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ABSTRACT 

Systematics, phylogenetics and taxonomy are the scientific fields of species 
discovery, delimitation, description, classification and evolutionary history. The 
major task of these fields is to form meaningful groups, such as species and higher 
taxa (i.e. genera, families, orders), based on certain rules and characters. Species 
and higher taxa create the units of the Linnean hierarchic classification system, 
which is needed as the basis of all knowledge on biodiversity. Indeed, there is a great 
need for a complete classification, covering every species on earth, because all 
subsequent studies and applications are hindered as long as species remain 
undescribed. However, the estimated count of nine million species on earth, of 
which ca. 86% are currently unknown to science, together with the numerous 
threats to biodiversity pose a real challenge to taxonomy, and efficient tools and 
procedures are strongly needed. 

 
In order to be both effective and high-quality, the taxonomic workflow needs to be 
divided into different steps in the correct sequence. A sampling scheme, and the 
choice of characters and analytical tools, for instance, are dependent on the phase 
performed along the workflow. The main aim of this doctoral thesis is to study and 
conduct different steps along this ‗taxonomic flowchart‘ by using various gelechioid 
moths as focal species. Specifically, the thesis includes four parts: a phylogenetic 
examination of the superfamily Gelechioidea based on combined data of multi-locus 
DNA and morphology (I), and three studies focusing on delineation of putative 
species (operational taxonomic units, OTUs) based on single-locus DNA barcodes 
(i.e. the standardized 648bp region of the mitochondrial COI gene) (II-IV). The 
delineation studies cover various topics, from testing different OTU delineation 
methods (BIN, TCS, ABGD, GMYC) with reference species (II), developing criteria 
for discordant results (III) and a protocol for associating short sequences from type 
specimens to delineated groups (IV), to employing the methods, criteria and 
protocols in practice (III, IV). 

 
Chapter I presents a phylogenetic hypothesis for the Gelechioidea with the best 
support for families to date. This was achieved mainly due to the use of both 
molecular and morphological data. We also provide a new family-level classification 
with redefined 16 families. The three OTU delineation studies revealed taxon-
dependent performance within the four datasets (Finnish Gelechiinae and 
Australian Elachistinae, II; Australian Hypertrophinae, III; Elachista dispunctella 
complex, IV), but otherwise rather congruent results between the methods (with 
some exceptions regarding GMYC and ABGD; II). Chapter III provides 120 putative 
species for poorly-known hypertrophine moths and criteria for evaluating 
discordant delineation results. Finally, in IV, the Elachista dispunctella group with 
a high number of poorly-defined species is re-examined based on DNA barcodes 
from both fresh non-type and old type specimens. 

 
This doctoral thesis is a part of a long-term study of Australian Hypertrophinae, 
aiming to provide well-supported phylogeny and species boundaries for the group. 
The results here not only enhance the study on hypertrophines, but also offer tools 
to benefit the taxonomic research in general. As a result of the great challenge of 
taxonomy to describe all species, every new innovation to speed up the workflows 
without compromising the quality is of crucial importance. 
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1 INTRODUCTION 

Grouping is the simplest definition of this thesis‘ main idea: to form 

taxonomic groups called families (I) or putative species (II-IV), which are 

constructed by certain units, and delineated based on certain rules. Here, the 

units are subfamilies represented by, ideally several, species (I), or individual 

specimens (II-IV), respectively. But what makes such groups so important 

that one whole doctoral thesis is dedicated to their delineation? 

1.1 IT IS ALL ABOUT SPECIES 

A species is the basic unit in biology. As a consequence, the initial point for 

all biological research is the definition of species; their description based on 

diagnostic characters and naming with a unique binomial. A species‘ 

diagnosis is crucial for its identification, and the name serves as an identifier. 

Hence, taxonomy provides the foundation for all accumulating knowledge 

related to a particular species. Although many ecological and evolutionary 

studies are based on populations, every species‘ identity needs to be outlined 

prior to these examinations (Bortolus 2008). As a matter of fact, if studies 

are focused on species with faulty taxonomy, it might lead to a situation 

where none of the published papers can be connected with any particular 

species. Because species can be considered as the main units of evolution, 

studies lacking precise focal species are only telling the story of a group of 

species, and thus may be of limited significance for examining many 

evolutionary questions. Locke and Coates (2008) have estimated that one 

such a situation has led to losses of nearly four million dollars in the case of 

the coral Madracis mirabilis. Due to the importance of species description, 

undescribed species pose a considerable problem as they are excluded from 

most research and conservation actions (Mace 2004). Furthermore, 

unknown species can provide crucial benefits for humanity, such as 

ecosystem services (Ehrlich & Mooney 1983) and novel medicines (e.g. 

Chanda et al. 2013), but the use and management of these resources is 

hindered as long as species remain without specified boundaries and 

description. This is because all knowledge needs to be bound to something 

known, and a species‘ name and description forms an ideal basis for this. 

Despite its importance, ‗the species‘ is a difficult topic starting with a 

question: Are species real, or are they simply artificial groups formed for the 

sake of convenience? It has been said that even Darwin, the author of ―The 

Origin of Species‖ (Darwin 1859), did not believe that the species exist 

(Wheeler 2012), although others claim that this argument is based on a 

misinterpretation (Coyne & Orr 2004, Barberousse & Samadi 2010). 

Nevertheless, the great number of varying species concepts and the sheer  
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Box 1. Species concept 

The species concept is essentially a theoretical concept, aiming to define 
what a species is. As the literature surrounding different species concepts 
is both massive and diverse, it is reasonable to present only a small 
fraction of it here.  

The most well-known species concept in biology is probably the 
Biological Species Concept (BSC) (Dobzhansky 1937, Mayr 1940, Wright 
1940), which is based on potential for interbreeding and reproductive 
barriers between species. Although widely applied, the BSC has many 
drawbacks, which are especially clear with the strict interpretation of the 
concept. If no hybridization between sister species is allowed, a large 
fraction of species (e.g. many birds) cannot be considered as species 
anymore (Coyne & Orr 2004). By contrast, if some amount of 
hybridization is allowed, the next obvious question is ―How much?‖, and 
thus the lack of precise conditions would make the concept very 
subjective (Wheeler 2012). Due to its reliance on reproductive isolation, 
the concept is inapplicable for asexual organisms. Furthermore, relying 
on the BSC in the operational sense requires that sister species exist in 
sympatry (Coyne & Orr 2004) and thus the concept is unsuitable for 
allopatric and allochronic populations alike. Finally, being a process-
based species concept, the BSC has little relevance to pattern-based 
systematics. The related Genotypic Cluster Species Concept (Mallet 
1995) would offer a more suitable option for pattern-based fields as it 
defines a species as a ―distinguishable group […] that has few or no 
intermediates when in contact with other such clusters‖ (Mallet 1995). 
Genotypic clusters can be inferred from different traits or genetic data, 
but it shares the problem of allopatric populations with the BSC. 

Lineage-based species concepts, the Evolutionary Species Concept (ESC; 
Simpson 1961, Wiley 1978, Wiley & Mayden 2000) and the Hennigian 
Species Concept (Hennig 1966, Meier & Willmann 2000), take the 
temporal aspect into consideration. Species are defined as ―individuals 
with origins, existences, and ends‖ (Wiley & Mayden 2000), and 
especially the ESC has been claimed to be more universally applicable 
than the BSC as it has no restrictions for the mode of reproduction 
(Wiley 1978). The main difference between the Hennigian Species 
Concept and the ESC is that in the former, species have specific 
beginning and end points in splitting events, whereas the latter lacks 
such definition (Wheeler 2012).  

The two main phylogenetic species concepts, Autapomorphic or 
Monophyletic Species Concept (Rosen 1979, Mishler & Donoghue 1982, 
Donoghue 1985, Mishler 1985) and the Diagnostic Species Concept 
(Nelson & Platnick 1981, Cracraft 1983, Nixon & Wheeler 1990), have 
both originated within the systematics community. The Autapomorphic 
Species Concept focuses on monophyletic groups defined by 
autapomorphic characters (i.e. unique to only one group within a 
phylogenetic analysis). Two issues are especially problematic with regard  
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existence of biology indicate that many do believe that species are real, but 

the problem is how to define them. Argumentation surrounding this topic 

has been going on for decades (e.g. Wheeler & Meier 2000), producing a 

wide variety of species concepts (Box 1). Achieving one commonly accepted 

concept seems to be too great a challenge for the academic community, and it 

might simply be impossible to fit the vast variation of different patterns 

existing in nature into one species concept. Therefore, some authors suggest 

keeping ‗species‘ as a theoretical concept, and concentrating on testing 

different components of this concept (Barraclough et al. 2009b). Yet, with 

to using monophyly as the definition of a species. According to some 
authors (Davis & Nixon 1992, Goldstein & DeSalle 2000, Goldstein et al. 
2000), phylogenies are inappropriate for studying processes below species-
level (i.e. tokogenetic relationships; Hennig 1966) as these are considered 
to be reticular instead of hierarchical (although maternally inherited 
mitochondrial DNA is an exception (Davis & Nixon 1992)), and the term 
monophyly should not be applied for species themselves (Nixon and 
Wheeler 1990). The second drawback of the concept is that gene trees and 
species trees are not necessarily identical and thus the same species can 
appear as monophyletic in one tree and paraphyletic in another depending 
on the loci used (Avise & Ball 1990). These topics are further discussed in 
sections 3.1. and 3.3. 

In the Diagnostic Species Concept, species are defined on the presence of a 
diagnostic (i.e. unique) character or a set of characters shared by all 
members of a particular species and lacking from others. A species is ―a 
smallest diagnosable cluster of individual organisms within which there is a 
parental pattern of ancestry and descent‖ (Cracraft 1983). This concept is 
more theoretically sound with the principles of cladistics than the 
Autapomorphic Species Concept, and it also allows species to be 
paraphyletic. However, the Diagnostic Species Concept suffers from being 
typological, as do most other concepts to some extent, because any trait can 
in principle serve as a diagnostic one (either apomorphic or not). 

The most inclusive concept is probably the General Lineage Concept (de 
Queiroz 1998, 1999). It aims to unify all previous species concepts under 
one general concept, and defines species as ―separately evolving (segments 
of) metapopulation lineages‖ (de Queiroz 2005a). The requirements of 
other concepts are regarded as contingent properties. This follows from the 
notion that most species concepts define species of various ages, and they 
become congruent given enough time (de Queiroz 1998, 2005b). For 
instance, the complete reproductive isolation and monophyly are evolving 
rather slowly (Avise & Ball 1990, Coyne & Orr 2004) and thus species 
expressing these traits have diverged a long time ago. 

 



INTRODUCTION 

10 

the lack of a universal species concept, the comparison of different studies 

can be difficult if the used species concept varies without explicit mention of 

the concept applied (Wheeler 2012). 

