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Abstract
Species delimitation is a crucial part of biological sciences because it provides units of biological
diversity that are used in ecology, ethology, genetics and other branches of biology. Since
Linnaeus there has been a constant attempt to unify and standardize methods to account for the
enormous biodiversity that lives on Earth. High-throughput sequencing provides a new route in
the field as abundant genomic data can be consistently applied to all groups of organisms and
computational frameworks for molecular data stemming directly from evolutionary theory
omitting subjectivity inherent in morphology-based taxonomy. Currently, DNA barcoding is used
as one of the major tools to aid species delimitation. Accumulation of thousands of sequences
revealed conflicting patterns between established taxonomy and single gene species delimitation.
In this thesis I address the issues in two genera of wolf spiders (Alopecosa and Pardosa) that are
notorious for showing the same mitochondrial DNA (mtDNA) in species clearly separated by
morphology, distribution and behavior. I used double-digest restriction site associated DNA
sequencing (ddRADseq) to sample sequences from the nuclear genome and compare them to
observed mtDNA patterns in sympatric (I) and allopatric (II, III) species and populations. The
sampling covered Finland (I, II, III), Far East Russia (II), France, Slovakia, Canada and the USA
(III). The analyses suggest that ddRADseq efficient means to discriminate the same entities as
established taxonomy in sympatric Alopecosa and Pardosa (I), congruent with morphological
analysis in distant populations of the same species (II) and reliably delimits species under
allopatric scenarios (III). Incongruence between DNA barcodes and established taxonomy
confirmed by ddRADseq is likely to be explained by introgression events in recently diverged
species (I and III) irrespective of geographical distribution. Overall, ddRADseq can be used as a
source of data for reliable species delimitation tool irrespective of mtDNA patterns.

Keywords: COI, introgression, molecular taxonomy, morphometry, multispecies
coalescent methods, phylogenetic inference, population genetics, spiders

Ivanov, Vladislav, Lajinrajaus susihämähäkeillä (Lycosidae) DNA-viivakoodien ja
ddRAD-sekvensoinnin valossa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 772, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Lajinrajaus on oleellinen osa biologista tutkimusta, koska se tuottaa ekologiassa, käyttäytymisbiologiassa, genetiikassa ja muussa biologisessa tutkimuksessa keskeisiä yksilöitä. Aina Linnaeuksesta lähtien tutkijoilla on ollut pyrkimys yhdenmukaistaa keinoja luokitella maapallon valtavaa biodiversiteettiä. Viimeaikainen kehitys DNA-teknologiassa tarjoaa uudenlaisia lähestymistapoja lajinrajaukseen, sillä DNA-sekvenssit mahdollistavat saman menetelmän soveltamisen
kaikkiin lajeihin. Lisäksi menetelmällä tuotetut lajinrajaukset ovat omiaan vähentämään niiden
subjektiivisuutta. Nykyään DNA-viivakoodit ovat yksi keskeisistä menetelmistä tuottamaan tietoa lajinrajausten tueksi. Tuhansien DNA-viivakoodisekvenssien luku on paljastanut ristiriitaisia tuloksia niiden perusteella tehtyjen ja perinteisen lajinrajauksen välillä. Väitöskirjassani tutkin näitä ristiriitoja susihämähäkeillä, millä DNA-viivakoodit toisinaan ovat identtisiä morfologialtaan, levinneisyydeltään ja käyttäytymiseltään selvästi erillisten lajien välillä. Käytin myös
”double-digest restriction site associated DNA sequencing” (ddRAD) -menetelmällä tuotettua
tietoa DNA:sta vertaillakseni sitä DNA-viivakoodien antamaan tietoon sekä sympatrisilla, parapatrisilla että allopatrisilla lajeilla ja populaatioilla. Näytteenottoa suoritettiin Suomessa (I, II,
III), Itä-Venäjällä (II), Ranskassa, Slovakiassa, Kanadassa ja USA:ssa (III). Analyysien perusteella ddRAD-menetelmä ja morfologia tuottavat yhdenmukaisen lajinrajauksen sympatrisilla
Alopecosa ja Pardosa -lajeilla (I). Samoin ddRAD piirtää morfologian kanssa yhdenmukaisen
kuvan toisilleen kaukaisia saman lajin populaatioita verrattaessa (II) ja rajaa myös allopatriset
populaatiot luotettavasti (III). Havaitut epäjohdonmukaisuudet DNA-viivakoodien ja ddRADsekvensoinnin tukeman perinteisen lajinrajauksen välillä selittyvät todennäköisesti tapahtuneella geenivirralla vastikään toisistaan eriytyneiden lajien välillä (I ja III) riippumatta populaatioiden maantieteellisestä suhteesta. Johtopäätöksenä ddRAD-sekvensoinnin voitiin osoittaa olevan
luotettava lajinrajaamisen menetelmä riippumatta DNA-viivakoodien antamasta kuvasta.

Asiasanat:
COI,
fylogeneettinen
molekyylitaksonomia,
morfometria,
koalensenssimenetelmät

päättely,
hämähäkit,
introgressio,
populaatiogenetiikka,
usean
lajin
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1

Introduction

It is impossible to imagine biology without a species category as it is one of the
basic units that is used by ecology, conservation, population genetics, evolutionary
biology and many other branches of life sciences. Yet, the description of all species
on Earth is the task that is far from complete. The estimate of the number of species
that inhabit the planet ranges from two to 11 million. The number of species already
described is roughly 1.5 million (Larsen et al., 2017; Mora et al., 2011).
Simultaneously, extinction rates are high and it is possible to lose much of the
biodiversity before biologists could study it (Ceballos et al., 2015). Such a situation
demands rapid actions, and one possible solution is to utilize DNA sequences to
facilitate species delimitation (Eberle et al., 2020; Tautz et al., 2003).
1.1

Species concepts and species delimitation

The definition of species has caused and still is the reason for heated discussions
among biologists. Already Charles Darwin admitted that:
No one definition has as yet satisfied all naturalists; yet every naturalist knows
vaguely what he means when he speaks of a species (Darwin, 1859).
The current number of species definitions (or concepts) exceeds 20 (De Queiroz,
2007).
On the one hand, a proper definition of species (ontological problem) that can
reflect reality in the most accurate way is highly desirable because it allows for
developing general theories of diversification and evolutionary processes
irrespective of the species’ kingdom of origin. On the other hand, the possibility of
such a definition is unlikely due to different parameters that are chosen by the
scientists as the most crucial, thus, conflict is inevitable. For a traditional practicing
taxonomist species concepts do play a role but within the actual process of research,
commonly accepted routines specific to an organism group are often accepted per
se and require no justification (epistemological problem) (de Queiroz, 1998; De
Queiroz, 2007; Hey, 2001; Huber, 2004).
One way to approach the problem of species delimitation, i.e. address the
epistemological problem, is to use DNA sequences (Tautz et al., 2003). Molecular
data enable the analysis of many parameters not available or of limited use for
morphological, behavioral and ecological datasets: population structure, gene flow,
divergence time and phylogenetic relationships. Ontologically such an approach is
17

close to several species concepts that can be divided into five groups (following De
Queiroz, 1998):
–
–
–

–
–

Evolutionary species concept, where descendance is one of the main features
and can be estimated from molecular data (Wiley & Lieberman, 2011);
Cohesion concepts that include many genetic parameters (gene flow, genetic
drift, shared ancestry) (Templeton, 1989);
Phylogenetic species concepts (Henningian, monophyletic, genealogical,
diagnosable) where monophyly, coalescence and genetic descendance play the
crucial role (references in De Queiroz, 1998, Wiley & Liberman, 2011);
Genotypic cluster definition, that emphasizes absence of genetic intermediates
(Mallet, 1995);
Unified species concept (General lineage concept) where species are separately
evolving metapopulation lineages, lineages being ancestor-descendant series
easily computed from molecular data (de Queiroz, 1998; De Queiroz, 2007).

The biological (isolation) species concept (Dobzhansky, 1970; Mayr, 1970) has
reproductive isolation at its core and can be partially tested from DNA sequences
but is not applicable to asexual organisms or allopatric species and, thus, less
general. Phenetic, ecological, recognition concepts are hardly applicable to genetic
data because the parameters needed for implementing these concepts are more
challenging to test using molecular data (discussed in De Queiroz, 1998, 2007).
The current work is not focused on species concepts comparisons (ontology)
but rather on the utility of different types of molecular data for species delimitation
(epistemology). Therefore, the above-mentioned concepts suitable for
interpretation of DNA sequences analysis provide the guiding frameworks for
discussing the results.
1.2

Types of molecular data for species delimitation

Molecular data can be generated in many ways and range from partial gene
sequences to genomes. Below I will briefly outline the major types of molecular
data that are commonly used as a source of evidence in taxonomy and systematics.
The simplest datasets that are currently (and widely) used are represented by
one gene. The greatest attention is on DNA barcodes which in animals are partial
sequences of cytochrome c oxidase I gene (COI) coming from the mitochondria
(Hebert et al., 2003). The length is usually 654 base pairs (bp) but could be shorter
depending on the goals of the study or the quality of the sample. Initially DNA
18

barcoding was suggested to be an identification tool but nowadays it is largely used
to formulate and test initial species hypotheses (even description of new species)
and it is already a default tool whenever researchers work on the species level
(Hebert et al., 2016; Pentinsaari et al., 2019; Sharkey et al., 2021). There are several
reasons for using a gene from mitochondrial DNA (mtDNA) that make it suitable
for species identification and delimitation: reduced effective population size,
several copies within each cell, absence of recombination, rapid fixation and fast
mutation rates (Hurst & Jiggins, 2005; Rubinoff et al., 2006). However, there are
well known problems such as horizontal gene transfer (HGT), mitochondrial
pseudogenes in nDNA (NUMTs), incomplete lineage sorting (ILS), introgression
and endosymbiont infections that can cause incongruence between COI patterns,
nuclear DNA (nDNA) patterns and established taxonomy (Bergthorsson & Palmer,
2003; Bonnet et al., 2017; Elias-Costa et al., 2019; Hundsdoerfer & Kitching, 2020;
Leduc-Robert & Maddison, 2018; Obertegger et al., 2018; Oxford & Bolzern, 2018;
Sahoo et al., 2018; Song et al., 2014; Toews & Brelsford, 2012; Tseng et al., 2019).
Moreover, it has been long known that a single gene may not correspond to the
history of the species (Funk & Omland, 2003; Ross, 2014).
These concerns have led to the generation of datasets consisting of several
genes from nuclear and mitochondrial DNA for various taxonomic levels
(numerous studies). Nevertheless, researchers were not content with the resolution
and their dissatisfaction coupled with advances in sequencing methods led to an
increased use of genome scale data ranging from several percent of the genome to
actual annotated whole genome sequences [e.g. (Dincă et al., 2019; Kozlov et al.,
2017; Ortego et al., 2018; Ruane et al., 2015; Jing Zhang et al., 2019)]. Currently,
there is a call for the extension of the barcoding markers set in order to overcome
the bias of a single gene and use the same markers for all Metazoa (Eberle et al.,
2020).
Among the cost efficient and reliable protocols available for sampling a
fraction of the genome (reduced genome representation methods) several are
widely used to infer phylogenies and delimiting species. Amongst the most popular
methods there are anchored hybrid enrichment (Lemmon et al., 2012) (including
its variation under the name ultraconserved elements (Faircloth et al., 2012)) and
restriction site associated DNA sequencing (RADseq) (Baird et al., 2008). The
latter is the quickest and cheapest protocol, that currently has several modifications
(Puritz et al., 2014; Suchan et al., 2016).The principle of the RADseq is to shear
genomic DNA (gDNA) with restriction enzyme(s) and sequence short fragments.
After processing of the raw DNA data, reads that come from the same place in the
19

genome in different specimens are sampled and single nucleotide polymorphisms
(SNPs) are called. Thus, a dataset of possibly independently evolving sites sampled
from the whole genome can be assessed within more robust theoretical frameworks
with higher resolution than one or several genes.
Here, double digest RADseq (ddRADseq) is implemented throughout the study.
It is based on a pair of enzymes and strict size selection of fragments to ensure that
unlinked regions of the genome are sampled. Moreover, the ddRADseq protocol
enables the combination of data from different sequencing runs given that the same
pair of restriction enzymes are used (DaCosta & Sorenson, 2014; Peterson et al.,
2012). An additional advantage of all RADseq protocols is that it is suitable for
non-model organisms, i.e. if there is no reference genome and no resources to
acquire one. The downside of the RADseq protocols are the locus (and SNPs)
dropout effect, large amounts of missing data and potentially little knowledge of
what part of the genome is sequenced, therefore, there is no possibility to adjust the
computation to particular characteristics of genome regions (K. R. Andrews et al.,
2016; Lee et al., 2018).
The ddRADseq protocol has been successfully applied to infer species
boundaries suggesting its high value for species delimitation under different
demographic and geographic scenarios, however, integration of other evidence is
almost always the case for a particular taxonomic decision (Dincă et al., 2019;
Dufresnes et al., 2020; Hundsdoerfer et al., 2019; Nieto-Montes de Oca et al., 2017;
Piálek et al., 2019; Reyes-Velasco et al., 2018; Weiss et al., 2018). Here DNA
barcodes and ddRADseq are applied in each study as the major source of evidence
for species delimitation.
1.3

Species delimitation using molecular data

Roughly, methods for species delimitation can be divided into species discovery
methods and species validation methods (Carstens et al., 2013).
Probably the first and simplest step to analyze sequences is to infer phylogeny.
Currently, maximum likelihood (ML) trees are the most common types of
phylogenetic analysis used in virtually every study referred to above. It is not a
species delimitation method per se, but it allows for the checking of the initial
species hypothesis (validation) or to see clustering of sequences (discovery), thus,
combining both functional features of both approaches.
Discovery methods, irrespective of the computational algorithm, do not require
prior assignment of analyzed samples to a species, while validation methods
20

compare and rank different species hypotheses provided by the researcher
(Carstens et al., 2013). Species discovery methods, in a way, search for clustering
of genetic data with or without biological assumptions. For instance, the program
STRUCTURE identifies clusters based on estimates of Hardy-Weinberg and
linkage disequilibrium (Pritchard et al., 2000), GMYC compares allelic
coalescence to cladogenesis based on a single gene and assumes that the
coalescence occurs before cladogenesis when looking at lineages backwards in
time (Pons et al., 2006), PTP and bPTP are phylogenetic based methods that rely
on the number of substitutions (Jiajie Zhang et al., 2013), recent unsupervised
machine learning algorithms are lacking any biological theory behind their
computation but rather explore the data in order to find structure in it
(Derkarabetian et al., 2019).
Among the validation methods, multispecies coalescent (MSC) based methods
(Edwards, 2009; W P Maddison, 1997) seem to develop rapidly due to the current
availability of multiple genes or SNPs datasets (Ence & Carstens, 2011; Flouri et
al., 2018; Leaché et al., 2014; Mirarab & Warnow, 2015; Yang & Rannala, 2010).
MSC methods rely on a Bayesian statistical framework and have the same problems
as all analysis of that type, namely the correct estimates of priors and long
computational time. It is argued that such programs as BPP (Flouri et al., 2018)
delimit structure rather than species (Sukumaran & Knowles, 2017), but
counterarguments are also provided (Leaché et al., 2019). The MSC methods are a
combination of population genetics and phylogenetics; and these features are
argued to be sufficient for robust and standard species delimitation using molecular
data (Camargo & Sites, 2013). In brief, MSC computational logic resides on
estimating time of split reflected in distance between nodes (species divergence
time) and population genetic parameters of both current and ancestral species. Out
of these parameters, probability density of the tree is computed for each locus (if
separate loci are analyzed) or for sufficient statistics matrix in case of SNPs datasets
(Bryant et al., 2012; Leaché et al., 2014). Then, probabilities are integrated over all
loci and total probability density of the species tree is calculated. A researcher can
set different partitions for the studied species (lumping or splitting) and for each
scenario there will be marginal likelihoods estimated that can be directly compared
(Rannala et al., 2019).
For DNA barcoding there are several methods that can be assigned to both
species discovery and validation methods. First is automated DNA barcode gap
discovery (ABGD) that compares intra- and interspecific mean, median and
overlap in genetic distances (Puillandre et al., 2012). The method can be used both
21

for validating identification and discovery of new species, and is usually compared
to other species delimitation methods (Huang et al., 2020; Kekkonen et al., 2015;
Pentinsaari et al., 2017; Wang et al., 2017). Another algorithm, Refined Single
Linkage (RESL) analysis, that is widely used to analyze COI datasets, is directly
integrated into the Barcode of Life Database (BOLD) and its Barcode Index
Number system (BIN). The analysis starts with computing genetic distances that
are later processed with single linkage clustering and refined by Markov Clustering
(Ratnasingham & Hebert, 2013). Each COI sequence is assigned to a BIN that can
be viewed as a proxy to species, thus enabling both discovery and validation of
species. Similarly, to ABGD, the BIN system is used together with other species
delimitation methods for comparison (see references to ABGD examples). Recently,
the BIN system was used to describe over 400 species based on DNA barcodes
alone suggesting that the algorithm might become one of the major methods for
species delimitation in highly diverse taxa (Sharkey et al., 2021).
Species validation computed with SNAPP (MSC), discovery with phylogenetic
inference, SVDquartets (Chifman & Kubatko, 2014) and STRUCTURE are
popular methods when ddRADseq data is involved in species delimitation studies
(Dincă et al., 2019; Dufresnes et al., 2020; Hundsdoerfer et al., 2019; Piálek et al.,
2019; Reyes-Velasco et al., 2020).
1.4

