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1  INTRODUCTION 

 

1.1 ORIGIN AND DISTRIBUTION PATTERNS OF SUBTERRANEAN SPECIES 

Subterranean habitats differ from the surface ones in several features: constant darkness, 

paucity of food, stability of abiotic parameters e.g. temperature and humidity (Culver and 

Pipan, 2019). Many species have adapted to these conditions and can live exclusively in 

the subterranean realm. Subterranean habitats also strongly differ from surface ones in 

composition of higher taxonomic groups (Gibert and Deharveng, 2002). Only some of 

them are well represented below ground, while many others are completely absent 

(Juberthie and Decu, 1994, 1998). 

Pre-adaptation or exaptation of some of the groups to subterranean lifestyle can sometimes 

explain their colonization and speciation success, e.g. Diplopoda (Golovatch and Kime, 

2009; Golovatch, 2015) and Collembola (Christiansen, 1961, 1965). However, many that 

are ideal candidates for subterranean life have no or very few troglobiotic species, e.g. 

Symphyla (Juberthie-Jupeau, 1994). What hampers our understanding of colonization is 

the fact that the phylogenetic origin of most troglobiotic taxa remains poorly known. This 

might be due to strong morphological differences of troglobiotic species and their epigean 

relatives that conceals their true relationship, or to the extinction of these epigean relatives. 

Whether the closest relatives of subterranean taxa are known or not, a common view is that 

most subterranean taxa originated from independent colonization events. Evolutionary 

transition from surface ancestor to troglobiotic species is hypothesized to encompass four 

phases (Trontelj, 2018; Culver and Pipan, 2019). Active or passive colonization is 

followed by a “trial phase” during which many factors contribute to its success or failure. 

After successful colonization, taxa undergo speciation (Peck and Finston, 1993; Danielopol 

and Rouch, 2012; Howarth, 2019) and subterranean dispersal. Only in rare cases, there is 

evidence of surface dispersal of troglobiotic taxa (Rizzo et al., 2013). 

Whatever colonization and speciation scenarios, they generally produce a similar 

distributional pattern of troglobionts in all taxonomic groups: small and fragmented 

distribution ranges (Trontelj et al., 2009; Niemiller and Zigler, 2013; Zagmajster et al., 

2014). In extreme cases, the proportion of species known from single or only a few 

localities can represent more than half of the species pool in a region (Niemiller and Zigler, 

2013; Bregović et al., 2019). Range sizes of subterranean taxa have so far been explained 

by the fragmentation of karstic landscapes, complex paleogeographic events and/or historic 

climate variability (Deharveng and Gers, 1993; Trontelj et al., 2009; Rizzo et al., 2013; 

Eme et al., 2014; Zagmajster et al., 2014). Aside many narrowly distributed troglobiotic 

species and genera, some taxa have large distribution ranges (Gibert and Deharveng, 2002; 

Zakšek et al., 2007; Trontelj et al., 2009; Baratti et al., 2010; Faille et al., 2010; Isaia et al., 

2017), especially among Collembola (Christiansen et al., 1983; Lukić, 2019). Most 

intriguing are widespread troglobiotic genera occurring in geographic regions which can be 

hundreds or thousands of kilometers apart. For taxa with limited dispersal abilities, such 
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patterns are difficult to interpret and strongly contrast small distribution ranges of most 

troglobiotic taxa. Within Europe, the distribution of only a few terrestrial troglobionts 

illustrates this case. Interestingly, several troglobionts share similar disjunct distribution 

pattern, being known from the Iberian Peninsula, the Alps and the Dinarides (Lukić et al., 

2010; Weigand et al., 2013; Ribera et al., 2014; Pavlek and Ribera, 2017; Taiti et al., 

2018). These regions, which represent subterranean biodiversity hotspots, strongly differ in 

troglobiotic fauna composition. The disjunct distribution patterns of such taxa challenge 

the validity of their monophylies as well as the currently accepted scenarios of their origin 

and colonization. 

 

1.2 THE DINARIDES – A SUBTERRANEAN BIODIVERSITY HOTSPOT 

The Dinarides are a 650 km long and 150 km wide continuous karst region of more than 

60.000 km
2
, that stretches from Italy (Trieste) to Albania (Prokletije Mt.) (Zupan Hajna, 

2019). This area has a complex paleogeographic history and orogeny (Tari, 2002; de 

Leeuw et al., 2011) and is one of the most highly karstified areas in the world (Milanović, 

2015). It is a world hotspot of subterranean biodiversity (Culver et al., 2006; Eme et al., 

2017; Zagmajster et al., 2018) with a long tradition of research and nearly 1000 aquatic 

and terrestrial troglobiotic species (Sket et al., 2004; Sket, 2012). This high regional 

diversity offers many opportunities to approach general evolutionary questions. Aquatic 

crustaceans have been widely used in this respect, e.g. the cave shrimps of the genus 

Troglocaris (Zakšek et al., 2007; 2009), the amphipod genus Niphargus (Fišer et al., 2012; 

Trontelj et al., 2012; Delić et al., 2016; Zakšek et al., 2019), the aquatic isopods Monolistra 

(Prevorčnik et al., 2010) and Asellus (Konec et al., 2015). On the contrary, similar studies 

on terrestrial troglobionts are very few, mostly limited to Leiodidae beetles of the genera 

Anthroherpon and Hadesia (Polak et al., 2016; Njunjić et al., 2018). Other studies with 

molecular phylogenetic methods focused on mostly taxonomic issues, e.g. on the gastropod 

Zospeum (Weigand et al., 2013; Inäbnit et al., 2019), the terrestrial isopod Alpioniscus 

(Bedek et al., 2019) and the harvestmen Cyphophthalmus (Boyer et al., 2005; Murienne et 

al., 2010). Most recent studies on terrestrial troglobionts deal however with taxonomy (e.g. 

Karaman, 2009; Giachino et al., 2011; Antić et al., 2014; Stoev et al., 2015; Papač et al., 

2016; Pavlek and Ribera, 2017; Hlaváč et al., 2019) and mapping subterranean biodiversity 

(Zagmajster and Kováč, 2006; Bedek et al., 2011; Polak et al., 2012). 

 

1.3 COLLEMBOLA IN SUBTERRANEAN HABITATS 

With 8128 species in four orders and 30 families (Janssens and Christiansen, 2011) 

Collembola are moderately diverse compared to many other Hexapoda groups. However, 

with regular and significant accumulation of new taxa, Collembola diversity grows at a fast 

rate (Deharveng, 2004). Many recent molecular studies have revealed high genetic 

diversity within different species, pointing to underestimated diversity within the group 
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(Porco et al., 2012, 2014; von Saltzwedel et al., 2017; Mateos et al., 2018; Zhang et al., 

2019). 

Collembola are numerically dominant in most terrestrial ecosystems (Deharveng, 2004) 

and are found from polar regions to tropical rainforests and deserts, in a variety of habitats 

from tree canopy to soil and caves, even in intertidal marine habitats, and on water surface 

(Hopkin, 1997). Many can tolerate freezing conditions, and some soil species are assumed 

to have persisted in situ through severe climatic changes like Pleistocene glacial cycles 

(von Saltzwedel et al., 2016; Faria et al., 2019). In subterranean habitats they are present 

from mesovoid shallow substratum (MSS) and oligotrophic cave habitats to eutrophic 

guano piles (Baquero et al., 2017; Zhang et al., 2018; Lukić, 2019). In tropics many 

species are linked to guano, of which some are cave restricted and can be considered 

troglobiotic guanobites (Gnaspini and Trajano, 2000). Eutroglophilic Collembola species 

(surface species that can establish exclusively subterranean populations) are well 

represented in caves, but troglobiotic species usually dominate in abundance (Lukić and 

Deharveng, 2008). 

Troglobiotic Collembola have served as model arthropod organisms to coin the term that 

illustrates convergent morphological evolution occurring in caves (Howarth and 

Moldovan, 2018). Species that have such morphology were called ‘troglomorphes‘ by 

Christiansen (1962), while associated characters are classically qualified as 

‘troglomorphic‘ (Christiansen, 2012). This striking convergent morphological evolution 

occurs in many unrelated living groups (Deharveng and Bedos, 2018; Howarth and 

Moldovan, 2018). Troglobiotic Collembola exhibit various troglomorphic traits known to 

occur also in many other taxonomic groups: larger body size, elongation of appendages, 

reduction of eyes and pigmentation, compared to their putative surface relatives. 

Collembola-specific troglomorphic traits are also well documented: basal shift and 

regression of inner and lateral teeth on claws, elongation of claw, regression of tibiotarsal 

tenent hair (being pointed instead of capitate), elongation of mucro and particularly its 

distal tooth, higher number and hypertrophy of specialized chaetae (sensilla) on antennae 

(Christiansen, 2012). In addition to such an exceptional variety of troglomorphic traits, 

some of them are particularly exaggerated, as appendage and claw elongation in some 

species (Lukić et al., 2018; Jantarit et al., 2019; Vargovitsh, 2019). All this generates a 

very high diversity in the expression of troglomorphy within Collembola. 

Troglobiotic Collembola are highly diversified in subterranean habitats across the whole 

world (Thibaud and Deharveng, 1994; Deharveng and Bedos, 2018). Recent synthesis 

yielded a total number of 583 troglobiotic and cave restricted guanobiotic species from 14 

families and 61 genera (Lukić, 2019). This diversity is unevenly distributed on the globe 

and several areas stand out with high species richness: southern Europe, central and eastern 

United States, Mexico, Japan, Thailand, and southwest China. Among them the Euro-

Mediterranean region is the most species-rich with 298 troglobiotic species, with a 

diversity at the family and generic level that outmatches that of any other region in the 
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world (Lukić, 2019). Still, extensive knowledge on diversity and distribution of cave 

Collembola is lacking throughout many European karst areas, one of them being the 

Dinarides. 

Collembola in Dinarides are one of the least studied groups in caves of the region. So far, 

occasional and unsystematic collection of Collembola in caves resulted in 30 described 

species (Bogojević, 1968; Lukić, 2019), but without good biogeographical data. However, 

recent preliminary barcode screening and morphological examination revealed a strong 

underestimation of Collembolan species diversity in the region (Lukić et al., 2012). Among 

them, the genus Verhoeffiella Absolon stands out with the highest number of described 

species and spectacular morphological adaptations to subterranean life. 

 

1.4 GENUS VERHOEFFIELLA AS A STUDY MODEL 

Collembola have been traditionally used as evolutionary models for morphological 

adaptations within subterranean habitats (Christiansen, 1962, 1965), but their potential for 

testing evolutionary hypotheses using molecular approaches has rarely been exploited 

(Katz et al., 2018). In this perspective, the genus Verhoeffiella represents a promising 

model as it embodies several features of interest: (i) all species are found in caves and 

exhibit numerous troglomorphic traits; (ii) the genus has an intriguing disjunct distribution, 

occurring in four karst regions of Europe; (iii) its center of diversity is in the Dinarides; 

(iv) species of the genus are very similar to the non-troglobiotic and non-troglomorphic 

species Heteromurus nitidus (Templeton, 1835) regarding characters assumed to be non-

adaptive (Templeton, 1835). These features are elaborated below. 

The genus encompassed eight troglobiotic species, found exclusively in caves (Lukić et al., 

2015). All species are troglomorphic, exhibiting at different degrees almost all 

troglomorphic traits of cave Collembola. Particularly impressive is the elongation of 

antennae. The most extreme case is the species Verhoeffiella longicornis (Absolon, 1900), 

which has antennae more than twice the length of the body, one of the longest among 

troglobiotic Collembola at a world scale (Absolon, 1900; Jantarit et al., 2019). This species 

and V. anagastumensis Lučić, 2008 (in Lučić et al. 2008) also exhibit gigantism with the 

body + head length of more than 4 mm, in contrast to the smallest species of the genus, V. 

dallaii Nosek & Paoletti, 1985 of only 2.5 mm (Nosek and Paoletti, 1985; Lučić et al., 

2008). Further, varying degrees of elongation of unguis, reduction of teeth on unguis and 

regression of tenent hair are present in all species of the genus. This diversity of 

troglomorphic traits is unique within the subfamily Heteromurinae (Mari Mutt, 1980a; 

Cipola et al., 2016). 

The genus has intriguing disjunct distribution, occurring in four karst regions of Europe – 

the Dinarides (Bogojević, 1968; Lučić et al., 2007, 2008), South-eastern Calcareous Alps 

(Nosek and Paoletti, 1985), southern Catalonia (da Gama, 1984) and Cordillera Cantabrica 

(Bonet, 1931). This disjunct pattern of troglobiotic Verhoeffiella populations could hardly 
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be a result of sampling bias, as no Verhoeffiella species has ever been recorded in 

thoroughly sampled regions in between, namely in the Western Alps, French southern 

Massif Central and the Pyrenees (Dallai and Malatesta, 1982; Jordana et al., 1990; Dallai et 

al., 1995; Thibaud, 2017). Moreover, two of the three species reported from Catalonia and 

Cordillera Cantabrica by da Gama (1984) have been considered conspecific with V. 

absoloni Kseneman 1938 and V. longicornis from the Dinarides. Such a wide disjunction 

in geographical distribution is an unusual case among troglobiotic arthropods, raising the 

question of the true identity of the Iberian populations.  