All other taxa than species (e.g. subspecies, genera, families, orders) are 

arbitrary and thus incomparable between studies unless they are sister-

groups, which are coeval by definition (Wheeler 2012). Because the total 

number of species is massive (one of the latest estimates resulting in ca. 8.7 

million (Mora et al. 2011), although most other estimates range between 10 

and 100 millions of species (Blaxter 2004, Savolainen et al. 2005)), a 

Linnean hierarchical system including higher taxa is needed to understand 

the big picture of biodiversity. To do so, we need to know the basics: which 

species are related to each other, in what way, and how closely. Also, taxa 

below the species rank provide useful information on diversity and they are 

sometimes elevated to species after additional investigations (e.g. Mallet 

2009). 

1.2 FIFTY SHADES OF SPECIES DELINEATION 

Species delineation is currently a hot topic with many novel tools published 

in recent years (Sites & Marshall 2003, 2004, Pons et al. 2006, Knowles & 

Carstens 2007, Monaghan et al. 2009, Yang & Rannala 2010, Hao et al. 2011, 

Jones et al. 2011, Puillandre et al. 2012, Ratnasingham & Hebert 2013, 

Zhang et al. 2013). Despite its presumable simplicity, the topic is most 

complex. As noted above, the species concept has been a source of ongoing 

arguments, and this has inevitable consequences for the operational side of 

the same issue – species delineation. Most delineation studies focus on a 

small number of species, usually belonging to a challenging species complex 

in a larger group that is sufficiently well known (Roe & Sperling 2007, Silva-

Brandão et al. 2008, Dinca et al. 2011, Reilly et al. 2012, Edwards & Knowles 

2014). These studies usually employ data from several sources, such as multi-

locus DNA from both mitochondrial and nuclear genomes, and 

morphometrics. In addition, the number of specimens per species is 

generally high as these examinations aim to maximize intraspecific variation 

in the sample, although such maximizing might raise other problems as 

noted by Hey (2009) 

In poorly-known groups with a high number of undescribed species, such 

detailed studies are unfeasible, and rougher methods are needed for 

discovering boundaries between putative species. DNA barcodes (a 

standardized 648bp region of the mitochondrial COI gene; Box 2) are 

suitable for species delineation for groups including tens of species (II-IV), 

due to their suitable rate of change for delineation of most species (Hebert 

2003a, b), and easier amplification than in many other loci resulting from 

the high number of copies in each cell. However, as explained below (section 

3.3), relying on mitochondrial single-locus DNA poses certain drawbacks, 
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Box 2. DNA barcoding 
 
DNA barcoding (Hebert et al. 2003a, b) is based on a standardized region 
of mitochondrial genome (648bp of cytochrome c oxidase subunit one 
gene, COI). Although using DNA for the identification of species was not a 
novel innovation back in 2003 (Meier 2008), the idea of employing the 
same, relatively short fragment for all species on Earth was unique 
(Stoeckle & Hebert 2008). The main purpose of barcoding is the 
identification of previously described species by comparing a barcode 
sequence from a specimen to the extensive reference database. Of the two 
largest web-based databases, the Barcode of Life Data System (BOLD; 
Ratnasingham & Hebert 2007) is exclusively focused on the barcode 
regions, and includes more than three million sequences to date. In order 
to make this identification tool as efficient and well-known as possible, a 
major global consortium (International Barcode of Life, iBOL) is 
promoting the construction of barcode libraries (e.g. aphids: Foottit et al. 
2008; North American Lepidoptera: Hebert et al. 2010; Bavarian 
Lepidoptera: Hausmann et al. 2011). The barcode region includes enough 
information to provide a correct match even when only a small proportion 
of the whole barcode is available (Hajibabaei et al. 2006, Meusnier et al. 
2008, Shokralla et al. 2011). For instance, a 93bp sequence from an old 
type specimen provides a 100% match with its corresponding species 
when searched against over two million barcodes in the BOLD 
Identification System (unpublished data). 
 
In the distribution of pairwise distances between all sequences of a given 
dataset, a gap is usually present between intra- and interspecific diversity. 
This gap has been named as the ‗barcode gap‘ and it is a crucial factor for 
the successful use of DNA barcoding (Hebert et al. 2003b). The barcode 
gap has been in the center of a heated debate for several years (Hebert et 
al. 2004b, Meyer & Paulay 2005, Astrin et al. 2006, Meier et al. 2006, 
Dalebout et al. 2007, Wiemers & Fiedler 2007, Lahaye et al. 2008, Kerr et 
al. 2009, Astrin et al. 2012). While some studies have resulted with clear 
gaps for the majority of the species (Hogg & Hebert 2004, Barrett & 
Hebert 2005, Monaghan et al. 2005, Vences et al. 2005, Astrin et al. 
2006, Hajibabaei et al. 2006, Mikkelsen et al. 2007, Hebert et al. 2010), 
some authors have reported weak differences between intra- and 
interspecies distances or even a shortage of the whole gap (Meyer & 
Paulay 2005, Kaila & Ståhls 2006, Meier et al. 2006, 2008, Elias et al. 
2007, Wiemers & Fiedler 2007, Astrin et al. 2012). 
 
As an identification tool, DNA barcoding has a vast number of potential 
applications. It has already been used to discover food frauds in various 
commercial products (e.g. herbal teas (Stoeckle et al. 2011) and fish 
(Hanner et al. 2011)). In addition, barcoding is a valuable tool for customs 
officers tracing illegal trade of endangered species (Luo et al. 2014), and 
the police for criminal forensics (Meiklejohn et al. 2011). Because DNA 
barcoding is a simple technique, it is very suitable for educational 
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purposes in various science projects (e.g. School Malaise Trap Project 
(http://malaiseprogram.ca/), high school student project in Coastal 
Marine Biolabs (Santschi et al. 2013)). DNA barcoding has also been 
used as a part of ecological studies. For example, the high discrimination 
power has provided insights into food webs (Kaartinen et al. 2010, Wirta 
et al. 2014). Next generation sequencing-based metabarcoding leads 
‗traditional‘ barcoding to the next level with its increased effectiveness in 
data production, and enables exploration of many new areas, such as gut 
contents (Soininen et al. 2013), aquatic and soil ecosystems (Thomsen et 
al. 2012, Yoccoz et al. 2012, Schmidt et al. 2013), ancient DNA (Parducci 
et al. 2013) and global scale biodiversity assessments. 
 
The relationship between DNA barcoding and taxonomy has certainly 
been two-sided. Barcoding has become a very efficient tool for 
taxonomists due to its multiple uses. For example, it has been used for 
discovering hidden diversity (i.e. cryptic species) (Hebert et al. 2004a), 
and clarifying challenging species complexes (Huemer & Mutanen 2012, 
Mutanen et al. 2013). It also enables identification of broken specimens, 
tissue samples, and various life stages where appropriate morphological 
characters are lacking (Ahrens et al. 2007), and provides an additional 
tool for examining type specimens (Puillandre et al. 2011, IV). Despite 
these benefits, the strongest opponents of DNA barcoding can probably 
be found among taxonomists. 
 
The vast majority of the critique can be divided into two categories: (i) 
drawbacks of barcoding, and (ii) shared problems between barcoding 
and taxonomy. The following drawbacks are mainly concentrated on the 
barcoding of animals. The work is more complicated with fungi and 
especially plants where COI is not evolving at a sufficient speed, and thus 
other standard regions have been applied (CBOL Plant Working Group 
2009, Hollingsworth 2011, Schoch et al. 2012). The first category 
includes issues related to the use of single-locus data (Dupuis et al. 
2012), mitochondrial DNA (Moritz & Cicero 2004), Neighbor-Joining 
trees (Will & Ruinoff 2004, Prendini 2005), the K2P model (Srivathsan 
& Meier 2012), and strict thresholds for separating intra- and 
interspecific variation (DeSalle et al. 2005, Mallet et al. 2005, Meier et 
al. 2008). The drawbacks of single-locus mitochondrial DNA data are 
indisputable, and they limit the capacity of DNA barcoding with very 
young focal species, although the scale of this problem is controversial 
(e.g. Meier 2008, Stoeckle & Hebert 2008). The potential pitfalls of 
Neighbor-Joining trees and the K2P model are easily avoidable with the 
use of alternative methods (e.g. Bayesian or maximum likelihood trees) 
and substitution models (e.g. GTR), although the drawbacks of NJ trees 
are rather minor on species-level studies (see further discussion in 
section 3.4) and the effect of the K2P model is controversial (Collins et 
al. 2012). Furthermore, novel species delineation methods do not rely on 
strict thresholds, removing the problems related to their use. These 
issues are further discussed in section 2, and II-IV. 
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and thus delineated entities should be treated as putative species (referred 

here as operational taxonomic units, OTUs). Instead of ‗final‘ species ready to 

be described, they serve better as a framework for future studies where they 

will be validated, or optionally, redefined.  

1.3 SYSTEMATICS – THE DISCIPLINE OF EVOLUTION-
BASED CLASSIFICATION 

Systematics, phylogenetics and taxonomy, the scientific fields of species 

discovery, delimitation, description, classification and evolutionary histories, 

have a great responsibility to provide the basic level of knowledge of all 

organisms on earth. Systematics can be considered as a research of historical 

events, because it aims to elucidate past species genealogy based on present-

day species. Due to these temporal constraints, systematics is a comparative 

rather than an experimental field of science. 

Especially after the introduction of cladistics, developed by Hennig 

(1966), the reconstruction of the evolutionary history of species (i.e. 

phylogeny) has been the main focus of systematics (Farris 1983). Phylogeny 

is usually reconstructed based on discrete characters, which can be 

morphological, molecular or any other biological, like behavioral, traits. 

According to the concept of ‗total-evidence‘, data from various sources should 

be pooled and analyzed simultaneously as this approach reveals the global 

agreement among data (Kluge 1989, Kluge & Wolf 1993). The crucial issue is 

to separate characters derived from the same origin (i.e. homologies) from 

The second category of critique includes themes shared between DNA 
barcoding and taxonomy. Barcoding is claimed to produce false 
identifications due to references based on misidentified specimens in 
museum collections and on the large number of undescribed species 
(Meier & Dikow 2004, Quicke 2004, Seberg 2004). It is evident that a 
large proportion of the reference library is based on undescribed species. 
For instance, the BOLD database currently includes 323 891 BIN clusters 
for animals, but only 141 320 formally described species (site 
http://www.boldsystems.org visited on 4 February 2014). However, it is 
unreasonable to blame barcoding for this, because the task to provide 
descriptions belongs to the taxonomic community. In general, the 
relationship between DNA barcoding and taxonomy should be considered 
as mutually beneficial, instead of parasitic, because both have the capacity 
to enhance the other. 
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characters developed by convergent evolution (i.e. homoplasies). In essence, 

the different status between the characters at different levels can be revealed 

only a posteriori as they are defined based on their positions in a resulting 

tree. In cladistics, relationships between species are genealogical, and they 

are expressed as nested sister-groups in phylogenetic trees (Wheeler 2012). A 

special emphasis is placed on the shared derived attributes of characters (i.e. 

synapomorphies) for establishing sister-groups. Another cladistics-based 

criterion, following from the previous criteria, is to form ‗natural‘ groups, 

that is to delineate higher taxa based on monophyly (Farris 1974, Wheeler 

2012). A monophyletic group, characterized by synapomorphies, can be 

defined as including all descendants of a common ancestor and the common 

ancestor itself, whereas a paraphyletic group contains a common ancestor 

and some, but not all, of its descendants and is defined by ancestral 

characters (i.e. plesiomorphies) (Farris 1974). Finally, polyphyly is the 

inclusion of some descendants of a common ancestor, but the ancestor is 

excluded. These groups are characterized by homoplasies. The information 

content of a phylogeny can be transformed into a formal classification, aiding 

its subsequent use (Lipscomb 1998). 