Molecular species delimitation in spiders

Spiders are a relatively well studied order of arachnids with over 49 000 species
described (World Spider Catalog, 2021). The current rate of species description is
approximately 800 per year, therefore with an estimated maximum of 150000
species, all of them will be described in “only” 187 years (see graphs at World
Spider Catalog, 2021). Given that the number of specialists is diminishing
[taxonomic impediment (Tahseen, 2014)] it might take even longer. Not
surprisingly, molecular sequence data has also penetrated phylogenetic and
taxonomic research in spiders in the hope to speed up and clarify species
delimitation.
From the very beginning of the application of molecular methods to spider
investigations there has been hope that it will help with delimitation at the species
level (e.g. in Lutica, Zodariidae (Ramirez & Beckwitt, 1995)). Researchers have
used single and multiple genes, allozymes, enzymes electrophoresis as well as
experimented with alternative and standard genes (Boulton et al., 1998; M. C.
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Hedin, 1997; M. C. Hedin & Maddison, 2001a, 2001b; Hormiga et al., 2003; Vink
& Mitchell, 2002).
An influential paper of Paul Hebert and colleagues in 2003 largely affected
species delimitation as DNA barcodes were believed to be informative not only for
species identification but for delimitation as well. Barcode gap has been used as
one of the analysis types together with p-distances, ML, and Bayesian Inference
trees (G. Blagoev et al., 2009; Hamilton et al., 2011; Ribera & Planas, 2009; Satler
et al., 2011). Large published datasets of DNA barcode sequences in spiders showed
their efficiency in species identification (98% in Canada) and confirmed the
possibility for rapid species discovery using COI (Astrin et al., 2016; G. A. Blagoev
et al., 2016).
Many studies that use molecular data for spiders species delimitation apply
several mitochondrial and/or nuclear genes in combination with ecological,
geographical, morphological and behavioral data, i.e. an integrative approach
(Bond et al., 2012; Harvey et al., 2015; Rix & Harvey, 2011, 2012; Y. Zhang & Li,
2013). Reduced genome representation protocols have been successfully applied to
phylogenetic and species delimitation studies in spiders, where anchored hybrid
enrichment and transcriptomics prevail (Godwin et al., 2018; Hamilton,
Hendrixson, et al., 2016; Hamilton, Lemmon, et al., 2016; M. Hedin et al., 2018,
2020; Kuntner et al., 2019; Leduc-Robert & Maddison, 2018; Wayne P. Maddison
et al., 2017; Wood et al., 2018). Surprisingly, RADseq protocols have not yet
become popular among arachnologists and have been used in population genetic
type of studies (Satler & Carstens, 2017; Settepani et al., 2017) with few articles
discussing species delimitation (M. Hedin et al., 2020; Ortiz et al., 2021).
Early on it has become evident that species delimitation based on mtDNA
(including COI) is incongruent with the species hypothesis derived from other lines
of evidence, especially morphology (Arnedo & Ferrández, 2007; Croucher et al.,
2004; Muster & Berendonk, 2006; Vink & Paterson, 2003). Large published COI
datasets for European and Canadian fauna as well as case studies suggest that
incongruent patterns can be attributed to several families where multiple COI
lineages within one recognized species are more common among Linyphiidae and
Tetragnathidae and similar or identical COI are often observed among wolf spiders,
family Lycosidae (Astrin et al., 2016; G. A. Blagoev et al., 2013, 2016; Sim et al.,
2014). Representatives of the latter family are the focal species of the current study.
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1.5

Focal taxa

Lycosidae are one of the larger families with 125 genera and 2431 species
distributed worldwide (World Spider Catalog, 2021). The first attempts to
reconstruct phylogenies of the family as well as to use molecular data for
population genetics purposes have been already performed over 20 years ago
(Boulton et al., 1998; Zehethofer & Sturmbauer, 1998). Larger geographical
sampling to account for variability has also been attempted (Vink et al., 2002) as
well as species delimitation studies (Baert et al., 2008; Esquivel-Bobadilla et al.,
2013; Gotch et al., 2008; Hataway et al., 2011; Vink & Mitchell, 2002).
Mitochondrial genes have been claimed to be inefficient for species
delimitation in wolf spiders likely due to the fact that researchers targeted recently
diverged species that are recognized by slight morphological differences and
incongruence between morphological and molecular analysis has been attributed to
ILS or introgression (Hebets & Vink, 2007; Muster et al., 2009; Muster &
Berendonk, 2006; Vink & Mitchell, 2002). Broad sampling of Lycosidae and COI
sequencing from Europe and North America show a reoccurring pattern of shared
DNA barcodes within species of Pardosa C.L. Koch, 1847 and Alopecosa Simon,
1885 genera (Astrin et al., 2016; G. A. Blagoev et al., 2016), however, studies with
no conflict between mtDNA and morphology are also known (G. A. Blagoev &
Dondale, 2014; Correa-Ramírez et al., 2010). These patterns have defined the target
genera for the current study. In other Lycosidae genera, COI and/or multiple gene
datasets seem to work fairly well as additional lines of evidence for species
delimitation (Luis Norberto Piacentini et al., 2017; Planas & Ribera, 2015). An
important note about wolf spiders is that isolation in closely related species can
occur through changes in courtship behavior and even the slightest modifications
can prevent successful mating (Just et al., 2019).
The target genera belong to a recently diverged taxon with high speciation rate
(Fernández et al., 2018; Garrison et al., 2016; Luis N. Piacentini & Ramírez, 2019).
The genus Pardosa with 536 accepted species names is the second largest genus
among spiders, while the genus Alopecosa includes 163 valid species (World
Spider Catalog, 2021). Both genera are found mostly in the Holarctic realm with
many instances in the northern areas (Vogel, 2004; World Spider Catalog, 2021;
Zyuzin, 1985). Identical or similar mtDNA has been observed between
representatives of the same species group, i.e. closely related species with
extremely similar morphology (Astrin et al., 2016; G. A. Blagoev et al., 2016;
Murphy et al., 2006; Muster & Berendonk, 2006; Sim et al., 2014). Broad
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geographic distribution coupled with recent diversification makes these species
suitable for studying speciation and efficiency of molecular methods for taxonomy.
I suspect that “failure” of DNA barcoding has led to a decreased interest in studying
taxonomy of these genera with help of DNA sequences and here I aim to explore
possible solutions.
1.6

Aims of the study

The aim of my thesis is to examine the efficiency of DNA barcoding and ddRADseq
protocol for studying taxonomy of closely related species of wolf spiders: How
congruent are ddRADseq results with traditional morphological and COI analysis?
What are the reasons behind observed mtDNA patterns? Can ddRADseq be a
solution for taxonomy in the case of sympatric, parapatric and allopatric
distribution? To address these questions I have sampled, sequenced and analyzed
species of Pardosa and Alopecosa genera.
First (I), I have targeted sympatric species of P. pullata (Clerck, 1757) and A.
pulverulenta (Clerck, 1757) species groups to test congruence between accepted
morphological delineation, COI and ddRADseq. Is accepted taxonomy valid
considering mtDNA and nDNA evidence? Has introgression taken place? Has there
been instance of endosymbiont infection that can explain mtDNA patterns?
Second (II), I have attempted to compare classical morphological evidence,
DNA barcoding and ddRADseq to establish species status of distant populations of
two species from different species groups: P. riparia (C. L. Koch, 1833) and P.
palustris (Linnaeus, 1758). Does any of the methods have greater resolution for
species delimitation? Are results congruent between morphology and molecular
data? How do different lines of evidence help establish taxonomic status of distant
populations of the same species?
Third (III), I applied DNA barcoding and ddRADseq data to study species
delimitation in inter- and intracontinental scale to compare truly allopatric
populations. I have sampled P. hyperborea (Thorell, 1872) from Europe and North
America and compared to European representatives of P. saltuaria (L. Koch, 1870)
and P. oreophila Simon, 1937. Does a true Holarctic P. hyperborea exist? Does
ddRADseq successfully delimit closely related species with allopatric distribution?
What are the possible explanations for mtDNA sharing in clearly allopatric species?
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2

Materials and methods

2.1

General comments

All research questions discussed here have DNA barcoding and ddRADseq at their
core in obtaining genetic information from study taxa. That is why many of the
methods used overlap between investigations. Therefore, I first describe the
settings for each study, then I describe the method used with comment about
application to particular study and finally I present a table where all methods are
named, brief rationale provided as well as which methods were used in each study
(Table 1). All methods are described in greater detail in the corresponding articles.
The studies focusing on Lycosidae family usually aggregate closely related
species into species groups (Vogel, 2004). The species group is usually written as
species epithet without genus followed by the word “group” or “species group”.
The epithet is chosen based on the first species described in the group or on the
most characteristic species of the group. Hence, species group name might not
coincide with any focal species name.
2.2

Study design and sampling

2.2.1 Study I. Species delimitation in sympatric closely related
Alopecosa and Pardosa species
By 2015 it was well documented that DNA barcodes can be shared between closely
related species in Alopecosa and Pardosa (see Introduction). In addition to
published data, similar patterns were observed among Lycosidae from Finland
along with the Finnish Barcode of Life project. Thus, the choice of the focal taxa
fell on representatives of wolf spiders that showed conflict between established
morphological species hypothesis and COI patterns.
The first study (I) focused on the pulverulenta species group from the genus
Alopecosa, 20 specimens [A. aculeata (Clerck, 1757) and A. taeniata (C. L. Koch,
1835) pair] and pullata species group from genus Pardosa, 40 specimens [P. pullata
(Clerck, 1757), P. fulvipes (Collett, 1876), P. prativaga (L. Koch, 1870), P. riparia
(C. L. Koch, 1833), P. sphagnicola (Dahl, 1908)]. Morphological diagnosis as well
as ecological and behavioral lines of evidence for species identification and
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delineation are well documented for both groups (Holm & Kronestedt, 1970;
Kronestedt, 1990).
In order to account for the population’s variation, specimens were attempted to
be collected from southern, central and northern Finland (Tvärminne Zoological
Station, vicinity of Oulu and Kilpisjärvi Biological Station). In addition, other
Lycosidae species were sampled or acquired from museum or private collections
and sequenced to serve as outgroups and for future research (35 specimens, 34
species).
2.2.2 Study II. Species delimitation in Pardosa species with assumed
wide uninterrupted distribution
This study involved only Pardosa species as the ingroup. Two species from
different species groups with similar patterns of distribution were chosen to test if
distant populations indeed belong to the same species. The first pair of populations
involved P. palustris (Linnaeus, 1758) from monticola species group and the
second pair was P. riparia from pullata species group. In both cases, one population
from Europe (majorly Finland) and one population from the vicinity of Magadan,
Far East Russia, Russian Federation (FER) were compared. Hence, four
populations were sampled for two species.
The initial survey suggested an uninterrupted distribution for both cases (World
Spider Catalog, 2021) and populations from Finland and FER were considered as
extremes of the distribution. However, after a more detailed literature study and
(majorly) consultations with Russian colleagues, it was suggested that the FER
populations for both cases are truly isolated by mountain ranges and could also be
treated as allopatric in relation to European and Asian populations.
Morphological analysis included 155 specimens: P. riparia 60 specimens from
Finland and FER and P. palustris 95 specimens from Europe and FER. A total of
212 COI sequences were analyzed for both species and their close relatives (12
species). For this, 25 specimens were sequenced based on available samples and
the rest were mined from BOLD. For ddRADseq analysis, 17 specimens were used
for ingroup and 21 specimens (representing 11 species) were chosen to serve as an
outgroup.
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2.2.3 Study III. Species delimitation on intercontinental scale and
introgression in Arctic-Alpine Pardosa
In general, species with an extremely wide distribution (the latter being not
mediated by human activity) are rare, but higher level taxa can occur on several
continents or even as cosmopolitans (Procheş & Ramdhani, 2013). The genus
Pardosa, for example, has a Holarctic distribution, i.e. representatives of the genus
can be found in North America (NA), Europe and Asia; however species groups
and particular species do not overlap much (Vogel, 2004; Zyuzin, 1980). One
species, P. hyperborea (Thorell, 1872), has a peculiar distribution covering Canada,
northern USA, Greenland, northern and central Europe, European part of Russia
and western Siberia but does not extend to the east of Asia (Hammel & Nickel,
2008; Vogel, 2004; World Spider Catalog, 2021). The saltuaria species group
(where P. hyperborea belongs) has been studied for genetic patterns in Europe
because they have Arctic-Alpine isolated species, complicated post-glacial history
and controversy in taxonomy, but NA species of the group were not included
(Muster et al., 2009; Muster & Berendonk, 2006). These studies have revealed
conflicts between morphological species delineation and DNA analysis, as well as
potential secondary contacts between species after the speciation process occurred.
The third study focused on the saltuaria species group from Europe and NA.
The species were P. saltuaria (L. Koch, 1870) from Slovakia, P. oreophila Simon,
1937 from France, P. hyperborea from Canada, Greenland and Finland and P.
californica from the USA. Altogether, 120 specimens were sequenced using the
ddRADseq protocol. All of them were sent for DNA barcoding and COI analysis
was supplemented with publicly available sequences from BOLD (315 specimens).
The specimens of P. palustris from study II were used as an outgroup.
2.3

Collection protocol

In Finland spiders were sampled by the author during the seasons in 2015-2018.
Spiders from other countries were collected by collaborators in Canada, Faroe
Islands, France, Greenland, Russia, Slovakia and USA during field seasons in
1999-2018. Fresh specimens were collected using pit-fall traps filled with 98%
ethanol. Each trap was checked and emptied every second day. The traps were in
the field up to a maximum of 8 days. Occasionally spiders were collected by hand.
All freshly collected specimens from Finland were put in plastic tubes with 98%
ethanol and stored in a freezer at -20°C. Detailed information about locations, dates
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and collection protocols can be found in supplementary materials to corresponding
articles.
2.4

Morphological analyses

Specimens for all the studies were identified by the author using the Spiders of
Europe keys (Nentwig et al., 2020) or by specialists that provided spider specimens
for the study.
For study II, rigorous examination of morphology was performed on the
representatives of distant populations of P. palustris and P. riparia. In addition, to
this qualitative assessment of diagnostic characters, morphometric analysis was
conducted. Measurements of the copulatory organs, appendages and body sizes
were performed with a stereomicroscope MBS separately for males and females.
Statistical analysis of the measurements was done in RStudio, R version 4.0.3
(RStudio Team, 2015). All values for the characters were checked for
homoscedasticity (bartlett.test) and compared using ANCOVA with carapace
length as a covariate to control for variation in body size. In addition, a t-test with
unequal variances was done for pairwise comparison. Next, principle component
analysis (PCA) was computed using all measurements with the pcomp function and
visualized using the package ggplot2 (Wickham, 2016).
2.5

DNA barcoding protocol

Each specimen was sent for DNA barcoding. One leg was sampled from each
individual and put into a special 96-well plate prefilled with absolute ethanol.
Forceps were sterilized in between each specimen. The plate was sent to the
Canadian Centre for DNA Barcoding (CCDB) where DNA extraction and
sequencing of 5´-end of COI was performed following standard protocols
(deWaard et al., 2008). Sequences were uploaded to BOLD and each specimen was
provided with full details about collection site, date, collectors, identifiers and
taxonomic data. All records are available in BOLD and can be found in dataset DSLYCOSRAD (I) or by the corresponding ID numbers listed in the supplementary
materials to the articles (II and III).
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2.6

ddRADseq library preparation

The ddRADseq library preparation, based on DaCosta & Sorenson and 2014;
Peterson et al., 2012, was followed for each case study. Genomic DNA (gDNA)
was extracted with a DNeasy Blood & Tissue Kit (Qiagen). From each extract 5 μl
were taken and amplified using a REPLI-g Mini Kit (Qiagen). Rationale for whole
genome amplification is provided in study I.
The next step involved shearing of gDNA with restriction enzymes and for the
first study I tested several pairs of frequent and rare cutters to find the most efficient
ones. Efficiency was estimated visually by examining the gel electrophoresis
images and the pair that produced the most homogenous smear was assessed as the
most suitable. As a result, PstI and MseI pair was chosen and used for all
consecutive digestion steps for studies II and III so the sequences from different
library preparations could be combined. Specifically designed adapters were then
ligated to individually mark each specimen.
The samples were pooled into 4-8 sub-pools based on the concentrations
measured by PicoGreen (Molecular Probes) in VICTOR multimode plate reader
(PerkinElmer) following manufacture’s protocol. After that selection for 300 bp
long fragments was done with Blue Pippin (Sage Science) and the fragments were
amplified with Phusion High-Fidelity PCR Master Mix (Finnzymes). The subpools concentrations were measured again and sub-pools were pooled in equal
amount into final library.
Final concentrations and DNA fragment size distribution were measured with
MultiNA (Shimadzu) for study I and with Bioanalyzer (Agilent) for studies II and
III. The final library was sent to the Institute for Molecular Medicine, Finland
(FIMM) for 100 paired-end sequencing with an Illumina HiSeq 2500 machine. All
ddRADseq reads were uploaded to the NCBI Sequence Read Archive, BioProject
PRJNA345307 and PRJNA595572.
2.7

ddRADseq assembly pipeline

All reads were checked for quality with the program FASTQC (S. Andrews, 2010)
in FIMM. For study I, de novo assembly of the raw ddRADseq reads was performed
with PYRAD version 3.0.64 (Eaton, 2014) and for studies II and III with IPYRAD,
versions 0.7.28 and 0.9.31 correspondingly (Eaton & Overcast, 2020). In addition,
reference assembly against a non-annotated scaffold of P. pseudoannulata
(Bösenberg & Strand, 1906) was done for study III.
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The main investigated parameters during de novo assembly were clustering
threshold (c) and minimum taxon coverage (m). The first parameter (c) sets the
percentage of homology between reads, thus the higher the value the more reads
were discarded due to indels, errors and ambiguous bases (Ns). The second
parameter (m) sets the number of samples that are supposed to share the locus for
the latter to be written out to the final assembly. Here, the higher the m value the
less loci were retained due to loci dropout effect between distant species and
stochastic processes during the ddRADseq library preparation. The c parameter was
thoroughly investigated (from 0.75 to 0.95 with 0.05 step) and the values 0.80 (I)
and 0.85 (II, III) were found to be optimal in terms of amount of missing data and
number of loci recovered. These parameters were kept the same for the reference
assembly. The m parameter was maintained as high as possible to diminish missing
data in the final assemblies and varied between the studies.
2.8

