloephorini), Giaura Walker (Nolidae, Chloephorinae, 
Sarrothripini). 
 
reasonably inferred as ancestral for entire 
Noctuoidea (Holloway, 1989, Mitchell et 
al., 2006), as it is, apparently, for most 

other macrolepidopteran superfamilies 
(Powell et al., 1998). 
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Within Noctuoidea, arboreal feeding is 
predominant among the oldest and basal 
lineages in trifid families—Oenosandridae 
and Notodontidae—and, within quadrifids, 
in diverse lineages of Erebidae (e.g., many 
Erebinae, Aganainae, Lymantriinae, etc.) 
as well as Euteliidae (Table 1). My results 
corroborate those of previous results 
(Forbes, 1923, Holloway, 1987, Weller, 
1989, Miller, 1991, Richards, (1933) 1932) 
in accepting that trifids are the 
plesiomorphic sister lineage to the rest of 
Noctuoidea (i.e. quadrifid Noctuoidea) (I, 
II, IV, V). For example, the family 
Oenosandridae—only known from 
Australia—mainly feeds on the woody 
plant family Myrtaceae (Miller, 1991). In 
Notodontidae—with a worldwide 
distribution but more diverse in tropics and 
especially the Neotropics (Weller, 1989, 
Miller, 1991)—almost all species feed on 
trees, and only a few are found on 
herbaceous plants (Miller, 1991). Within 
Euteliidae, Euteliinae most commonly feed 
on Anacardiaceae (Powell et al., 1998), a 
plant family that contains trees and shrubs 
with highly poisonous flowers. Among 
their other prominent hosts are 
Burseraceae (includes both shrubs and 
trees), Dipterocarpaceae (mainly tropical 
lowland rainforest trees), Moraceae and 
Hamamelidaceae (which consists of small 
trees and shrubs) (Holloway, 1985, Powell 
et al., 1998). Stictopterinae, the sister 
group of Euteliinae, is associated primarily 
with Dipterocarpaceae and Clusiaceae 
(Table 1). Within quadrifids, where tree 
feeding is probably also ancestral, it seems 
clear that there have been many 
independent colonizations and subsequent 
radiations on herbaceous plants, most 
spectacularly in Arctiinae (Erebidae) and 
derived trifine lineages (e.g., the pest 
clade). Although, the great majority of 
quadrifids feed on living higher plants, 

consumption of lower plants and detritus 
has arisen in several groups, most notably 
Erebidae (II). For example, lichen-feeding 
is predominant among lithosiines 
(Arctiinae) and a number of Aventiini 
(Boletobiinae) species (Wagner et al., 
2008), while detritivory, mycophagy and 
algivory is dominant in Herminiinae and 
Boletobiinae (II) and recurs sporadically in 
other noctuid subfamilies (e.g., some 
Bryophilinae, see Table 1) (V). 

The results in paper V also suggested 
that Noctuidae included a number of 
lineages that are exclusively arboreal 
feeders, such as Dilobinae (Rosaceae), 
Raphiinae (Salicaceae), Pantheinae 
(Pinaceae) and Acronictinae (polyphagous 
but mostly on trees) (Table 1). The first 
three of these groups are associated with 
basal Noctuidae lineages in my 
phylogenetic hypothesis (Fig. 6)—those 
characterized by the plesiomorphic 
pseudoquadrifine condition of the 
hindwing venation. There are also a few 
groups among the derived noctuid lineages 
that generally feed on trees and shrubs, 
such as some Xylenini, Psaphidini 
(Mitchell et al., 2006), and Orthosiini. 
Some other subfamilies are more 
specialized; for example, Agaristinae, 
often show a strong preference for 
Vitaceae (Holloway, 1989). My review of 
major trends in feeding habits in the 
subfamily Dyopsinae (Table 1) indicates 
that most of them feed on the plant family 
Urticaceae, a flowering plant family of 
mostly trees and shrubs. In contrast, 
herbaceous-feeding larvae are predominant 
in the higher trifines (i.e., the ‘pest clade’, 
Amphipyrinae, Metoponiinae, etc.).  
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Table 1 Larval host-plant families for Noctuidae study taxa. Zoogeographic regions are abbreviated as 

follows: P = Palaearctic; O = Oriental; Au = Australasia; Nea = Nearctic; Neo = Neotropical; Af = 

Afrotropical.
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Continuation of Table 1. 
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These results are also widely 
corroborated by the study of Mitchell et al. 
(2006), who studied the role of ecological 
and geographical factors in the 
diversification of Noctuoidea. They 
presented a provisional synopsis of species 
diversity, latitudinal distribution, and host-
plant use for major noctuoid groups 
sampled in their study, superimposed onto 
the phylogeny. It is revealed that the 
growth form (i.e., woody-plant feeding vs. 
herb-feeding) of the host-plant appears on 
the whole more conserved 
phylogenetically than host-plant taxon 
affiliation, where woody-plant feeding can 
be reasonably inferred as ancestral for 
Noctuoidea, as it is, apparently, for most 
other macrolepidopteran superfamilies. 