1.4 TAXONOMY AND THE NEED FOR EFFICIENT 
TOOLS 

According to Mora et al. (2011), 86% of terrestrial species are awaiting 

description. Although the need for high quality taxonomic research is 

obvious, the reality has been different. The ‗taxonomic impediment‘ has 

received a lot of attention, and the related discussion was especially heated 

ten years ago, partially boosted by novel ideas of DNA barcoding (Hebert et 

al. 2003a, b; Box 2) and DNA taxonomy (Tautz et al. 2002, 2003) (e.g. 

Mallet & Willmott 2003, Godfray & Knapp 2004, Janzen 2004, Lee 2004, 

Lipscomb et al. 2003, Wheeler et al. 2004, Will & Rubinoff 2004, Ebach & 

Holdrege 2005, Gregory 2005, Hebert & Gregory 2005, Schindel & Miller 

2005, Will et al. 2005). The main difference between DNA barcoding and 

DNA taxonomy is that the former was originally developed as an 

identification tool, whereas the latter emphasized the role of DNA as a basis 

of taxonomy. The key concerns of the taxonomic impediment related to the 

shortage of appreciation for taxonomy, leading to the scarcity of both funding 

and young people entering the field. The opponents of DNA barcoding were 

concerned that a ‗fashionable‘ new technique would scoop all available 

funding from already restricted resources (Will et al. 2005). As a whole, 

taxonomy has suffered from the lack of novel innovations, which could 

enhance the workflows and turn the field into a flourishing one.  

Since then, the arguments have gradually faded despite some occasional 

critiques (e.g. Ebach 2011), and especially DNA barcoding seems to have 

found its own niche as a versatile tool for varying uses (Box 2). But what 
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about taxonomy? Has it grown into its new glory? Although much 

improvement has taken place due to many global and national research 

programs (e.g. United Nations‘ Global Taxonomy Initiative (GTI; 

www.cbd.int/gti/), American Partnerships for Enhancing Expertise in 

Taxonomy (PEET; Rodman & Cody 2003), Swedish Taxonomy Initiative 

(STI; Ronquist & Gärdenfors 2003), Finnish Research Program of Deficiently 

Known and Threatened Forest Species (PUTTE; Juslén et al. 2008), the pace 

of change is too slow in the face of strong global threats to biodiversity, such 

as climate change and habitat destruction (Ehrlich & Wilson 1998, Lane 

2009, Li 2009).  

1.5 THE FLOWCHART OF TAXONOMY – RIGHT PIECES 
IN THE RIGHT ORDER 

Taxonomical work has its own steps and a reasonable order for them. 

Consider a poorly-known subfamily of moths including probably tens of 

undescribed species. The mission would be to form an evolution-based 

classification for the group, and study all species, redefine already described 

ones and provide descriptions for newly discovered species. Naturally, the 

first question is where to start from? To be able to sample a dataset, one must 

know which specimens belong to the focal subfamily. This knowledge is only 

available from superfamily- or family-level phylogenies, i.e. from the 

phylogenetic hypothesis of a higher taxonomic level than the group under 

study (Fig. 1.a). 

After clarifying the boundaries of the focal subfamily, another 

phylogenetic analysis should take place for creating a genus-level 

classification following the corresponding genealogy (Fig. 1.c). However, in 

order to draw samples from species belonging to the particular subfamily, 

(putative) species boundaries need to be known. Traditional grouping based 

on morphology (i.e. ‗morpho grouping‘) has its use, but when the focal 

subfamily includes tens of species, the task becomes exhaustive. Such large-

scale sampling based on morphology has been conducted (Tänzler et al. 

2012), but previous knowledge on the group under study is essential in these 

cases. Especially di- and polymorphic species and species lacking clear 

external characters are extremely challenging (Krell 2004, II). The above-

mentioned DNA barcode-based delineation of putative species (OTUs) 

provides a well-suited option here (Fig. 1.b). 

The last phase includes the hard core of taxonomy where OTUs are 

examined for distinguishing (i.e. diagnostic) characters and redefined if 

needed (Fig. 1.d). The examination should be based on all available data (e.g. 

morphology, DNA barcodes, other DNA loci, phenology, ranges), following 

the concept of ‗integrative taxonomy‘ (Dayrat 2005). After the validation of 

putative species to either well-supported species worthy of description or 

ambiguous entities in need of further investigation, each new species must be 
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named. The major question here is whether a given species already possesses 

a taxonomic binomial. Every described species is defined based on a type 

specimen (or several), and thus the species name is also bound with types. As 

a consequence, linking types to the corresponding species is the only way to 

know whether the species already has a name. There are many ways to do 

this. The dissection of genitalia is the most common approach with small 

lepidopterans, but occasionally unfeasible (IV). DNA barcodes provide a 

novel way to associate types with species even when the type specimens are 

in poor condition. In addition to the actual type specimens, original 

descriptions provide crucial information such as diagnostic characters and 

type localities where type specimens have been collected. 

Although the flowchart presents only four steps along the taxonomic work 

process, it should be emphasized that delineated, described and named 

species are not final facts (Sites & Crandall 1997, Barberousse & Samadi 

2010). Instead, they are hypotheses, which may be either supported or 

rejected in further investigations with new data and/or criteria (Hey et al. 

2003), and thus the work does not end after the four steps presented here. 

Similar flowcharts of taxonomic work have been presented in earlier 

publications. Puillandre et al. (2012b) presented a very inclusive protocol for 

marine molluscs, where they first defined primary species hypotheses based 

on DNA barcodes, and then evaluated them using various tools (Klee 

diagrams; Sirovich et al. 2009) and sources of data (morphology, an 

additional locus, bachymetry, gene flow and monophyly). The approach of 

Puillandre et al. (2012b) can be considered to cover the second and the  

 

Fig. 1 The flowchart of taxonomy. Roman numerals refer to the four chapters. 
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fourth steps presented in this section (Fig. 1b,d). A different structure of the 

flowchart is presented here, because it is reasonable to keep initial OTU 

delineation and subsequent validation as separate steps requiring different  

sampling schemes and analyses. In addition, keeping each step disconnected 

aids their repetitiveness as only one dataset is used at a time. A 

corresponding workflow was conducted with weevils (Riedel et al. 2013b), 

covering species delineation based on morphology and DNA barcodes 

(Tänzler et al. 2012), and descriptions of 101 species (Riedel et al. 2013a) in 

the ‗turbotaxonomic‘ framework (Butcher et al. 2012). The main difference 

between the approach of Riedel et al. (2013b) and the one presented here 

(III) is the use of morphology: in the former, morphology is employed as a 

null hypothesis of putative species, whereas here, initial OTUs are based on 

DNA barcodes (although external morphology and previous taxonomic 

assignments for museum specimens affected sampling to some extent). 

1.6 GELECHIOIDEA – A WORLD-WIDE VARIETY OF 
SMALL MOTHS 

The Gelechioidea (I) are one of the largest lepidopteran radiations globally, 

but also one of the most poorly-known groups (Hodges 1998, Kaila 2004, 

Kaila et al. 2011). The superfamily Gelechioidea includes ca. 18 000 species, 

but Hodges (1998) has estimated that the current species count could cover 

only one quarter of the actual number. In addition to its great diversity, the 

superfamily is a significant group in many senses. It includes several serious 

pest species, such as the tomato leafminer (Tuta absoluta) and the pink 

bollworm (Pectinophora gossypiella), and, contrastingly, many threatened 

species. For instance, one third of endangered lepidopterans in Finland 

consist of gelechioid moths (Rassi et al. 2010). Furthermore, gelechioids are 

an important part of many ecosystems. In Australia, lepidopteran fauna is 

dominated by gelechioids, which include one third of all Australian moths 

and butterflies (Nielsen et al. 1996), and oecophorids are the largest family 

acting as the main decomposers of Eucalyptus leaf litter (Common 1990). 

The lack of consensus of family-level classification has hindered both 

basic and applied studiest of Gelechioidea. Although the Gelechioidea have 

previously been included in the primitive the most basally diverged Ditrysian 

Lepidoptera close to the Yponomeutoidea (Minet 1991, Hodges 1998) recent 

evidence suggests that the superfamily belongs to the Apoditrysia (Kaila 

2004, Mutanen et al. 2010, Cho et al., 2011, Regier et al. 2012, 2013) or even 

to the Obtectomera together with pyralids, butterflies and ‗macromoths‘ 

(Regier et al. 2013). The monophyly of the Gelechioidea appears to be well-

supported (Kaila 2004, Mutanen et al. 2010, Cho et al., 2011, Regier et al. 

2012, 2013). 
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Gelechioids are rather well-known in Northern Europe (Huemer & 

Karsholt 1999, 2010; II) due to long traditions and the high number of 

professionals and amateurs alike, but the situation is the opposite in the 

Southern Hemisphere. Apart from the Oecophoridae (Hodges (1998) 

optimistically estimated ca. 50% as described), the other Australian 

gelechioid species are very poorly known. Kaila´s recent work (2011) on the 

Elachistinae (II) has offered some progress, but most other families still 

remain virtually unstudied. Hypertrophinae (Gelechioidea: Depressariidae) 

(III) is an endemic Australian subfamily with 51 described and numerous 

undescribed species (Common 1996). Not much is known about these 

exceptionally brightly colored moths, but many are known to live in arid and 

semi-arid environments and the majority of their recognized food plants 

belong to the genus Eucalyptus (Common 1990). 

As many gelechioid species are small and drably colored, their 

classification can be challenging. A good example of this is the European 

Elachista dispunctella-triseriatella complex (Gelechioidea: Elachistidae; 

from here on referred to as the Elachista dispunctella complex) (IV) where 

poorly-justified splitting based on minute differences in wing venation has 

resulted in numerous named species lacking appropriate diagnostic 

characters. The complex included 11 species until the revisionary works of 

Traugott-Olsen (1988, 1992), when the count rose to 64, causing problems 

for subsequent studies. 
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2 OUTLINE OF THE THESIS 

The main aims of this doctoral thesis can be divided into two parts: the first 

is to produce a phylogeny-based classification for the superfamily 

Gelechioidea and the second is to test, develop and use different approaches 

for the delineation of putative species. The four studies represent different 

parts of the above-mentioned flowchart (see Roman numerals in Fig. 1) and 

thus can be seen as procedures complementary to each other. These 

approaches also serve as useful tools for the long-standing taxonomic work 

on Australian hypertrophines. In detail, the aims can be specified as follows: 

(i) To reconstruct a total-evidence phylogeny for the Gelechioidea based on 

thorough taxon sampling and of both morphological and molecular 

data (I). 