Phylogenetic inference

Phylogenetic analysis was conducted to reveal the relationship among the taxa and
to test the initial species hypothesis for each study. In all cases phylogenetic trees
were computed for the DNA barcoding and ddRADseq datasets including the
outgroup species. In study I, ML trees were inferred with RAxML version 7.2.8
(Stamatakis, 2014) for the combined COI dataset (see sampling) and separately for
ddRADseq assemblies of Alopecosa (pulverulenta group) and Pardosa (pullata
group) datasets. The rapid bootstrap support (BS) was estimated from 500
replicates with random starting trees using a General time reversible model (GTR)
and gamma-distribution (G) (GTR + G).
In studies II and III the program IQ-TREE versions 1.6.8 and 1.6.12 (Nguyen
et al., 2015) was used to compute ML trees for the COI and ddRADseq datasets
except for the COI trees in study II where MEGA7 (500 replicates, GTR+G model)
was used (Kumar et al., 2016). In both cases the same parameters were used in
IQ_TREE: 5000 ultrafast bootstrap (Hoang et al., 2018), GTR substitution model,
-bnni correction to avoid overestimates of branch support, -alrt 5000 for additional
estimates of branch support (Guindon et al., 2010). In study II sequences of P.
riparia and P. palustris were combined into one tree for ddRADseq assemblies. In
study III separate trees were computed for de novo and reference assemblies for
ddRADseq datasets.
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2.9

Haplotype networks

Haplotype networks were computed for COI datasets for each study to visualize
mtDNA patterns. For studies II and III haplotype networks were computed using
the same algorithm. First, haplotypes were inferred in RStudio using a modified
script originally available at https://johnbhorne.wordpress.com/2016/09/15/stillmaking-haplotype-networks-the-old-way-howto-do-it-in-r/ with packages ape/5.3
(Paradis et al., 2004) and pegas/0.11 (Paradis, 2010). The networks were then
computed and visualized in PopArt/1.7 using the TCS method (Clement et al., 2002;
Leigh & Bryant, 2015).
In study I, haplotype networks were computed separately for Alopecosa and
pullata group cases. In study II, two haplotype networks were inferred using all
publicly available COI sequences for the corresponding Pardosa species groups:
one for the monticola group of species that includes the P. palustris case and one
for the pullata group of species with the P. riparia case.
2.10 Pairwise distances
Uncorrected p-distances were used as an additional line of evidence to address
research questions on ILS and species delimitation. In the pulverulenta and pullata
cases the computed genetic distances in COI and ddRADseq were used to discuss
the possibility of ILS as the reason for incongruence between mtDNA and nDNA
patterns by plotting COI p-distance values against the corresponding ones in the
ddRADseq dataset. The values were computed in MEGA7 for both cases (Kumar
et al., 2016).
For study II, uncorrected p-distances were computed for the ddRADseq
datasets in PAUP* (Swofford, 2003). The same program was used to compute pdistances for COI and ddRADseq datasets in III. The rationale was to use the
genetic distances to estimate the presence of a genetic gap between distant
populations or species.
2.11 Population structure
To address the possibility of gene flow between species or populations the program
STRUCTURE version 2.3.1 (Pritchard et al., 2000) was used in all studies.
Automatization of sample processing was achieved through the StrAuto program
(Chhatre & Emerson, 2017). Samples were permutated in CLUMPP (Jakobsson &
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Rosenberg, 2007) and optimal K for each case study was inferred with Structure
Harvester (Earl & vonHoldt, 2012) based on ad hoc delta K statistics (Evanno et
al., 2005).
2.12 Species delimitation
The main species delimitation process in DNA barcodes was performed
automatedly in BOLD after the sequences were uploaded. The built-in RESL
algorithm assigned DNA barcodes to BINs by comparing them to the entire BOLD
database. In studies I and III, it was the only species delimitation analysis using
COI. In study II, online versions of programs bPTP and GMYC were used to
delimit species using DNA barcodes. Both programs were applied to the next sets:
P. palustris populations from Europe and FER, all available monticola species
group combined, P. riparia populations from Finland and FER, pullata species
group combined and the monticola and pullata groups combined.
Species delimitation with the ddRADseq datasets was performed with
SVDquartets (Chifman & Kubatko, 2014) implemented in PAUP* for studies I and
II and Bayes-factor species delimitation (BFD*) for studies II and III in SNAPP
(Leaché et al., 2014) implemented through BEAST 2.5 (Bouckaert et al., 2014).
SVDquartets used SNPs datasets from ddRADseq assemblies as the input. In
study I and study II, 500,000 and 10,000 quartets respectively were subsampled to
estimate support for the species hypothesis under the coalescent framework. The
computed quartets were assembled into a species tree with Quartet FM (Reaz et al.,
2014). Each species group was analyzed separately for study I and together for
study II.
SNAPP was used as the main species delimitation program for studies II and
III. In both cases, datasets consisting of unlinked SNPs with minimal missing data
were used as input. The program computes marginal likelihoods for each species
delimitation scenario provided by the user. The scenarios were then ranked by
Bayes Factor (BF) to determine the species delimitation with the highest score
relative to a default scenario (established taxonomy at the moment of analysis). In
cases of P. palustris and P. riparia from study II, all available specimens of
sufficient quality as well as the outgroup species were included in the BFD*
analysis. These two cases were analyzed separately as they belong to different
species groups. In study III, only the best 5 specimens per species (per population
in the case of NA and Finnish P. hyperborea) were included due computational time
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constrains. The parameters of the run for all cases were default, only the Markov
chain Monte Carlo (MCMC) chain length varied.
2.13 Introgression tests
For study I, admixture was tested with TreeMix version 1.12 (Pickrell & Pritchard,
2012) for the pulverulenta and pullata species. The program was used to estimate
migration (admixture) events from SNP frequency data and to plot them on the tree
with predefined outgroups. The number of bootstrap replicates of 10 SNPs block
size was 1,000. The program estimated directionality and amount of admixture
between the populations (species in this case).
Introgression analysis for study I included four taxon D-statistics (D-statistics)
or the ABBA-BABA test that was initially designed for testing for ancient
admixture (introgression) (Durand et al., 2011). The analysis was performed in
PYRAD version 3.0.64. Separate analyses at an individual level were done for each
specimen in the ddRADseq dataset for the pulverulenta and pullata groups.
In addition, screening for endosymbiont bacteria was performed for all
specimens in study I because of the well documented ability of these bacteria to
distort mtDNA patterns. The PCR for indicative bacterial genes was performed for
Rickettsia, Spiroplasma, Cardinium and two genes of Wolbachia following
published protocols (Braig et al., 1998; Curry et al., 2015; Jin et al., 2013; Zha et
al., 2014).
In study III, D-statistics were computed but using a different strategy. Firstly,
the test was done with DSUITE (Malinsky et al., 2021) which allows for fast
computing. Secondly, because of the larger sampling for the saltuaria group, it was
possible to compute D-statistics scores on the level of species. In addition, 17
ddRADseq assemblies, both de novo and reference, were analyzed separately to
check for congruence among them.
Another large set of simulations for study III was done in FASTSIMCOAL2
version 2.6 (Excoffier et al., 2013). The program allowed for estimating different
demographic scenarios for the saltuaria group based on a coalescent framework.
Fourteen scenarios with and without admixture (introgression) between the focal
species were simulated 100 times each (1,000,000 simulations per time). The tests
were done for one de novo and one reference dataset with identical set of specimens.
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Table 1. Summary of major analysis methods by study.
Method

Rationale

I

II

Morphometry

Approach species delimitation from the standard morphological

NO

YES NO

III

point of view.
DNA barcoding

Apply a standard genetic marker to study mtDNA variation and its

YES YES YES

use for species delimitation in focal taxa.
BINs

The most standard proxy for assignment of specimens to species

YES YES YES

using COI
GMYC

Alternative species delimitation method using COI

NO

YES NO

bPTP

Alternative species delimitation method using COI

NO

YES NO

Haplotype

Visualize the structure of mtDNA connectivity

YES YES YES

The main sequencing protocol in all studies

YES YES YES

ML phylogenies for Test initial species hypothesis with mtDNA marker and compare

YES YES YES

networks for COI
ddRADseq
COI

with ddRADseq phylogenies

ML phylogenies for Test initial species hypothesis with nDNA and compare with COI
ddRADseq

phylogenies

p-distances

Investigate patterns in COI and ddRADseq datasets in order to find

YES YES YES
YES YES YES

genetic “gap” between species or populations; study patterns of ILS;
estimate divergence time between species.
STRUCTURE

Test for potential gene flow (shared ancestry) in ddRADseq dataset

YES YES YES

SNAPP

Standard species delimitation method for SNPs datasets

NO

SVDquartets

Test for species hypothesis on ddRADseq dataset

YES YES NO

TreeMix

Test for admixture (current or historical) between species that

YES NO NO

YES YES

evaluates directionality and weight
D-statistics

Test for historical introgression

YES NO YES

fastsimcoal2.6

Demographic modelling for introgression

NO
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NO YES

3

Results

3.1

Morphological examination and morphometry

All adult specimens for all studies were identified to species level based on
established keys and species descriptions. A more rigorous assessment of the
characters for P. riparia and P. palustris specimens suggested differences in the
entrance duct angle in P. riparia females and a sclerotized teeth shape on the
terminal apophysis of P. palustris males. Otherwise, no characters deviated from
the original species description (Fig. S2 and S3, SM1, II).
In study II, the means were significantly different for most of the measured
characters in males and for half of the females for both P. riparia and P. palustris
populations (ANCOVA and t-test, p < 0.05). At the same time, PCA suggested
overlap in measurements except for P. riparia females (Fig. 1, II).
3.2

Patterns observed in DNA barcodes

Overall, the identical COI haplotypes shared between different species were
observed in every studied species group irrespective of sampling for studies I and
III. For the Alopecosa species pair, pullata group and the European P. hyperboreaP. saltuaria pair, such patterns were expected from previous studies. The taxa listed
above include nine species but only three BINs. At the same time, P. oreophila from
the Pyrenees, France (but not from the Alps), P. hyperborea from Canada and
Greenland and P. californica from the USA had separate BINs. Moreover, in case
of NA P. hyperborea, there were two BINs: one widely distributed across Canada
and Greenland and the second that occurred only in western Canada and Alaska.
Both BINs were found in sympatry in Canada.
In study II, populations from Finland and FER had the same BINs for both
species cases. The BIN for P. palustris was found only in specimens identified as
P. palustris. In case of P. riparia, the BIN was shared with other representatives of
the pullata group. GMYC and bPTP did not give consistent results. In the GMYC
case, if only target populations or species groups were analyzed, both species would
be split (P. palustris 23 or 11 species; P. riparia 6 or 3 species). If both species
groups and target populations were combined in one analysis, then distant
populations would be estimated as one species in both cases. The bPTP analysis
suggested five species for P. palustris if only target populations were included and
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lumped both populations into one species if the monticola group or the combined
monticola-pullata datasets were tested. In the case of P. riparia, bPTP treated
European and FER populations as two different species irrespective of setting but
lumped European P. riparia with other pullata group species if all representatives
of the group were included in the analysis.
The DNA barcodes ML trees for all studies showed mixed results. The pullata
species group as whole was monophyletic but within the group there was a split
between P. pullata and the other four species. The latter were largely intermixed on
the tree. In Alopecosa, specimens were grouped into three clusters, one including
only A. aculeata and two with mixed A. aculeata-taeniata specimens. For study I,
the main conclusion was discordance between the prevailing species hypothesis
and the phylogenetic analysis. All species were non-monophyletic except for P.
pullata (Fig. 1, I).
In study II, populations from FER were clustered separately from the European
ones in COI (P. riparia BS=99; P. palustris BS=98). In the larger COI dataset that
included expanded sampling for the pullata and monticola groups, FER P. riparia
formed a separate cluster (BS=97), while P. palustris from FER and the USA was
nested within all P. palustris specimens of other populations. The other species
from the pullata and monticola groups were intermixed (Supplementary material 3,
II).
In study III, the ML tree showed four major lineages. One included European
P. hyperborea, P. saltuaria and P. oreophila from the Alps. The closest cluster was
the NA P. hyperborea (BS=94). The third clear lineage was P. oreophila from the
Pyrenees and the fourth P. californica from the USA. In this study, two patterns
were incongruent between established taxonomy and DNA barcodes: i) mtDNA
sharing between species from the Alps, Tatra mountains and Northern Europe; ii)
two splits in COI that contradict the current species hypothesis, one in P. oreophila
in Europe and one between European and NA P. hyperborea (Fig. 1a, III).
Haplotype networks largely coincided with the BIN analysis results (Fig. 2b,
3b, I; Fig. 2, II; Fig. S2, Supplementary material, III). However, geographical
variation in studies II and III could be partially visualized through the networks
allowing for a more finetuned interpretation of the COI analysis results. In pullata,
the mixture of haplotypes between P. fulvipes, P. prativaga and P. sphagnicola was
clearly visible, the closest P. riparia being different from this cluster by only one
mutation. However, P. pullata specimens did not overlap with other species from
the group [11 mutational steps (MS) difference] (Fig. 3b, I). The FER specimens of
P. riparia from study II were separated from the European population by 11 MS
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and by 9 MS from the closest haplotypes belonging to European P. fulvipes, P.
prativaga and P. sphagnicola (Fig. 2a, II).
The populations of P. Palustris from Europe and FER were separated by only
5 MS. The overall cluster identified as P. palustris was clearly different from the
rest of monticola group. The latter was completely mixed with no obvious pattern
except for P. mixta (Fig. 2b, II). This observation was not an intended part of any
study but showed a potentially promising group for studying mtDNA dynamics
between species.
In study III, the haplotype network showed a split between the NA P.
hyperborea (8 MS between them), a separate cluster for P. oreophila from the
Pyrenees (14 MS to the closest conspecifics from the Alps) and mixed haplotypes
among European P. hyperborea, P. saltuaria and P. oreophila from the Alps. The
specimens of P. californica were extremely distant from the rest of the saltuaria
group (21 MS) (Fig. S2, Supplementary material, III).
3.3

ddRADseq assemblies

The detailed assembly statistics can be found in the corresponding articles. For each
study many datasets were computed to maximize number of loci and minimize
missing data. The specimens varied in ddRADseq performance, and many were
discarded due to the huge difference in number of loci. A possible explanation for
poor performance could be the initial quality of DNA extracts that was tested with
gel electrophoresis. The quality was assessed by looking at DNA degradation levels.
If the extract appeared as a smear in the gel, i.e. very degraded, with no DNA at or
below the 1,000 kb ladder marker, then there was a probability that the sample
would not perform well in ddRADseq. I had not explored reasons for degradation,
but it seemed that freshly collected specimens that were stored in over 90% ethanol
in the freezer performed better than those acquired from museums or private
collections where the samples were usually stored at room temperature in 70%
ethanol. However, some specimens were valuable even if their extracts looked
degraded and were included in the ddRADseq library. After initial assembly, each
individual was assessed for the number of loci in relation to the total number of loci
in the dataset. Those having excessively low number of loci (empirically less than
3% of total recovered loci) were discarded. Overall summary statistics for all
studies is presented in Table 2.
In study I, separate data matrices were assembled for the pulverulenta and
pullata groups. The Alopecosa matrix included ten specimens of A. aculeata, eight
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of A. taeniata and one specimen each of two outgroup species, A. pulverulenta and
Trochosa spinipalpis. The final matrix (c=0.80; m=6) had 12.6 thousand (K) loci, a
consensus sequence length (CSL) of 2.4 million (MM) bp, 207.6K SNPs and 59.8%
of missing data. Two more samples of A. taeniata were dropped out due to low
number of loci. Another matrix with a higher clustering threshold (c=0.85) based
on the same specimens was not processed because it had a slightly higher
percentage of missing data and lower number of SNPs (60.1% and 184K
correspondingly). The minimum taxon coverage was the same for both matrices.
The pullata matrices at c=0.80 performed worse in comparison to the
Alopecosa datasets. Increasing m from six to 18 significantly decreased the number
of loci, consensus sequence length and number of SNPs. The number of loci varied
from 7.2K to 23, CSL from ~1.4MM to 4.6K, number of SNPs from 161.7K to 619.
Missing data, on the contrary, decreased from 71.0% to 32.7%. At c=0.85, same as
in Alopecosa, the number of SNPs and missing data increased, but the number of
loci and CSL did not. The matrix with the highest number of loci at c=0.80 was
used for downstream analysis.
In study II, matrices were assembled separately for the monticola group, the
pullata group including FER P. riparia and the combined dataset. Number of
specimens in the dataset ranged from 12 to 36, number of loci from 124K to 64.6K,
CSL from 23K to 11MM bp, number of SNPs from 2K to 643.8K and missing data
from 15.6% to 82.3%. Combined datasets were used to build phylogenetic trees
and to investigate p-distance patterns. Separate datasets for each species group were
used to run the species delimitation analysis. A more conservative value of c=0.85
was applied to all datasets.
In study III, the clustering threshold was kept at 0.85. As a result of low quality
of 29 samples, they were excluded from the majority of matrices. Unfortunately,
these were mostly specimens of P. hyperborea from mainland Canada. Poor quality
did not allow for considering them in species delimitation between the two BINs
found there. The proxy to one of the lineages found in NA were samples of P.
hyperborea from Greenland. Only one assembly (de novo m=30-60; n=91) included
five Canadian P. hyperborea and was used in STRUCTURE and D-statistics
analysis.
Altogether, 15 de novo and eight reference assemblies were analyzed.
Assemblies with the same number of specimens for reference and de novo included
exactly the same individuals. Larger datasets included 55 to 120 samples with m
ranging from four to 60 (13 assemblies). Smaller matrices had exactly 25 specimens
each with m from six to 25 (ten assemblies). Smaller datasets were used for SNAPP
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analysis because the computational time was extremely large and smaller matrices
were analyzed faster. Number of recovered loci ranged from 402K to 75.7K, CSL
from 67.6K to 9.5MM bp, number of SNPs from 4.7K to 500K and missing data
from 0.7 to 86.8%.
Overall, m was the decisive parameter. High values of m allowed for a low
missing data percentage but enormously diminished the size of the matrix. All
assemblies were used for phylogenetic inference. Matrices with minimum missing
data and at least several thousand SNPs were used for species delimitation. For pdistance analysis in study II, combined monticola and pullata matrices were
processed. For D-statistics in study III, 18 matrices were analyzed and for
FASTSIMCOAL2 demographic simulations, one de novo and one reference were
used (n=84). In study I, only two datasets, one for pulverulenta and one for pullata
groups, were analyzed throughout the study. Thus, the choice of the dataset was
partially arbitrary as, to my best knowledge, there is no study that can
unequivocally suggest guidance in choosing assembly for downstream analysis.
Table 2. Assembly statistics for all studies. The values are given as a range from
minimum to maximum applied/observed value. Matrices – number of matrices
assembled, n – number of specimens in assembly, c – clustering threshold, m –
minimum taxon coverage, Loci – number of loci, CSL – consensus sequence length, bp
– base pairs, SNPs – number of SNPs, Unlinked SNPs – number of unlinked SNPs,
Missing data – percentage of missing data, K – thousand, MM – million.
Parameter