Six species have been described from the Dinarides, while single species has been 

described from South-eastern Calcareous Alps and Cordillera Cantabrica. Within Dinarides 

the genus inhabits caves in south-eastern part, where its species sometimes present the 

dominant cave invertebrates in subterranean communities (Lukić and Deharveng, 2008). 

On the contrary, in the Iberian Peninsula and the Alps that are both well sampled for cave 

Collembola, Verhoeffiella species are only known from few caves (Nosek and Paoletti, 

1985; Jordana et al., 1990). 

A species that is similar to Verhoeffiella, and can often be found in caves, is Heteromurus 

nitidus. It is widely distributed in epigean habitats across almost the entire Palearctic and 

Nearctic. Populations of this species also often colonize subterranean habitats, and many 

troglophilic populations have been recorded in Europe and the United States (Christiansen 

and Bellinger, 1980; Jordana et al., 1990; Thibaud, 2017). The species is very common in 

caves of Dinarides where it is sometimes found in syntopy with Verhoeffiella species 

(Lukić and Deharveng, 2008). Species of Verhoeffiella are very similar to H. nitidus in 

important morphological characters, e.g. in dorsal chaetotaxic pattern (Loksa and 

Bogojević, 1967; Szeptycki, 1979; da Gama, 1984) that is widely used to separate species 

within the family Entomobryidae. 

 

1.5 TAXONOMIC POSITION OF VERHOEFFIELLA 

The genus Verhoeffiella is placed in the subfamily Heteromurinae of the family 

Entomobryidae. It had a ‘floating’ taxonomic status throughout the history of its study. 

Type species of the genus, V. cavicola Absolon, 1900, was described originally as 

Heteromurus (Verhoeffiella) cavicola for which Absolon erected a new subgenus. In the 

same paper Absolon described another new genus and species, Typhlopodura longicornis, 

but based on specimens with accidentally fused antennal segments. This mistake was later 

realized by Kseneman (1938) who transferred the species to the genus Verhoeffiella. The 

status of Verhoeffiella as a subgenus of Heteromurus was widely accepted by many 

authors (Bonet, 1931; Gisin, 1960; Mari Mutt, 1980a; Lučić et al., 2007, 2008), but it was 

also treated as a separate genus by others (Kseneman, 1938; Thibaud and Deharveng, 

1994; Soto-Adames, 2008; Bedos, 2014; Cipola et al., 2016; Guru Pada Mandal, 2018). It 

was even considered as Heteromurus sensu stricto by da Gama (1984). Status change was 
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a direct consequence of the poor original descriptions of almost all the species of the genus 

and reflected subjective appreciation of the value of the third antennal segment annulation, 

the only character used to separate Verhoeffiella from Heteromurus s.str. (Mari Mutt, 

1980a, 1980b; Cipola et al., 2016). All Verhoeffiella species were found to have the third 

and fourth antennal segment annulated, while species of Heteromurus s.str. have only the 

fourth antennal segment annulated. From 2018, we have considered Verhoeffiella as a 

genus in our publications, following the conception of Kseneman (1938). References 

before that date, including the time when the title of this dissertation was formally 

approved (in 2012), refer to Verhoeffiella as subgenus of the genus Heteromurus. 

 

1.6 DIAGNOSTIC CHARACTERS BETWEEN SPECIES OF THE GENUS 

VERHOEFFIELLA 

Most of the species of the genus were described during the last century and original species 

description are all very brief, some even lacking a single illustration of diagnostic 

characters (e.g. Kseneman, 1938). Even most recently described species lack illustration 

and description of most characters used in modern taxonomy of Entomobryidae (Lučić et 

al., 2007, 2008). Body size, position and number of teeth on unguis and unguiculus, and 

differences in elongation of antennae were the sole characters used to discriminate the 

species. Antennae elongation were expressed as the ratio antennae: head diagonal, and 

antennae: body length, often loosely expressed only as ‘shorter’ or ‘longer’ than body. 

Antennal segments ratio has been described in some species, but not in a uniform way due 

to subdivision of first antennal segments in two subsegments. Therefore some authors 

considered antennae to be four-(Bonet, 1931; Lučić et al., 2008) and others five-

segmented. Furthermore, third and fourth antennal segments are frequently fused and ratio 

of these fused antennal segments have been used in original species descriptions (Absolon, 

1900), bringing additional difficulties for comparing antennal segments length among 

species of the genus. 

Chaetotaxy of Verhoeffiella species have been rarely described and not used as a 

diagnostic character. Diversity of antennal chaetotaxy have been recognized by Bonet 

(1931), who gave preliminary description of several antennal chaetae types and their 

distribution, but nobody followed his approach in subsequent species descriptions. Dorsal 

body chaetotaxy that is widely used in species discrimination within Entomobryidae, has 

been illustrated only by da Gama (1984) and Loksa and Bogojević (1967), while 

illustration of Lučić et al. (2007) certainly represent inaccurate observations. 

Troglomorphic traits are the most striking features of Verhoeffiella, and they have been 

often described in more details. Their morphological diversity led authors to almost 

exclusive use some of them as diagnostic characters in the taxonomy of the genus. A need 

for new diagnostic characters and the re-assessment of Verhoeffiella position within 

Heteromurinae has been stressed several times (Mari Mutt, 1980a; Cipola et al., 2016), but 
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due to lack of specimens in the collections, species of the genus were never included in 

recent morphological studies (Cipola et al., 2016) or molecular phylogenetic studies of the 

subfamily (Zhang et al., 2014, 2015). 

 

1.7 THESIS AIMS AND HYPOTHESES 

The overall goal of this dissertation is to explore diversification and distribution patterns in 

subterranean environments using the collembolan cave genus Verhoeffiella as a study 

model. The close relationship of the Verhoeffiella and the epigean populations of species 

Heteromurus nitidus may offer an insight into the origin of disjunct distribution of genus 

Verhoeffiella, and contribute to a better understanding of colonization and diversification 

dynamics within the subterranean habitats in general. Thesis specific aims the work 

addresses are: (i) morphological and taxonomical study of Verhoeffiella; (ii) test of 

monophyly of Verhoeffiella and its phylogenetic position within Entomobryidae; (iii) 

relationships of Verhoeffiella and Heteromurus nitidus; (iv) diversification of Verhoeffiella 

in the Dinarides. 

(i) To do a detailed morphological study and to explore diversity and variability of 

morphological characters of Verhoefiella species, as well as to search for new diagnostic 

ones among the species. Special emphasis was given to chaetotaxy, diversity of chaetae 

and troglomorphic characters. These results are important as a basis for a new descriptive 

framework for further taxonomic advances in study of the genus. 

(ii) To determine the position of the genus within the Entomobryidae family and its 

relationships to other genera of the subfamily Heteromurinae, in particular to the genus 

Heteromurus, using molecular phylogeny. Further, to test the monophyly of Verhoeffiella 

populations from remote European regions and to reconstruct phylogenetic relationships 

among the species. 

(iii) To investigate whether the species Heteromurus nitidus is closely related to genus 

Verhoeffiella, as suggested by many morphological similarities. To explore relationships of 

Verhoeffiella species from remote European regions and populations of H. nitidus from 

corresponding regions. We assumed that the epigean ancestors of Verhoeffiella resembled 

or were related to H. nitidus, and that molecular phylogeny will reveal Verhoeffiella–H. 

nitidus sister relationship. To investigate, whether remote European karst regions were 

independently colonized by these epigean ancestors, while multiple independent 

colonization events were important on a smaller geographic scale. 

(iv) To give a special emphasize to Verhoeffiella populations from Dinaric region, as a 

center of diversity of the genus. To compile new extensive dataset which enables 

exploration of cryptic diversity of the genus within the region. Finally, to explore the 

relationship between different populations of the genus, in order to reconstruct the 

evolutionary scenarios of diversification in relation to paleogeographic events.  
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2  SCIENTIFIC PAPERS 

 

2.1 THE PUZZLING DISTRIBUTION OF HETEROMURUS (VERHOEFFIELLA) 

ABSOLONI KSENEMAN, 1938 (COLLEMBOLA: ENTOMOBRYIDAE: 

HETEROMURINAE) RESOLVED: DETAILED REDESCRIPTION OF THE 

NOMINAL SPECIES AND DESCRIPTION OF A NEW SPECIES FROM 

CATALONIA (SPAIN) 

 

Lukić M., Porco D., Bedos A., Deharveng L. 2015. The puzzling distribution of 

Heteromurus (Verhoeffiella) absoloni Kseneman, 1938 (Collembola: Entomobryidae: 

Heteromurinae) resolved: detailed redescription of the nominal species and description of a 

new species from Catalonia (Spain). Zootaxa, 4039, 2: 249-275 

 

V prispevku smo podali podrobno redeskripcijo vrste Heteromurus (Verhoeffiella) 

absoloni Kseneman, 1938, kot tudi identifikacijsko molekulsko črtno kodo na osnovi 

osebkov s tipske lokalitete v Črni gori. Določili smo neotip. Prvič za rod Verhoeffiella smo 

opisali dorzalno S-hetotaksijo. Podrobno smo analizirali morfologijo het in njihovo 

razporeditev, še posebno na antenah, kjer smo prepoznali kar 12 tipov het. Številne 

morfološke značilnosti smo opisali na novo tako za rod kot tudi za poddružino 

Heteromurinae. Široko razširjeno disjunktno razširjenost vrste smo obravnavali z 

molekulsko in morfološko primerjavo osebkov s tipske lokalitete v Črni gori in iz 

populacij iz Katalonije. Ugotovili smo, da v Kataloniji živi druga, doslej neznana vrsta, ki 

smo jo opisali kot Heteromurus (Verhoeffiella) gamae sp. nov. Predlagamo tudi novo 

kombinacijo za Heteromurus (Verhoeffiella) constantinellus (Ćurčić & Lučić in Lučić, 

Ćurčić & Mitić 2007) comb. nov. Podali smo pregled vseh vrst podrodu, predstavili 

problematiko razlikovanja vrst znotraj podrodu in posebej obravnavali taksonomski status 

podrodu Verhoeffiella. 
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2.2 SETTING A MORPHOLOGICAL FRAMEWORK FOR THE GENUS 

VERHOEFFIELLA (COLLEMBOLA, ENTOMOBRYIDAE) FOR DESCRIBING 

NEW TROGLOMORPHIC SPECIES FROM THE DINARIC KARST 

(WESTERN BALKANS) 

 

Lukić M., Delić T., Zagmajster M., Deharveng L. 2018. Setting a morphological framework 

for the genus Verhoeffiella (Collembola, Entomobryidae) for describing new troglomorphic 

species from the Dinaric karst (Western Balkans). Invertebrate Systematics, 32, 5: 1118-

1170 

 

Zadnje raziskave jamskih skakačev (Collembola) so razkrile visoko raznolikost rodu 

Verhoeffiella Absolon, 1900 na Dinarskem krasu. Najbolj izjemna lastnost vrst rodu 

Verhoeffiella je visoko število troglomorfnih znakov, zaradi česar je rod zanimiv model za 

študije morfološke diverzifikacije in adaptacije na podzemna okolja. Raziskali smo 

različne morfološke modifikacije, za katere smo domnevali, da so povezane s podzemnim 

življenjem. Podrobno smo opisali štiri nove vrste in dodali redeskripciji dveh vrst, vključno 

s tipsko vrsto rodu. Identiteto vrst smo potrdili z eno-lokusnimi (citokrom c oksidaza I) 

delimitacijami vrst, ki temeljijo na Poissonovih procesih (PTP) in distančnih pristopih 

(metoda ABGD). Oba pristopa sta dala enake rezultate. Obravnavali smo morfološke 

spremembe, ki veljajo kot adaptivne za življenje v jamah, kot tudi nove potencialno 

troglomorfne znake skakačev. Pri teh znakih smo opazili veliko raznolikost med vrstami. 

Ugotovili smo, da morfološke spremembe različnih znakov med seboj niso povezane, tako 

da se pojavljajo različne kombinacije sprememb znotraj različnih vrst. Te razlike smo 

izpostavili na primeru dveh parov vrst rodu Verhoeffiella, ki žive v sintopiji - vrste imajo 

znake različno troglomorfno spremenjene. Nadalje podajamo več novih znakov, ki so 

uporabni za vrstno in morda rodovno ali nad-rodovno razlikovanje. Poleg tega smo prvič 

pri skupini Colllembola opisali “distalni organ” na anteni IV. 
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2.3 DISTRIBUTION PATTERN AND RADIATION OF THE EUROPEAN 

SUBTERRANEAN GENUS VERHOEFFIELLA (COLLEMBOLA, 

ENTOMOBRYIDAE) 

 

Lukić M., Delić T., Pavlek M., Deharveng L., Zagmajster M. 2020. Distribution pattern and 

radiation of the European subterranean genus Verhoeffiella (Collembola, Entomobryidae). 

Zoologica Scripta, 49: 86-100 

 

Ena najbolj zanimivih značilnosti podzemnih vrst živali so majhna območja razširjenosti. 