In general, herbaceous-feeding larvae 
are predominant in the higher trifines (i.e., 
the ‘pest clade’, Amphipyrinae, 
Metoponiinae, etc.), whereas in the basal 
noctuid and basal trifines lineages arboreal 
feeding is predominant. This evolutionary 
pattern of feeding habits, postulating a 
general evolutionary trend from a tree 
feeding to a herb feeding habit, has also 
been shown for butterflies (Janz & Nylin, 
1998). Thus it can be suggested that the 
host-growth form in Noctuoidea is more 

evolutionarily conservative than host 
affiliation (Mitchell et al., 2006). 
However, my preliminary study of host-
plant associations showed that in a few 
Noctuidae subfamilies a strong preference 
toward feeding on a specific plant family 
can be seen, such as Bagisarinae which 
feed mainly on Malvaceae. 

One of the fundamental reasons for 
studying the evolutionary history of 
noctuoid moths is to determine the main 
driving forces behind the diversification of 
this species-rich group. It has become 
apparent that the evolution of host-plant 
use has likely been a key ecological 
mechanism behind the rapid diversification 
and evolutionary divergence in the 
butterfly families (Janz & Nylin, 1998, 
Janz et al., 2006). Noctuoidea are about 
three times more diverse than the 
butterflies, and the role of host plant 
specialization in the diversification of the 
moths has yet to be studied in detail. With 
the phylogenetic relationships of the major 
lineages of Noctuoidea becoming clearer 
(I, II, IV, V), questions about host plant 
associations and diversification can now be 
addressed for this megadiverse clade. 

 

 

 

 

Fig. 6 Phylogenetic hypothesis of the basal Noctuidae subfamilies, based on a Bayesian inference analysis. 

Clades representing major lineages are coloured. Support values under the two support measures 

(Bootstrap/posterior probabilities) shown next to the branches. Names of moths shown in figure clockwise 

are: Eutelia (Euteliidae); Catocala (Erebidae); Eligma (Nolidae); Dyops (Noctuidae Dyopsinae, Dyopsini), 

Sosxetra Walker (Dyopsinae, Ceroctena clade), Diloba Boisduval (Dilobinae), Eucocytia (Pantheinae), 

Amyna Guenée (Bagisarinae), Vespola Walker (Bagisarinae), Concana Walker (Bagisarinae), Acronicta 

Ochsenheimer (Acronictinae), Periphanes (Heliothinae), Euxoa Hübner (Noctuinae). 
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4. CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 Conclusions 

To conclude my Ph.D. thesis, I have 
summarized a number of distinctive issues 
and strategies that I have employed in this 
thesis that are different from those in 
previous works.  

First of all and probably the most 
important scheme was the taxon sampling 
strategy. Elucidating the evolutionary 
history of the massive superfamily 
Noctuoidea clade (potentially including 
45,000 species) required extensive taxon 
sampling. A deliberate and carefully 
considered sampling strategy could only be 
accomplished by selecting exemplars from 
significant groupings of genera and 
morphologically well-supported concepts 
of higher taxa. In my five projects, I chose 
up to 393 taxa (Appendix 1) of 45,000 
noctuoids that have been formally 
described, covering almost all recognized 
major clades of Noctuoidea, as 
representatives for major lineages of 
Noctuoidea. This extensive taxon sampling 
was made possible through the extensive 
network that I built up during my studies. 
One of the main causes for the previous 
low support of phylogenetic relationships 
for some massive clades probably stems 
from very sparse sampling. 

The second feature was the obstacles 
that are met in applying morphological 
traits, in particular, in a species-rich, 
cosmopolitan and heterogeneous taxon 
such as Noctuoidea. The high number of 
species presents complications to the use 
of morphology and any other kinds of 
phenotypic traits at this taxonomic level. 
Morphological data are thus often difficult 
to homologize and code, require great 
experience to identify character states 