Study I

Study II

Study III

Matrices

8

15

23

n

20-34

12-36

25-120

c

0.80-0.85

0.85

0.85

m

6-18

3-22

4-60

Loci

7.2K-13.7K

124-64.6K

402-75.7

CSL, bp

4.6K-2.4MM

23K-11MM

67.6K-9.5MM

SNPs

619-207.6K

2K-643.8K

4.7K-500K

Unlinked SNPs

20-12.4K

124-57K

395-49.2K

Missing data, %

32.7-71.1

15.6-82.3

0.7-86.8

3.4

Phylogenetic trees and gene flow in ddRADseq datasets

In the pullata species group and Alopecosa, monophyletic groups coincided with
previously described species (Fig. 2a, 3a, I). The BS were 100 for all species. In
study II, all species recognized by established taxonomy were represented as
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monophyletic clusters with 100 BS except for P. pullata (BS=82) (Fig. 3, II). In
addition, FER and Finnish populations were represented as independent lineages
for both P. riparia and P. palustris cases, both with 100 BS. In study III, the pattern
was similar, where P. oreophila, P. saltuaria and P. hyperborea specimens
corresponded to separate monophyletic groups with one exception of a split
between P. oreophila and P. saltuaria for the reference assembly (BS=85; n=84;
m=43) (Fig. 1b-c, III). Allopatric populations of P. hyperborea were also recovered
as two separate lineages: Finnish and combined Canadian and Greenland.
The clusters recovered by STRUCTURE majorly coincided with established
taxonomy. The two Alopecosa species were clearly separated with no shared
ancestry detected between them (Fig. S1a, Supplementary material, I). The small
proportion of shared nDNA comes from the outgroup T. spinipalpis. The inability
of STRUCTURE to distinguish between A. pulverulenta and T. spinipalpis was
likely coming from the absence of conspecific samples. In the pullata species group,
shared ancestry was observed between the P. fulvipes and P. riparia cluster, the
former having two samples with some proportion of the latter. The other three
species analyzed (I) do not show any signs of admixture (Fig. S1b, Supplementary
material, I). The conclusion here was that there was no substantial gene flow
between lineages and the STRUCTURE results rather supported the established
taxonomy than disproved it. In study II, both populations of P. riparia were merged
into one suggesting one homogenous cluster. A larger sample size of P. palustris
showed greater divergence between FER and Finnish populations, however, shared
ancestry was observed in three samples out of four (Fig. 3, II).
The result of STRUCTURE for study III supported independent species with
no gene flow in European P. hyperborea, P. oreophila and P. saltuaria. At the same
time Canadian and Finnish populations of P. hyperborea had shared ancestry.
Greenland samples did not have anything shared with Finnish specimens (Fig. 2,
III). It should be noted that Canadian samples performed much poorer than
Greenland and Finnish samples and shared ancestry could be an artefact of ddRAD
sequencing where only similar, more conservative loci could have been sampled,
contributing to admixture between clusters. Overall, the greatest support was for
five clusters where P. hyperborea was split into NA and Finnish populations and
the rest of the species each had its own cluster.
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3.5

Species delimitation using ddRADseq datasets

In studies I and II, SVDquartets showed high bootstrap support for maximum splits
number between species and populations (Fig. S2, Supplementary material, I; Fig.
S8, Supplementary material 1, II). For sympatric cases of the pullata group, BS
ranged from 96 to 100 and for the Alopecosa species BS was 100. The split between
FER and Finnish P. riparia also had a 100 BS but the split of P. pullata from the
rest of the group had only 50 BS. In the same manner, the split between allopatric
populations of P. palustris was fully supported but the split between P. palustris
and the other monticola group had BS=50. Therefore, SVDquartets suggested that
established taxonomy for the pulverulenta and pullata groups in sympatry was
correct. It could also differentiate between allopatric populations of P. riparia and
P. palustris, suggesting that FER populations were indeed separate species in both
cases.
The multispecies coalescent analysis implemented in SNAPP was used in
studies II and III. For study II, the scenario, where distant populations of P. riparia
and P. palustris were treated as separate species, had a higher BF in comparison to
the default taxonomy scenario. The same was true for P. hyperborea where the
scenario with Greenland and Finnish populations treated as different species had
the highest BF. This scenario also suggested that P. saltuaria and P. oreophila were
distinct species in relation to P. hyperborea and the outgroup (Table 3, III).
Overall, both methods applied to delimit species with ddRADseq data suggest
14 lineages in default 11 species.
3.6

Introgression and admixture tests

As no gene flow was detected for the pullata and Alopecosa species, I suggested
that shared mtDNA between the species was a result of historical introgression or
ILS. To study for signs of introgression, D-statistics and TreeMix analysis were
performed. The presence of endosymbiotic bacteria was examined as they could
have played a role in promoting one type of mtDNA between species.
Both methods for detecting introgression returned positive results for all
individuals. However, the patterns differed, and the amount of introgression varied
since TreeMix suggested substantial shared ancestral DNA (up to 30%) (Fig. 4, I)
while introgression did not exceed 12% in the D-statistics estimates (Table 3, I).
Bacterial presence was scarce, but Wolbachia was detected in one A. aculeata, four
A. taeniata and one P. sphagnicola specimens. The same Wolbachia strain was
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found in both Alopecosa species. The other endosymbiont, Spiroplasma, was found
in two P. riparia, in one P. sphagnicola and in one A. taeniata without regularity in
strains. The third bacteria, Rickettsia, was detected in one A. aculeata, in two A.
taeniata and in one P. sphagnicola, again with no regular pattern for bacterial
distribution. The frequency of endosymbionts in 95 tested specimens of Lycosidae
was 7%. The Cardinium tests did not return any positive results (Table S1,
Supplementary material, I).
The ILS was tested by plotting p-distance ratios between ddRADseq and COI
across all specimens of each species. If ILS had taken place and had occurred both
in nDNA and mtDNA then the ratio between p-distances of the two should be
similar to the p-distances ratio for species where ILS had not occurred. The graph
did not suggest overlap between these two groups of species thus ruling out ILS as
an explanation for shared mtDNA (Fig. 5, I).
To understand the evolutionary causes that have led to the incongruence
between COI and nDNA patterns in European saltuaria species (III), tests for
introgression and demographic scenarios modelling were performed following the
rationale discussed for the sympatric study (I). The results of D-statistics indicated
clear introgression between species with a high proportion of introgressed DNA
between P. saltuaria and both populations of P. hyperborea (roughly up to 20%)
(Table 3, III). This result would suggest that exchange of nDNA happened before
the split between European and NA P. hyperborea. However, the presence of the
shared COI between Finnish P. hyperborea and P. saltuaria and separate BINs in
NA would suggest that introgression should have occurred after the populations of
P. hyperborea had become separate.
Demographic scenarios in FASTSIMCOAL2 with admixture between species
had higher support than one without (Table 4, III). In de novo assembly, the highest
probable scenario is P. oreophila admixing with P. saltuaria and European P.
hyperborea. For the reference assembly, three scenarios were close in AIC value:
one admixture event between P. saltuaria and European P. hyperborea, two
admixture events from P. saltuaria to P. oreophila and European P. hyperborea and
two admixture events from P. saltuaria to both populations of P. hyperborea.
Interestingly, the scenario of admixture between P. saltuaria and a common
ancestor of P. hyperborea populations failed constantly (gave bad parameters) for
de novo assembly and was not close to the higher ranking scenarios for reference
assembly. Overall, admixture/introgression was suggested by both D-statistics and
FASTSIMCOAL2 analyses but there is not enough resolution to distinguish
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between these scenarios. Thus, only presence of introgression between species of
saltuaria group was supported.
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4

Discussion

There is no agreement among taxonomists about which parameters are the most
important for species delimitation. It is advocated that congruence among all
studied data types and congruence between analyses within a particular data type
are desirable (integrative approach) (Carstens et al., 2013). Below I discuss each of
my studies separately integrating over the lines of evidence collected. Afterwards I
give my assessment of the data types and methods applied in light of their success
for species delimitation in the focal taxa as well as for more general use.
4.1

Species delimitation of sympatric Pardosa and Alopecosa

The results strongly suggest that the genetic clusters identified in ddRADseq
datasets of the pullata and pulverulenta species groups are highly congruent with
established taxonomy while COI patterns are not. In this regard, focal sympatric
species are diagnosed as valid species based on morphology, behavior (extrapolated
from literature) and nDNA, but not on mtDNA. The specimens are clustered into
groups recognized as species defined in phylogenetic (monophyletic; ddRADseq
ML trees), evolutionary (ddRADseq ML trees; SVDquartets), genetic clusters
(ddRADseq ML trees; SVDquartets; STRUCTURE) and unified (ddRADseq ML
trees; SVDquartets; STRUCTURE) species concepts. Therefore, species status of
the focal sympatric species should remain the same. At the same time, a biological
explanation for shared COI was required. The latter does not affect the delimitation
results and overall taxonomic conclusion. Shared mtDNA is known for many cases
but species remain valid even in the presence of active gene flow (Eaton et al., 2015;
Linnen & Farrell, 2007; Melo-Ferreira et al., 2012; Papakostas et al., 2016; Suchan
et al., 2017).
In study I, no gene flow has been suggested by STRUCTURE on nDNA level.
If the focal species were allopatric, then an absence of gene flow could have been
explained by geographical isolation. However, since all focal taxa occur in
sympatry, absence of gene flow indicates historical reasons for retaining a
particular mtDNA type. This implies that low divergence in mtDNA can be a result
of introgression or ILS. Introgression is a plausible hypothesis because D-statistics
and TreeMix detect admixed nDNA. Thus, the exchange of mtDNA between
species could have occurred simultaneously with nDNA and became fixed.
Endosymbionts could have played a role in propagation of the same mtDNA type
[such cases are documented (Curry et al., 2015; Hurst & Jiggins, 2005; Jiggins,
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2003; Smith et al., 2012; Stefanini & Duron, 2012)] but I am unaware of method
that can test this claim using the data of these studies. Presence of the same
Wolbachia strains in Alopecosa can be indicative, but number of infected specimens
is too low to directly link endosymbionts to a shared mtDNA pattern. Possible
mechanism of the same mtDNA propagation due to endosymbionts infection lies
in cytoplasmic incompatibility phenomenon when male sperm is inhibited if male
is not infected with the same or close strain of endosymbiont as female is of female
is uninfected. Then only one strain is propagated together with accompanying
mtDNA haplotype causing a resemblance of selective sweep (Curry et al., 2015).
The ILS is less likely as an alternative explanation for the observed mitonuclear
discordance. For instance, in a similar case of spined loaches the authors computed
the probabilities of retaining ancestral mtDNA in fully differentiated species with
divergent nDNA genes and found the probabilities to be low (Choleva et al., 2014).
Here, the proxy to the simulations in the mentioned article were p-distances ratios
between ddRADseq datasets and COI. I hypothesized that the ratio between
mitochondrial and nuclear distances should be relatively stable value. Hence, if ILS
is a characteristic in both nDNA and mtDNA, the ratio between their p-distances
would belong to the same range as between fully differentiated species, as
divergence in both types of DNA will be merely a function of time. The species
with shared COI did not show lower p-distances in ddRADseq matrices between
each other and, consequently, the ratios were lower than in species without
mitonuclear discordance. While this test is far from being conclusive, these results
summed with an absence of gene flow, monophyly in ddRADseq ML trees and
species delimitation analysis suggest a low probability of ILS as an explanation for
low divergence of mtDNA.
To conclude, the probable scenario in the pulverulenta and pullata species
groups is that the mtDNA became introgressed and fixed. At least in Alopecosa, the
spread of a new haplotype could have been propagated by Wolbachia infection. The
timing of introgression remains unknown but is unlikely to have taken place
recently as current gene flow was not evident from the STRUCTURE analysis.
Distinction between ILS and introgression remains challenging.
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4.2

Species delimitation in allopatry for Pardosa

4.2.1 Comparing morphological and genetic evidence
Comparison of morphological evidence to sequencing data is a crucial step in
understanding correspondence between the two in terms of species delimitation. In
the case of P. riparia and P. palustris, traditional morphological methods were
compared with COI and ddRADseq analyses.
Special emphasis was made on the copulatory organs structures because they
play a crucial role in spider taxonomy (Huber, 2004). Here, morphological
comparison between Finnish and FER populations of P. riparia and P. palustris
suggested a certain degree of divergence in the characters shape and measurements.
In both copulatory and somatic characters there were significantly different
measurements, but the values distribution almost always overlapped in both
populations in both sexes and in both species. In the same manner, PCA, while
showing some clustering corresponding to the populations, suggested overlap
between them rather than clear separate groups for both species. These results could
be indicative that the populations deserve recognition as at least subspecies, but
subjectivity of character choice for analysis and lack of standardization of
morphological species delimitation does not allow for a robust taxonomic decision.
Moreover, subspecies status is traditionally avoided in arachnological studies
(Kraus, 2002).
The analyses of COI and ddRADseq suggest similar uncertainty. On the
mtDNA level, FER populations appeared as separate lineages in ML trees. Other
analyses with DNA barcodes could not consistently distinguish between European
and FER populations for either species, however, divergence corresponding to
geographical distribution was still detected. Given the general pattern of low
resolution of mtDNA for species discrimination in Pardosa, these results were
expected. If no previous data were known for the genus, then the combination of
morphology and COI would suggest congruence with the established taxonomy for
P. riparia and P. palustris.
The ddRADseq analyses results were not congruent with each other. Species
delimitation analysis with SVDquartets, SNAPP and phylogenetic tree clearly
suggest that FER and European populations belong to different species, specimens
from distant populations formed separate clusters in ML trees but STRUCTURE
did not detect separable clusters. The p-distances between distant populations
largely overlapped with intraspecific distances within the corresponding species
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group suggesting that distant populations of both species are conspecific (Fig. 4
and 5, II). Not surprisingly, increasing m for assemblies resulted in a smaller gap
between intra- and interspecific distances in general, because the decreased number
of loci and likely more conservative loci in the assemblies resulted in decreased
variation between the species.
From a formal point of view, the lack of congruence within DNA data types
analyses forces a conservative in taxonomic decision (Carstens et al., 2013; Padial
et al., 2010), thus, species status remains unchanged. The incongruence could come
from the shortcomings of the methods themselves (all of them use simplifications
in order to achieve computational accessibility) but also might have biological
relevance. I argue that in both cases of allopatric P. riparia and P. palustris, the
populations are clearly diverging and currently they are in the “grey zone” (de
Queiroz, 1998). Different methods overemphasize some parameters and neglect
others, thus, giving incongruent results that are, as sum, reflection of recent
divergence between the populations. Therefore, recognition of a population as a
separate species is an arbitrary decision and depends only on the preference of the
researcher in terms of the methods or species concept applied. At the same time,
morphology also suggests variability that can be a reflection of divergence and
isolation of the populations. Thus, I conclude that molecular analyses results are in
congruence with morphological ones. The latter is the main point which implies
that for species delimitation with ddRADseq and, to lesser extent, COI (majorly
because one gene tree might not correspond to species tree and the overall limited
applicability to Pardosa species delimitation) is of similar resolution power as the
morphological approach.
An additional challenge here is the allopatric nature of distribution. This study
is a showcase of the complexity of species delimitation in allopatry even when large
amounts DNA data is available. In species with a large and overlapping range of
distribution, dense sampling and large sample sizes are needed, but even that might
not guarantee unequivocal results (Dincă et al., 2019; Linck et al., 2019). Important
note for case study II is that P. riparia and P. palustris were suggested to have
uninterrupted distribution in Palearctics. Therefore, sampling populations from the
extremes of the distributions might appear as artificially created allopatry effect.
However, after consulting with Russian colleagues and checking relevant literature,
it is safe to say that FER populations of both species are separated from Siberian
populations by mountain ridges and thus can be considered truly allopatric. Future
studies of these species would benefit greatly from sampling from the entire
Palearctic realm.
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4.2.2 Species delimitation and mitonuclear discordance in ArcticAlpine and Holarctic Pardosa
The study of P. hyperborea and its kin can be viewed as another species delimitation
investigation for allopatric species/populations. However, unlike in study II
intermediate populations and contact zones between species are not expected. Here,
as in study I, only molecular data is analyzed, and delimitation based on
morphology is accepted as the null hypothesis. At this stage, no morphological
characters deviating from morphospecies hypothesis were detected but more
careful examination is in process.
In Holarctic P. hyperborea three lineages were discovered in mtDNA (ML trees,
BINs): one in Europe and two in NA. The two NA lineages can be roughly divided
by distribution into central-eastern and western. However, both occur in
geographical sympatry near Lake Louise, Alberta. The European lineage of P.
hyperborea, while different from both NA lineages, was mixed with two European
species (P. oreophila from the Alps and P. saltuaria) in ML trees and haplotype
networks. The population of the currently recognized P. oreophila from the
Pyrenees was distinct in BIN, ML trees and haplotype network, confirming
previous results that suggested that it may belong to a separate species (Muster &
Berendonk, 2006). Overall, COI patterns contradict established taxonomy (four
lineages for three nominal species) but correspond to previous discussion for the
group where northern, central European and Alps species are indistinguishable on
a mtDNA level and there is likely an undescribed species in the Pyrenees (Muster
et al., 2009; Muster & Berendonk, 2006).
On the genomic level Finnish and Greenland populations of P. hyperborea, P.
saltuaria and P. oreophila from the Pyrenees appear as distinct lineages
(monophyletic groups) in ML trees, distinct clusters in STRUCTURE and separate
species as delimited by SNAPP. In addition, Canadian specimens in most of the
cases were grouped together with the Greenland specimens suggesting that they
belong to the same evolutionary lineage. However, the quality of the Canadian
extracts was poor and, in order to achieve comparable number of loci across
specimens, they were excluded from STRUCTURE and BFD* analyses. Strictly
speaking, the status of Canadian specimens was tested only with ML trees where
Canadian specimens of P. hyperborea of relatively higher quality belong to the
same cluster as specimens from Greenland. Thus, for three currently recognized
species four lineages were identified based on the ddRADseq dataset. The status of
the Pyrenean population as a separate species is confirmed on both mitochondrial
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and nuclear DNA levels. Finnish P. hyperborea, Greenland P. hyperborea and P.
saltuaria should have the same taxonomic status as species. The NA populations
of P. hyperborea were previously recognized as a separate species from European
populations under the names P. luteola Emerton, 1894 (Emerton, 1894) and Lycosa
albimontis Strand, 1909 (Strand, 1909). I suggest that the first name is to be
resurrected. The species concepts applicable in this case include at least the
evolutionary species concept [sensu (Wiley & Lieberman, 2011) where several
concepts were synonymized with the former], the unified species concept (De
Queiroz, 2007) and the genotypic cluster concept (Mallet, 1995). The biological
(isolation) species concept (Dobzhansky, 1970; Mayr, 1970) is difficult to apply
here because of the allopatric distribution of the focal populations (de Queiroz,
1998; De Queiroz, 2007).
The main complication for resurrecting P. luteola from synonymy is the
presence of two COI lineages in NA. Given the previous evidence of highly similar
mtDNA sequences between clearly distinct morphospecies (usually confirmed by
behavioral studies), it is possible that each recovered BIN belongs to a separate
species. However, minimum p-distance between representatives of the two BINs is
1.2% while maximum divergence within the central-eastern BIN is 1.5% and in the
western BIN 1.2%. Moreover, minimum p-distance between BINs was observed
between specimens collected almost 3,000 km apart, while in strict sympatry the
minimum p-distance was 1.5%. Therefore, without further studies on the NA
populations it is premature to conclude that there are two separate species. However,
it is impossible to ignore the abundant genomic evidence of differences between
the European and NA P. hyperborea, thus, P. luteola stat. resurr. is the most
conservative decision. The changes to the taxonomy should be applied only after
publishing this conclusion in the scientific article, i.e. taxonomical decision here
should be considered as unpublished.
The explanation for shared COI between European P. hyperborea and P.
saltuaria is likely the same as for the pullata and pulverulenta groups, i.e. mtDNA
was introgressed between the species. This conclusion is supported by both
FASTSIMCOAL2 and DSUITE analyses of the ddRADseq datasets. In addition,
introgression is suggested between the Pyrenean species and the other two
European lineages. Previous research based on mitochondrial and nuclear markers
indicated that connection (migration) was strongest between the Scandinavia
(including the Kilpisjärvi area, the same as in the current research) and Tatra
mountains (sampled here as well), and occurred during the last glacial maximum
(Muster et al., 2009; Muster & Berendonk, 2006). The migration between
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Scandinavia and the Pyrenees was not tested but migration between the Alps and
the Pyrenees was supported (Muster et al., 2009). Here, D-statistics and
FASTSIMCOAL2 suggest similar conclusions, where introgression is strongest
between Finnish P. hyperborea and P. saltuaria from Tatra. Introgression of P.
saltuaria and P. hyperborea with the Pyrenean population had lower support in Dstatistics but was mainly supported in the FASTSIMCOAL2 scenarios for de novo
and reference datasets. However, there were two scenarios of similar support for
the reference dataset that suggested admixture between the Finnish and Tatra
species but not with the Pyrenees. Interestingly, introgression between the
Greenland population, P. saltuaria and the Pyrenean species was detected by both
programs. It is possible that D-statistics cannot differentiate between several
introgression events and in the absence of additional sampling such complicated
scenarios are difficult to model properly in FASTSIMCOAL2. However, given how
differentiated the species are, the most plausible hypothesis for the shared mtDNA
is that it became introgressed between P. hyperborea and P. saltuaria in Europe
likely during the last glacial maximum. However, it is impossible to say whether
several such contacts occurred in the past or if the programs used tend to
overestimate levels of admixture.
4.3