Ta prevladujejo ne le na vrstnem, ampak pogosto tudi na rodovnem nivoju. Vendar pa 

imajo nekateri podzemni rodovi kontinentalno, a disjunktno razširjenost, kar postavlja pod 

vprašaj njihovo monofilijo in terja razlago njihovega izvora in kolonizacije. V naši študiji 

smo raziskali rod skakačev Verhoeffiella, ki je trenutno znan iz petih oddaljenih kraških 

regij v Evropi. Evolucijsko zgodovino rodu smo proučili z analizo zaporedij štirih jedrnih 

genov in enega mitohondrijskega gena. Testirali smo monofilijo rodu, raziskali njegov 

odnos z domnevnimi površinskimi sorodniki in časovne vzorce molekulske diverzifikacije. 

Filogenetska analiza je razkrila kompleksen odnos rodu Verhoeffiella s površinskimi 

Heteromurus nitidus in deloma razrešila biogeografsko vprašanje disjunktne distribucije. 

Nadalje, v Dinaridih smo prepoznali več filogenetskih linij, kar kaže na poprej zelo 

podcenjeno diverziteto. Število odkritih samostojnih filetskih linij je skoraj sedemkrat 

večje od števila opisanih vrst. Radiacija je relativno mlada, povezana z geološkimi dogodki 

v času Mesinijske slanostne krize in v času pleistocenskih klimatskih nihanj. Rod 

Verhoeffiella ima zaradi kombinacije izjemne podzemne radiacije in bližnjih evolucijskih 

povezav s površinskimi sorodniki posebno mesto pri raziskovanju sicer slabo poznanega 

filogenetskega izvora troglobiontov v zmernih klimatih. 
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3 DISCUSSION AND CONCLUSIONS 

 

3.1. DISCUSSION 

 

3.1.1. Taxonomy and phylogenetics 

 

3.1.1.1. Generic level 

The results of our molecular phylogeny revealed that the genus Heteromurus is 

paraphyletic and the genus Verhoeffiella is polyphyletic. This explains the ‘floating’ 

taxonomic status of Verhoeffiella throughout the history of its study. It was treated as a 

separate genus, as subgenus of Heteromurus or even as Heteromurus sensu stricto (see 

Lukić et al., 2018). The status changes reflected different authors’s appraisal of the 

importance of the single diagnostic character – the annulation of third antennal segment. 

The annulation refers to the successive subtle cuticular invaginations that form annuli, each 

of them bearing a whorl of chaetae (see Lukić et al., 2018: Fig 9.A). All Verhoeffiella 

species have third and fourth antennal segment annulated, while Heteromurus have only 

fourth antennal segment annulated. However, it is not always easy to observe this 

difference. Even more, our study revealed that the third antennal segment is not completely 

annulated in Verhoeffiella. Different species have 1/3 to 1/10 non-annulated proximal part 

of this segment and sometimes chaetae in annuli are arranged in spirals (Lukić et al., 2015, 

2018). A population of an epigean Heteromurus from US had even fourth antennal 

segment is non-annulated, but the impression of the annulation under lower magnification 

is there due to the chaetae arranged in whorls (Mari Mutt, 1980b). Another example is a 

cave species Heteromurus peyerimhoffi Denis, 1937 from Algeria, having the fourth 

antennal segment annulated, but the chaetae of the third antennal segment arranged in 

whorls, even though the actual segment is not annulated (Mari Mutt, 1980a). A further 

problem with the use of annulation as a generic diagnostic character is that it could be a 

troglomorphic feature related to antennae elongation, associated with life in subterranean 

habitats (Christiansen, 2012). In collembolan genera of different families, antennal 

segments are sub-segmented bearing whorls of chaetae (e.g. Arrhopalites, 

Pygmarrhopalites, Disparrhopallites, Tomocerus, Tritomurus), with increased number of 

these subsegments in cave species (Vargovitsh, 2017). Therefore, the annulation of third 

antennal segment within Verhoeffiella species might be a mechanism of antennae 

elongation. It is important to note that sub-segmentation and annulation is not the universal 

rule of antennae elongation in Collembola, as there are many examples of cave species 

whose antenall segments are simply leghtened without annulation, segmentation or 

specially arranged chaetae e.g. genera Coecobrya and Sinella of family Entomobryidae 

(Zhang and Deharveng, 2011; Nilsai et al., 2017). It seems that within the Heteromurus–

Verhoeffiella complex, the annulation repeatedly occurred during the colonization of cave 

habitats, but due to partially resolved relationship it is not possible to identify exactly how 

many times it occured (Lukić et al., 2020). Although antennae within Entomobryomorpha 
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usually bear strong generic diagnostic characters, e.g. subdivision in the case of genera 

Dicranocentrus, Orchesella and Troglopedetes (Mari Mutt, 1979, 1980b; Deharveng and 

Gers, 1993), the use of antennae annulation as a diagnostic generic character in 

Heteromurus and Verhoeffiella was misleading. When looking at other morphological 

characters used at generic level within Heteromurinae, Heteromurus and Verhoeffiella 

species are very similar (see Cipola et al., 2016), with the exception of several Iberian 

populations. Described dorsal body macrochaetotaxic pattern of V. gamae from Catalonia 

(Lukić et al., 2015) and V. cf. longicornis from Cantabria (da Gama, 1984) depart from the 

standard macrochaetotaxic pattern of Heteromurinae, while in V. gamae labial triangle, 

tibiotarsus, femur and manubrium chaetotaxy, and claw morphology differ from the ones 

recognized in Dinaric Verhoeffiella and H. nitidus (Lukić et al., 2015). These 

morphological differences are also corroborated by phylogeny as Iberian Verhoeffiela 

phyletic line is molecularly highly divergent (Lukić et al., 2020).  

The result of the molecular phylogeny implicates the need for taxonomic re-arrangements 

at the generic level of Heteromurinae, with two possibilities. One would be to establish the 

monophyly, by synonymizing Verhoeffiella with Heteromurus. In that case, the genus 

Heteromurus would comprise several molecularly highly divergent phyletic lineages: H. 

major, Iberian Verhoeffiella, Alpine Verhoeffiella, and Dinaric Verhoeffiella + H. nitidus 

complex. Another possibility would be to divide the clade in three genera: (1) H. major 

lineages, (2) Iberian Verhoeffiella, (3) Alpine and Dinaric Verhoeffiella + Heteromurus 

nitidus complex. However, we restrain so far from new taxonomic re-arrangements due to 

several reasons. First, at this moment there are no hard morphological data that would 

support either of the two options. As Heteromurus is the only genus among Heteromurinae 

that still lack detailed modern species description, it is important to collect topotypes, 

retrieve molecular data and redescribe type species of the genus, H. margaritarius Wankel 

1860 described from Czech Republic It is also important to study Heteromurus nitidus 

described from Ireland under the name Podura (Ptenura) nitida Templeton, 1836. It is 

important to re-evaluate the taxonomic status of these two populations as H. margaritarius 

has been synonymized with Podura (Ptenura) nitida, but considering the number of 

disclosed nitidus lineages (Lukić et al., 2020) we cannot rule out that they might belong to 

separate species. It is important to note that generic name Heteromurus has been placed on 

the Official List of the Generic Names in Zoology, while generic name Ptenura have been 

placed on Official Index of Rejected and Invalid Generic Names in Zoology by the 

Opinion 1064 (ICZN, 1976), which adds to the complexity of the case. Second, it is 

necessary to include more Iberian Verhoeffiella species in the analysis. Important 

differences in characters that have been observed in V. gamae from Catalonia (Lukić et al., 

2015) and are possibly less convergent should be checked on other Iberian species and 

their possible suprageneric importance should be evaluated. Third, large polytomy of H. 

nitidus–Dinaric Verhoeffiella complex conceals their true relationship, and we cannot rule 

out that H. nitidus represents a monophyletic group (Lukić et al., 2020). This could be 

possibly resolved by adding more populations of H. nitidus from other European sites, 
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more Verhoeffiella populations and/or additional genes to the analysis. Further, two 

stenoendemic species of the nitidus group sensu Mari-Mutt 1980 (H. noseki Mari Mutt & 

Stomp, 1980 from cave and MSS in Romania, and H. peyerimhoffi Denis, 1937 from caves 

in Algeria), and species of the H. major group sensu Mari-Mutt 1980 (H. gigans Mari Mutt 

& Stomp, 1980 from Portugal, and the Eurasian H. sexoculatus Brown, 1926), should be 

included in the study, as they could help resolve the uncertain relationships. Fourth, several 

genera are still missing in the molecular phylogeny of Heteromurinae: the pantropical 

genus Heteromurtrella, the genus Pseudodicranocentrus from Mexico and Guatemala, and 

the recently described genus Falcomurus from India. Their inclusion might not alter the 

paraphyly of Heteromurus but could result in a more robust phylogeny of Heteromurinae. 

Morphological and molecular phylogenies are powerful tools for improving a taxonomical 

hierarchy. Preferably, they should be combined to test the hypotheses on taxa relationships. 

Robustness of morphological phylogenies greatly depends on the choice of the 

morphological characters used. Chaetotaxy is today the most important morphological 

character in the modern taxonomy of Entomobryoidea, following the seminal papers of 

(Yosii, 1956; Gisin and da Gama, 1962; Gisin, 1963). Chaetotaxic system involves the 

nature, number, and position of the chaetae, and is suitable for character coding, but only if 

there is unequivocal recognition of chaetotaxic homology. As Entomobryidae are strongly 

plurichaetotic (Szeptycki, 1979), chaetae-to-chaetae homologies are often disputable. 

Plurichaetosis starts to appear from the second instar onwards. The pioneering work of 

(Szeptycki, 1969, 1972, 1979) on the first instar chaetotaxy and its development during 

ontogenesis gave the basic criteria of homology recognition and related nomenclature 

system. Chaetotaxy of the first instar is therefore of special interest and has already been 

studied and proven useful in Entomobryidae (Szeptycki, 1972; Barra, 1975; Szeptycki, 

1979; Soto-Adames, 2008; Zhang et al., 2011; Zhang and Deharveng, 2015b; Zhang et al., 

2019) and other Collembolan families (see Deharveng, 2004). Dorsal body 

macrochaetotaxic and S-chaetae patterns were well documented among Verhoeffiella 

species studied in this thesis (Lukić et al., 2015, 2018). However, mapping and assigning 

homologies of chaetae for the formation of a morphological data matrix turned out as very 

problematic. First, we had problems with recognizing chaetotaxic homology, which is of 

crucial importance for accurate species comparison and phylogenetic reconstruction. 

Although the groundwork of Szeptycki, (1969, 1972, 1979) sets the basis for homology 

recognition, it was only very recently that homology hypotheses have been tested and 

corrected on a wide range of Entomobryoidea taxa (Zhang et al., 2019). This chaetotaxic 

homologization will ensure more accurate mapping and naming of chaetae in future studies 

on Verhoeffiella. Second, head and body mesochaetae were often detached during slide 

preparation. The sockets of these detached chaetae remain visible but were very similar to 

S-like chaetae what hampered the mapping, particularly on the fourth abdominal tergite. 

Third, we observed that the number and position of the dorsal body mesochaetae were 

sometimes variable within the populations. Fourth, in our study we had no first instars, that 

are important for studying chaetae-to-chaetae homologies, available for Verhoeffiella. 
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Difficulties in collecting the first instar are common also in many other species of cave 

Collembola. Further efforts are needed to collect them, which should include targeted 

sampling technique, like Berlese funnels, washing and floatation or laboratory breedings. 

Fifth, many samples in our study had a low number of adults. Most of the collected 

specimens were juveniles and subadults, even in the samples with hundreds of individuals 

as was the case in V. absoloni (Lukić et al., 2015). These problems were a limiting factor 

for inclusion of populations in the morphological study, and affected the possibility to 

evaluate the variability of the characters that could potentially be coded. In our study, we 

focused on the antennal chaetotaxy and discovered a number of new diagnostic characters 

(Lukić et al., 2018). Regarding chaetotaxy, we recognized twelve categories of antennal 

chaetae, arranged in obvious but polychaetotic and fuzzy patterns (Lukić et al., 2015 , 

2018). These patterns are retrieved across the different Verhoeffiella species, but chaeta to 

chaeta homologies, hence coding, are impossible in most cases. The aformentioned issues 

therefore strongly limited the possibilities to build a significant data matrix for 

morphological phylogeny. 

 

3.1.1.2. Specific level 

The poor and sketchy original descriptions of Verhoeffiella species hampered progress on 

the taxonomy of Verhoeffiella. It was even difficult to decide whether any newly collected 

taxon was identical or different from a previously decribed one. Therefore, we made a 

detailed re-description of two species V. absoloni, and V. cavicola, the type species of the 

genus (Lukić et al., 2015, 2018). These descriptions were very detailed and lengthy, 

encompassing all characters used in the modern taxonomy of Entomobryidae. In order to 

shorten descriptions of other species we described, rather than describing all characters, we 

presented only characters that differ or are variable among Verhoeffiella species (Lukić et 

al., 2018). Altogehter, we described five new species and re-described three known ones, 

and set the groundwork for future comparative morphological studies (Lukić et al., 2015, 

2018). Data gathered on diversity and variability of the morphological characters made it 

possible to evaluate their taxonomic value and to use them in an extensive list of diagnostic 

characters (Lukić et al., 2018: see Tables 2, 3). The list mainly encompassed distribution 

and number of specific chaetae types on antennas, head, body, legs, ventral tube and furca, 

foot complex morphology, ratios of antennae elongation and distribution of scales (Lukić 

et al., 2015, 2018). Some characters were variable within species, so their values have been 

given as ranges of values. Overlapping ranges of some characters bring further problems in 

characterizing species. Nevertheless, our comparative study and newly established 

morphological framework resulted in set of characters that will facilitate future studies of 

Verhoeffiella, but also of other species within Heteromurinae (Jantarit and Sangsiri, 2020). 

