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Ivanov, Vladislav, Species delimitation in wolf spiders (Lycosidae) using DNA
barcoding and double-digest restriction site associated DNA sequencing. 
University of Oulu Graduate School; University of Oulu, Faculty of Science
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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, käyttäytymis-
biologiassa, genetiikassa ja muussa biologisessa tutkimuksessa keskeisiä yksilöitä. Aina Linnae-
uksesta lähtien tutkijoilla on ollut pyrkimys yhdenmukaistaa keinoja luokitella maapallon valta-
vaa biodiversiteettiä. Viimeaikainen kehitys DNA-teknologiassa tarjoaa uudenlaisia lähestymis-
tapoja 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 tie-
toa lajinrajausten tueksi. Tuhansien DNA-viivakoodisekvenssien luku on paljastanut ristiriitai-
sia tuloksia niiden perusteella tehtyjen ja perinteisen lajinrajauksen välillä. Väitöskirjassani tut-
kin näitä ristiriitoja susihämähäkeillä, millä DNA-viivakoodit toisinaan ovat identtisiä morfolo-
gialtaan, 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, para-
patrisilla että allopatrisilla lajeilla ja populaatioilla. Näytteenottoa suoritettiin Suomessa (I, II,
III), Itä-Venäjällä (II), Ranskassa, Slovakiassa, Kanadassa ja USA:ssa (III). Analyysien perus-
teella 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 ddRAD-
sekvensoinnin tukeman perinteisen lajinrajauksen välillä selittyvät todennäköisesti tapahtuneel-
la geenivirralla vastikään toisistaan eriytyneiden lajien välillä (I ja III) riippumatta populaatioi-
den maantieteellisestä suhteesta. Johtopäätöksenä ddRAD-sekvensoinnin voitiin osoittaa olevan
luotettava lajinrajaamisen menetelmä riippumatta DNA-viivakoodien antamasta kuvasta.

Asiasanat: COI, fylogeneettinen päättely, hämähäkit, introgressio,
molekyylitaksonomia, morfometria, populaatiogenetiikka, usean lajin
koalensenssimenetelmät
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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 



18 

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 
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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 
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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 
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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 
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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 DS-
LYCOSRAD (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 sub-
pools 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/still-
making-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 p-
distances 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 III 

Morphometry Approach species delimitation from the standard morphological 

point of view. 

NO YES NO 

DNA barcoding Apply a standard genetic marker to study mtDNA variation and its 

use for species delimitation in focal taxa. 

YES YES YES 

BINs The most standard proxy for assignment of specimens to species 

using COI 

YES YES YES 

GMYC Alternative species delimitation method using COI NO YES NO 

bPTP Alternative species delimitation method using COI NO YES NO 

Haplotype 

networks for COI 

Visualize the structure of mtDNA connectivity YES YES YES 

ddRADseq The main sequencing protocol in all studies YES YES YES 

ML phylogenies for 

COI 

Test initial species hypothesis with mtDNA marker and compare 

with ddRADseq phylogenies 

YES YES YES 

ML phylogenies for 

ddRADseq 

Test initial species hypothesis with nDNA and compare with COI 

phylogenies 

YES YES YES 

p-distances Investigate patterns in COI and ddRADseq datasets in order to find 

genetic “gap” between species or populations; study patterns of ILS; 

estimate divergence time between species. 

YES YES YES 

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

SNAPP Standard species delimitation method for SNPs datasets NO YES YES 

SVDquartets Test for species hypothesis on ddRADseq dataset YES YES NO 

TreeMix Test for admixture (current or historical) between species that 

evaluates directionality and weight 

YES NO NO 

D-statistics Test for historical introgression YES NO YES 

fastsimcoal2.6 Demographic modelling for introgression NO NO YES 
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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. hyperborea-
P. 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 p-
distance 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 Arctic-
Alpine 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 



52 

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 D-
statistics 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. 
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