Overall assessment of DNA barcoding and ddRADseq for
species delimitation

The conflict between the established taxonomy of the focal species and COI
patterns is obvious. Out of 30 Pardosa species included in the three studies, 16
(53%) had incongruence in the form of the same BIN, mixed haplotypes pattern
and mixed phylogenetic tree as opposed to species defined by morphology, ecology
and behavior. For Alopecosa these numbers were two out of five (40%). Extending
this to all Lycosidae used in the study would give 18 (35%) species with some form
of DNA barcode sharing out of a total of 51. My sampling is heavily biased toward
problematic species, therefore, these values do not reflect the reality of COI (BIN)
sharing in wolf spiders. For comparison, in a large Canadian dataset 15 out of 83
(18%) Lycosidae species showed similar sharing patterns (G. A. Blagoev et al.,
2016). Not surprisingly all of them belonged to the target genera: 13 belonged to
Pardosa and two to Alopecosa. The sharing percentages were 36% for the Canadian
Pardosa and 29% for Alopecosa.
From a practical point of view, in roughly 30-50% of the morphospecies of
Pardosa and Alopecosa, DNA barcodes could be predicted to be similar or identical
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between species. Conversely, a clear split within a recognized species (e.g. several
BINs) flags the species for potential cryptic diversity. Study III demonstrated this
for P. oreophila (split between the shared European cluster and the population from
the Pyrenees) and P. hyperborea (Nearctic-Palearctic split). Therefore, application
of DNA barcodes for species delimitation in Lycosidae is very restricted.
The ddRADseq analyses was more consistent with the initial species
hypotheses than COI patterns. Established taxonomy coincided with phylogenetic
analyses results in eight out of 11 cases (73%). The taxonomic status of isolated
populations cannot be assessed by trees alone, as observed splits might not
necessarily correspond to species borders but to geographical structure within
species. In two cases of allopatry for presumed same species (II) intermediate
populations were not sampled and the split could be a case of isolation-by-distance
which could not be tested without additional sampling (Wright, 1940). However,
for the saltuaria species group (III) there are, in fact, no intermediates because the
populations are geographically isolated. Overall, ML trees for the ddRADseq
datasets suggest the presence of 14 lineages for 11 recognized species. Given the
abundance of data that ddRADseq provides it is hard to attribute the results to mere
chance, and the recovered monophyletic groups are likely genuine given the
sampling effort. The same 14 lineages were recovered by species delimitation
analyses [SVDquartets (I, II) and SNAPP (II, III)] However, both analyses give
bifurcating trees and while they do assess reticulate patterns to a certain extent
(Chifman & Kubatko, 2014; Chou et al., 2015; Leaché et al., 2014; Rannala, 2015),
the results are clusters that were recovered in a given sampling. Further
investigation of reticulate patterns between the species (STRUCTURE; D-statistics;
FASTSIMCOAL2; TREEMIX) suggested little shared ancestry (interpreted as an
absence of current gene flow) and historical introgression in studies I and III, but
showed high shared ancestry in study II. The latter is the only case of incongruence
within the evidence derived from the ddRADseq data in terms of species
delimitation. What I conclude from my results is that epistemologically ddRADseq
data is indeed valuable for species delimitation in Pardosa and Alopecosa and its
analyses is in synergy with morphological and geographical data.
There is little doubt that ddRADseq is efficient in studying recent speciation
events and for collecting evidence for species delimitation. However, when it
concerns official naming of the species or analyses interpretation for species
delimitation purposes, both remain partially arbitrary and are sometimes called
irrelevant in the context of the study. For example, in Habronattus jumping spiders
ddRADseq data analyses recovered many lineages that corresponded to
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morphological analyses and allopatric distribution of the lineages. Under many
species concepts such lineages should be recognized as species. However, the
authors restrained from assigning scientific names to the lineages and suggested
that it “somewhat misses the point” of the study (M. Hedin et al., 2020). In other
studies conflicts between ddRADseq analyses forced authors to be very cautious in
their conclusions about taxonomic status of populations despite dense geographical
sampling, e.g. in Zodarion spiders (Ortiz et al., 2021), Empidonax birds (Linck et
al., 2019) and Melitaea butterflies (Dincă et al., 2019). In the third case, the authors
are more bold in suggesting new taxonomic assignments based on ddRADseq
analyses, apparently, when there is no conflict between the results [penguins
(Frugone et al., 2021; Parker et al., 2021), lizards (Kornilios et al., 2020), turtles
(Vargas-Ramírez et al., 2020)]. My research falls in line with these studies in a
sense that conflicting patterns in ddRADseq caused cautious taxonomic
interpretation while congruence led to decisive species delimitation. The problem
with my studies, as well as many others, are the methods used, meaning that there
is no standard species delimitation algorithm that unequivocally defines taxonomy.
This stems from the problem that I have started with, i.e. what species is
ontologically. As the choice of the species concept remains arbitrary, so does the
species delimitation.
Additional challenges of ddRADseq include missing data and the arbitrary
choice of assembly parameters that inevitably change the SNPs matrix and
influence final results, both in my studies and cited (as well as uncited) articles. In
addition, ddRADseq data has limited potential for direct comparison between
distant taxa due to locus dropout effect. Thus, it is impossible to fully standardize
species delimitation in different taxa by using the same restriction enzymes pair.
Other methods attempt to overcome this shortcoming by selecting predefined set
of probes (AHE, UCE), sequencing high-copy genes (genome skimming), studying
chromosome-level assemblies or analyzing entire genomes (Eberle, Ahrens, Mayer,
Niehuis, & Misof, 2020). While whole genome sequencing is likely to become the
next standard data type for species delimitation, timewise and pricewise ddRADseq
is still suitable for small scale projects at the shallow taxonomic levels. In addition,
assembly of ddRADseq reads against transcriptomes that are likely to become more
abundant should allow for more informed species delimitation by identifying
coding regions with elevated differences between species. Nevertheless, the
advantages of ddRADseq, as I interpret them, are the low cost, higher
standardization in comparison to morphology and ethology, and accessibility of the
data for re-analyzing.
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Using the same analysis methods for SNPs matrices allows me to compare my
results to the patterns revealed not only in wolf spiders or spiders in general, but to
any animal taxon studied with the help of ddRADseq with the possibility to expand
beyond the animal kingdom. Thus, I benefit more from research done by other
biologists irrespective of their group of interest and, in turn, contribute myself to
overall studies on biodiversity and speciation while clarifying taxonomic issues of
my focal group. I suggest that after the accumulation of a critical mass of similar
studies a more general and standard theory of species delimitation might emerge.
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Conclusions
Species delimitation remains challenging and is partially a subjective endeavor. The
attempt to delimit species using molecular methods stems directly from the theory
of evolution and based on standardized statistical practices, presumably making it
more general and less biased. This is especially true for genomic-scale data as they
provide a comprehensive overview of entire genomes. At the same time, single
gene species delimitations have many limitations. In comparison, ddRADseq is
reliable, reproducible and congruent with traditional approaches for collecting data
for species delimitation.
I believe that I have managed to demonstrate that ddRADseq data analysis
delimits the same entities as defined by thorough analysis of morphology and
biology. Consequently, ddRADseq can be efficiently used for species delimitation
in Pardosa and Alopecosa. Coupled with evidence from other studies, its capacity
can be extended to virtually any group of organisms. This protocol becomes
especially handy for resolving conflicting patterns between COI and established
taxonomy for non-model species.
My research does not render COI obsolete for species identification and even
delimitation since 98% of spider species in Canada do not belong to conflicting
cases. I suggest that there always will be groups of organisms where recent
diversification and complex demographic history coupled with bacterial infections
will distort the expected patterns. My research sheds light on the reasons for such
a distortion and likely supports the idea of extension of DNA barcoding from
species identification to species delimitation, especially given that majority of the
fauna is not yet described. Nevertheless, it is important to keep in mind that in some
groups COI will not work, thus there should be tested protocols to overcome these
complexities. My research provides a framework of thinking that helps to use
ddRADseq protocol for taxonomic purposes in more unbiased ways. Therefore,
while I have not solved the ontological problem of species, I have showed that the
epistemological value of ddRADseq for species delimitation is incredibly high,
suggesting that genome scale sequencing will become the next standard of how the
taxonomist community circumscribes species.

57

58

List of references
Andrews, K. R., Good, J. M., Miller, M. R., Luikart, G., & Hohenlohe, P. A. (2016).
Harnessing the power of RADseq for ecological and evolutionary genomics. Nature
Reviews Genetics, 17(2), 81–92. https://doi.org/10.1038/nrg.2015.28
Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence data.
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
Arnedo, M. A., & Ferrández, M.-A. A. (2007). Mitochondrial markers reveal deep
population subdivision in the European protected spider Macrothele calpeiana
(Walckenaer, 1805) (Araneae, Hexathelidae). Conservation Genetics, 8(5), 1147–1162.
https://doi.org/10.1007/s10592-006-9270-2
Astrin, J. J., Höfer, H., Spelda, J., Holstein, J., Bayer, S., Hendrich, L., Huber, B. A.,
Kielhorn, K. H., Krammer, H. J., Lemke, M., Monje, J. C., Morinière, J., Rulik, B.,
Petersen, M., Janssen, H., & Muster, C. (2016). Towards a DNA barcode reference
database for spiders and harvestmen of Germany. PLoS ONE, 11(9), 1–24.
Baert, L., Hendrickx, F., & Maelfait, J.-P. (2008). Allozyme characterization of Hogna
species (Araneae, Lycosidae) of the Galápagos Archipelago. Journal of Arachnology,
36(2), 411–417. https://doi.org/10.1636/CA07-091.1
Baird, N. A., Etter, P. D., Atwood, T. S., Currey, M. C., Shiver, A. L., Lewis, Z. A., Selker,
E. U., Cresko, W. A., & Johnson, E. A. (2008). Rapid SNP discovery and genetic
mapping using sequenced RAD markers. PLoS ONE, 3(10), e3376.
https://doi.org/10.1371/journal.pone.0003376
Bergthorsson, U., & Palmer, J. D. (2003). Widespread horizontal transfer of mitochondrial
genes in owering plants. Nature, 763(2002), 197–201.
Blagoev, G. A., DeWaard, J. R., Ratnasingham, S., DeWaard, S. L., Lu, L., Robertson, J.,
Telfer, A. C., & Hebert, P. D. N. (2016). Untangling taxonomy: A DNA barcode
reference library for Canadian spiders. Molecular Ecology Resources, 16(1), 325–341.
https://doi.org/10.1111/1755-0998.12444
Blagoev, G. A., & Dondale, C. D. (2014). A new species of Alopecosa (Araneae: Lycosidae)
from Canada: a morphological description supported by DNA barcoding of 19
congeners. Zootaxa, 3894(1), 152. https://doi.org/10.11646/zootaxa.3894.1.12
Blagoev, G. A., Nikolova, N. I., Sobel, C. N., Hebert, P. D. N., & Adamowicz, S. J. (2013).
Spiders (Araneae) of Churchill, Manitoba: DNA barcodes and morphology reveal high
species diversity and new Canadian records. BMC Ecology, 13, 1–17.
https://doi.org/10.1186/1472-6785-13-44
Blagoev, G., Hebert, P., Adamowicz, S., & Robinson, E. (2009). Prospects for using DNA
barcoding to identify spiders in species-rich genera. ZooKeys, 16, 27–46.
https://doi.org/10.3897/zookeys.16.239
Bond, J., Hamilton, C., Garrison, N., & Ray, C. (2012). Phylogenetic reconsideration of
Myrmekiaphila systematics with a description of the new trapdoor spider species
Myrmekiaphila tigris (Araneae, Mygalomorphae, Cyrtaucheniidae, Euctenizinae) from
Auburn, Alabama. ZooKeys, 190, 95–109. https://doi.org/10.3897/zookeys.190.3011
59