Similar frameworks have already been proven as very useful tools in the taxonomy of 

several collembolan groups (Szeptycki, 1979; Deharveng, 1983; Christiansen et al., 1990; 
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Potapov, 2001; Jordana and Baquero-Martin, 2005; Zhang and Deharveng, 2011; Zhang 

and Deharveng, 2015a; Queiroz and Zeppelini, 2017; Schneider, 2017; Cipola et al., 2018). 

The morphological framework and the subset of diagnostic characters can also allow quick 

species identifications, and preliminary characterization of species. Turbo-taxonomic 

papers, an approach combining DNA barcoding with short taxonomic descriptions of 

morphological characters (Butcher et al., 2012; Riedel et al., 2013) may be prepared based 

on the selection of diagnostic characters instead of lengthy and time-consuming species 

descriptions. But this approch is more difficult in groups like Collembola where most 

species lack sexual characters and have a taxonomy based on numerous independent 

characters on various body parts. By combining shorter morphological descriptions and 

molecular characterization, a faster taxonomic progress on the Verhoeffiella species could 

be nevertheless achieved. However, there are some drawbacks to the use of molecular 

approach in Verhoeffiella species description, at least at current state of the knowledge. It 

is highly likely that the description of a larger number of Verhoeffiella species based on 

molecular diagnoses would not be reflected in morphological diagnoses, as intervals of 

values for a number of characters may overlap greatly (Lukić et al., 2018: Table 2). But we 

managed to identify some stable morphological characters with almost no interspecific and 

intraspecific variation, that are limited to only one or two species and have turned out as 

useful in species determination. Without a detailed morphological study of the new 

species, novel morphological characters might remain undetected. Considering the level of 

revealed taxonomic incompleteness and the number of new species from different lineages 

that are awaiting morphological descriptions, it is very likely that we currently have a 

limited view on the diversity and variability of the morphological characters. Therefore, 

future advances in the taxonomy of Verhoeffiella should not rely only on this reduced 

subset of characters. Our descriptions of Verhoeffiella species have been pushed far in 

terms of morphological resolution, and of time spent on studying the specimens, but there 

is still room to improve our knowledge. In particular, mapping the complete dorsal body 

chaetotoaxy, with focus on the homology and variability of the mesochaetae pattern would 

probably bring a lot of information and new characters. 

 

3.1.1.3. Cryptic species 

It has already been documented, that in many Collembola families there is strong 

speciation within some genera (Deharveng, 2004). One of the most remarkable cases is the 

genus Pseudosinella of family Entomobryidae, having more than 300 species (Bellinger et 

al., 2019), of which half are cave restricted (Lukić, 2019). This immense diversity has been 

documented on morphology alone, while the genus has never been molecularly studied. 

Molecular studies done so far on Collembola revealed that populations are highly 

structured, with a high genetic divergence between and low divergence within populations 

(von Saltzwedel et al., 2016). This high intraspecific divergence is sometimes comparable 

to interspecific divergence values in congeneric species (Porco et al., 2012; Sun et al., 
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2018.), suggesting the existence of cryptic species. With DNA-based approaches cryptic 

diversity has increasingly been reported among many collembolan families: e.g. 

Onychiuridae, Tomoceridae, Isotomidae, Entomobryidae and Neelidae (Soto-Adames, 

2002; Cicconardi et al., 2010; Felderhoff et al., 2010; Schneider et al., 2011; Lukić et al., 

2012; Cicconardi et al., 2013; Porco et al., 2014; Zhang et al., 2014; Katz et al., 2015; von 

Saltzwedel et al., 2016, 2017; Sun et al., 2017, 2018; Zhang et al., 2019). 

In the genus Heteromurus, seven cryptic lineages have been detected on a small sample of 

European populations of H. major (Lukić et al., 2012). In our analyses, we have discovered 

three or four more molecular operational taxonomic units (MOTUs) of H. major (PTP = 

11, ABGD = 12) (Lukić et al., 2020). Following a larger sampling, we discovered an even 

higher number of MOTUs in another species of the genus, H. nitidus (PTP=33, 

ABGD=31) (Lukić et al., 2020). Heteromurus nitidus is a well–defined species based on 

several important morphological characters (Mari Mutt, 1980a), although some characters 

are given as rather variable in the literature (Bonet, 1931; Denis, 1931; Delamare 

Deboutteville, 1944; da Gama, 1962; Mari Mutt, 1980a). On the other hand, many forms, 

varieties and subspecies have been described within H. nitidus, and are considered as 

synonyms on very light grounds (Mari Mutt, 1980a). During our preliminary examinations 

of the H. nitidus material, we observed that specimens of one MOTU from Croatia differed 

notably in dorsal macrochaetotoaxy from all other species of the genus. It likely represents 

a new, morphologically easily recognizable species, or may correspond to another of the 

subspecies synonymized with H. nitidus. We did not perform any detailed morphological 

studies on other H. nitidus populations, which were included in molecular analyses. But, 

even the few observations we have made indicate that cryptic diversity within H. nitidus 

needs to be further studied, and taxonomically evaluated using the established 

morphological framework (Lukić et al., 2018). 

Cryptic diversity among Collembola in subterranean habitats has been reported only for 

two genera: Pygmarrhopalites (Arrhopalitidae) (Katz et al., 2018) and Coecobrya 

(Entomobryidae) (Zhang et al., 2018). The case of Verhoeffiella is therefore the third case, 

where cryptic diversity was established – we delimited 79 different MOTUs of 

Verhoeffiella, most of them coming from the Dinarides (Lukić et al., 2020). This supports 

the previous observations of high subterranean cryptic biodiversity in the region, which 

was shown mostly on different aquatic (Trontelj et al., 2009; Zakšek et al., 2009; Eme et 

al., 2017), but also terrestrial troglobionts (Weigand et al., 2013; Bedek et al., 2019; 

Inäbnit et al., 2019). However, it can be questioned whether all cases in Verhoeffiella really 

reflect cryptic diversity, in the sense that there are no differences in taxonomically relevant 

characters. All nominal species of Verhoeffiella, that belongs to separate MOTUs, are 

morphologically well characterited. A closer look at some other MOTUs revealed a 

number of diagnostic morphological characters. Therefore, many additional species of the 

genus await to be morphologically described (Lukić et al., 2020). This may be easy for 

species of distantly related lineages, but it may be a bigger challenge for closely related 
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species. If we cannot separate them morphologically, we would regard them as cryptic 

species, which call for further evaluation using multilocus delineation methods, and further 

morphological studies under high-resolution differential interference contrast (DIC) and 

scanning electron microscope. Formal morphological descriptions of such closely related 

species would have to be complemented with molecular diagnoses (Eme et al., 2017). 

Current extent of the cryptic diversity within Verhoeffiella and also within H. nitidus 

present exceptional case among Collembola analysed so far. Great amount of work would 

be needed for the taxonomical evaluation of all the discovered MOTUs, and it remains 

very likely that not all of them will ever be formally described. For sure the established 

morphological framework would play a key role in facilitating this work and enhancing 

species descriptions. 

 

3.1.2. Multiple origin and diversification of Verhoeffiella 

Molecular phylogeny showed that the exclusively subterranean genus Verhoeffiella, 

together with lineages traditionally ascribed to the species H. nitidus, forms a well‐

supported clade nested within Heteromurinae (Lukić et al., 2020). Epigean Heteromurus 

major turned out to be the sister taxon of the clade. Within the clade, geographically 

distant populations of Verhoeffiella from Catalonia and Cantabria branch at the basis. The 

Verhoeffiella dallaii from south‐eastern Calcareous Alps is in a sister relationship with the 

H. nitidus–Dinaric Verhoeffiella complex. Within this complex, lineages of H. nitidus and 

Dinaric Verhoeffiella seem to be intermixed but a large basal polytomy conceals their true 

relationship (Lukić et al., 2020). 

Although only partially resolved, phylogenetic relationship enables setting up the 

hypotheses on colonization of subterranean habitats. On a continental scale, the most 

plausible hypothesis would be that there were at least four separate colonization events, in 

Catalonia, Cantabria, the Alps, and the Dinarides. Single colonization and subsequent 

dispersal underground is a less probable scenario at this scale, due to large geographical 

distances among the regions, as well as important geographical barriers (like for example 

non karstic areas and sedimentary soils). This last hypothesis would also require the 

extinction of populations due to Pleistocene climate oscillations, as speculated for other 

taxonomic groups in the Alps (Stoch and Galassi, 2010; Mammola et al., 2018; Mammola 

et al., 2019), but it would have occured at a larger scale, and would have concerned large 

karstic areas like Pyrenees. 

On a regional scale, within the Dinarides, single colonization of subterranean habitats, 

followed by dispersal and speciation could have resulted in several Verhoeffiella lineages. 

But, alternatively, it would be possible that multiple colonizations and subsequent 

dispersals occurred, which would explain the high number of Verhoeffiella lineages and 

their spatial overlaps. Our results suggest that Dinaric Verhoeffiella is closely related to 

European populations of H. nitidus (Lukić et al., 2020), but their unresolved relationship 
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hinders the support to any of the alternative hypotheses. Resolving large polytomy on the 

basis of H. nitidus–Dinaric Verhoeffiella complex is the only way to know whether Dinaric 

Verhoeffiella and H. nitidus represent two monophyletic sister groups, or whether the 

Verhoeffiella–H. nitidus sister species pairs would indicate multiple colonization events. 

As both colonization processes may have been concomitant, the issue promises to be 

complex. 

The comparison of colonization scenarios of Verhoeffiella with those of other terrestrial 

troglobiotic taxa is limited due to relatively few targeted studies. Multiple colonizations of 

subterranean habitats were documented for two Trechinae genera, Trechus (fulvus group) 

and Duvalius, whose epigean species are widely distributed (Faille et al., 2013). Passive 

dispersal was proposed (Weigand et al., 2013) to explain the disjunct distribution of 

subterranean terrestrial snail Zospeum, known also from Cantabria, the Alps, and the 

Dinarides. Verhoeffiella and Zospeum share even pattern of molecular lineage distribution, 

where snail populations from the Iberian Peninsula are in a sister relationship to Alpine, 

and Alpine to Dinaric populations (Weigand et al., 2013; Inäbnit et al., 2019). However, it 

seems implausible for troglobiotic Collembola species to passively disperse due to 

different lifestyles and ecology compared to microsnails. 

Within the Dinarides, few studies have discussed hypotheses on colonization of 

subterranean habitats. In beetles of the genera Anthroherpon and Hadesia the phylogenetic 

trees imply that their common ancestor had a subterranean lifestyle, and that adapted 

subterranean taxa dispersed over large distances in the continuous karst (Polak et al., 2016; 

Njunjić et al., 2018). Similarly to Verhoeffiella, Zospeum (Inäbnit et al., 2019) and 

Alpioniscus (Bedek et al., 2019) include molecularly highly divergent lineages and 

exhibited large spatial overlaps, suggesting complex colonization and speciation scenarios. 

However, these studies were primarly taxonomic and did not provide colonization 

hypotheses. 

Even though different European karst regions were colonized by Verhoeffiella, they differ 

extensively in diversification rates. A great number of MOTUs and species were found in 

numerous caves of the Dinarides (Lukić et al., 2020). After successful colonization there 

were speciation events that led to an outstanding diversity in the Dinarides. Contrary to 

this, very few Verhoeffiella records are known for the Alps and the Iberian Peninsula, 

although these regions have been well sampled for Collembola (Dallai and Malatesta, 

1982; Jordana et al., 1990; Dallai et al., 1995; Thibaud, 2017). We have studied the 

collections of cave Collembola from Catalonia and Cantabria but found only a few more 

localities with Verhoeffiella species, always with only a few specimens in the samples. For 

example, we have found two co-occurring MOTUs in the cave Forat del Rastre in 

Catalonia (Jantarit and Sangsiri, 2020), but no additional MOTU were found in the the 

limited number of samples from surrounding caves. In Cantabria, we could not include 

several new localities of Verhoeffiella in our analyses, as we failed to amplify target genes. 

Therefore, it is possible that we did not detect complex speciation events in other regions 
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due to limited availability of populations for molecular studies. Targeted sampling is 

needed to provide stronger evidence. Another interesting difference is that Verhoeffiella is 

not so ubiquitous and abundant in the Iberian Penninsula and the Alps, as it is in the 

Dinarides, where it is even the dominant cave collembola in subterranean communities 

(Lukić and Deharveng, 2008). 