(ii) To provide a revised family-level classification for the Gelechioidea (I). 

(iii) To compare the performance of five OTU delineation methods (one 

based on external morphology and four based on DNA barcodes) using 

two reference groups of gelechioid moths (Finnish Gelechiinae, 

Australian Elachistinae) (II). 

(iv) To develop an approach for OTU delineation in poorly-known groups 

and to use it for Australian hypertrophines (III). 

(v) To develop and use a procedure for linking type specimens to OTUs in the 

Elachista dispunctella complex (IV). 
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3 MATERIAL & METHODS 

3.1 SAMPLING AND THE USE OF OUTGROUP 
COMPARISON 

A sampling scheme is different for taxon delimitation at family- and species-

levels. Phylogeny reconstruction relies on exemplars (Yeates 1995), i.e. one 

species represents each terminal taxon. A species is represented by one 

specimen (or a few if characters are coded from different sexes and/or 

developmental stages) instead of pooling character states over a larger 

amount of individuals due to difficulties in species definitions (Vrana & 

Wheeler 1992). By contrast, the delimitation of (putative) species 

necessitates multiple specimens per species to be included in the analyses 

(Hey 2009). 

Another difference between studies on higher taxa and species is the need 

for an outgroup. The outgroup is a taxon or several taxa sampled in the same 

way as the ingroup (i.e. the taxa of interest), but does not belong to the focal 

group (Nixon & Carpenter 1993). Ideally, it represents the closest relative of 

the group under study. Using outgroup taxa too distantly related to the 

ingroup may lead to topological errors due to ‗long branch attraction‘ 

(Bergsten 2005) or saturation of informative sites in DNA sequences 

(Vandamme 2009). The crucial point is to choose a taxon outside the focal 

group, but the uncertainty of the closest relative usually leads to the use of 

several outgroup taxa. An outgroup is used for rooting a phylogenetic tree, 

and as the root indicates the direction of the evolutionary process, it has the 

central role in defining which character states are ancestral (plesiomorphic) 

and which are derived (apomorphic) (Nixon & Carpenter 1993). As noted 

above (section 1.3), synapomorphies define monophyletic groups. However, 

in the delineation of (putative) species, the role of the outgroup is less 

relevant. Some authors consider phylogenetic methods inappropriate for 

studying species (see Box 1), but many species delineation studies rely on the 

tree-based methods (section 3.5). The key point here is to understand the 

difference between phylogenetic and species delineation analyses (e.g. 

Velasco 2009). The same tools are used for both purposes, but the 

interpretation of the result is different. The tree-based methods delineate 

clusters, which correspond to monophyletic groups, although they are not 

characterized by synapomorphies. Whether the used tree is rooted or not, 

makes no difference. As a consequence, some authors advocate the use of 

another term instead of monophyletic, such as ‗exclusive‘ (Wiens & Penkrot 

2002). In II and III, the term ‗monophyly‘ has been adopted in this ‗non-

phylogenetic‘ sense. 

Our phylogenetic study of the Gelechioidea (I) included 184 species from 

35 of the 37 subfamilies defined by Hodges (1998). As the identity of the 
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closest relatives of gelechioids are uncertain, three outgroup taxa were used 

(Cossus cossus (Cossoidea), Thyris fenestrella (Thyridoidea), and Epermenia 

illigerella (Epermenioidea)), but due to the instability of the root, analyses 

were also executed without outgroups. 

In the species delineation studies (II-IV), a varying number of specimens 

per species were sampled. The lowest sampling effort was in II in which 

approximately three to five specimens per species were included. This low a 

number was a consequence of a sampling scheme aiming to maximize the 

species coverage of the DNA barcode library being constructed. By contrast, 

the highest specimens per species count was achieved in IV, where 215 non-

type specimens and 42 type specimens were sampled and sequenced 

corresponding to either 11 or 64 species depending on the source (see section 

1.6). The highest total number of included specimens was in III (originally 

864 specimens), but due to the poorly-known taxonomy of the focal group, 

the sampling was inevitably uneven among the included species. 

3.2 CHARACTER DATA 1: MORPHOLOGY, MOLECULES 
OR BOTH? 

Morphological characters represent the traditional type of data in 

phylogenetic and taxonomic studies, but they have been strongly challenged 

by DNA since the 1980s. As long as specimens are available, the information 

contained in their morphological structures is also available, whereas this is 

not necessarily the case for molecular data as many factors influence the 

availability of DNA. For instance, the age of the specimen and how it has 

been preserved have a significant effect on the integrity of its DNA (Hebert et 

al. 2013). Morphological character data is the only type of information which 

is available from fossils. Coding of morphological characters is a time-

consuming process, requiring a sufficient level of expertise, whereas the 

extraction, amplification and sequencing of DNA form a faster process as a 

whole, when sufficiently good quality DNA is available. As a consequence, the 

acquisition of a large amount of data is by far easier with DNA than with 

morphology. The recognition of truly homological characters remains an 

issue as explained above (section 1.3). Both types of data share the problem. 

For non-coding DNA and gene regions with gaps, the alignment of sequences 

can pose difficulties in regard to homology (Wheeler 2012). Despite the 

different strengths and weaknesses of the data types, or rather because of 

them, both morphology and molecules contain valuable information on the 

evolutionary history of the subject and thus are equally useful for phylogeny 

reconstruction. In taxonomy, the use of DNA data has remained in the 

minority of studies longer than in phylogenetics, but its popularity has also 

increased with the adoption of DNA barcoding. 

The data of chapter I comprised both morphological and molecular 

characters. Morphological data covered 167 species and altogether 253 
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characters (139 adult including both sexes, 49 pupal, and 65 larval 

characters). Molecular data consisted of eight genes (COI, EF-1α, RpS5, CAD, 

MDH, IDH, GAPDH; 6 127bp in total). The same set of genes has been shown 

to successfully reflect relationships in lepidopterans (Wahlberg & Wheat 

2008) and have been employed in several previous studies (Mutanen et al. 

2010, Kaila et al. 2011, Zahiri et al. 2011, 2012). 

In the chapters related to species delineation (II, IV), morphological 

characters were mainly studied to allow for comparison between the 

information content of morphology and the DNA barcode region. II included 

a test where external characters (mainly wing patterns) were used for sorting 

dry and pinned specimens. The test was conducted by an experienced 

lepidopterist with no previous taxonomic knowledge on the focal groups as in 

Tänzler et al. (2012). The rationale behind the test was to allow the 

comparison of DNA-based methods and ‗parataxonomic sorting‘ (Janzen 

2004) commonly used in biodiversity assessments in the tropics (e.g., Basset 

et al. 2000, Janzen & Hallwachs 2011). In IV, the characters of male 

genitalia were studied due to their likely close correspondence with species 

boundaries (e.g. Kaila 2011). 

3.3 CHARACTER DATA 2: SINGLE- OR MULTI-LOCUS 
DNA? 

When a tree is constructed based on more than one gene representing at least 

two genomes (i.e. multi-locus DNA), the result can be called a species tree 

and it is assumed to be an accurate estimation of the true phylogeny. When a 

tree is constructed based on one gene only (i.e. single-locus DNA), it is no 

longer a species tree, but instead, a gene tree (Pamilo & Nei 1988). Why has 

such a change in definitions been adopted? Different genes and genomes 

have different rates of change and types of inheritance, and thus a gene tree 

based on a mitochondrial locus may be incongruent with another gene tree 

based on a locus of a nuclear genome. Several phenomena might cause this 

pattern (e.g. genetic polymorphism in the ancestral species, incomplete 

lineage sorting, introgression, horizontal gene transfer), and they are 

especially common among closely related species (Dupuis et al. 2012). The 

same reasons can also be the underlying cause for non-monophyletic species 

on trees based on a mitochondrial locus or loci (Funk & Omland 2003). The 

rationale behind using multi-locus DNA from different genomes for 

phylogeny reconstruction is to avoid possible problems of gene trees and thus 

to produce a phylogenetic hypothesis with improved support (Ballard & 

Whitlock 2004). 

Despite potential risks, single-locus data have their uses. They are widely 

used in population-level studies (e.g. Bromilow & Sperling 2011), and DNA 

barcoding of animals and fungi is based on a single gene (Box 2). Benefits of 

the single-locus approach are especially obvious for barcoding due to its 
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ambitious goal of eventually covering all species on Earth. Minimizing the 

amount of data per species enables maximizing the coverage. In addition, a 

common agreement to use only one region of a certain gene (or two in 

plants), i.e. standardization, makes different studies comparable and allows 

extensive meta-analyses. In Lepidoptera, the use of DNA barcode data 

removes problems with alignment as gaps are absent (only one tineid 

subfamily (Scardiinae) possessing a gap is currently known (P.D.N. Hebert, 

pers. comm.)). Finally, single-locus data simplify analyses as there is always 

only one dataset (III). 

As indicated above, chapter I was based on multi-locus data from eight 

genes (one mitochondrial, seven nuclear), whereas in II-IV, we relied on 

single-locus DNA barcodes. All sequences in II (altogether 562 barcodes 

divided into two datasets: Finnish Gelechiinae: 92 species, 307 sequences, 

187 haplotypes; Australian Elachistinae: 103 species, 255 sequences, 178 

haplotypes) and III (Australian Hypertrophinae: 51 previously described 

species, 502 barcode sequences, 294 haplotypes) were of equal length (654bp 

as the BOLD aligner implemented in BOLD workbench (Ratnasingham & 

Hebert 2007, http://www.boldsystems.org/) reduces the original length of 

658bp by omitting the first and the last three bases). This was done to 

remove possible problems introduced by missing bases. In IV, sequences 

were divided into two groups: (i) >400bp (191 sequences including one type, 

78 haplotypes) and (ii) >400 and <325bp (223 sequences including the same 

191 sequences, and 32 short barcodes (56-325bp) from type specimens). 

3.4 TOOLS FOR TREE RECONSTRUCTION 

Methods for reconstructing trees for phylogeny estimation and other uses 

can be divided into four categories sensu Wheeler (2012) based on their 

optimality criterion (i.e. the criterion defining the best tree): (i) distance 

methods, (ii) cladistic methods with parsimony as the optimality criterion, 

(iii) maximum likelihood preferring the solution which maximizes the 

likelihood function, and (iv) Bayesian inference, a very similar approach to 

maximum likelihood, relying on posterior probabilities. 