Bonnet, T., Leblois, R., Rousset, F., & Crochet, P.-A. (2017). A reassessment of
explanations for discordant introgressions of mitochondrial and nuclear genomes.
Evolution, 71(9), 2140–2158. https://doi.org/10.1111/evo.13296
Bouckaert, R., Heled, J., Kühnert, D., Vaughan, T., Wu, C.-H., Xie, D., Suchard, M. A.,
Rambaut, A., & Drummond, A. J. (2014). BEAST 2: A Software Platform for Bayesian
Evolutionary Analysis. PLoS Computational Biology, 10(4), e1003537.
https://doi.org/10.1371/journal.pcbi.1003537
Boulton, A. M., Ramirez, M. G., & Blair, C. P. (1998). Genetic structure in a coastal dune
spider (Geolycosa pikei) on Long Island, New York Barrier Islands. Biological Journal
of
the
Linnean
Society,
64(1),
69–82.
https://doi.org/10.1111/j.10958312.1998.tb01534.x
Braig, H. R., Zhou, W., Dobson, S. L., & O’Neill, S. L. (1998). Cloning and Characterization
of a Gene Encoding the Major Surface Protein of the Bacterial Endosymbiont
Wolbachia
pipientis.
Journal
of
Bacteriology,
180(9),
2373–2378.
https://doi.org/10.1128/JB.180.9.2373-2378.1998
Bryant, D., Bouckaert, R., Felsenstein, J., Rosenberg, N. A., & Roychoudhury, A. (2012).
Inferring species trees directly from biallelic genetic markers: Bypassing gene trees in
a full coalescent analysis. Molecular Biology and Evolution, 29(8), 1917–1932.
https://doi.org/10.1093/molbev/mss086
Camargo, A., & Sites, J. J. (2013). Species Delimitation : A Decade After the Renaissance.
In I. Pavlinov (Ed.), The Species Problem: Ongoing Issues (pp. 225–247). IntechOpen
– Open Access publisher.
Carstens, B. C., Pelletier, T. A., Reid, N. M., & Satler, J. D. (2013). How to fail at species
delimitation.
Molecular
Ecology,
22(17),
4369–4383.
https://doi.org/10.1111/mec.12413
Ceballos, G., Ehrlich, P. R., Barnosky, A. D., García, A., Pringle, R. M., & Palmer, T. M.
(2015). Accelerated modern human–induced species losses: Entering the sixth mass
extinction. Science Advances, 1(5), e1400253. https://doi.org/10.1126/sciadv.1400253
Chhatre, V. E., & Emerson, K. J. (2017). StrAuto: automation and parallelization of
STRUCTURE
analysis.
BMC
Bioinformatics,
18(1),
192.
https://doi.org/10.1186/s12859-017-1593-0
Chifman, J., & Kubatko, L. (2014). Quartet Inference from SNP Data Under the Coalescent
Model.
Bioinformatics,
30(23),
3317–3324.
https://doi.org/10.1093/bioinformatics/btu530
Choleva, L., Musilova, Z., Kohoutova-Sediva, A., Paces, J., Rab, P., & Janko, K. (2014).
Distinguishing between incomplete lineage sorting and genomic introgressions:
Complete fixation of allospecific mitochondrial DNA in a sexually reproducing fish
(Cobitis; Teleostei), despite clonal reproduction of hybrids. PLoS ONE, 9(6).
https://doi.org/10.1371/journal.pone.0080641
Chou, J., Gupta, A., Yaduvanshi, S., Davidson, R., Nute, M., Mirarab, S., & Warnow, T.
(2015). A comparative study of SVDquartets and other coalescent-based species tree
estimation methods. BMC Genomics, 16(Suppl 10), S2. https://doi.org/10.1186/14712164-16-S10-S2
60

Clement, M., Snell, Q., Walke, P., Posada, D., & Crandall, K. (2002). TCS: estimating gene
genealogies. Proceedings 16th International Parallel and Distributed Processing
Symposium, 7 pp. https://doi.org/10.1109/IPDPS.2002.1016585
Correa-Ramírez, M. M., Jiménez, M. L., & García-de León, F. J. (2010). Testing species
boundaries in Pardosa sierra (Araneae: Lycosidae) using female morphology and COI
mtDNA. Journal of Arachnology, 38(3), 538–554. https://doi.org/10.1636/sh09-15.1
Croucher, P. J. P., Oxford, G. S., & Searle, J. B. (2004). Mitochondrial differentiation,
introgression and phylogeny of species in the Tegenaria atrica group (Araneae:
Agelenidae). Biological Journal of the Linnean Society, 81(1), 79–89.
https://doi.org/10.1111/j.1095-8312.2004.00280.x
Curry, M. M., Paliulis, L. V., Welch, K. D., Harwood, J. D., & White, J. A. (2015). Multiple
endosymbiont infections and reproductive manipulations in a linyphiid spider
population. Heredity, 115(2), 146–152. https://doi.org/10.1038/hdy.2015.2
DaCosta, J. M., & Sorenson, M. D. (2014). Amplification biases and consistent recovery of
loci in a double-digest RAD-seq protocol. PLoS ONE, 9(9), e106713.
https://doi.org/10.1371/journal.pone.0106713
Darwin, C. (1859). On the origin of species by means of natural selection, or the
preservation of favored races in the struggle for life. John Murray.
de Queiroz, K. (1998). The General Lineage Concept of Species Criteria, and the Process of
Speciation. In D. J. Howard & S. H. Berlocher (Eds.), Endless Forms: Species and
Speciation (pp. 57–75). Oxford University Press.
De Queiroz, K. (2007). Species concepts and species delimitation. Systematic Biology, 56(6),
879–886. https://doi.org/10.1080/10635150701701083
Derkarabetian, S., Castillo, S., Koo, P. K., Ovchinnikov, S., & Hedin, M. (2019). A
demonstration of unsupervised machine learning in species delimitation. Molecular
Phylogenetics
and
Evolution,
139(July),
106562.
https://doi.org/10.1016/j.ympev.2019.106562
deWaard, J. R., Ivanova, N. V, Hajibabaei, M., & Hebert, P. D. N. (2008). Assembling DNA
Barcodes. In C. C. Martin & C. C. Martin (Eds.), Environmental Genomics (pp. 275–
294). Humana Press. https://doi.org/10.1007/978-1-59745-548-0_15
Dincă, V., Lee, K. M., Vila, R., & Mutanen, M. (2019). The conundrum of species
delimitation: a genomic perspective on a mitogenetically super-variable butterfly.
Proceedings of the Royal Society B: Biological Sciences, 286(1911), 20191311.
https://doi.org/10.1098/rspb.2019.1311
Dobzhansky, T. (1970). Genetics of the evolutionary process. Columbia University Press.
Dufresnes, C., Nicieza, A. G., Litvinchuk, S. N., Rodrigues, N., Jeffries, D. L., Vences, M.,
Perrin, N., & Martínez-Solano, Í. (2020). Are glacial refugia hotspots of speciation and
cytonuclear discordances? Answers from the genomic phylogeography of Spanish
common
frogs.
Molecular
Ecology,
29(5),
986–1000.
https://doi.org/10.1111/mec.15368
Durand, E. Y., Patterson, N., Reich, D., & Slatkin, M. (2011). Testing for ancient admixture
between closely related populations. Molecular Biology and Evolution, 28(8), 2239–
2252. https://doi.org/10.1093/molbev/msr048
61

Earl, D. A., & vonHoldt, B. M. (2012). STRUCTURE HARVESTER: a website and
program for visualizing STRUCTURE output and implementing the Evanno method.
Conservation Genetics Resources, 4(2), 359–361. https://doi.org/10.1007/s12686-0119548-7
Eaton, D. A. R. (2014). PyRAD: Assembly of de novo RADseq loci for phylogenetic
analyses.
Bioinformatics,
30(13),
1844–1849.
https://doi.org/10.1093/bioinformatics/btu121
Eaton, D. A. R., Hipp, A. L., González-Rodríguez, A., & Cavender-Bares, J. (2015).
Historical introgression among the American live oaks and the comparative nature of
tests
for
introgression.
Evolution,
69(10),
2587–2601.
https://doi.org/10.1111/evo.12758
Eaton, D. A. R., & Overcast, I. (2020). ipyrad: Interactive assembly and analysis of RADseq
datasets.
Bioinformatics,
36(8),
2592–2594.
https://doi.org/10.1093/bioinformatics/btz966
Eberle, J., Ahrens, D., Mayer, C., Niehuis, O., & Misof, B. (2020). A Plea for Standardized
Nuclear Markers in Metazoan DNA Taxonomy. Trends in Ecology & Evolution, 35(4),
336–345. https://doi.org/10.1016/j.tree.2019.12.003
Edwards, S. V. (2009). Is a new and general theory of molecular systematics emerging?
Evolution, 63(1), 1–19. https://doi.org/10.1111/j.1558-5646.2008.00549.x
Elias-Costa, A. J., Confalonieri, V. A., Lanteri, A. A., & Rodriguero, M. S. (2019). Game of
clones: Is Wolbachia inducing speciation in a weevil with a mixed reproductive mode?
Molecular
Phylogenetics
and
Evolution,
133,
42–53.
https://doi.org/10.1016/j.ympev.2018.12.027
Emerton, J. H. (1894). Canadian spiders. Transactions of the Connecticut Academy of Arts
and Sciences, 9, 400–429.
Ence, D. D., & Carstens, B. C. (2011). SpedeSTEM: A rapid and accurate method for species
delimitation.
Molecular
Ecology
Resources,
11(3),
473–480.
https://doi.org/10.1111/j.1755-0998.2010.02947.x
Esquivel-Bobadilla, S., Adrian Lozano-Garza, O., García-De-León, F. J., Barriga-Sosa, I. de
los A., & Jiménez, M.-L. (2013). Development and characterization of 14 microsatellite
loci in the beach wolf spider (Arctosa littoralis), using next-generation sequencing.
Conservation Genetics Resources, 5(1), 261–263. https://doi.org/10.1007/s12686-0129782-7
Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of
individuals using the software structure: a simulation study. Molecular Ecology, 14(8),
2611–2620. https://doi.org/10.1111/j.1365-294X.2005.02553.x
Excoffier, L., Dupanloup, I., Huerta-Sánchez, E., Sousa, V. C., & Foll, M. (2013). Robust
Demographic Inference from Genomic and SNP Data. PLoS Genetics, 9(10).
https://doi.org/10.1371/journal.pgen.1003905
Faircloth, B. C., McCormack, J. E., Crawford, N. G., Harvey, M. G., Brumfield, R. T., &
Glenn, T. C. (2012). Ultraconserved elements anchor thousands of genetic markers
spanning multiple evolutionary timescales. Systematic Biology, 61(5), 717–726.
https://doi.org/10.1093/sysbio/sys004
62

Fernández, R., Kallal, R. J., Dimitrov, D., Ballesteros, J. A., Arnedo, M. A., Giribet, G., &
Hormiga, G. (2018). Phylogenomics, Diversification Dynamics, and Comparative
Transcriptomics across the Spider Tree of Life. Current Biology, 28(9), 1489-1497.e5.
https://doi.org/10.1016/j.cub.2018.03.064
Flouri, T., Jiao, X., Rannala, B., & Yang, Z. (2018). Species Tree Inference with BPP Using
Genomic Sequences and the Multispecies Coalescent. Molecular Biology and Evolution,
35(10), 2585–2593. https://doi.org/10.1093/molbev/msy147
Frugone, M. J., Cole, T. L., López, M. E., Clucas, G., Matos‐Maraví, P., Lois, N. A.,
Pistorius, P., Bonadonna, F., Trathan, P., Polanowski, A., Wienecke, B., Raya‐Rey, A.,
Pütz, K., Steinfurth, A., Bi, K., Wang‐Claypool, C. Y., Waters, J. M., Bowie, R. C. K.,
Poulin, E., & Vianna, J. A. (2021). Taxonomy based on limited genomic markers may
underestimate species diversity of rockhopper penguins and threaten their conservation.
Diversity and Distributions. https://doi.org/10.1111/ddi.13399
Funk, D. J., & Omland, K. E. (2003). Species-Level Paraphyly and Polyphyly: Frequency,
Causes, and Consequences, with Insights from Animal Mitochondrial DNA. Annual
Review of Ecology, Evolution
and Systematics, 34(May), 397–423.
https://doi.org/10.1146/132421
Garrison, N. L., Rodriguez, J., Agnarsson, I., Coddington, J. A., Griswold, C. E., Hamilton,
C. A., Hedin, M., Kocot, K. M., Ledford, J. M., & Bond, J. E. (2016). Spider
phylogenomics: untangling the Spider Tree of Life. PeerJ, 4(2), e1719.
https://doi.org/10.7717/peerj.1719
Godwin, R. L., Opatova, V., Garrison, N. L., Hamilton, C. A., & Bond, J. E. (2018).
Phylogeny of a cosmopolitan family of morphologically conserved trapdoor spiders
(Mygalomorphae, Ctenizidae) using Anchored Hybrid Enrichment, with a description
of the family, Halonoproctidae Pocock 1901. Molecular Phylogenetics and Evolution,
126, 303–313. https://doi.org/10.1016/j.ympev.2018.04.008
Gotch, T. B., Adams, M., Murphy, N. P., & Austin, A. D. (2008). A molecular systematic
overview of wolf spiders associated with Great Artesian Basin springs in South
Australia: evolutionary affinities and an assessment of metapopulation structure in two
species. Invertebrate Systematics, 22(2), 151. https://doi.org/10.1071/IS07045
Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., & Gascuel, O. (2010).
New Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies:
Assessing the Performance of PhyML 3.0. Systematic Biology, 59(3), 307–321.
https://doi.org/10.1093/sysbio/syq010
Hamilton, C. A., Formanowicz, D. R., & Bond, J. E. (2011). Species Delimitation and
Phylogeography of Aphonopelma hentzi (Araneae, Mygalomorphae, Theraphosidae):
Cryptic Diversity in North American Tarantulas. PLoS ONE, 6(10), e26207.
https://doi.org/10.1371/journal.pone.0026207
Hamilton, C. A., Hendrixson, B. E., & Bond, J. E. (2016). Taxonomic revision of the
tarantula genus Aphonopelma Pocock, 1901 (Araneae, Mygalomorphae, Theraphosidae)
within
the
United
States.
ZooKeys,
560,
1–340.
https://doi.org/10.3897/zookeys.560.6264
63

Hamilton, C. A., Lemmon, A. R., Lemmon, E. M., & Bond, J. E. (2016). Expanding
anchored hybrid enrichment to resolve both deep and shallow relationships within the
spider
tree
of
life.
BMC
Evolutionary
Biology,
16(1),
212.
https://doi.org/10.1186/s12862-016-0769-y
Hammel, J. U., & Nickel, M. (2008). Pardosa hyperborea (Araneae: Lycosidae) : A first
report from Disko Island (West Greenland), with remarks on the biogeography of the
species. Entomologiske Meddelelser, 76(1), 41–47.
Harvey, M. S., Main, B. Y., Rix, M. G., & Cooper, S. J. B. (2015). Refugia within refugia:
in situ speciation and conservation of threatened Bertmainius (Araneae : Migidae), a
new genus of relictual trapdoor spiders endemic to the mesic zone of south-western
Australia. Invertebrate Systematics, 29(6), 511. https://doi.org/10.1071/IS15024
Hataway, R. A., Reed, D. H., & Noonan, B. P. (2011). Development of 10 microsatellite loci
in the wolf spider Arctosa sancterosae (Araneae: Lycosidae). Conservation Genetics
Resources, 3(2), 271–273. https://doi.org/10.1007/s12686-010-9339-6
Hebert, P. D. N., Cywinska, A., Ball, S. L., & DeWaard, J. R. (2003). Biological
identifications through DNA barcodes. Proceedings of the Royal Society B: Biological
Sciences, 270(1512), 313–321. https://doi.org/10.1098/rspb.2002.2218
Hebert, P. D. N., Hollingsworth, P. M., & Hajibabaei, M. (2016). From writing to reading
the encyclopedia of life. Philosophical Transactions of the Royal Society of London B:
Biological Sciences, 371(1702), 20150321. https://doi.org/10.1098/rstb.2015.0321
Hebets, E. A., & Vink, C. J. (2007). Experience leads to preference: Experienced females
prefer brush-legged males in a population of syntopic wolf spiders. Behavioral Ecology,
18(6), 1010–1020. https://doi.org/10.1093/beheco/arm070
Hedin, M. C. (1997). Habitat-specialized spiders (Araneae: Nesticidae: Nesticus): inferences
from geographic-based sampling. Evolution, 51(6), 1929–1945.
Hedin, M. C., & Maddison, W. P. (2001a). A Combined Molecular Approach to Phylogeny
of the Jumping Spider Subfamily Dendryphantinae (Araneae: Salticidae). Molecular
Phylogenetics and Evolution, 18(3), 386–403. https://doi.org/10.1006/mpev.2000.0883
Hedin, M. C., & Maddison, W. P. (2001b). Phylogenetic Utility and Evidence for Multiple
Copies of Elongation Factor-1α in the Spider Genus Habronattus (Araneae: Salticidae).
Molecular
Biology
and
Evolution,
18(8),
1512–1521.
https://doi.org/10.1093/oxfordjournals.molbev.a003937
Hedin, M., Derkarabetian, S., Blair, J., & Paquin, P. (2018). Sequence capture
phylogenomics of eyeless Cicurina spiders from Texas caves, with emphasis on US
federally-endangered species from Bexar County (Araneae, Hahniidae). ZooKeys, 769,
49–76. https://doi.org/10.3897/zookeys.769.25814
Hedin, M., Foldi, S., & Rajah-Boyer, B. (2020). Evolutionary divergences mirror
Pleistocene paleodrainages in a rapidly-evolving complex of oasis-dwelling jumping
spiders (Salticidae, Habronattus tarsalis). Molecular Phylogenetics and Evolution, 144,
106696. https://doi.org/10.1016/j.ympev.2019.106696
Hey, J. (2001). Genes, Categories, and Species: the Evolutionary and Cognitive Causes of
the Species Problem. Oxford University Press.
64

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q., & Vinh, L. S. (2018). UFBoot2:
Improving the Ultrafast Bootstrap Approximation. Molecular Biology and Evolution,
35(2), 518–522. https://doi.org/10.1093/molbev/msx281
Holm, Å., & Kronestedt, T. (1970). A taxonomic study of the wolf spiders of the Pardosa
pullata-group (Araneae, Lycosidae). Acta Entomologica Bohemoslovaca, 67(6), 408–
428.
Hormiga, G., Arnedo, M., & Gillespie, R. G. (2003). Speciation on a Conveyor Belt:
Sequential Colonization of the Hawaiian Islands by Orsonwelles Spiders (Araneae,
Linyphiidae).
Systematic
Biology,
52(1),
70–88.
https://doi.org/10.1080/10635150390132786
Huang, W., Xie, X., Huo, L., Liang, X., Wang, X., & Chen, X. (2020). An integrative DNA
barcoding framework of ladybird beetles (Coleoptera: Coccinellidae). Scientific
Reports, 10(1), 10063. https://doi.org/10.1038/s41598-020-66874-1
Huber, B. A. (2004). The significance of copulatory structures in spider systematics. In J.
Schult (Ed.), Biosemiotic - praktische Anwendung und Konsequenzen für die
Einzelwissenschaften (pp. 89–100). VWB Verlag.
Hundsdoerfer, A. K., & Kitching, I. J. (2020). Ancient incomplete lineage sorting of Hyles
and Rhodafra (Lepidoptera: Sphingidae). Organisms Diversity & Evolution, 20(3),
527–536. https://doi.org/10.1007/s13127-020-00445-0
Hundsdoerfer, A. K., Lee, K. M., Kitching, I. J., & Mutanen, M. (2019). Genome-wide SNP
Data Reveal an Overestimation of Species Diversity in a Group of Hawkmoths. Genome
Biology and Evolution, 11(8), 2136–2150. https://doi.org/10.1093/gbe/evz113
Hurst, G. D. D., & Jiggins, F. M. (2005). Problems with mitochondrial DNA as a marker in
population, phylogeographic and phylogenetic studies: the effects of inherited
symbionts. Proceedings of the Royal Society B: Biological Sciences, 272(1572), 1525–
1534. https://doi.org/10.1098/rspb.2005.3056
Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: A cluster matching and permutation
program for dealing with label switching and multimodality in analysis of population
structure.
Bioinformatics,
23(14),
1801–1806.
https://doi.org/10.1093/bioinformatics/btm233
Jiggins, F. M. (2003). Male-killing Wolbachia and mitochondrial DNA: Selective sweeps,
hybrid introgression and parasite population dynamics. Genetics, 164(1), 5–12.
Jin, Y., Deng, C., Qiao, H. P., Yun, Y. L., & Peng, Y. (2013). Molecular Detection and
Phylogenetic Relationships of Three Symbiotic Bacteria in Spiders (Araneae) from
China.
Entomological
News,
123(3),
225–236.
https://doi.org/Doi
10.3157/021.123.0309
Just, P., Opatova, V., & Dolejš, P. (2019). Does reproductive behaviour reflect phylogenetic
relationships? An example from Central European Alopecosa Wolf spiders (Araneae:
Lycosidae). Zoological Journal of the Linnean Society, 185(4), 1039–1056.
https://doi.org/10.1093/zoolinnean/zly060