We have assessed the approximate timeframe of the diversification processes of 

Verhoeffiella and Heteromurus, by estimating divergence times. Estimation of divergence 

times for Collembola is challenging and has been conducted only in few studies (Zhang et 

al., 2014; Katz et al., 2018; Zhang et al., 2018). In all of them, estimate of substitution rates 

for distantly related tenebrionid beetles (Papadopoulou et al., 2010) was used, due to 

absence of reliable fossil calibrations for Collembola. Even though it may be argued that 

the substitution rate for distantly related taxa might result in the erroneous estimates, we 

used the same approach due to convincing results in Katz et al. (2018). They studied cave 

Collembola on the Salem Plateau in the United States, and their estimations of divergence 

times coincidde well with the paleogeographic events in the region. Using this approach, 

we discovered that the onset of the whole Verhoeffiella–H. nitidus clade, including 

divergence time of Verhoeffiella sister populations from Cantabria and Catalonia, occurred 

in middle Miocene. Within the H. nitidus–Dinaric Verhoeffiella complex, the origin of all 

the major lineages is dated to the late Miocene (5–7 MA), while most of the speciation 

events were dated to the Pleistocene (2.5 MA–11.7 k years ago) (Lukić et al., 2020). Both 

time frames coincide well with several paleogeographic events within the region. Late 

Miocene corresponds to a high orogenic activity in the development of the Dinarides 

(Aliaj, 2006; Vrabec and Fodor, 2006), to the disintegration of the Dinarid Lake System 

(Jiménez-Moreno et al., 2009; de Leeuw et al., 2011) and to the Messinian salinity crisis 

(5.96–5.33 MA; Krijgsman et al., 1999). Pleistocene is characterized by climatic 

oscillations, marine regressions and transgressions (Krijgsman et al., 1999), as well as 

glaciations in the Dinarides (Hughes et al., 2011; Žebre and Stepišnik, 2014). We can 

speculate that events in the Late Miocene caused major cladogenetic events, e.g. that 

formation of the newly emerged landmasses during the disintegration of the Dinarid Lake 

System and orogeny potentially enabled colonization of the ancestral lineages. Marine 

regressions and transgressions during Pleistocene might have affected the speciation of the 

coastal lineages. The estimated ages of splits of most continent–island sister species pairs 

corresponds to the Pleistocene (e.g. Verhoeffiella species pairs CA146 Lastovo island–

CA201 Dubrovnik mainland; CA058 Hvar island–CA426 Biokovo mainland; Lukić et al., 

2020: Figure 3). Still, the exact mechanism of some of these paleogeographic events 

remains unknown. With current dataset, we were not able to date the colonization of caves, 

yet from the time-calibrated phylogeny we can suggest that Dinaric Verhoeffiella species 

are of late Miocene age or younger. It is different from what was assessed for some other 

subterranean taxa in the Dinarides, the origins of which were estimated to be older, of an 

early or middle Miocene age (Trontelj et al., 2007; Delić et al., 2017; Njunjić et al., 2018; 

Bedek et al., 2019). 
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3.1.3. Biogeography 

The first important biogeographical issue we addressed was the widely disjunct 

distribution of two troglobiotic species of Verhoeffiella (da Gama, 1984): V. absoloni 

described from the Dinarides, and recorded from Catalonia, and V. longicornis described 

from the Dinarides, and recorded from Cantabria. A detailed morphological comparison 

between V. absoloni specimens from the type locality in Dinarides and specimens from 

Catalonia have shown unambiguously that the specimens from Catalonia belong to new 

species. We described it as V. gamae (Lukić et al., 2015). Molecular phylogeny confirmed 

that V. absoloni and V. gamae are distantly related (Lukić et al., 2020). The claim on large 

disjunct distribution of V. absoloni was based on poor morphological descriptions of the 

species which led to misidentifications (Lukić et al., 2015). The same can be expected for 

Cantabrian records of V. longicornis, as we found many important morphological 

differences between type population from the Dinarides (Lukić et al., 2018) and the 

Cantabrian population (da Gama, 1984). 

The second interesting problem was the validity of the disjunct distribution of the genus 

Verhoeffiella. Currently, ten species of Verhoeffiella are known from the Dinarides, while 

four species come from one karst region each: Jakupica (North Macedonia, following the 

transfer of Heteromurus constantinellus Ćurčić & Lučić in Lučić, Ćurčić & Mitić 2007 

into Verhoeffiella), south‐eastern Calcareous Alps (Italy), southern Catalonia and 

Cordillera Cantabrica (Spain) (Lukić et al., 2015, 2018). It is intriguing that some other 

terrestrial subterranean taxa have a similar distribution to that of Verhoeffiella. Taxa with 

records from the Iberian Peninsula, the Alps, and the Dinarides are snail Zospeum 

(Weigand et al., 2013), false-scorpion Neobisium (Blothrus) (Duchae, 2001), spider 

Typhlonesticus (Ribera et al., 2014), isopod Alpioniscus (Illyrionethes) (Taiti et al., 2018), 

and Collembola Tritomurus (Lukić et al., 2010), Troglopedetes (Fanciulli et al., 2003) and 

Ongulonychiurus (own unpublished data). Among them, only the snail Zospeum and the 

spider Typhlonesticus were subjected to molecular phylogenetic studies. In addition, 

Zospeum shares even the pattern of molecular lineage distribution recognized in 

Verhoeffiella (Weigand et al., 2013; Inäbnit et al., 2019). Genus Typhlonesticus was found 

to be monophyletic (Ribera et al., 2014), however low support values between the 

disjunctly distributed species prevent the comparison with phylogeographical patterns 

revealed for Verhoeffiella and Zospeum. The status of the other taxa needs to be checked 

through an integrative taxonomic approach, as it is possible that current disjunct 

distributions are results of erroneous taxonomy. So the question of possible congruent 

colonization scenarios, timeframes and paleogeographic events that generated such 

patterns remains open. 

Verhoeffiella has been recorded in numerous caves in the south-eastern part of the 

Dinarides, its range spanning from north-western Bosnia and Herzegovina to the border of 

Montenegro and Albania (Lukić et al., 2020). The limit of its distribution in the eastern 
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part of the range remains uncertain due to lack of speleobiological research in these 

regions. The most north-western records are those in the caves near Sanski Most in Bosnia 

and Herzegovina and Gračac in Croatia. Extensive sampling in central Croatia and Lika 

region did not yield additional records of Verhoeffiella, suggesting the north-western limit 

of Verhoeffiella. We discovered a complex geographical pattern of five Verhoeffiella 

lineages (Lukić et al., 2020). Two lineages with the highest number of MOTUs spread over 

an area of more than 300 km straight line distance, and greatly overlap. Each of the two 

lineages is divided into two sub-lineages, which also largely overlap. Within their range, 

two more isolated lineages are known from a single cave, while the fifth lineage is located 

separately at the northern parts of south‐eastern Dinarides (Lukić et al., 2020: Figure 1). 

The large magnitude of spatial overlap among different lineages and sublineages reflects 

phylogeographical replicates. These replicates, combined with the high species diversity 

and diversity of troglomorphic traits, makes Verhoeffiella a new and interesting model for 

the study of subterranean evolution. 

 

3.2 CONCLUSIONS 

In this dissertation, we have explored evolutionary pathways and diversification in 

subterranean environments using the collembolan cave genus Verhoeffiella as a study 

model. We have advanced the knowledge on systematics and biogeography of this taxon 

through morphological study and in a molecular phylogenetic framework. We can draw the 

following conclusions: 

1. We set up an operational morphological framework for describing new species of 

the genus Verhoeffiella and identified new diagnostic characters at specific level. 

Morphological species characterization was corroborated by molecular species 

delimitation, supporting the robustness of morphological framework. The framework will 

be used for Verhoeffiella species descriptions, and beyond for the taxonomy of other 

genera of Heteromurinae. 

2. Morphological study brought significant contributions to the general knowledge of 

Heteromurinae morphology, in particular for antennal chaetae patterns. This complex 

pattern and classification of anntenal chaetotaxy was already used in the study of distantly 

related genus Alloscopus (Jantarit and Sangsiri, 2020) and will have to be compared to the 

pattern of other Heteromurinae. 

3. An extensive subterranean diversification of the genus Verhoeffiella was 

discovered. Five new species were described out of a total number of 79 Verhoeffiella 

MOTUs. This suggests that total number of 14 nominal Verhoeffiella species still represent 

only a fraction of total genus diversity. 

4. Molecular phylogeny revealed that exclusively subterranean genus Verhoeffiella, 

together with lineages of Heteromurus nitidus, forms a well-supported clade nested within 

Heteromurinae. Within the clade, Verhoeffiella is polyphyletic and Heteromurus is 

paraphyletic implicating the need for taxonomic re-arrangements at the generic level of 
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Heteromurinae. The use of the annulation of the third antennal segment, a single diagnostic 

character between the two genera was shown to be misleading. 

5. Partially resolved relationship of Heteromurus and Verhoeffiella, differing in 

ecology and distributional patterns, enables setting up the hypotheses on colonization of 

subterranean habitats. On a continental scale, the most plausible hypothesis would be that 

there were at least four separate colonization events, in Catalonia, Cantabria, the Alps, and 

the Dinarides. On a regional scale, unresolved relationship of H. nitidus and Dinaric 

Verhoeffiella hinders the support to any of the alternative hypotheses – single or multiple 

colonization. Resolving this relationship in future studies might provide more robust data 

on colonization scenarios. 

6. Revealed pattern of molecular lineage distribution recognized in Verhoeffiella is 

shared with the troglobiotic snail Zospeum, also known from the Iberian Peninsula, the 

Alps, and the Dinarides. Several troglobiotic taxa of false-scorpions, spiders and isopods 

have a similar disjunct distribution. The status of these taxa needs to be checked through an 

integrative taxonomic approach to eliminate the possibility of erroneous taxonomy. Further 

research might elucidate the possibly congruent colonization scenarios of these remote 

regions among different taxonomic groups. 

7. We speculate that within the Dinarides paleogeographic events in the Late Miocene 

caused major cladogenetic events, while those of Pleistocene have increased the speciation 

rate within the H. nitidus–Dinaric Verhoeffiella complex (Lukić et al. 2020), although the 

exact mechanism remains unknown. From the time-calibrated phylogeny we can infer that 

Dinaric Verhoeffiella species are of late Miocene age or younger. The origin of most other 

subterranean taxa in Dinarides is generally estimated to be older than Verhoeffiella, of an 

early or middle Miocene age. 

8. Molecular phylogeny revealed a complex geographical pattern of Verhoeffiella 

lineages within Dinarides. The large magnitude of spatial overlap among different lineages 

and sublineages reflects phylogeographical replicates. These replicates, combined with the 

high species diversity and diversity of troglomorphic traits, makes Verhoeffiella a new and 

interesting model for the study of subterranean evolution. 
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4 SUMMARY 

 

4.1 SUMMARY 

Subterranean habitats differ from the surface ones in several features: constant darkness, 

the paucity of food, relatively stable abiotic parameters e.g. temperature and humidity. 

Species adapted to these conditions (also called troglobionts) live permanently in the 

subterranean realm. The phylogenetic origin of these troglobiotic taxa in most cases 

remains poorly known. This might be due to strong morphological differences of 

troglobiotic species and their epigean relatives that conceals their true relationship, or to 

the extinction of these epigean relatives. It is a common view that most of the subterranean 

taxa originate from independent colonization events, sometimes followed by dispersal and 

different speciation mechanisms (Trontelj, 2018; Culver and Pipan, 2019). Most of these 

taxa have small distribution ranges, that have been usually explained by karstic landscape 

fragmentation, complex paleogeographic events and/or historic climatic variability 

(Deharveng and Gers, 1993; Trontelj et al., 2009; Rizzo et al., 2013; Eme et al., 2014; 

Zagmajster et al., 2014). Exceptionally, some are widely distributed and among them the 

most intriguing are those occurring in geographic regions that can be hundreds or 

thousands of kilometers apart. Within Europe, the distribution of only a few terrestrial 

troglobionts illustrates this case. Interestingly, several troglobionts share similar disjunct 

distribution pattern, being known from the Iberian Peninsula, the Alps and the Dinarides 

(Lukić et al., 2010; Weigand et al., 2013; Ribera et al., 2014; Pavlek and Ribera, 2017; 

Taiti et al., 2018). The disjunct distribution patterns of troglobionts suggest possible 

taxonomic misidentifications, challenge the validity of their monophylies as well as the 

colonization scenarios. 