The first category includes methods mainly lacking an optimality criterion 

such as Neighbor-Joining (NJ; Saitou & Nei 1987) and Unweighted Pair 

Group Method using arithmetic Averages (UPGMA; Michener & Sokal 1957). 

Distance-based approaches are user-friendly in the sense that they are very 

fast and return with only one solution. Their downside is that they discard a 

lot of information as all characters are treated equally for counting pairwise 

distances. As a consequence, the terminals are connected based on their 

overall similarity, which was an especially popular idea among phenetic 

systematists. Due to their drawbacks, distance-based methods are usually 

absent from studies aiming for phylogeny reconstruction. However, they, 

especially NJ, are commonly adopted in DNA barcoding (Box 2). A thing to 



MATERIAL & METHODS 

24 

bear in mind is that phylogenetics and DNA barcoding have one crucial 

difference: while the former poses hypotheses on species relationships (all 

nodes on the output tree make a difference), the latter focuses on forming 

groups imitating species (only the closest nodes to the terminals are noted). 

As the order of species-like groups on the tree is irrelevant, the deep 

divergences on barcode gene trees make no difference. As a consequence, all 

problems that relying on overall similarity might cause for tree topology are 

irrelevant as long as the most similar individuals are placed together. 

Cladistic methods relying on the principle of parsimony (i.e. the solution 

requiring the smallest number of changes should be preferred) have long 

remained in the nucleus of phylogenetic analysis (Farris 1983). The methods 

are equally suitable for morphological, molecular and combined data (Schuh 

2000). When compared to the model-based approaches (maximum 

likelihood, Bayesian inference), parsimony is much simpler as it requires 

neither models of character evolution nor parameters of branch lengths. A 

cladogram is the plainest reconstruction of phylogenetic relationships, only 

visualizing nested sister-groups without providing statements about the 

evolutionary process (Wheeler 2012). 

Model-based approaches including both maximum likelihood (ML) and 

Bayesian inference (BI) are by far more complex than previous methods. 

They require models of character evolution for each included partition, and if 

partitions are based on characters that evolve differently, they should be used 

with corresponding models. Two types of models are employed: (i) 

substitution models to estimate character transformation, and (ii) 

distributional models of character change rates. The former type includes 

several options varying in complexity (i.e. in the number of parameters) in 

base frequencies and substitution types. JC69 (Jukes & Cantor 1969) and MK 

(Lewis 2001) represent the simplest models, whereas General-Time-

Reversible (GTR) is among the most complex ones. Gamma-distributed rates 

(Yang 1994) and the fraction of invariant sites (Hasegawa et al. 1985) are the 

most commonly used models of character change rates (Strimmer & von 

Haeseler 2009, Wheeler 2012). In addition, branch length parameters have 

an important role in the likelihood function, and they are also expressed in 

the output trees. The major difference between maximum likelihood and 

Bayesian inference is the use of priors (i.e. prior distributions of parameters) 

and employing Markov Chain Monte Carlo (MCMC) in the latter. Priors allow 

the implementation of previous knowledge on parameters, while MCMC 

enables the determination of posterior probabilities. The main priors to be 

defined by the user in phylogenetic analyses are tree priors and substitution 

models (and priors related to the rate estimation when relaxed molecular 

clock models are used). 

Although cladistic and model-based methods are mainly different, they 

are commonly used in concert (e.g. Zahiri et al. 2012; I). Such a procedure 

enables the evaluation of congruence among resulting trees, and thus can be 

viewed as improving confidence in results. In chapter I, phylogenetic 
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analyses were performed with (i) the combined dataset of morphological and 

molecular data (with and without outgroups), (ii) both types of data 

separately, and (iii) each gene separately. Molecular and combined data were 

analyzed with parsimony and model-based maximum likelihood and 

Bayesian inference, but morphological data only with parsimony. The GTR 

model was used with molecular data and the MK model with morphological 

data. Bayesian inference gene trees were employed with tree-based 

delineation approaches (II-IV; see section 3.5), and maximum likelihood, 

Bayesian inference and Neighbor-Joining trees for associating short 

sequences with OTUs (IV). Additional maximum likelihood gene trees were 

used to enable comparison between ML and BI topologies (III, IV). 

3.5 OTU DELINEATION METHODS 

As noted above (section 1.2), several novel methods for species delineation 

have been published in recent years. Due to the sole use of DNA barcode data 

(II-IV), only methods suitable for single-locus DNA are considered here. 

Available approaches can be divided into three categories: character-, tree- 

and distance-based methods. In character-based methods, all individuals 

belonging to the same species share the same fixed diagnostic bases, which 

are lacking from other closely related species. Depending on the procedure 

used, diagnostics can be either just single bases or unique combinations. 

Tree-based methods, such as General Mixed Yule-coalescent (GMYC; Pons et 

al. 2006, Monaghan et al. 2009, Fujisawa & Barraclough 2013), require a 

certain kind of phylogenetic tree as an input and, thus, are more or less 

dependent on the tree-constructing method used to acquire the starting tree. 

In distance-based methods (e.g. Statistical parsimony networks (Templeton 

et al. 1992), Barcode Index Number System (Ratnasingham & Hebert 2013), 

Automatic Barcode Gap Discovery (Puillandre et al. 2012a)), individuals are 

grouped by their genetic similarity according to different clustering 

algorithms. Pairwise genetic distances are calculated from the sequences 

without making any differences between diagnostic and non-diagnostic 

bases. OTU (operational taxonomic unit) delineation studies (II-IV) utilized 

both tree- and distance-based methods, which are presented below. No 

character-based delineation method was employed here as two currently 

available options, Population Aggregation Analysis (PAA; Davis & Nixon 

1992) and Character Attribute Organization System (CAOS; Sarkar et al. 

2002, 2008, Bergmann et al. 2009), were inappropriate (PAA requires a 

priori definition of populations and CAOS apparently suffers from some 

malfunctions). 
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3.5.1 GENERAL MIXED YULE-COALESCENT (GMYC) 

General Mixed Yule-coalescent (GMYC; Pons et al. 2006, Monaghan et al. 

2009, Fujisawa & Barraclough 2013) is a tree-based likelihood method for 

species delimitation where a threshold is approximated based on the 

interplay between speciation and coalescent processes. According to Pons et 

al. (2006), this method aims to locate the transition point (i.e. the threshold) 

where branching rate of the tree changes from speciation to coalescent 

events. This change can be seen as a sudden increase on the lineage-through-

time plot (where node heights are plotted against the logarithm of the 

number of nodes (Nee et al. 1992)). The amount of putative species equals to 

the number of lineages crossing the threshold line. Assuming the threshold a 

particular node on the tree, this method uses the internode intervals (i.e. 

waiting times between bifurcations) to find the maximum likelihood solution 

for the threshold (Pons et al. 2006). Speciation events are modeled with Yule 

stochastic birth-only model (Yule 1924) and intraspecific coalescent events 

are based on the neutral coalescent model of Kingman (1982). GMYC 

assumes that the most recent speciation event happened before the oldest 

intra-specific coalescent event within the pool of species under study (Pons et 

al. 2006). This makes the method conservative, because it is unable to detect 

recently diverged species (Papadopoulou et al. 2008). GMYC applies a null 

model, which consists only of coalescent process, and thus implies the 

presence of one species in the data (Pons et al. 2006). The method described 

above is called a single-threshold model. Monaghan et al. (2009) published 

another version of GMYC, which computes several thresholds allowing 

different speciation rates throughout the tree. 

GMYC requires a fully resolved (i.e. fully dichotomous) ultrametric tree as 

a starting tree and it should always be used with haplotype data (including 

only one unique haplotype) (Pons et al. 2006, Monaghan et al. 2009). An 

ultrametric tree (clock-constrained phylogram) is a tree with equal root-to-

tip lengths for all lineages, i.e. branch lengths equal to time units (Wheeler 

2012). It can be constructed using the data from taxa evolved under a strict 

molecular clock or nearly so (Felsenstein 2004). However, given the rarity of 

true ultrametric data, the majority of trees have been constructed with 

relaxed molecular clock models, which allow variation in evolution rates over 

branches (Wheeler 2012). 

There are multiple ways to construct a suitable starting tree for GMYC. 

The most common way is to use the software BEAST, which employs 

Bayesian inference and clock models (Drummond et al. 2006, Drummond & 

Rambaut 2007). The uncorrelated relaxed lognormal clock model, preferred 

by Monaghan et al. (2009), is by far the most popular of all clock models 

used with BEAST (Leliaert et al. 2009, Boykin et al. 2011, Pons et al. 2011, 

Vuataz et al. 2011, Brown et al. 2012, Esselstyn et al. 2012, Fernandez et al. 

2012, Puillandre et al. 2012b, Tänzler et al. 2012, Williams et al. 2012) 

although others have been used as well (e.g. strict clock model: Bode et al. 

2010). Ceccarelli et al. (2012) tested the impact of different relaxed clock 
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models for the results of GMYC. Their findings suggest that the relaxed log-

normal clock model recovers more accurate clock estimates and thus 

produces more reliable species delimitations (measured by the congruence 

between morphology and molecular markers) than other clock models. 

Since BEAST is a true Bayesian program, priors need to be defined. As a 

tree prior, both Yule and coalescent priors have been implemented as GMYC 

starting trees with the former usually for species-level and the latter for 

population-level data (Drummond et al. 2006). Both tree priors have been 

applied for GMYC studies (Yule: Bode et al. 2010, Pons et al. 2011, Williams 

et al. 2012; Coalescent: Boykin et al. 2011, Vuataz et al. 2011, Fernandez et al. 

2012, Tänzler et al. 2012), sometimes even in the same study allowing the 

comparison of the tree priors (Monaghan et al. 2009, Yassin et al. 2009, 

Ceccarelli et al. 2012, Sauer & Hausdorf 2012; II). Monaghan et al. (2009) 

recommended the use of the coalescent prior, whereas Ceccarelli et al. (2012) 

noted that the effect of a prior depends on the marker used: with cytb they 

preferred Yule and with COI coalescent (both are mitochondrial genes), 

although the differences among the tree priors used were minor. 

As a UPGMA tree is much simpler and faster to construct than a Bayesian 

tree, it provides an appealing option for GMYC. Still only a few studies have 

employed UPGMA starting trees (Lahaye et al. 2008, Barraclough et al. 

2009a), possibly due to the strong critique for the method in the history of 

phylogenetics (e.g. Farris 1981). 

Like its name implicates, General Mixed Yule-coalescent model is not 

specified to any particular type of evolution; instead, it can be used with 

many different species (Barraclough et al. 2009a) and even with asexuals 

(e.g. Fontaneto et al. 2007, Bode et al. 2010, Xiang et al. 2011, Obertegger et 

al. 2012), bacteria (Barraclough et al. 2009a) and fungi (Powell et al. 2011). 