65

Kekkonen, M., Mutanen, M., Kaila, L., Nieminen, M., & Hebert, P. D. N. (2015).
Delineating Species with DNA Barcodes: A Case of Taxon Dependent Method
Performance
in
Moths.
PLOS
ONE,
10(4),
e0122481.
https://doi.org/10.1371/journal.pone.0122481
Kornilios, P., Thanou, E., Lymberakis, P., Ilgaz, Ç., Kumlutaş, Y., & Leaché, A. (2020). A
phylogenomic resolution for the taxonomy of Aegean green lizards. Zoologica Scripta,
49(1), 14–27. https://doi.org/10.1111/zsc.12385
Kozlov, M. V., Mutanen, M., Lee, K. M., & Huemer, P. (2017). Cryptic diversity in the
long-horn moth Nemophora degeerella (Lepidoptera: Adelidae) revealed by
morphology, DNA barcodes and genome-wide ddRAD-seq data. Systematic
Entomology, 42(2), 329–346. https://doi.org/10.1111/syen.12216
Kraus, O. (2002). Why no subspecies in spiders? In S. Toft & N. Scharff (Eds.), Proceedings
of the 19th European Colloquium of Arachnology (pp. 303–314). Aarhus University
Press. http://www.european-arachnology.org/proceedings/19th/Kraus.PDF
Kronestedt, T. (1990). Separation of two species standing as Alopecosa aculeata (Clerck)
by morphological, behavioural and ecological characters, with remarks on related
species in the pulverulenta group (Araneae, Lycosidae). Zoologica Scripta, 19(2), 203–
205.
Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular Evolutionary Genetics
Analysis Version 7.0 for Bigger Datasets. Molecular Biology and Evolution, 33(7),
1870–1874. https://doi.org/10.1093/molbev/msw054
Kuntner, M., Hamilton, C. A., Cheng, R. C., Gregorič, M., Lupše, N., Lokovšek, T.,
Lemmon, E. M., Lemmon, A. R., Agnarsson, I., Coddington, J. A., & Bond, J. E. (2019).
Golden Orbweavers Ignore Biological Rules: Phylogenomic and Comparative Analyses
Unravel a Complex Evolution of Sexual Size Dimorphism. Systematic Biology, 68(4),
555–572. https://doi.org/10.1093/sysbio/syy082
Larsen, B. B., Miller, E. C., Rhodes, M. K., & Wiens, J. J. (2017). Inordinate Fondness
Multiplied and Redistributed: the Number of Species on Earth and the New Pie of Life.
The Quarterly Review of Biology, 92(3), 229–265. https://doi.org/10.1086/693564
Leaché, A. D., Fujita, M. K., Minin, V. N., & Bouckaert, R. R. (2014). Species delimitation
using genome-wide SNP Data. Systematic Biology, 63(4), 534–542.
https://doi.org/10.1093/sysbio/syu018
Leaché, A. D., Zhu, T., Rannala, B., & Yang, Z. (2019). The Spectre of Too Many Species.
Systematic Biology, 68(1), 168–181. https://doi.org/10.1093/sysbio/syy051
Leduc-Robert, G., & Maddison, W. P. (2018). Phylogeny with introgression in Habronattus
jumping spiders (Araneae: Salticidae). BMC Evolutionary Biology, 18(1), 24.
https://doi.org/10.1186/s12862-018-1137-x
Lee, K. M., Kivelä, S. M., Ivanov, V., Hausmann, A., Kaila, L., Wahlberg, N., & Mutanen,
M. (2018). Information Dropout Patterns in Restriction Site Associated DNA
Phylogenomics and a Comparison with Multilocus Sanger Data in a Species-Rich Moth
Genus. Systematic Biology, 67(6), 925–939. https://doi.org/10.1093/sysbio/syy029

66

Leigh, J. W., & Bryant, D. (2015). Popart: full-feature software for haplotype network
construction.
Methods in
Ecology and
Evolution, 6(9), 1110–1116.
https://doi.org/10.1111/2041-210X.12410
Lemmon, A. R., Emme, S. A., & Lemmon, E. M. (2012). Anchored hybrid enrichment for
massively high-throughput phylogenomics. Systematic Biology, 61(5), 727–744.
https://doi.org/10.1093/sysbio/sys049
Linck, E., Epperly, K., Van Els, P., Spellman, G. M., Bryson, R. W., McCormack, J. E.,
Canales-Del-Castillo, R., & Klicka, J. (2019). Dense Geographic and Genomic
Sampling Reveals Paraphyly and a Cryptic Lineage in a Classic Sibling Species
Complex. Systematic Biology, 68(6), 956–966. https://doi.org/10.1093/sysbio/syz027
Linnen, C. R., & Farrell, B. D. (2007). Mitonuclear discordance is caused by rampant
mitochondrial introgression in Neodiprion (Hymenoptera: Diprionidae) sawflies.
Evolution, 61(6), 1417–1438. https://doi.org/10.1111/j.1558-5646.2007.00114.x
Maddison, W P. (1997). Gene trees in species trees. Systematic Biology, 46(3), 523–536.
https://doi.org/10.1093/sysbio/46.3.523
Maddison, Wayne P., Evans, S. C., Hamilton, C. A., Bond, J. E., Lemmon, A. R., & Lemmon,
E. M. (2017). A genome-wide phylogeny of jumping spiders (Araneae, Salticidae),
using
anchored
hybrid
enrichment.
ZooKeys,
695,
89–101.
https://doi.org/10.3897/zookeys.695.13852
Malinsky, M., Matschiner, M., & Svardal, H. (2021). Dsuite ‐ Fast D ‐statistics and related
admixture evidence from VCF files. Molecular Ecology Resources, 21(2), 584–595.
https://doi.org/10.1111/1755-0998.13265
Mallet, J. (1995). A species definition for the modern synthesis. Trends in Ecology &
Evolution, 10(7), 294–299. https://doi.org/10.1016/0169-5347(95)90031-4
Mayr, E. (1970). Populations, Species, and Evolution. Belknap Press.
Melo-Ferreira, J., Boursot, P., Carneiro, M., Esteves, P. J., Farelo, L., & Alves, P. C. (2012).
Recurrent introgression of mitochondrial DNA among hares (Lepus spp.) revealed by
species-tree inference and coalescent simulations. Systematic Biology, 61(3), 367–381.
https://doi.org/10.1093/sysbio/syr114
Mirarab, S., & Warnow, T. (2015). ASTRAL-II: Coalescent-based species tree estimation
with many hundreds of taxa and thousands of genes. Bioinformatics, 31(12), i44–i52.
https://doi.org/10.1093/bioinformatics/btv234
Mora, C., Tittensor, D. P., Adl, S., Simpson, A. G. B., & Worm, B. (2011). How many
species are there on earth and in the ocean? PLoS Biology, 9(8), e1001127.
https://doi.org/10.1371/journal.pbio.1001127
Murphy, N. P., Framenau, V. W., Donnellan, S. C., Harvey, M. S., Park, Y. C., & Austin,
A. D. (2006). Phylogenetic reconstruction of the wolf spiders (Araneae: Lycosidae)
using sequences from the 12S rRNA, 28S rRNA, and NADH1 genes: Implications for
classification, biogeography, and the evolution of web building behavior. Molecular
Phylogenetics
and
Evolution,
38(3),
583–602.
https://doi.org/10.1016/j.ympev.2005.09.004

67

Muster, C., & Berendonk, T. U. (2006). Divergence and diversity: Lessons from an arcticalpine distribution (Pardosa saltuaria group, Lycosidae). Molecular Ecology, 15(10),
2921–2933. https://doi.org/10.1111/j.1365-294X.2006.02989.x
Muster, C., Maddison, W. P., Uhlmann, S., Berendonk, T. U., & Vogler, A. P. (2009).
Arctic‐Alpine Distributions—Metapopulations on a Continental Scale? The American
Naturalist, 173(3), 313–326. https://doi.org/10.1086/596534
Nentwig, W., Blick, T., Bosmans, R., Gloor, D., Hänggi, A., & Kropf, C. (2020). Spiders of
Europe. Version 12.2020. https://doi.org/doi.org/10.24436/1
Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., & Minh, B. Q. (2015). IQ-TREE: A Fast
and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies.
Molecular
Biology
and
Evolution,
32(1),
268–274.
https://doi.org/10.1093/molbev/msu300
Nieto-Montes de Oca, A., Barley, A. J., Meza-Lázaro, R. N., García-Vázquez, U. O.,
Zamora-Abrego, J. G., Thomson, R. C., & Leaché, A. D. (2017). Phylogenomics and
species delimitation in the knob-scaled lizards of the genus Xenosaurus (Squamata:
Xenosauridae) using ddRADseq data reveal a substantial underestimation of diversity.
Molecular
Phylogenetics
and
Evolution,
106,
241–253.
https://doi.org/10.1016/j.ympev.2016.09.001
Obertegger, U., Cieplinski, A., Fontaneto, D., & Papakostas, S. (2018). Mitonuclear
discordance as a confounding factor in the DNA taxonomy of monogonont rotifers.
Zoologica Scripta, 47(1), 122–132. https://doi.org/10.1111/zsc.12264
Ortego, J., Gugger, P. F., & Sork, V. L. (2018). Genomic data reveal cryptic lineage
diversification and introgression in Californian golden cup oaks (section Protobalanus).
New Phytologist. https://doi.org/10.1111/nph.14951
Ortiz, D., Pekár, S., Bilat, J., & Alvarez, N. (2021). Poor performance of DNA barcoding
and the impact of RAD loci filtering on the species delimitation of an Iberian ant-eating
spider.
Molecular
Phylogenetics
and
Evolution,
154(August
2020).
https://doi.org/10.1016/j.ympev.2020.106997
Oxford, G. S., & Bolzern, A. (2018). Molecules v. Morphology—is Eratigena atrica
(Araneae: Agelenidae) One Species or Three? Arachnology, 17(7), 337–357.
https://doi.org/10.13156/arac.2017.17.7.337
Padial, J. M., Miralles, A., De la Riva, I., & Vences, M. (2010). The integrative future of
taxonomy. Frontiers in Zoology, 7(1), 16. https://doi.org/10.1186/1742-9994-7-16
Papakostas, S., Michaloudi, E., Proios, K., Brehm, M., Verhage, L., Rota, J., Peña, C.,
Stamou, G., Pritchard, V. L., Fontaneto, D., & Declerck, S. A. J. (2016). Integrative
taxonomy recognizes evolutionary units despite widespread mitonuclear discordance:
Evidence from a rotifer cryptic species complex. Systematic Biology, 65(3), 508–524.
https://doi.org/10.1093/sysbio/syw016
Paradis, E. (2010). pegas: an R package for population genetics with an integrated-modular
approach.
Bioinformatics,
26(3),
419–420.
https://doi.org/10.1093/bioinformatics/btp696

68

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of Phylogenetics and
Evolution
in
R
language.
Bioinformatics,
20(2),
289–290.
https://doi.org/10.1093/bioinformatics/btg412
Parker, E., Dornburg, A., Struthers, C. D., Jones, C. D., & Near, T. J. (2021). Phylogenomic
Species Delimitation Dramatically Reduces Species Diversity in an Antarctic Adaptive
Radiation. Systematic Biology. https://doi.org/10.1093/sysbio/syab057
Pentinsaari, M., Anderson, R., Borowiec, L., Bouchard, P., Brunke, A., Douglas, H., Smith,
A., & Hebert, P. (2019). DNA barcodes reveal 63 overlooked species of Canadian
beetles
(Insecta,
Coleoptera).
ZooKeys,
894(December),
53–150.
https://doi.org/10.3897/zookeys.894.37862
Pentinsaari, M., Vos, R., & Mutanen, M. (2017). Algorithmic single-locus species
delimitation: effects of sampling effort, variation and nonmonophyly in four methods
and 1870 species of beetles. Molecular Ecology Resources, 17(3), 393–404.
https://doi.org/10.1111/1755-0998.12557
Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E. (2012). Double
digest RADseq: An inexpensive method for de novo SNP discovery and genotyping in
model
and
non-model
species.
PLoS
ONE,
7(5),
e37135.
https://doi.org/10.1371/journal.pone.0037135
Piacentini, Luis N., & Ramírez, M. J. (2019). Hunting the wolf: A molecular phylogeny of
the wolf spiders (Araneae, Lycosidae). Molecular Phylogenetics and Evolution, 136,
227–240. https://doi.org/10.1016/j.ympev.2019.04.004
Piacentini, Luis Norberto, Scioscia, C. L., Carbajal, M. N., Ott, R., Brescovit, A. D., &
Ramírez, M. J. (2017). A revision of the wolf spider genus Diapontia Keyserling , and
the relationships of the subfamily Sosippinae (Araneae: Lycosidae). Arthropod
Systematics and Phylogeny, 75(3), 387–415.
Piálek, L., Casciotta, J., Almirón, A., & Říčan, O. (2019). A new pelagic predatory pike
cichlid (Teleostei: Cichlidae: Crenicichla) from the C. mandelburgeri species complex
with parallel and reticulate evolution. Hydrobiologia, 832(1), 377–395.
https://doi.org/10.1007/s10750-018-3754-1
Pickrell, J. K., & Pritchard, J. K. (2012). Inference of Population Splits and Mixtures from
Genome-Wide Allele Frequency Data. PLoS Genetics, 8(11), e1002967.
https://doi.org/10.1371/journal.pgen.1002967
Planas, E., & Ribera, C. (2015). Description of six new species of Loxosceles (Araneae:
Sicariidae) endemic to the Canary Islands and the utility of DNA barcoding for their
fast and accurate identification. Zoological Journal of the Linnean Society, 174(1), 47–
73. https://doi.org/10.1111/zoj.12226
Pons, J., Barraclough, T. G., Gomez-Zurita, J., Cardoso, A., Duran, D. P., Hazell, S.,
Kamoun, S., Sumlin, W. D., & Vogler, A. P. (2006). Sequence-Based Species
Delimitation for the DNA Taxonomy of Undescribed Insects. Systematic Biology, 55(4),
595–609. https://doi.org/10.1080/10635150600852011
Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population structure using
multilocus genotype data. Genetics, 155(2), 945–959. https://doi.org/10.1111/j.14718286.2007.01758.x
69

Procheş, Ş., & Ramdhani, S. (2013). Eighty-three lineages that took over the world: A first
review of terrestrial cosmopolitan tetrapods. Journal of Biogeography, 40(10), 1819–
1831. https://doi.org/10.1111/jbi.12125
Puillandre, N., Lambert, A., Brouillet, S., & Achaz, G. (2012). ABGD, Automatic Barcode
Gap Discovery for primary species delimitation. Molecular Ecology, 21(8), 1864–1877.
https://doi.org/10.1111/j.1365-294X.2011.05239.x
Puritz, J. B., Matz, M. V., Toonen, R. J., Weber, J. N., Bolnick, D. I., & Bird, C. E. (2014).
Demystifying the RAD fad. Molecular Ecology, 23(24), 5937–5942.
https://doi.org/10.1111/mec.12965
Ramirez, M. G., & Beckwitt, R. D. (1995). Phylogeny and historical biogeography of the
spider genus Lutica (Araneae, Zodariidae). The Journal of Arachnology, 23(3), 177–
193.
Rannala, B. (2015). The art and science of species delimitation. Current Zoology, 61(5),
846–853. https://doi.org/10.1093/czoolo/61.5.846
Rannala, B., Edwards, S. V, & Leaché, A. (2019). The multi-species coalescent model and
species tree inference. In D. Frédéric, G. Nicolas, & S. Céline (Eds.), Phylogenetics in
the genomic era. (pp. 1–19). Creative Commons License.
Ratnasingham, S., & Hebert, P. D. N. (2013). A DNA-Based Registry for All Animal
Species: The Barcode Index Number (BIN) System. PLoS ONE, 8(7), e66213.
https://doi.org/10.1371/journal.pone.0066213
Reaz, R., Bayzid, M. S., & Rahman, M. S. (2014). Accurate phylogenetic tree reconstruction
from quartets:
A heuristic approach. PLoS
ONE, 9(8),
e104008.
https://doi.org/10.1371/journal.pone.0104008
Reyes-Velasco, J., Adams, R. H., Boissinot, S., Parkinson, C. L., Campbell, J. A., Castoe,
T. A., & Smith, E. N. (2020). Genome-wide SNPs clarify lineage diversity confused by
coloration in coralsnakes of the Micrurus diastema species complex (Serpentes:
Elapidae). Molecular Phylogenetics and Evolution, 147(May 2019), 106770.
https://doi.org/10.1016/j.ympev.2020.106770
Reyes-Velasco, J., Manthey, J. D., Bourgeois, Y., Freilich, X., & Boissinot, S. (2018).
Revisiting the phylogeography, demography and taxonomy of the frog genus
Ptychadena in the Ethiopian highlands with the use of genome-wide SNP data. PLOS
ONE, 13(2), e0190440. https://doi.org/10.1371/journal.pone.0190440
Ribera, C., & Planas, E. (2009). A new species of Loxosceles (Araneae, Sicariidae) from
Tunisia. ZooKeys, 16, 217–225. https://doi.org/10.3897/zookeys.16.232
Rix, M., & Harvey, M. (2011). Australian Assassins, Part I: A review of the Assassin Spiders
(Araneae: Archaeidae) of mid-eastern Australia. ZooKeys, 123, 1–100.
https://doi.org/10.3897/zookeys.123.1448
Rix, M., & Harvey, M. (2012). Australian Assassins, Part II: A review of the new assassin
spider genus Zephyrarchaea (Araneae, Archaeidae) from southern Australia. ZooKeys,
191, 1–62. https://doi.org/10.3897/zookeys.191.3070
Ross, H. A. (2014). The incidence of species-level paraphyly in animals: A re-assessment.
Molecular
Phylogenetics
and
Evolution,
76(1),
10–17.
https://doi.org/10.1016/j.ympev.2014.02.021
70