In this dissertation we addressed these questions by exploring distribution patterns and 

diversification of the collembolan genus Verhoeffiella. The genus has a disjunct 

distribution, occurring in four karst regions of Europe – the Dinarides, South-eastern 

Calcareous Alps, southern Catalonia and Cordillera Cantabrica (Lukić et al., 2015). It had 

‘floating’ taxonomic status throughout the history. Status change was a direct consequence 

of the poor original descriptions of almost all the species of the genus and reflected 

subjective appreciation of the value of the third antennal segment annulation, the only 

character used to separate Verhoeffiella from Heteromurus s.str. Species of the genus are 

very similar to the non-troglobiotic and non-troglomorphic species Heteromurus nitidus 

(Lukić et al., 2015). Their possible close relationship may offer an insight into the origin of 

the disjunct distribution of genus Verhoeffiella. Thesis specific aims address four issues: (i) 

morphological and taxonomical study of Verhoeffiella; (ii) test of the monophyly of 

Verhoeffiella and its phylogenetic position within Entomobryidae; (iii) relationship of 

Verhoeffiella and Heteromurus nitidus; (iv) diversification of Verhoeffiella in the 

Dinarides. In the following paragraphs we give an overview of methodology and results. 
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(i) A need for new diagnostic characters and re-assessment of Verhoeffiella position within 

subfamily Heteromurinae has been stressed several times since Mari Mutt, (1980a). To 

address these taxonomic questions we sampled a large number of populations and initiated 

a detailed morphological and taxonomical study of the genus. Phase contrast, differential 

interference contrast, and scanning electron microscopy were used. For stabilizing the 

genus taxonomy, we re-described its type species, V. cavicola and the species V. 

longicornis and V. absoloni, and we described five new ones (Lukić et al., 2015, 2018). 

Currently, the genus encompasses 14 nominal species. Special attention was given to the 

search for new diagnostic characters with focus on chaetotaxy, diversity of chaetae and 

troglomorphic characters. We have explored the variability of the morphological 

characters, and evaluated which ones are taxonomically relevant on a generic and specific 

level. 

(ii) Taxonomic position of Verhoeffiella was always changing, from being a separate genus 

to being a subgenus of the genus Heteromurus or even Heteromurus s.str. Unfortunately, 

Verhoeffiella was not included in molecular phylogenetic studies of the family 

Entomobryidae and its taxonomic status remained uncertain (Zhang et al., 2014, 2015). As 

the intriguing disjunct distribution pattern of the genus strongly challenge the validity of its 

monophyly, it was necessary to include populations of Verhoeffiella from remote 

geographical regions in the molecular phylogeny of Entomobryidae. We combined a 

previously published dataset of Entomobryidae phylogeny (Zhang et al., 2014, 2015), 

publicly available sequences and our genetic data of Verhoeffiella and Heteromurus. 

Altogether, we compiled a dataset of 64 Entomobryidae representatives, including three 

distantly related collembolan species to root the tree. The molecular data used included two 

nuclear (18S rRNA and 28S rRNA) and two mitochondrial (COI and 16S rRNA) genes. 

Phylogenetic relationships were reconstructed on a concatenated dataset using two 

alternative approaches: Bayesian inference with partition‐specific settings in MrBayes 

3.2.6 (Ronquist and Huelsenbeck, 2003) and maximum likelihood with partition‐specific 

setting and ultrafast bootstrapping in IQ‐tree 1.6.7 (Nguyen et al., 2014). Our results 

showed that genus Verhoeffiella, together with lineages ascribed to the species H. nitidus, 

forms a well‐supported clade nested within Heteromurinae. Heteromurus major was shown 

to be the sister taxon of the clade. Within the clade, geographically distant populations of 

Verhoeffiella from Catalonia and Cantabria branch at the basis. The Verhoeffiella dallaii 

from south‐eastern Calcareous Alps is in a sister relationship with the H. nitidus–Dinaric 

Verhoeffiella complex. Within this complex, lineages of H. nitidus and Dinaric 

Verhoeffiella seem to be intermixed but a large basal polytomy conceals their true 

relationship (Lukić et al., 2020). 

(iii) Heteromurus nitidus is a widely distributed species in epigean habitats across the 

almost entire Palearctic and Nearctic. Populations of this species also often colonize 

subterranean habitats, and many troglophilic populations have been recorded in Europe and 

the United States. Species of Verhoeffiella are very similar to H. nitidus in important 
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morphological characters so we hypothesize that H. nitidus is closely related to the genus 

Verhoeffiella and that they might be in a sister relationship. We explored the relationship 

of Verhoeffiella species from remote European regions to populations of H. nitidus from 

the same areas. In order to reduce the dataset for the phylogenetic analysis, we first ran the 

species delimitation of a large number of COI sequences (see point iv below). A single 

specimen per MOTU was chosen for further analysis. Then the main phylogenetic analyses 

were run on this reduced concatenated dataset of 132 specimens of Verhoeffiella, 

Heteromurus and the distantly related Alloscopus and Dicranocentrus (Heteromurinae) to 

root the tree. The dataset contained sequences of four nuclear (18S rRNA, 28S rRNA, H3, 

ITS) and one mitochondrial (COI) gene. Phylogenetic relations were reconstructed using 

the tree inferring procedure as for the phylogeny of family Entomobryidae (point ii above). 

Generally, the results showed the same relationship between Verhoeffiella populations and 

H. nitidus as in the previous analysis (point ii above). In addition, the analysis revealed five 

lineages of Verhoeffiella in south-east Dinarides and at least three different lineages of H. 

nitidus. These lineages seem to be intermixed but a large polytomy still prevents the 

resolution of their relationship (Lukić et al., 2020). 

(iv) Special emphasis was given to Verhoeffiella populations from the Dinaric region, the 

center of species diversity of the genus. We compiled an extensive molecular dataset to 

explore cryptic diversity in the genus. We have also assessed the approximate timeframe of 

the diversification processes, in order to reconstruct evolutionary scenarios of 

diversification in relation to paleogeographic events. Specimens of Verhoeffiella and 

Heteromurus from 105 sites were included in the analysis. We ran species delimitation on 

barcoding region of 411 COI sequences of H. nitidus, H. major, most nominal 

Verhoeffiella species and a large number of newly sequenced Verhoeffiella populations. 

We used two alternative approaches: a tree‐based Poisson tree processes (PTP) model 

(Zhang et al., 2013) and a distance-based species delimitation approach, the Automatic 

Barcode Gap Discovery (ABGD) (Puillandre et al., 2012). PTP method is a phylogeny-

based species delimitation method, based on the assumption that intra and inter-specific 

nucleotide substitution levels differ notably and can be modelled as two independent 

Poisson processes. ABGD is based on assumption that interspecific distances are larger 

than intraspecific disitances, with notable disparity between pairwise genetic distances. We 

have discovered 79 MOTUs of Verhoeffiella, 33 or 31 MOTUs of H. nitidus, and 11 or 12 

MOTUs of H. major (PTP and ABGD method, respectively) revealing a great taxonomic 

incompleteness. For estimation of divergence times we used the same phylogenetic 

analysis used in the point (iii) above and Bayesian inference as implemented in BEAST v 

2.5.1 (Bouckaert et al., 2014). Time of the splits was assessed using data on molecular 

rates of distantly related Tenebrionid beetles (Papadopoulou et al., 2010). Due to absence 

of Collembola fossils, and due to lack of estimations of molecular clocks for the groups, 

we used the molecular rates estimated for beetles: 3.36% pairwise divergence per million 

years for mitochondrial COI, and 0.12% pairwise divergence per million years for the 

nuclear 28S rRNA gene. Temporal diversification of Verhoeffiella and Heteromurus were 
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generated using phytools v.0.6‐60 (Revell, 2012) based on the BEAST Maximum 

credibility tree. In addition, observed diversification value was compared to 1,000 

simulations of pure‐birth LTTs, and gamma statistics (Pybus and Harvey, 2000) explaining 

speciation trends were extracted. Our estimation showed that the onset of the 

diversification of the whole Verhoeffiella–Heteromurus nitidus clade occurred in the 

middle Miocene. Within the H. nitidus–Dinaric Verhoeffiella complex, the origin of all the 

major lineages was dated in the late Miocene (5–7 MA), while most of the speciation 

events were estimated to the Pleistocene (2.5 MA–11.7 k years ago) (Lukić et al., 2020). 

This pattern was also demonstrated by the Pybus and Harvey gamma statistics, which 

supported a trend of increase in diversification towards the present (γ = 0.2741, p = .74) 

(Lukić et al., 2020). 

Molecular phylogeny disclosed novel information and contributed towards the resolution 

of the taxonomic status of the genera Verhoeffiella and Heteromurus. The analysis 

revealed that genus Heteromurus is paraphyletic and genus Verhoeffiella is polyphyletic 

(Lukić et al., 2020). This explains the ‘floating’ taxonomic status of Verhoeffiella 

throughout the history of its study and showed that the use of the annulation of a third 

antennal segment, the single diagnostic character between the two genera, was misleading. 

Antennae annulation, in this case, could be a troglomorphic feature connected to antennae 

elongation, associated with life in subterranean habitats. The result of the molecular 

phylogeny, therefore, implicates the need for taxonomic re-arrangements at the generic 

level of Heteromurinae. To establish the monophyly Verhoeffiella could be synonymized 

with Heteromurus, alternatively, the clade could be divided into three genera. However, we 

refrain from new taxonomic re-arrangements at this step due to several reasons. At this 

moment there are no hard morphological data that would support either of the two options. 

As Heteromurus is the only genus among Heteromurinae that still lacks detailed modern 

species description it is important to collect topotypes, retrieve molecular data and 

redescribe type species of the genus H. margaritarius, but also H. nitidus, the species with 

which H. margaritarius has been synonymized. It is also necessary to include more Iberian 

Verhoeffiella species in the analysis, to taxonomically evaluate the differences in several 

characters observed so far in one species from Catalonia (Lukić et al., 2015). Further, large 

polytomy on the basis of H. nitidus–Dinaric Verhoeffiella complex conceals their true 

relationship. This could be possibly resolved by adding more populations of H. nitidus, 

Verhoeffiella, and several stenoendemic Heteromurus species and/or additional genes to 

the analysis. In the course of this study construction of morphological phylogeny was 

hampered by several factors, but in the future it could be also used to support taxonomic 

re-arrangements. Although we have advanced our taxonomic knowledge in the course of 

this study prior to taxonomic re-arrangements within Heteromurinae an integrative revision 

of genus Heteromurus is needed. The basis for this revision is given through the proposed 

morphological framework and molecular phylogeny of H. nitidus–Verhoeffiella clade 

(Lukić et al., 2018, 2020). 
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Although only partially resolved, phylogenetic relationship enables setting up the 

hypotheses on colonization of subterranean habitats that would explain disjunct 

distribution ov Verhoeffiella. On a continental scale, the most plausible hypothesis would 

be that there were at least four colonization events, in Catalonia, Cantabria, the Alps, and 

the Dinarides. On a regional scale, within the Dinarides, single colonization, dispersal and 

speciation could have resulted in several Verhoeffiella lineages. But, alternatively, it would 

be possible that multiple colonizations and subsequent dispersals occurred, which would 

explain the high number of Verhoeffiella lineages and their spatial overlaps. Our results 

suggest that Dinaric Verhoeffiella is closely related to European populations of H. nitidus 

(Lukić et al., 2020), but their unresolved relationship hinders the support to any of the 

alternative hypotheses. Resolving large polytomy on the basis of H. nitidus–Dinaric 

Verhoeffiella complex is the only way to know whether Dinaric Verhoeffiella and H. 

nitidus represent two monophyletic sister groups, or whether the Verhoeffiella–H. nitidus 

sister species pairs would indicate multiple colonization events. The comparison of 

Verhoeffiella colonization scenarios with those of other terrestrial troglobiotic taxa is 

limited due to relatively few targeted studies. It is intriguing that several troglobiotic taxa 

from other groups (snails, false-scorpions, spiders, isopods) have a disjunct distribution 

similar to that of Verhoeffiella being known from the Iberian Peninsula, the Alps, and the 

Dinarides. But very few were subjected to molecular phylogenetic studies. Among them, 

the most interesting is the snail Zospeum which shares even pattern of molecular lineage 

distribution recognized in Verhoeffiella (Weigand et al., 2013; Inäbnit et al., 2019). The 

status of the other taxa needs to be checked through an integrative taxonomic approach, as 

it is possible that current disjunct distributions are results of erroneous taxonomy. On 

regional level, within the Dinarides, it was shown that snail Zospeum (Inäbnit et al., 2019) 

and isopod Alpioniscus (Bedek et al., 2019) include molecularly highly divergent lineages 

and exhibited large spatial overlaps similarly to Verhoeffiella. This suggests complex 

colonization and speciation scenarios but these studies were primarly taxonomic and did 

not provide colonization hypotheses. So the question of possible congruent colonization 

scenarios, timeframes and paleogeographic events that generated such patterns, either on 

regional or continental scale, cannot be currently answered. 

We have assessed the approximate timeframe of the diversification processes of 

Verhoeffiella and Heteromurus, by estimating divergence times using substitution rates for 

distantly related tenebrionid beetles (Papadopoulou et al., 2010). Even though it may be 

argued that the substitution rate for distantly related taxa might result in the erroneous 

estimates, our time frames coincide well with several paleogeographic events in the region. 