The threshold value is always optimized for the dataset at hand rather than 

assuming a global cut-off value (Barraclough et al. 2009a). When GMYC 

clusters have been compared to other delineation methods, the conclusions 

have been somewhat contradicting: in earlier studies, results have showed 

congruence with morphology (Pons et al. 2006, Ahrens et al. 2007, 

Monaghan et al. 2009) and ABGD (Puillandre et al. 2012b, Ratnasingham & 

Hebert 2013), whereas in some cases, GMYC seems to deliver higher species 

counts than morphology and other methods (Esselstyn et al. 2012, Paz & 

Crawford 2012, Sauer & Hausdorf 2012, Miralles & Vences 2013, Talavera et 

al. 2013). 

Multiple cases of a failure to reject the null model, where many species 

were sampled, have been reported (Powell et al. 2011, Vuataz et al. 2011, 

Ceccarelli et al. 2012, Sauer & Hausdorf 2012, Williams et al. 2012). One 

explanation for this result is a uniform branching rate through the tree, 

which leads to the exclusion of a sudden increase on a lineage-through-time 

plot, and complicates the function of GMYC (Williams et al. 2012). Ahrens et 

al. (2007) noted the effect of sampling on the change in branching rate. They 

stated that low intraspecific sampling could lead to the loss of a clear 
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transition point. In general, the phenomenon seems to be relevant for several 

groups of species like bumblebees (Williams et al. 2012), land snails (Sauer & 

Hausdorf 2012) and fungi (Powell et al. 2011). In the case of Ceccarelli et al. 

(2012), the null model was accepted with the nuclear marker Wingless, but 

rejected with all mitochondrial markers. A similar case was observed by 

Vuataz et al. (2011) with nuclear protein coding PEPCK. 

3.5.2 STATISTICAL PARSIMONY NETWORKS (TCS) 

The method originally introduced by Templeton et al. (1992; commonly used 

with software TCS (Clement et al. 2000)) is based on using networks instead 

of trees. Although having a slightly misleading name, the method is purely 

distance-based (Clement et al. 2000). The procedure begins with 

constructing a p-distance matrix from pairwise genetic distances. Pairs 

sharing the shortest genetic distances are combined to the same network. 

The procedure continues until an a priori stated cut-off value is crossed. The 

higher the cut-off value, the smaller the amount of steps needed and the 

higher the count of unconnected networks formed. In other words, setting a 

high cut-off value produces a high species count and vice versa. Hence, the 

method attempts to discover the most parsimonious solution for the given 

cut-off value. 

Statistical parsimony networks have been used in several studies with 

varying focuses: phylogeography (Barrett & Freudenstein 2011), species 

delimitation (Astrin et al. 2012) and with both nuclear (Sota & Sasabe 2006) 

and mitochondrial sequence data (Paquin & Hedin 2004, Cardoso & Vogler 

2005, Gompert et al. 2006).  

3.5.3 BARCODE INDEX NUMBER SYSTEM (BIN) 

Although all species delimitation methods used in this thesis can be 

employed with DNA barcodes, Barcode Index Numbers (BIN; Ratnasingham 

& Hebert 2013) and Automatic Barcode Gap Discovery (ABGD; Puillandre et 

al. 2012a) are especially designed for barcodes. As indicated in Box 2, the 

existence of the ‗barcode gap‘ is a crucial factor for successful barcoding. Due 

to the case-specificity of the gap, strict thresholds generally perform poorly 

(Ferguson 2002, Holland et al. 2004, Bichain et al. 2007, Gómez et al. 2007, 

Meier et al. 2008). This issue is particularly important when barcode data 

are used for species discovery, and both BIN and ABGD methods have been 

developed to deal with this challenge. 

In the BIN system, the delineation is conducted with RESL algorithm as a 

two-phased procedure, which starts with single linkage clustering and is 

subsequently followed by Markov clustering using pairwise p-distances 

(Ratnasingham & Hebert 2013). As linkage clustering requires a priori 

definition of a threshold level for maximum intraspecific divergence, the BIN 

system employs 2.2%, which was found optimal in several datasets covering a 
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wide variety of taxa (Ratnasingham & Hebert 2013). Single linkage clustering 

is followed by Markov clustering in order to verify and, where needed, 

redefine groupings gained from the first step. 

The interface of BOLD is easy to use and the RESL algorithm requires 

very little time, which make the BIN system a useful method. This is further 

supported by the fact that the BIN system output consists of only one result. 

This can, however, also be seen as a drawback since the user has basically no 

opportunity to affect the parameters of the analysis. 

3.5.4 AUTOMATIC BARCODE GAP DISCOVERY (ABGD) 

The main aim of ABGD is to locate the barcode gap from the dataset under 

study and use this location for producing putative species boundaries 

(Puillandre et al. 2012a). More specifically, the method first splits data into 

groups based on the statistically inferred barcode gap, and then recursively 

applies the same procedure to the groups obtained in the former step. This 

two-phased procedure enables the use of several thresholds in the data 

(Puillandre et al. 2012a). 

According to Puillandre et al. (2012a), the protocol starts with computing 

and ranking pairwise distances. Substitution models currently available are 

JC69 and K2P, but using p-distance is also possible. Distances are then used 

for computing a local slope function. The method detects peaks of slope 

values and reports the distance performing the local maximum as the exact 

value of the gap. However, the chosen slope must fulfill two conditions: (i) to 

be the first local maximum slope after distlimit (i.e. a threshold value under 

which distances are more likely to be intraspecific) and (ii) to be X (i.e. an 

estimate of relative gap width chosen by the user) times larger than any gap 

within the intraspecific part of all distances (Puillandre et al. 2012a). 

Besides the value of X, ABGD also requires minimum and maximum 

values of prior intraspecific divergence (P) as an input (Puillandre et al. 

2012a). The method uses P-values as limits for computing an average 

pairwise distance value to be used as an estimator of population mutation 

rate θ. Population mutation rate is an essential part of a coalescent model 

(Tajima 1983), and it is used by ABGD for detection of the barcode gap, but 

its estimation is very problematic when the number of species in a dataset is 

unknown (Puillandre et al. 2012a). 

Only a handful of studies have utilized ABGD and BIN so far (Jörger et al. 

2012, Pantaleoni & Badano 2012, Paz & Crawford 2012, Puillandre et al. 

2012b, Rosso et al. 2012, Hausmann et al. 2013, Hendrixson et al. 2013, 

Mutanen et al. 2013, Prévot et al. 2013, Ratnasingham & Hebert 2013, 

Weigand et al. 2013). 
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3.6 EVALUATING THE RESULTS OF OTU DELINEATION 

We used two different protocols for comparing the composition of OTUs: (i) 

the direct examination method of Ratnasingham and Hebert (2013) where 

OTUs are divided into four categories (MATCH, SPLIT, MERGE, MIXTURE) 

based on their similarity with previously studied reference species (II), and 

(ii) a comparison of resulting OTUs based on their congruence (III). In the 

latter, OTUs were divided into three categories (MATCH, PARTIAL MATCH, 

DISCORDANT) similarly as in the direct examination, but instead of 

comparing OTUs with reference species, the sets of OTUs produced by three 

delineation methods were compared among themselves. The OTUs included 

in PARTIAL MATCH and DISCORDANT categories were subsequently 

evaluated against criteria (monophyly, diagnostic characters, sympatry) 

derived from different species concepts (Box 1). 

3.7 ASSOCIATING SHORT SEQUENCES FROM TYPE 
SPECIMENS WITH OTUS 

Short sequences (<300bp) are problematic with OTU delineation methods as 

they are either automatically excluded from analyses (BIN) or may cause 

false results (GMYC, ABGD; IV). Yet their inclusion may be crucial in 

particular cases, like linking type barcodes with OTUs. Type specimens are 

usually old and their DNA degraded, yielding only short fragments of DNA 

(Hajibabaei et al. 2006). To overcome these problems, we applied another 

procedure (IV): three tree-based methods and one relying on pairwise 

distances were used in concert. The types were associated with OTUs based 

on the tree topology (types were linked with their nearest neighbors) or 

according to the closest match in distances. 
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4 RESULTS & DISCUSSION 

4.1 COMBINED DATA PROVIDES IMPROVED SUPPORT 
IN GELECHIOIDEA 

The phylogenetic study of the Gelechioidea (I) provides the best support to 

date for family-level classification, due to the comprehensive taxon sampling 

and the use of combined data including both morphological and molecular 

characters. All analyses of combined data offered better resolution and 

improved support than analyses based on molecular or morphological 

characters alone, although support values remained generally low, especially 

in deep divergences. The topologies in both model-based phylogenies 

reconstructed with combined data, and in the maximum likelihood tree with 

molecular data were very similar. Bayesian inference for molecular 

characters was unsuccessful as MCMC chains failed to converge if outgroup 

taxa were included. Parsimony analysis of morphological and combined data 

produced well-resolved strict consensus trees with rather weak support 

values, whereas the tree based on molecular data alone was less well 

resolved. In addition to improved support values, the use of combined data 

seems to reduce the negative effect of ‗rogue taxa‘ (i.e. taxa which are 

unstable across various phylogenetic analyses, causing weakly supported 

clades and poorly resolved trees). 

A revised classification of the Gelechioidea includes 16 families of which 

11 are well-supported in all model-based analyses (narrowly restricted 

Oecophoridae, Gelechiidae, Cosmopterigidae, Momphidae, Blastobasidae, 

Stathmopodidae, Scythrididae, Batrachedridae, Coleophoridae, 

Autostichidae, and Lecithoceridae). Newly formed Depressariidae (including 

the following ten subfamilies: Acriinae, Aeolanthinae, Cryptolechiinae, 

Depressariinae, Ethmiinae, Hypercalliinae, Hypertrophinae, Oditinae, 

Peleopodinae, and Stenomatinae) is based on a large, yet weakly supported 

clade consisting taxa from several former families such as the Elachistidae 

s.l. (Kaila 2004, van Nieukerken et al. 2011). The family Elachistidae in its 

earlier composition was mainly based on pupal characters (the presence of 

lateral condyles), but the current phylogenetic hypothesis suggests that these 

characters have resulted from convergent evolution and thus are referred to 

as homoplasies. In general, morphological homoplasies are numerous within 

the Gelechioidea. This has undoubtedly hindered the discovery of 

appropriate morphological characters, which would act as synapomorphies 

at family-level. 

The Depressariidae formed, for the first time, a monophyletic clade and 

possessed synapomorphic characters derived from the male genitalia and 

pupae (I), although they also exist in the Elachistinae and the Coleophoridae. 

A spinose, lobe-like gnathos in the male genitalia is present in many, but not 
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all depressariids. A paired spur group ventrally on abdominal segment 9 

forms pupal-based synapomorphies together with the above-mentioned 

lateral condyles. As the sampling in this study was not sufficient enough for 

delineating intrafamily taxa, we did not propose a classification for 

subfamilies. The monophyly of the Hypertrophinae and its placement in the 

revised Depressariidae are supported by the results. 