RStudio Team. (2015). RStudio: Integrated Development for R. RStudio.
http://www.rstudio.com/.
Ruane, S., Raxworthy, C. J., Lemmon, A. R., Lemmon, E. M., & Burbrink, F. T. (2015).
Comparing species tree estimation with large anchored phylogenomic and small
Sanger-sequenced molecular datasets: an empirical study on Malagasy
pseudoxyrhophiine
snakes.
BMC
Evolutionary
Biology,
15(1),
221.
https://doi.org/10.1186/s12862-015-0503-1
Rubinoff, D., Cameron, S., & Will, K. (2006). A genomic perspective on the shortcomings
of mitochondrial DNA for “barcoding” identification. Journal of Heredity, 97(6), 581–
594. https://doi.org/10.1093/jhered/esl036
Sahoo, R. K., Lohman, D. J., Wahlberg, N., Müller, C. J., Brattström, O., Collins, S. C.,
Peggie, D., Aduse-Poku, K., & Kodandaramaiah, U. (2018). Evolution of Hypolimnas
butterflies (Nymphalidae): Out-of-Africa origin and Wolbachia-mediated introgression.
Molecular
Phylogenetics
and
Evolution,
123,
50–58.
https://doi.org/10.1016/j.ympev.2018.02.001
Satler, J. D., & Carstens, B. C. (2017). Do ecological communities disperse across
biogeographic barriers as a unit? Molecular Ecology, 26(13), 3533–3545.
https://doi.org/10.1111/mec.14137
Satler, J. D., Starrett, J., Hayashi, C. Y., & Hedin, M. (2011). Inferring Species Trees from
Gene Trees in a Radiation of California Trapdoor Spiders (Araneae, Antrodiaetidae,
Aliatypus). PLoS ONE, 6(9), e25355. https://doi.org/10.1371/journal.pone.0025355
Settepani, V., Schou, M. F., Greve, M., Grinsted, L., Bechsgaard, J., & Bilde, T. (2017).
Evolution of sociality in spiders leads to depleted genomic diversity at both population
and
species
levels.
Molecular
Ecology,
26(16),
4197–4210.
https://doi.org/10.1111/mec.14196
Sharkey, M. J., Janzen, D. H., Hallwachs, W., Chapman, E. G., Smith, M. A., Dapkey, T.,
Brown, A., Ratnasingham, S., Naik, S., Manjunath, R., Perez, K., Milton, M., Hebert,
P., Shaw, S. R., Kittel, R. N., Solis, M. A., Metz, M. A., Goldstein, P. Z., Brown, J.
W., … Burns, J. M. (2021). Minimalist revision and description of 403 new species in
11 subfamilies of Costa Rican braconid parasitoid wasps, including host records for 219
species. ZooKeys, 1013, 1–665. https://doi.org/10.3897/zookeys.1013.55600
Sim, K. A., Buddle, C. M., & Wheeler, T. A. (2014). Species boundaries of Pardosa
concinna and P. lapponica (Araneae: Lycosidae) in the northern Nearctic: Morphology
and
DNA
barcodes.
Zootaxa,
3884(2),
169–178.
https://doi.org/10.11646/zootaxa.3884.2.5
Smith, M. A., Bertrand, C., Crosby, K., Eveleigh, E. S., Fernandez-Triana, J., Fisher, B. L.,
Gibbs, J., Hajibabaei, M., Hallwachs, W., Hind, K., Hrcek, J., Huang, D. W., Janda, M.,
Janzen, D. H., Li, Y., Miller, S. E., Packer, L., Quicke, D., Ratnasingham, S., … Zhou,
X. (2012). Wolbachia and DNA barcoding insects: Patterns, potential, and problems.
PLoS ONE, 40(2), e36514. https://doi.org/10.1371/journal.pone.0036514
Song, H., Moulton, M. J., & Whiting, M. F. (2014). Rampant nuclear insertion of mtDNA
across diverse lineages with in Orthoptera (Insecta). PLoS ONE, 9(10), 41–43.
https://doi.org/10.1371/journal.pone.0110508
71

Stamatakis, A. (2014). RAxML version 8: A tool for phylogenetic analysis and post-analysis
of
large
phylogenies.
Bioinformatics,
30(9),
1312–1313.
https://doi.org/10.1093/bioinformatics/btu033
Stefanini, A., & Duron, O. (2012). Exploring the effect of the Cardinium endosymbiont on
spiders.
Journal
of
Evolutionary
Biology,
25(8),
1521–1530.
https://doi.org/10.1111/j.1420-9101.2012.02535.x
Strand, E. (1909). Neue oder wenig bekannte amerikanische Lycosiden, aus der Sammlung
des vestorbenen Mr Thomas Workman. Zeitschrift Für Naturwissenschaften, 81, 277–
286.
Suchan, T., Espíndola, A., Rutschmann, S., Emerson, B. C., Gori, K., Dessimoz, C., Arrigo,
N., Ronikier, M., & Alvarez, N. (2017). Assessing the potential of RAD-sequencing to
resolve phylogenetic relationships within species radiations: The fly genus
Chiastocheta (Diptera: Anthomyiidae) as a case study. Molecular Phylogenetics and
Evolution, 114, 189–198. https://doi.org/10.1016/j.ympev.2017.06.012
Suchan, T., Pitteloud, C., Gerasimova, N. S., Kostikova, A., Schmid, S., Arrigo, N., Pajkovic,
M., Ronikier, M., & Alvarez, N. (2016). Hybridization Capture Using RAD Probes
(hyRAD), a New Tool for Performing Genomic Analyses on Collection Specimens.
Plos One, 11(3), e0151651. https://doi.org/10.1371/journal.pone.0151651
Sukumaran, J., & Knowles, L. L. (2017). Multispecies coalescent delimits structure, not
species. Proceedings of the National Academy of Sciences, 114(7), 1607–1612.
https://doi.org/10.1073/pnas.1607921114
Swofford, D. L. (2003). PAUP*: phylogenetic analysis using parsimony, version 4.0 b10.
Sinauer Associates.
Tahseen, Q. (2014). Taxonomy-The Crucial yet Misunderstood and Disregarded Tool for
Studying Biodiversity. Journal of Biodiversity & Endangered Species, 02(03), 1–9.
https://doi.org/10.4172/2332-2543.1000128
Tautz, D., Arctander, P., Minelli, A., Thomas, R. H., & Vogler, A. P. (2003). A plea for
DNA taxonomy. Trends in Ecology and Evolution, 18(2), 70–74.
https://doi.org/10.1016/S0169-5347(02)00041-1
Templeton, A. R. (1989). The meaning of species and speciation: A genetic perspective. In
D. Otte & J. A. Endler (Eds.), Speciation and its consequences (pp. 3–27). Sinauer
Associates Inc.
Toews, D. P. L., & Brelsford, A. (2012). The biogeography of mitochondrial and nuclear
discordance
in
animals.
Molecular
Ecology,
21(16),
3907–3930.
https://doi.org/10.1111/j.1365-294X.2012.05664.x
Tseng, S.-P., Wetterer, J. K., Suarez, A. V., Lee, C.-Y., Yoshimura, T., Shoemaker, D., &
Yang, C.-C. S. (2019). Genetic Diversity and Wolbachia Infection Patterns in a
Globally
Distributed
Invasive
Ant.
Frontiers
in
Genetics,
10.
https://doi.org/10.3389/fgene.2019.00838

72

Vargas-Ramírez, M., Caballero, S., Morales-Betancourt, M. A., Lasso, C. A., Amaya, L.,
Martínez, J. G., das Neves Silva Viana, M., Vogt, R. C., Farias, I. P., Hrbek, T.,
Campbell, P. D., & Fritz, U. (2020). Genomic analyses reveal two species of the
matamata (Testudines: Chelidae: Chelus spp.) and clarify their phylogeography.
Molecular
Phylogenetics
and
Evolution,
148,
106823.
https://doi.org/10.1016/j.ympev.2020.106823
Vink, C. J., & Mitchell, A. D. (2002). 12S DNA sequence data confirms the separation of
Alopecosa barbipes and Alopecosa accentuata (Araneae, Lycosidae). Bulletin of The
British Arachnological Society, 12, 242–244.
Vink, C. J., Mitchell, D. A., Paterson, A. M., Mitchell, A. D., & Paterson, A. M. (2002). A
preliminary molecular analysis of phylogenetic relationships of Australasian wolf
spider genere (Araneae, Lycosidae). The Journal of Arachnology, 30(2), 227–237.
https://doi.org/10.1636/0161-8202(2002)030[0227:APMAOP]2.0.CO;2
Vink, C. J., & Paterson, A. M. (2003). Combined molecular and morphological phylogenetic
analyses of the New Zealand wolf spider genus Anoteropsis (Araneae: Lycosidae).
Molecular
Phylogenetics
and
Evolution,
28(3),
576–587.
https://doi.org/10.1016/S1055-7903(03)00219-7
Vogel, B. R. (2004). A review of the spider genera Pardosa and Acantholycosa (Araneae,
Lycosidae) of the 48 contiguous United States. Journal of Arachnology, 32, 55–108.
https://doi.org/10.1636/H03-8
Wang, C., Xu, X., & Li, S. (2017). Integrative taxonomy of Leptonetela spiders (Araneae,
Leptonetidae), with descriptions of 46 new species. Zoological Research, 38(6), 321–
448. https://doi.org/10.24272/j.issn.2095-8137.2017.076
Weiss, M., Weigand, H., Weigand, A. M., & Leese, F. (2018). Genome-wide singlenucleotide polymorphism data reveal cryptic species within cryptic freshwater snail
species-The case of the Ancylus fluviatilis species complex. Ecology and Evolution,
8(2), 1063–1072. https://doi.org/10.1002/ece3.3706
Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag.
https://ggplot2.tidyverse.org
Wiley, E. O., & Lieberman, B. S. (2011). Phylogenetics: the theory and practice of
phylogenetic systematics (2nd ed.). John Wiley & Sons, Inc.
Wood, H. M., González, V. L., Lloyd, M., Coddington, J., & Scharff, N. (2018). Nextgeneration museum genomics: Phylogenetic relationships among palpimanoid spiders
using sequence capture techniques (Araneae: Palpimanoidea). Molecular Phylogenetics
and Evolution, 127, 907–918. https://doi.org/10.1016/j.ympev.2018.06.038
World Spider Catalog. (2021). World Spider Catalog. Natural History Museum Bern.
Version 22.0. https://doi.org/10.24436/2
Wright, S. (1940). Breeding Structure of Populations in Relation to Speciation. The
American Naturalist, 74(752), 232–248. https://doi.org/10.1086/280891
Yang, Z., & Rannala, B. (2010). Bayesian species delimitation using multilocus sequence
data. Proceedings of the National Academy of Sciences, 107(20), 9264–9269.
https://doi.org/10.1073/pnas.0913022107
73

Zehethofer, K., & Sturmbauer, C. (1998). Phylogenetic relationships of Central European
wolf spiders (Araneae: Lycosidae) inferred from 12S ribosomal DNA sequences.
Molecular
Phylogenetics
and
Evolution,
10(3),
391–398.
http://www.ncbi.nlm.nih.gov/pubmed/10051391
Zha, X., Zhang, W., Zhou, C., Zhang, L., Xiang, Z., & Xia, Q. (2014). Detection and
characterization of Wolbachia infection in silkworm. Genetics and Molecular Biology,
37(3), 573–580. https://doi.org/10.1590/S1415-47572014000400014
Zhang, Jiajie, Kapli, P., Pavlidis, P., & Stamatakis, A. (2013). A general species delimitation
method with applications to phylogenetic placements. Bioinformatics, 29(22), 2869–
2876. https://doi.org/10.1093/bioinformatics/btt499
Zhang, Jing, Cong, Q., Shen, J., Opler, P. A., & Grishin, N. V. (2019). Genomics of a
complete butterfly continent. BioRxiv, 845, 829887. https://doi.org/10.1101/829887
Zhang, Y., & Li, S. (2013). Ancient lineage, young troglobites: recent colonization of caves
by
Nesticella
spiders.
BMC
Evolutionary
Biology,
13(1),
183.
https://doi.org/10.1186/1471-2148-13-183
Zyuzin, A. A. (1980). A taxonomic study of Palearctic spiders of the genus Pardosa (Aranei,
Lycosidae). Part 1. The taxonomic structure of the genus. Entomological Review, 58,
165–185.
Zyuzin, A. A. (1985). Generic and Subfamilial Criteria in the Systematics of the Spider
Family Lycosidae (Aranei), with the Description of a New Genus and Two New
Subfamilies. Proceedings of the Zoological Institute, 139, 40–51.

74

Original publications
I

Ivanov, V., Lee, K. M., & Mutanen, M. (2018). Mitonuclear discordance in wolf spiders:
Genomic evidence for species integrity and introgression. Molecular Ecology, 27(7),
1681–1695. doi: 10.1111/mec.14564
II Ivanov, V., Marusik, Y., Pétillon, J., & Mutanen, M. (2021). Relevance of ddRADseq
method for species and population delimitation of closely related and widely distributed
wolf spiders (Araneae, Lycosidae). Scientific Reports, 11(1), 1–14. doi:
10.1038/s41598-021-81788-2
III Ivanov. V., Blagoev, G., Danflous, S., Gajdoš, P., Høye, T.T., Lee, K.M., Marusik, Y.,
Mielec, C.L., Muster, C., Pétillon, J., Spelda, J., Mutanen, M. Across mountains and
ocean: species delimitation and historical connectivity in Holarctic and Arctic-Alpine
wolf spiders. Submitted.

Reprinted with permission from John Wiley and Sons (I) and Springer Nature (II).
Original publications are not included in the electronic version of the dissertation.

75

76

ACTA UNIVERSITATIS OULUENSIS
SERIES A SCIENTIAE RERUM NATURALIUM

756.

Heino, Matti (2021) Challenging DNA samples are valuable sources for genetic
information of populations and individuals

757.

Kujala, Valtteri (2021) Guidelines for building a combined e-commerce and ERP
platform in micro-enterprises

758.

Borshagovski, Anna-Maria (2021) Effects of social and visual environments on
female sexual signaling

759.

Vainionpää, Fanny (2021) Girls’ choices of IT careers : a nexus analytic inquiry

760.

Pyy, Johanna (2021) Forest management optimization according to nonlinear
partial differential equation (PDE) and gradient based optimization algorithm

761.

Mendes, Fabiana (2021) Insights from personality and decision-making in software
engineering context

762.

Karampela, Maria (2021) Recommendations to enable and sustain personal health
data access and sharing : an empirical approach

763.

Lämsä, Juho (2021) Behavioural mechanisms underlying food-deceptive pollination
and neonicotinoid exposure of bumblebees

764.

Mian, Salman Qayyum (2021) The social web as an ecosystem of networked
improvement communities (NICS) : an interplay of user engagement, technology
improvement, and the business opportunities as enablers

765.

Kuutila, Miikka (2021) Time pressure and well-being in software engineering :
evidence from software repositories, experience sampling, and prior literature

766.

Halttu, Kirsi (2021) Changing behaviours via self-tracking : exploring the effect of
psychological differences on system evaluations

767.

Banijamali, Ahmad (2021) Software architectures of the convergence of
automotive systems and cloud platforms

768.

Autio, Uula (2021) Development and application of the magnetotelluric method
to study the crustal structure of central Finnish Lapland

769.

Trivedi, Priyanka (2021) Cuticular wax of Nordic berries : focus on composition,
biosynthesis, and the effect of environmental factors

770.

Markkola, Juha (2022) Ecology and conservation of the lesser white-fronted
goose Anser erythropus

771.

Peng, Wei (2022) Automatic neural network learning for human behavior
understanding
Book orders:
Virtual book store
http://verkkokauppa.juvenesprint.fi

A 772

OULU 2022

UNIVERSITY OF OULU P.O. Box 8000 FI-90014 UNI VERSITY OF OULU FINLAND

U N I V E R S I TAT I S

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Vladislav Ivanov

University Lecturer Tuomo Glumoff

O U L U E N S I S

ACTA

A C TA

A 772

ACTA

UN
NIIVVEERRSSIITTAT
ATIISS O
OU
ULLU
UEEN
NSSIISS
U

Vladislav Ivanov

SCIENTIAE RERUM
RERUM
SCIENTIAE
NATURALIUM
NATURALIUM

SPECIES DELIMITATION IN
WOLF SPIDERS (LYCOSIDAE)
USING DNA BARCODING
AND DOUBLE-DIGEST
RESTRICTION SITE
ASSOCIATED DNA
SEQUENCING

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala
ISBN 978-952-62-3262-1 (Paperback)
ISBN 978-952-62-3263-8 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF SCIENCE

A