Origin of all the major lineages is dated in the late Miocene (5–7 MA), while most of the 

speciation events were dated to the Pleistocene (2.5 MA–11.7 k years ago) (Lukić et al., 

2020). Late Miocene corresponds to a high orogenic activity in the development of the 

Dinarides (Aliaj, 2006; Vrabec and Fodor, 2006), to the disintegration of the Dinarid Lake 

System (Jiménez-Moreno et al., 2009; de Leeuw et al., 2011) and to the Messinian salinity 

crisis (5.96–5.33 MA; Krijgsman et al., 1999). Pleistocene is characterized by climatic 
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oscillations, marine regressions and transgressions (Krijgsman et al., 1999), as well as 

glaciations in the Dinarides (Hughes et al., 2011; Žebre and Stepišnik, 2014). We can 

speculate that events in the Late Miocene caused major cladogenetic events, e.g. that 

formation of the newly emerged landmasses during the disintegration of the Dinarid Lake 

System and orogeny potentially enabled colonization of the ancestral lineages. Marine 

regressions and transgressions during Pleistocene might have affected the speciation of the 

coastal lineages as the estimated ages of splits of most continent–island sister species pairs 

corresponds to the Pleistocene. Still, the exact mechanism how these paleogeographic 

events triggered the speciation remains unknown. With current dataset, we were not able to 

date the colonization of caves, yet from the time-calibrated phylogeny we can suggest that 

Dinaric Verhoeffiella species are of late Miocene age or younger. The origin of most other 

subterranean taxa in Dinarides are generally estimated to be older than Verhoeffiella, of an 

early or middle Miocene age (Trontelj et al., 2007; Delić et al., 2017; Njunjić et al., 2018; 

Bedek et al., 2019). 

Our study significantly broadened our knowledge on the diversity, taxonomy, and 

biogeography of the genus Verhoeffiella within the Dinarides. We have shown that after 

successful colonization in the Dinarides subsequent speciation led to an outstanding 

diversity of Verhoeffiella in this region (Lukić et al., 2020). Current extent of the cryptic 

diversity within Verhoeffiella present exceptional case among Collembola analysed so far. 

In the course of this study we have formally named and described only a fraction of the 

discovered diversity. An important milestone in the study of this group is the congruence 

of our morphological species characterization with molecular species delimitation. This 

confirmed the robustness and usefulness of the proposed morphological framework that 

will serve as a tool for future morpho-taxonomic studies for the genus Verhoeffiella (Lukić 

et al., 2018) but could also be valuable for advances in the taxonomy of other genera of 

Heteromurinae (Jantarit and Sangsiri, 2020). Within the south-east Dinarides, we have 

disclosed a complex geographical pattern of five Verhoeffiella lineages. Two largest 

lineages spread over an area of more than 300 km straight line distance. Their sublineages 

also have wide distribution and largely overlapping ranges. The large magnitude of spatial 

overlap among different lineages and sublineages reflects phylogeographical replicates. 

These replicates, combined with the high species diversity and diversity of troglomorphic 

traits, makes Verhoeffiella a new and interesting model for the study of subterranean 

evolution. 
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4.2 POVZETEK 

Podzemni habitati se od površinskih razlikujejo v več ozirih: stalni temi, pomanjkanju 

hrane, ter relativno stabilnih abiotskih parametrih, kot sta npr. temperatura in vlažnost. 

Vrste, ki so se prilagodile na stalno življenje v podzemnem okolju, imenujemo 

troglobionti. Filogenetski izvor troglobiontov ostaja v številnih primerih neznan. To je 

posledica težav pri odkrivanju odnosov med troglobionti in njihovimi površinskimi 

sorodniki, saj so lahko morfološke razlike med njimi zelo velike, ali pa so površinski 

sorodniki celo izumrli. Splošno sprejeto pa je, da večina podzemnih taksonov izhaja iz 

neodvisnih kolonizacijskih dogodkov, ki so jim lahko sledili disperzija in različni 

mehanizmi speciacije (Trontelj, 2018; Culver and Pipan, 2019). Večina teh taksonov ima 

majhna območja razširjenosti, kar najbolje razložijo fragmentacija kraške krajine, 

kompleksni paleogeografski dogodki in/ali historična klimatska variabilnost (Deharveng 

and Gers, 1993; Trontelj et al., 2009; Rizzo et al., 2013; Eme et al., 2014; Zagmajster et al., 

2014). Izjemoma so nekateri taksoni širše razširjeni. Med takimi so najbolj zanimivi tisti, 

ki se pojavljajo v regijah, ki so oddaljeni stotine in tisoče kilometrov. Znotraj Evrope je le 

nekaj kopenskih troglobiontov, ki predstavljajo take primere. Pri tem je zanimivo, da ima 

več skupin troglobiontov podobno disjunktne vzorce, in sicer so znani z Iberskega 

polotoka, iz Alp in iz Dinaridov (Lukić et al., 2010; Weigand et al., 2013; Ribera et al., 

2014; Pavlek and Ribera, 2017; Taiti et al., 2018). Disjunktni distibucijski vzorci 

nakazujejo na morebitno napačno taksonomsko identifikacijo, pod vprašaj postavljajo 

monofilijo taksonov kot tudi scenarije kolonizacij. 

V tej disertaciji smo ta vprašanja naslovili s proučevanjem vzorcev razširjenosti in 

diverzifikacije jamskega rodu skakačev Verhoeffiella. Ta rod je disjunktno razširjen v štirih 

kraških območjih v Evropi: Dinaridih, jugovzhodnih Apneniških Alpah, v južni Kataloniji 

in Kantabrijskem gorovju (Lukić et al., 2015). Rod je imel vselej nestabilen taksonomski 

status, kar je posledica pomanjkljivih opisov skoraj vseh vrst. Poleg tega pa je odražal tudi 

subjektivno vrednotenje anulacije tretjega člena antene, kar je edini znak, ki je razlikoval 

rod Verhoeffiella od rodu Heteromurus s.str. Vrste rodu Verhoeffiella so zelo podobne 

netroglobiotski in netroglomorfni vrsti Heteromurus nitidus (Lukić et al., 2015). 

Domnevno bližnje sorodstvo menjanih rodov omogoča vpogled v izvor disjunktne 

razširjenosti rodu Verhoeffiella. Specifični cilji te naloge obravnavajo štiri tematske 

sklope: (i) morfološka in taksonomska študija rodu Verhoeffiella; (ii) testiranje monofilije 

rodu Verhoeffiella in njegovega filogenetskega položaja znotraj družine Entomobryidae; 

(iii) raziskovanje filogenetskih odnosov med rodom Verhoeffiella in vrsto Heteromurus 

nitidus; (iv) diverzifikacija rodu Verhoeffiella v Dinaridih. V naslednjih odstavkih 

podajamo pregled metod in rezultatov. 

(i) Da bi bilo treba poiskati nove diagnostične znake in ponovno proučiti položaj rodu 

Verhoeffiella znotraj poddružine Heteromurinae je bilo poudarjeno že večkrat, začenši z 

delom Mari Mutt, (1980a). To taksonomsko vprašanje smo naslovili tako, da smo uporabili 

veliko število populacij in izvedli podrobno morfološko in taksonomsko študijo. Uporabili 
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smo fazno kontrastno, diferenciacijsko interferenčni kontrast in vrstično elektronsko 

mikroskopijo. Za stabilnejšo opredelitev rodu smo ponovno opisali tipsko vrsto, V. 

cavicola, vrsti V. longicornis in V. absoloni, ter opisali pet novih vrst (Lukić et al., 2015, 

2018). Trenutno rod obsega 14 vrst. Posebno pozorni smo bili na diagnostične znake, s 

poudarkom na razporeditev het (hetotaksija), njihovo raznolikost in troglomorfne lastnosti. 

Raziskali smo morfološko variabilnost znakov, in presodili, kateri so taksonomsko 

pomembni na rodovnem ali vrstnem nivoju. 

(ii) Taksonomski status rodu Verhoeffiella se je vseskozi spreminjal, od samostojnega 

rodu, do podrodu znotraj rodu Heteromurus ali pa celo Heteromurus s str. Žal je rod 

Verhoeffiella bil izključen iz molekulsko filogenetskih študij družine Entomobryidae, tako 

da je njegov taksonomski status ostal nejasen (Zhang et al., 2014, 2015). Nenavaden 

disjunkten vzorec razširjenosti tega rodu postavlja pod vprašaj njegovo monofilijo, zato 

smo populacije rodu Verhoeffiella iz oddaljenih geografskih regij umestili v širšo 

filogenijo družine Entomobryidae. Zbrali smo že objavljene podatke iz filogenije družine 

Entomobryidae (Zhang et al., 2014, 2015), javno dostopne sekvence in lastne genetske 

podatke za rodova Verhoeffiella in Heteromurus. Zbrali smo podatke za 64 predstavnikov 

družine Entomobryidae, kot tudi za tri predstavnike daljno sorodnih vrst za koreninjenje 

drevesa. Za računanje filogentskih dreves smo uporabili dva jedrna (18S rRNA in 28S 

rRNA) in dva mitohondrijska (COI in 16S rRNA) gena. Filogenetske odnose smo 

rekonstruirali na združenem genskem naboru podatkov, z uporabo dveh alternativnih 

pristopov: Bajezijanske inference s particijsko-specifičnimi nastavitvami v MrBayes 3.2.6 

(Ronquist and Huelsenbeck, 2003) in metodo maksimalnega verjetja s particijsko 

specifičnimi nastavitvami in ultrahitrim bootstrapom v IQ-tree 1.6.7 (Nguyen et al., 2014). 

Naši rezultati kažejo, da rod Verhoeffiella, skupaj z linijami, ki so obravnavane kot vrsta H. 

nitidus, oblikuje dobro podprt monofiletski klad, ki je vgnezden v poddružino 

Heteromurinae. Sestrska temu kladu je površinska vrsta, Heteromurus major. Znotraj klada 

se geografsko oddaljene populacije Verhoeffiella iz Katalonije in Kantabrije odcepijo že na 

bazi. Nadalje, Verhoeffiella iz Jugovzhodnih Apneninških Alp, V. dallaii, je sestrska 

kompleksu »H. nitidus-dinarske Verhoeffiella«. Znotraj tega kompleksa se linije obeh 

rodov izmenjujejo, velika bazalna politomija pa onemogoča razrešitev njunega dejanskega 

odnosa (Lukić et al., 2020). 

(iii) Heteromurus nitidus je splošno razširjena vrsta v površinskih habitatih Palearktike in 

Nearktike. Populacije te vrste pogosto naseljujejo tudi podzemne habitate; tako so v Evropi 

kot tudi ZDA našli številne troglofilne populacije H. nitidus. Vrste rodu Verhoeffiella so 

morfološko zelo podobne vrsti H. nitidus, zato smo domnevali, da je H. nitidus najbližji 

sorodnik rodu Verhoeffiella in da bi lahko bila v sestrskem odnosu. Raziskali smo 

filogenetske odnose vrst znotraj rodu Verhoeffiella iz različnih evropskih regij in populacij 

H. nitidus iz istih regij. Da bi zmanjšali delež manjkajočih podatkov za filogenetske 

analize, smo najprej naredili delimitacijo vrst na podlagi COI sekvenc (Glej točko iv 

spodaj). Za nadaljnje analize smo izbrali po en osebek na, v delimitacijah določen, MOTU. 



Lukić M. Systematics and biogeography of the subgenus Heteromurus (Verhoeffiella) ... in the Dinaric Karst. 

    Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 

126 

 

Glavne filogenetske analize smo izvedli na zmanjšanem in ujemajočem se podatkovnem 

setu 132 domnevnih vrst Verhoeffiella, Heteromurus in daljnje sorodnih rodov Alloscopus 

in Dicranocentrus (Heteromurinae) za koreninjenje drevesa. Podatki so vključevali 

sekvence štirih jedrnih (18S rRNA, 28S rRNA, H3, ITS) in enega mitohondrijskega gena 

(COI). Filogenetske odnose smo rekonstruirali z uporabo statističnih metod, enakih kot pri 

filogeniji družine Entomobryidae (točka ii zgoraj). V splošnem so rezultati razkrili enake 

odnose med populacijami rodu Verhoeffiella in H. nitidus kot pri prejšnji analizi (točka ii 

zgoraj). Dodatno je analiza pokazala pet linij Verhoeffiella v jugovzhodnih Dinaridih in 

vsaj tri različne linije H. nitidus. Te linije se zdijo povezane, a velika politomija 

onemogoča, da bi odnose med njimi odnose natančneje raziskali. 

(iv) Posebno pozornost smo namenili populacijam rodu Verhoeffiella v Dinaridih, kot 

centru vrstne pestrosti rodu. Zbrali smo obsežen nabor molekulskih podatkov, da bi 

raziskali pojav kriptične diverzitete znotraj rodu. Ocenili smo tudi približni časovni okvir 

diverzifikacije, ter rekonstruirali evolucijske scenarije glede na znane paleogeografske 

dogodke. Vključili smo osebke rodov Verhoeffiella in Heteromurus s 105 lokalitet. 