4.2 DNA BARCODE-BASED DELINEATION OF 
PUTATIVE SPECIES 

This thesis includes three studies focusing on delineation of putative species 

(OTUs) with DNA barcode data (four datasets; Fig. 2), and with an emphasis 

on either method-testing (II) or employing various methods for different 

taxonomic purposes (III, IV). In the method-testing study, we present a 

comparison of four DNA-based methods (BIN, TCS, ABGD, GMYC) with two 

datasets representing well-known reference species (Finnish Gelechiinae and 

Australian Elachistinae datasets are presented in section 3.3) (II). Of these 

two datasets, Australian elachistines exemplify a challenging group known to 

possess discordances with barcoding (Kaila & Ståhls 2006). The OTU-

delineation study uses three of four tested methods (BIN, ABGD, GMYC; 

unpublished results from TCS and GMYC with UPGMA are also included in 

sections 4.3 and 4.4) to delimit OTUs in the poorly-known Australian 

subfamily Hypertrophinae (see section 3.3) and demonstrates a novel 

approach to evaluate conflicting OTUs (III). The last study repeats the same  

 

Fig. 2 Datasets used for OTU delineation studies (II-IV). 
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delineation procedure as in III with barcodes from fresh specimens 

(>400bp), but adds a new combination of well-established methods (ML, BI, 

NJ, pairwise distance comparison) for linking short DNA barcodes (most 

<200bp) from type specimens with OTUs (IV). This two-phased procedure is 

employed for Elachista dispunctella complex (see section 3.3) to re-evaluate 

species boundaries and estimate the number of synonymies (IV). 

Genetic distance provides an estimate on how closely related two species 

are (Vandamme 2009). Fig. 3 shows K2P pairwise distances of all datasets 

used in II-IV, illustrating the differences in barcode gaps (Box 2) between 

studied groups. The narrowest gap is possessed by the Elachistinae dataset, 

whereas the Gelechiinae and the Hypertrophinae show much wider gaps. The 

Elachista dispunctella complex is characterized by steep edges on both sides 

of the gap, making it especially favorable for these delineation methods. 

4.3 CONGRUENCE IN RESULTING OTUS 

OTU delineation methods provide results of two kinds: OTU count and OTU 

composition. The OTU count means the number of delimited groups and 

offers an estimate of the species count, whereas the OTU composition refers 

to the individuals included in each group, which is particularly important to 

subsequent taxonomical work. The evaluation of delineation results based on 

an OTU count alone can be misleading as close (and even same) OTU counts 

can be produced by different combinations of OTU composition if splits and 

merges are cancelling each other out. 

The range of OTU counts produced by different methods depends on the 

dataset used. Both the Gelechiinae and the E. dispunctella complex resulted 

in rather stable OTU counts, but the Hypertrophinae and the Elachistinae 

showed more diverse outcomes (Figs 4 & 5). Reference species count was 

available only for the Gelechiinae and the Elachistinae, enabling the 

comparison between previously described species and resulting OTUs. The 

OTU counts were generally higher than the reference in the Gelechiinae, but 

lower in the Elachistinae (II). 

We compared the OTU composition among delineation methods in two 

studies (III, IV), but contrasting OTU composition with reference species 

was possible only in the Gelechiinae and the Elachistinae (II). With regard to 

the reference species, the results indicate an evident difference between the 

two datasets: ca. 90% of delineated OTUs were congruent with references in 

the Gelechiinae, whereas only 60-70% of OTUs matched with references in 

the Elachistinae. 

To be able to compare the OTU composition among the methods used in 

all four datasets, an additional analysis was conducted. The OTU 

composition was evaluated as in III by using one result from three methods 

(BIN, GMYC, ABGD) where OTU counts were most congruent (Gelechiinae:  
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Fig. 3 Pairwise K2P distances without a priori grouping for Gelechiinae and Elachistinae (II), 
Hypertrophinae (III) and E. dispunctella complex (IV). 

 

Fig. 4 OTU counts resulting from BIN, TCS and GMYC for Gelechiinae and Elachistinae (II), 
Hypertrophinae (III; results from TCS and GMYC with UPGMA: unpublished data) and E. 
dispunctella complex (IV). 
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Fig. 5 OTU counts resulting from ABGD (a) initial partitions, (b) recursive partitions for 
Gelechiinae and Elachistinae (II), Hypertrophinae (III) and E. dispunctella complex (IV). 
Figures below the results indicate prior intraspecific divergence (P) values (in reverse order 
by substitution model). 
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GMYC with single threshold model and Yule tree prior, ABGD with K2P, X = 

0.8, P = 0.00464; Elachistinae: GMYC with single-threshold model and Yule 

tree prior, ABGD with K2P, X = 0.8, P = 0.00278 initial partition; 

Hypertrophinae: see III; E. dispunctella complex: OTU11 was excluded from 

GMYC and ABGD as the corresponding sequence was omitted by the BIN 

system, otherwise see IV). Results from these three methods were divided 

into three categories: FULL MATCH, PARTIAL MATCH and DISCORDANT 

(for definitions of the categories see III). As illustrated in Fig. 6, the 

percentage of results in the FULL MATCH category is rather stable (80-90%) 

in all datasets, being the highest in the Gelechiinae and the lowest in the 

Hypertrophinae. The amount of OTUs in the FULL MATCH category seems 

to correlate to some extent with the size of the dataset instead of the width of 

the barcode gap, although the sample size (n = 4) is very small, making this 

comparison unreliable. All conflicting results, except two cases in the 

Hypertrophinae, are PARTIAL MATCHES, denoting that one of three results 

disagrees with the others. Altogether, the OTU compositions resulting from 

different methods seem to be mainly congruent, supporting the findings in 

an earlier study (Ratnasingham & Hebert 2013). It should be noted, however, 

that several factors can affect these results. For instance, the datasets include 

varying numbers of sequences and (putative) species, and the ABGD result 

with the OTU count closest to the other methods was chosen for the 

comparison (see further discussion in III). 

Using several methods with different analytical approaches increases the 

reliability of results (Carstens et al. 2013), although systematic errors are 

possible even then (e.g. resulting from inappropriate sampling or the use of 

mitochondrial DNA). Of the three OTU delimitation studies presented in this 

thesis, none included completely congruent results (Figs 4, 5 & 6). There are  

 

Fig. 6 OTU composition for Gelechiinae and Elachistinae (II), Hypertrophinae (III) and E. 
dispunctella complex (IV). Description of FULL MATCH, PARTIAL MATCH, and 
DISCORDANT categories are provided in III. 
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several possible explanations to this. First, a method or all methods may 

return false results. False is interpreted here as being strongly discordant 

with other available evidence, or when other types of evidence are lacking 

due to a conflict with different methods. Strongly discordant results have 

been reported, although effects of methodological errors are usually 

unknown (e.g. Sauer & Hausdorff 2012). Second, a given dataset may be 

challenging for the methods used, leaving a lot of room for different 

outcomes. This is especially evident in II where the resulting OTU counts of 

the ‗easier‘ dataset (Gelechiinae) are more congruent than those of the more 

challenging Elachistinae, although the difference is minor when the closest 

results of OTU composition are compared (Fig. 6). A possible explanation to 

this difference is the narrow barcode gap of Elachistinae (Fig. 2). Third, all 

employed methods (GMYC, BIN, ABGD) may have a tendency to split 

‗outliers‘, i.e. specimens which have been collected far away from the other 

specimens belonging to the same OTU. This explanation is especially evident 

in the large Hypertrophinae dataset (III). Although these singleton OTUs 

might reflect the true boundary between two species, they should be 

interpreted with caution as the difference may only result from the 

geographic distance. Many PARTIAL MATCHES are caused by these ‗outlier 

splits‘ (III). Fourth, discordant results may be due to ABGD returning a 

range of results if it is used with the default settings (Fig. 5). Parsimony 

networks (TCS) can also produce several results when employed with a range 

of cut-off values (Fig. 4), although that method is generally used with only 

one value (95%). Both methods are designed to produce many results 

starting from more inclusive grouping with lower number of OTUs, and 

increasing splitting gradually until the OTU count is very high. Obviously, 

this feature needs to be considered when comparing the results between 

methods. 

4.4 PERFORMANCE OF DELINEATION METHODS 

The performance of four methods was evaluated in II with two datasets 

(Gelechiinae and Elachistinae). These two datasets vary with regard to 

genetic distance (Fig. 2, II), intra- and interspecific distances (II), and the 

number of singletons and monophyletic and non-monophyletic species 

(monophyly was evaluated based on the species‘ structure on a mtDNA gene 

tree) (II). In all these, the Elachistinae is more challenging than the 

Gelechiinae, having narrow barcode gap and a higher proportion of non-

monophyletic species. The Elachistinae dataset also includes more 

singletons, but it can have both positive and negative effects on the results. 

Delineation methods can deliver incorrect results if intraspecific sampling is 

very low (Puillandre et al. 2012a), but by contrast, a higher number of 
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singletons may result in more matching OTUs as splitting is not an option for 

OTUs including one specimen. 

The performance was evaluated with the direct examination method 

(Ratnasingham & Hebert 2013) by comparing the composition of resulting 

OTUs to the composition of reference species, and dividing results 

subsequently into four categories: MATCH, SPLIT, MERGE and MIXTURE 

(for definitions of categories see II). The performance was also evaluated 

separately for singletons and monophyletic and non-monophyletic species 

(II). As the direct examination relies on the underlying taxonomy, all falsely 

identified species and specimens affect the results. Because Australian 

elachistines seem to include fairly young species (Kaila & Ståhls 2006, II), 

the group might be also be challenging for traditional taxonomic approaches, 

hindering the establishment of a stable classification. A contrasting pattern is 

also possible with the Gelechiinae dataset. It includes only species occurring 

in Finland, but many of these species have ranges reaching other countries as 

well. Our sampling scheme thus includes only a restricted amount of 

intraspecific diversity, which might raise the proportion of MATCHES as 

genetic distances between specimens can be falsely long (Bergsten et al. 

2012). These topics are further discussed in II. 

The comparison pointed out methods with apparent drawbacks. Of the 

two available models in GMYC, the multiple-threshold model produced a 

higher OTU count with all starting trees used in three out of four datasets 

(Fig. 4). A similar result was also discovered by Fujisawa and Barraclough 

(2013) with simulated data. Also, the use of a UPGMA starting tree generally 

returned a higher OTU count than Bayesian trees (Fig. 4). The same pattern 

was obvious when the OTU composition was compared to reference species 

(II): the multiple-threshold model and UPGMA starting tree produced the 

lowest amount of MATCHES in the Gelechiinae and were also among the 

lowest in the Elachistinae. This indicates that both methods should be either 

used with caution or avoided. By contrast, Bayesian starting trees with the 

single threshold model produced a very congruent outcome with other 

methods, especially with BIN and TCS 95%, although GMYC slightly 

outperformed them with the challenging Elachistinae dataset. Used tree prior 

(Yule or coalescent) seemed to have a small effect only (II). 