correctly and can be subject to extensive 
homoplasy (character convergence and 
reversal). Consequently, despite their 
major role in inferring phylogenies, 
morphological analyses have often failed 
to determine relationships among most 
groups with confidence. On the other hand, 
phenotypic traits (e.g., morphological, 
ecological, host-plant associations, 
behavioural characters, etc.) and 
synapomorphies can be properly 
recognized from molecular phylogeny-
based systems. In the context of such a 
robust evolutionary hypothesis, 
morphological, ecological and behavioural 
characters can be better understood. For 
example, I demonstrated that the 
prespiracular counter-tympanal hood of 
Aganainae, Herminiinae and Arctiinae is 
not the result of convergent (independent) 
evolutionary events, as previously thought 
(I–II). I proved that this is the result of a 
common ancestry of these groups within 
the family Erebidae (II). Polyphyly of the 
old concept of Calpinae was another clear 
case (II–III). My results recovered a 
monophyletic subfamily Calpinae that was 
restricted to three monophyletic tribes (i.e., 
Phyllodini, Ophiderini and Calpini) (III), 
and placed all other groups that had 
previously been placed as tribes within 
Calpinae (e.g., Anobini, Anomini and 
Scoliopterygini), as independent and 
distant well-defined lineages (i.e., 
Scoliopteryginae and Anobinae) within 
Erebidae (II). Calpinae sensu lato was 
traditionally restricted to the fruit-piercing 
(and in some cases skin piercing and blood 
sucking) moths (Kitching & Rawlins, 
1998). However, my molecular phylogeny 
revealed that this feeding behavior, as well 
as its associated modifications of the 
proboscis and adaptations (III), have 
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evolved independently in Calpinae, 
Scoliopteryginae (including Anomini), 
Anobinae and some Erebinae (II). This 
provides again an object lesson on how the 
sharing of peculiar morphological 
adaptations may mislead in classification, 
and how shared features of a more subtle 
nature may be overlooked in an 
unchallenged traditional classification (I). 
Other examples of discovering 
morphological apomorphies based on my 
molecular phylogeny results were in 
Diphtherinae—characterized by the loss of 
the proximal pair of tibial spurs on the 
hindlegs of males and the presence of a 
frontal tubercle—(IV), Nolidae—
construction of a boat-shaped cocoon with 
a vertical exit slit, and finger-like 
retinaculum on the forewings of the 
males—(IV), trifid and quadrifid 
lineages—condition of vein M2 in 
forewing—(I, II, IV, V), host-plant 
associations—e.g., detritivory, lichen-
feeding, mycophagy and algivory—in 
Boletobiinae (Erebidae) (II) and finally 
speculation for a potential broad 
evolutionary feeding habit trend in 
Noctuoidea from tree feeding in trifid 
lineages toward herb feeding in more 
derived lineages (i.e., pest clade in 
Noctuidae), similar to the pattern that has 
been suggested for butterflies (Janz & 
Nylin, 1998).  

A third issue was related to determining 
the evolutionary relationships of noctuoid 
taxa of uncertain systematic position using 
molecular data. In particular, those taxa 
characterized by the pseudoquadrifine 
hindwing venation, which have been 
previously assigned to various noctuoid 
groups (IV–V). Molecular phylogenetics 
methods illustrate how easy is it can be to 
pinpoint their certain phylogenetic 
position. 

To conclude, I had been able to address 
a massive and long-recalcitrant 
phylogenetic problem, that of the 
relationships among and within major 
lineages of the largest superfamily of 
Lepidoptera, Noctuoidea. The 
phylogenetic analyses that I employed 
were well designed, and many relatively 
deep nodes are strongly resolved and 
substantial progress has been made on the 
backbone phylogeny of Noctuoidea. This 
group of insects is of major economic and 
ecological importance. It constitutes an 
exemplar case in which molecular 
methods, which seem to be highly 
informative at this level, have been of 
enormous help, in part because the sheer 
size of the group has greatly impeded 
progress via the morphological approach.  

4.2 Future directions 

This Ph.D. thesis addressed several 
phylogenetic problems concerning the 
evolution of Noctuoidea, but there are still 
many unanswered questions. For example, 
it is crucial to determine where, when and 
how the major groups of noctuoids 
diverged and evolved. The common factors 
that influence the speciation process and 
identifying possible reasons for this 
remarkable and extraordinary diversity of 
species among other herbivorous insects 
are not yet understood. Likewise, the 
patterns of diversification, the main driving 
forces behind the diversification of this 
species-rich group, and plausible 
explanations for the differences in 
diversity among the various groups within 
Noctuoidea have yet to be determined—for 
instance, why does a family such as 
Euteliidae contain about 500 species, but 
another like Erebidae contains 25,000 
species? It would be of great interest to 
know whether major climatic changes and 
mass extinction events over geological 
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time scales have had a major impact on the 
diversification of Noctuoidea. And it 
would be most interested to infer a 
scenario of the evolutionary history and 
biogeography of noctuoids, based on all 
available data (i.e., morphology, DNA 
sequences, ecological data, geographical 
distributions, and geological and 
paleontological information).  

Further studies are also needed to 
identify the reasons and causes for the 
short basal branches, i.e., whether there is 
a historical explanation behind them (e.g., 
rapid radiation), or whether it is simply an 
artefact of insufficient data.  

The use of novel tools in DNA 
sequencing technologies, such as Next-
Generation Sequencing (NGS) methods 
and relatively new field of phylogenomics, 
might be able to address the state of 
uncertainty in Noctuoidea diversification 
and their rapid radiations. Phylogenomics 
is useful for evolutionary studies, in 
particular resolving ambiguous 
phylogenies and for verifying relationships 
created on the basis of a few gene regions 
(Hackett et al., 2008). Since the cost of 
whole genome sequencing is decreasing, 
anticipation of total genome sequences 
from the major lineages of interest, is no 
longer a distant dream (Murphy et al., 
2004). 
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