Delimitacijo vrst smo zagnali na 411 COI sekvenc H. nitidus, H. major, večine nominalnih 

vrst rodu Verhoeffiella kot tudi velikega števila na novo sekvenciranih populacij rodu 

Verhoeffiella. Uporabili smo dva alternativna pristopa. Prvi model domnevne vrste definira 

glede na optimalno razporeditev znotraj in med-vrstnih substitucij, ki jih opiše z dvema 

različnima Poissonovima procesoma glede na filogenetsko-hierarhične odnose med osebki 

(PTP – Poisson Tree Process) (Zhang et al., 2013). Drugi pristop predpostavlja, da so 

genetske razlike med vrstami znatno večje od razlik znotraj vrst, ter da imajo znotraj- in 

medvrstne genetske razlike vsaka svojo, jasno ločeno distribucijo. Osebke umesti v vrste 

glede na genetske razdalje z drugimi osebki (ABGD – Automated Barcoding Gap 

Distribution) (Puillandre et al., 2012). Odkrili smo 79 MOTU-jev znotraj rodu 

Verhoeffiella, 33 ali 31 MOTU-jev znotraj vrste H. nitidus, in 11 ali 12 MOTU-jev znotraj 

vrste H. major (Metodi PTP in ABGD), kar razkriva veliko taksonomsko nepopolnost. Da 

bi cepitve umestili v čas, smo uporabili enake filogenetske analize kot v točki (iii) zgoraj in 

Bayesiansko inferenco, kot je vgrajena v BEAST v 2.5.1 (Bouckaert et al., 2014). Čas 

cepitev je bil ocenjene na podlagi podatkov o molekulskih stopnjah za daljnje sorodne 

hrošče Tenebronidae (Papadopoulou et al., 2010). Ker ne poznamov fosilov skakačev, oz., 

ker za samo skupino niso ocenili molekularnih ur, smo se v kalibracijskih analizah oprli na 

molekularne ure, ki so jih izračunali za hrošče: za mitohondrijski COI (3.36% na milijon 

let) in jedrni 28S rRNA (0.12% na milijon let) gen. Časovni potek diverzifikacije rodov 

Verhoeffiella in Heteromurus smo generirali z uporabo phytools v.0.6‐60 (Revell, 2012), ki 

temelji na BEAST drevesu maksimalne verodostojnosti kladov. Dodatno smo opaženo 

vrednost diverzifikacije primerjali s tisto, ki smo jo dobili po 1000 simulacijah 

kumulativnega kopičenja filogenetskih linij skozi čas (angleško Lineage through time, 

LTT) in gama statisiko (Pybus and Harvey, 2000). Starost celotnega klada Verhoeffiella - 

H. nitidus je ocenjena na obdobje srednjega miocena. Znotraj kompleksa H. nitidus–

dinarski Verhoeffiella, je izvor vseh glavnih linij ocenjen na obdobje poznega miocena (5-7 
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milijonov let nazaj). Večina speciacijskih dogodkov med sestrskimi vrstami je domnevno 

potekla v pleistocenu (2,5 milijonov–11,700 let nazaj) (Lukić et al., 2020). Ta vzorec je bil 

pokazan tudi s strani Pybus & Harvey opisne gamma statistike, ki podpira trend naraščanja 

diverzifikacije do danes (γ = 0.2741, p = .74) (Lukić et al., 2020). 

Z molekulsko filogenijo smo zbrali nove informacije in s tem pomembno prispevali k 

razreševanju taksonomskega statusa rodov Verhoeffiella in Heteromurus. Ugotovili smo, 

da je rod Heteromurus parafiletski in rod Verhoeffiella polifiletski (Lukić et al., 2020). Rod 

Verhoeffiella ima nestabilen taksonomski status že vso zgodovino njegovega proučevanja. 

Izkazalo se je, da je anulacija tretjega člena anten, ki velja za edini razločevalni znak med 

dvema rodovoma, zavajujoč. Anulacija anten bi lahko bila troglomorfna značilnost, 

povezana s podaljševanjem anten zaradi življenja v podzemnih habitatih. Rezultati 

molekulske filogenije so pokazali, da bodo potrebne taksonomske spremembe na 

rodovnem nivoju znotraj Heteromurinae. Da bi vzpostavili monofilijo rodu, bi rod 

Verhoeffiella morali sinonimizirati z rodom Heteromurus, ali pa bi klad morali razdeliti v 

tri rodove. Takim taksonomskim premestitvam v našem delu se iz več razlogov izogibamo. 

V tem trenutku ni dobrih morfoloških podatkov, ki bi podpirali katerokoli od dveh 

možnosti. Ker je rod Heteromurus edini rod v poddružini Heteromurinae, ki še nima 

modernega opisa vrst, bi bilo najprej treba zbrati topotipe. Zbrati bi bilo treba molekulske 

podatke in narediti redeskripcije tipskih vrst rodu, H. margaritarius, a tudi H. nitidus, s 

katerim je bil H. margaritarius sinonimiziran. V analize bi bilo treba vključiti tudi več 

iberskih populacij rodu Verhoeffiella, da bi lahko taksonomsko ovrednotili razlike v več 

znakih, ki smo jih opazili pri vrsti iz Katalonije (Lukić et al., 2015). Nadalje, velika 

politomija na bazi kompleksa »H. nitidus - dinarski Verhoeffiella« onemogoča razkritje 

njunega pravega odnosa. To bi se morda lahko razrešilo z dodajanjem več populacij H. 

nitidus, Verhoeffiella, in več stenoendemnih vrst rodu Heteromurus; in/ali z dodajanjem 

novih genov v analize. Tekom te študije je bila konstrukcija morfološke filogenije otežena 

zaradi več faktorjev, v prihodnje pa bi lahko bila uporabljena, da bi podprla taksonomske 

spremembe. Čeprav nam je uspelo izboljšati taksonomsko znanje, pa bi bilo treba narediti 

integrativno revizjo rodu Heteromurus, preden bi se šlo v taksonomske spremembe znotraj 

poddružine Heteromurinae. Osnova za tako revizijo je podana ravno z našim predlogom 

morofloškega okvira in molekulske filogenije klada H. nitidus-Verhoeffiella (Lukić et al., 

2018, 2020). 

Čeprav so filogenetski odnosi le delno razrešeni, pa omogočajo postavljanje hipotez o 

kolonizaciji podzemnih okolij in o disjunktni razširjenosti rodu Verhoeffiella. Na 

kontinentalnem nivoju je najverjetnejša hipoteza, da so potekali vsaj štirje dogodki 

kolonizacije, v Kataloniji, Kantabriji, Alpah in Dinaridih. Na regionalnem nivoju, znotraj 

Dinaridov, pa je mogoče, da bi več Verhoeffiella linij izviralo iz ene kolonizacije, ki sta ji 

sledila disperzija in speciacija. Temu alternativen pogled je, da je prišlo do več kolonizacij, 

ki jim je sledila disperzija. S tem bi pojasnili več linij rodu Verhoeffiella in prostorska 

prekrivanja razširjenosti. Čeprav naši rezultati nakazujejo, da so dinarske linije rodu 
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Verhoeffiella bližnje sorodne evropskim populacijam H. nitidus (Lukić et al., 2020), pa 

zaradi nerazrešenih odnosov med njima nobene od alternativnih hipotez ni mogoče 

podpreti. Razrešitev politomije na bazi kompleksa »H. nitidus - dinarski Verhoeffiella« bi 

bila potrebna, da bi lahko ugotovili, ali sta dinarska Verhoeffiella in H. nitidus dve 

monofiletski sestrski skupini, ali pa gre za pare vrst Verhoeffiella - H.nitidus in večkratne 

kolonizacije. Možnost primerjav scenarijev kolonizacije rodu Verhoeffiella z drugimi 

kopenskimi troglobionti je omejena zaradi pomanjkanja usmerjenih študij. Zanimivo je, da 

ima več troglobiontov drugih skupin (polži, paščipalci, pajki, enakonožci) podobno 

disjunktno distribucijo kot Verhoeffiella, ki je znana z Iberskega polotoka, Alp in 

Dinaridov. Le malo med navedenimi pa je bilo molekulsko raziskanih. Med temi so najbolj 

zanimivi polži rodu Zospeum, ki imajo podoben vzorec distribucije molekulskih linij kot 

rod Verhoeffiella (Weigand et al., 2013; Inäbnit et al., 2019). Šele uporaba integrativnih 

taksonomskih pristopov tudi pri drugih taksonih bo lahko pokazala, ali so disjunktne 

distribucije rezultat napačne taksonomije. Na regionalnem nivoju znotraj Dinaridov, tako 

polži rodu Zospeum (Inäbnit et al., 2019) kot enakonožci rodu Alpioniscus (Bedek et al., 

2019) vključujejo visoko divergentne molekulske linije, ki se prekrivajo v razširjenosti, 

podobno kot pri rodu Verhoeffiella. Čeprav gre za študije, ki so primarno taksonomske, in 

ne podajajajo hipotez za kolonizacije, pa te nakazuje kompleksne scenarije kolonizacije in 

speciacije. A trenutno ne moremo ugotoviti morebitnega ujemanja scenarijev kolonizacij, 

časovnih okvirjev in paleogeografskih dogodkov, ki so take vzorce generirali. Ne na 

regionalni kot tudi ne na kontinentalni skali. 

Ocenili smo časovni okvir poteka diverzifikacije rodov Verhoeffiella in Heteromurus. Ker 

ne poznamo fosilov skakačev in ker za samo skupino še niso ocenili molekularnih ur, smo 

se v kalibracijskih analizah oprli na molekularne ure, ki so jih izračunali za hrošče 

(Papadopoulou et al., 2010). Čeprav bi bilo mogoče, da stopnja substitucije za daljnje 

sorodne taksone poda napačne ocene časovnih okvirjev, pa se te v našem primeru ujemajo 

s nekaterimi paleogeografskimi dogodki v regiji. Izvor vseh večjih linij je umeščen v čas 

poznega miocena (5 - 7 milijonov let nazaj), medtem ko se večina speciacijskih dogodkov 

umešča v pleistocen (2,5 milijonov – 11, 700 let nazaj) (Lukić et al., 2020). V poznem 

miocenu je potekala visoka orogenetska aktivnost v razvoju Dinaridov (Aliaj, 2006; 

Vrabec and Fodor, 2006), razpad dinarskega sistema jezer (Jiménez-Moreno et al., 2009; 

de Leeuw et al., 2011) in Messinijska slanostna kriza (5.96–5.33 milijonov let nazaj; 

Krijgsman et al., 1999). Za pleistocen so značilna klimatska nihanja, morske regresije in 

transgresije (Krijgsman et al., 1999), kot tudi poledenitve v Dinaridih (Hughes et al., 2011; 

Žebre and Stepišnik, 2014). Predvidevamo lahko, da so dogodki v poznem miocenu 

sprožili glavne kladogenetske dogodke, saj sta orogeneza in oblikovanje novih kopenskih 

mas med razpadom dinarskega sistema jezer omogočila kolonizacijo predniških linij. 

Morske regresije in transgresije med pleistocenom so lahko vplivale na speciacijo obalnih 

linij, saj se ocenjena starost razcepitev večine kontinetalno-otoških parov ujema z 

obdobjem pleistocenom. Še vedno pa ostajajo neznani mehanizmi speciacije, ki so jih 

sprožili ti paleogeografski dogodki. Naši podatki niso omogočili datiranja kolonizacije 



Lukić M. Systematics and biogeography of the subgenus Heteromurus (Verhoeffiella) ... in the Dinaric Karst. 

    Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 

129 

 

jam, a iz časovno kalibrirane filogenije lahko domnevamo, da so dinarske vrste rodu 

Verhoeffiella iz obdobja poznega micoena ali mlajše. Izvor večine drugih podzemnih 

taksonov v Dinaridih je ocenjen kot starejši, iz časa zgodnjega in srednjega miocena 

(Trontelj et al., 2007; Delić et al., 2017; Njunjić et al., 2018; Bedek et al., 2019).  

Z našo študijo smo bistveno izboljšali poznavanje raznolikosti, taksonomije in 

biogeografije rodu Verhoeffiella v Dinaridih. Uspešni kolonizaciji Dinaridov je sledila 

speciacija, ki je vodila do izredne raznolikosti rodu v tej regiji (Lukić et al., 2020). Obseg 

kriptične diverzitete rodu Verhoeffiella je izjemen znotraj vseh doslej analiziranih 

predstavnikov skakačev. Nekaj vrst smo formalno opisali, a to predstavlja le del 

prepoznane diverzitete rodu. Kot pomemben dosežek smatramo ugotovitev, da smo 

pokazali veliko ujemanje med morfološkimi opisi in vrstami, ki so bile določene z 

molekulsko delimitacijo. Tako smo potrdili robustnost in uporabnost predlaganega 

morfološkega okvirja, ki lahko služi kot orodje za prihodnje morfo-taksonomske študije 

rodu Verhoeffiella (Lukić et al., 2018), kot tudi pri proučevanju taksonomije drugih rodov 

znotraj Heteromurinae (Jantarit and Sangsiri, 2020). Na območju jugovzhodnih Dinaridov 

smo odkrili kompleksen geografski vzorec petih molekulskih linij rodu Verhoeffiella. Dve 

največji liniji sta razširjeni na območju večjem od 300 km največje linearne dolžine. Tudi 

linije znotraj dveh glavnih linij imajo široko razširjenost in prekrivajoče areale. Veliko 

prostorsko prekrivanje med različnimi linijami predstavlja filogeografske replike. Te v 

kombinaciji z visoko vrstno pestrostjo in raznolikostjo troglomorfnih znakov, postavljajo 

rod Verhoeffiella za nov in zanimiv model v študijah podzemne evolucije. 
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