As expected, the OTU count rises with the rising cut-off values (Fig. 4) in 

TCS. When the OTU composition was compared with references, an increase 

in the cut-off value improved the match, but only in the Elachistinae (II). In 

the Gelechiinae, the best match was produced by 93% cut-off and decreased 

when the cut-off value rose. ABGD seems to be a very controversial method. 

It produced the highest number of MATCHES in both Gelechiinae and 

Elachistinae, but these were based on the use of contrasting prior 

intraspecific (P) values. As emphasized in II and III, ABGD poses problems 

with poorly-known groups. Choosing one result from several options is 

difficult when the same P-value can produce contrasting results with 

different datasets. Furthermore, ABGD shows discordant results between 
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substitution models (p-distance, JC and K2P) (Fig. 5), and especially p-

distance seems to be producing much higher OTU counts than the other two 

distance metric options. 

In general, none of the tested methods produced MATCHES with non-

monophyletic species. By contrast, singletons did not seem to cause 

discordances, but the problematic methods, such as multiple-threshold 

GMYC and GMYC with UPGMA, performed poorly with singletons as well. 

The above-mentioned slight improvement of GMYC with the Elachistinae 

compared with BIN and TCS seems to be caused by the better performance 

with singletons (II). 

Sufficient sampling effort is crucial for the delineation of species, but is an 

important factor also for studies focusing on OTUs (e.g. Hey 2009, Lohse 

2009). However, covering an adequate amount of intraspecific variation can 

be challenging as the number of samples (i.e. sequences) and haplotypes (i.e. 

unique sequences) are commonly unequal, and increasing the sampling 

effort may only raise the number of sequences, but not of haplotypes. In the 

four datasets used here, all have different amounts of barcode sequences and 

haplotypes (Fig. 2). Another potential problem of sampling is the 

commonness of rarity in nature (Lim et al. 2012). The focal group in III 

currently includes 51 described species, and as the sample covers 502 

sequences, it is supposed to reach ten times the minimum coverage. 

However, the results revealed that a large proportion (46%) of delineated 

OTUs includes only one or two specimens indicating that the sampling has 

been uneven. As such difficulties in accomplishing sufficient sampling might 

be common among studies on poorly-known groups, methods employed for 

the OTU delineation should be robust towards intraspecific sampling. Still, 

for instance ABGD has been reported to result in an unreliable outcome 

when OTUs include less than three specimens (Puillandre et al. 2012a, b). 

This mismatch emphasizes the need for studies evaluating the performance 

of the method, and discourages its use as a sole method for the OTU 

delineation in poorly-known groups. 

4.5 CRITERIA FOR CONFLICTING RESULTS 

As noted above, the results from delineation methods are rarely fully 

congruent, especially with tens of putative species. Then, the following 

question is how to deal with discordant results. Previously adopted 

approaches, conservative (Weigand et al. 2013) and minimum consensus 

(Jörger et al. 2012), discard much information. We present criteria for 

evaluating OTUs belonging to PARTIAL MATCH and DISCORDANT 

categories (III). In order to be useful for evaluating conflicting OTUs, the 

criterion should point out differences among OTUs. Altogether three criteria 

derived from different species concepts were tested, but both monophyly and 

diagnostic characters proved unfeasible as nearly all OTUs were 



RESULTS & DISCUSSION 

40 

monophyletic and possessed diagnostics. This is a likely consequence of the 

use of OTU delineation methods as they mainly form clusters, which are 

monophyletic initially. Diagnostic bases were discovered for all conflicting 

OTUs, possibly due to the low number of specimens within each OTU. By 

contrast, the sympatry criterion proved useful (Fig. 4 in III). According to 

that criterion, allopatric OTUs form one entity, because their status is 

impossible to evaluate. Instead, the sympatric ranges of sister OTUs provide 

sufficient evidence to keep them divided. Although this criterion is based on 

the Biological Species Concept and the Genotypic Cluster Species Concept 

(Box 1), it should be noted that mitochondrial DNA cannot provide direct 

evidence of reproductive isolation, so nuclear DNA data are needed for its 

confirmation. However, if two sister OTUs have overlapping ranges, they 

need to be ‗independently limited‘, meaning that individuals of both OTUs 

mainly contribute genes to subsequent generations within their own OTU 

(Barraclough et al. 2009b). In sympatry, this is usually caused by ecological 

differences between the groups. 

4.6 ASSOCIATING TYPES WITH OTUS – THE 
CHALLENGE OF SHORT SEQUENCES 

Type specimens are crucially important for taxonomic studies, but as many 

types are old, their DNA can be degraded and therefore provide only short 

fragments (Hajibabaei et al. 2006, but see Strutzenberger et al. 2012). Even 

short sequences have been shown to include sufficient information to link 

them with their conspecific specimens (Hajibabaei et al. 2006, Meusnier et 

al. 2008, Shokralla et al. 2011). Although OTU delineation methods offer a 

valuable tool for examining species boundaries, short sequences cannot be 

included into these analyses (IV, Ratnasingham & Hebert 2013). In IV, we 

employed a two-phased procedure where OTUs were first delineated with 

three methods (GMYC, BIN, ABGD) based on longer sequences (>400bp) 

and subsequently linked with short type sequences with three tree-based 

methods (ML, BI, NJ) and one approach relying on pairwise distances. The 

use of several approaches for association of type barcodes is required with 

very short sequences due to the different drawbacks of the methods. A small 

trial (see IV) revealed that both maximum likelihood and Neighbor-Joining 

tend to place any short sequence on a distinct node even when it was 

identical with several clusters. This was the case with two identical sequences 

from different types (164bp and 65bp), which were placed in different 

clusters in ML and NJ trees (although located correctly in BI). However, two 

clusters represented the same OTU based on initial delineation and, thus, 

two types were assigned to one OTU. This example emphasizes the 

importance of conducting both phases: initial OTU delineation and 

subsequent linking of types. The use of pairwise distance comparison can 

reveal false placements by tree-based methods, but it also has its own pitfalls. 
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Those might appear when an overlap in the target sequence and the 

reference sequences is partial, usually caused by very short sequence lengths. 

4.7 CONTRIBUTION TO TAXONOMICAL RESEARCH 

In III and IV, the methods were used for solving taxonomical questions 

related to different gelechioid moths. The OTU delineation of the poorly-

known Australian subfamily Hypertrophinae (III) revealed a more than two-

fold increase from the currently recognized species number (from 51 to 124) 

and provided an excellent framework for subsequent taxonomic work 

(Kekkonen, in prep.). In the problematic Elachista dispunctella complex, 

both the initial OTU delineation and the type association offered evidence on 

the presence of 19 OTUs and revealed a high number of likely synonymies 

(two to eight types were linked to seven OTUs). In addition, both phases 

showed close correspondence with morphology, and thus provided a useful 

scaffold for following revisionary work (Kaila & Tabell, in prep.). 
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5 CONCLUSIONS & PROSPECTS 

As emphasized in the Introduction, the taxonomic workflow includes several 

steps to be conducted in a certain order (Fig. 1). In this doctoral thesis, I 

present four studies concentrating on different steps along this ‗taxonomic 

flowchart‘. This doctoral thesis forms a part of a long-term study of 

Australian Hypertrophinae, aiming to provide a well-supported phylogeny 

and species boundaries for the group. The results of this thesis not only 

enhance the study of hypertrophines, but also offer tools to benefit the 

taxonomic research in general. The first chapter (I) offers evidence on the 

synapomorphies and monophyly of 16 families in the Gelechioidea. The 

newly formed family Depressariidae is of particular interest here as the 

subfamily Hypertrophinae belongs to it. The phylogeny of the Gelechioidea 

also supports the monophyly of the Hypertrophinae and reveals its close 

relatives, although the sampling was insufficient for consistent conclusions. 

We studied various methods for the DNA barcode-based delineation of 

OTUs to reveal their strengths and weaknesses (II), and then employed some 

of these methods on hypertrophines (III). I will continue to study these 

hypertrophine OTUs in the near future based on varying sources of evidence, 

and either validate them via diagnostic characters or discard them (i.e. divide 

them into two or more species or merge with some other species). Due to the 

current phase of the taxonomic work, the congruence between OTU and 

species boundaries of hypertrophines cannot be evaluated here. 

Nevertheless, the initial delineation based on DNA barcodes has provided an 

efficient start for the work and an essential introduction to the diversity of 

the group, which is especially desirable for a subfamily lacking an expert in 

the present-day. 

In the last step of the taxonomical workflow, I will describe and name new 

species (Fig. 1.d). As the type specimens provide the main link between newly 

studied species and existing names, various means are used for revealing this 

linkage. In addition to the external morphology and genitalia, the procedure 

for associating short DNA barcodes with OTUs (IV) will be most beneficial 

for this purpose. 

The superfamily Gelechioidea is a good example of the lack of knowledge 

of biodiversity. The Lepidoptera are generally the best-known insect group, 

yet one of their largest radiations remains poorly-studied. Nevertheless, 

much progress has taken place in recent years in the form of phylogenetic 

studies and taxonomic revisions (e.g. Kaila 2004, 2011, Bucheli & Wenzel 

2005, Lee & Brown 2008, Bucheli 2009, Huemer & Hebert 2011, Kaila et al. 

2011, Bauer et al. 2012, Karsholt et al. 2013), and the newly-formed 

newsletter I.N.G.A. aims to further strengthen the global collaboration 

(http://mississippientomologicalmuseum.org.msstate.edu/Researchtaxapag

es/Lepidoptera/Gelechioidea/INGA_newsletter.html). 
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As emphasized in the Introduction, taxonomy is in dire need of new 

innovations. Even the need for binomial names has been questioned in 

discussions, but most novel ideas concentrate on more modest issues. 

Research on DNA-based taxonomic methods is evolving rapidly, and these 

tools speed up the workflow considerably without sacrificing the high quality 

of the outcome. As noted by Riedel et al. (2013a), providing DNA barcodes of 

species to be described, including type specimens, adds to the information 

content of the description substantially and enables the production of more 

compact descriptions, which in turn increases efficiency. DNA-based 

methods are by no means the only innovations in taxonomy. New journals 

provide not only Open Access publication and data storage, but also the 

opportunity to utilize additional web-based features, such as writing tools 

(e.g. http://biodiversitydatajournal.com) and ‗wikis‘ for each newly-

described species. Especially wikis have great potential as they facilitate the 

updating of knowledge whenever new information arises (Riedel et al. 2013a, 

b). 

In general, applying the optimal combination of different methods, either 

traditional or novel, along the ‗taxonomic flowchart‘ most likely leads to 

increased productivity in both quantity and quality of the work. Furthermore, 

as DNA barcoding has proved, ‗big science‘ funding is also possible for 

taxonomy-related fields of research, but it seems to require sufficiently bold 

ideas (Meier 2008). The grand question is: Will the taxonomic community 

have the courage to broadmindedly discuss new bold ideas? 
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