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ABSTRAKT 

Podčeledi Rygmodinae a Sphaeridiinae společně tvoří přibližně jednu třetinu současné 

druhové diverzity čeledi Hydrophilidae (Coleopetera: Polyphaga). Zástupci obou čeledí 

obývají rozličné typy vodních a terestrických prostředí zahrnující rovněž specializované 

habitaty jako fytotelmy, mršiny a termitiště. Doposud byly habitatové přesuny v těchto 

podčeledích studovány pouze s omezeným množstvím taxonů v analýzách zaměřených na 

celou čeleď Hydrophilidae. V této práci byly, s využitím rozsáhlejšího samplingu a 

bayesovských i likelihoodových metod, provedeny molekulární fylogenetická analýza a 

datování divergence na rodové úrovni. Dataset obsahoval 96 taxonů se sekvencemi dvou 

mitochondriálních a dvou jaderných genů reprezentujících všechny hlavní linie obou 

podčeledí. Analýza odhalila jediný přesun do terestrického prostředí ve střední juře. Původní 

habitat obou podčeledí a všech tribů byl tudíž rozkládající se rostlinný materiál či lesní 

hrabanka.  Sekundární návraty do vody byly navrženy pro dvě linie Rygmodinae a několik 

linií tribů Coelostomatini a Megasternini. K jedinému přesunu na květy došlo v podčeledi 

Rygmodinae. Nezávisle na sobě došlo rovněž k jednotlivým přesunům k inkvílínímu 

životnímu stylu v tribech Omicrini a Megasternini. Naproti tomu k přesunu na mršiny či 

exkrementy došlo několikanásobně na sobě nezávisle v podčeledi Rygmodinae a tribu 

Megasternini a jednou u společného předka tribu Sphaeridiini. Výsledky analýzy testující 

změny v diverzifikační rychlosti odhalily jedno zrychlení diverzifikační rychlosti nekorelující 

s žádným habitatovým přesunem u tribu Megasternini a souhlasí tak s výsledky analýzy 

provedené pro celou čeleď. Potenciální korelace a korelovaná evoluce dříve nakódovaných 

morfologických znaků považovaných za možné adaptace pro akvatický život (ventrální 

hydrofobní ochlupení, přítomnost trichobothrií) byla otestována pomocí fylogenetických 

srovnávacích metod. Výsledky ukázaly podobnost znaků spíše u blízce příbuzných taxonů než 

u těch sdílejících stejný habitat a drobnou korelaci mezi konkrétními znaky. 

 

 

 

 

Klíčová slova: hmyz, brouci, fylogeneze, evoluce, habitatové přesuny, Hydrophilidae, 

Sphaeridiinae 



8 
 

ABSTRACT 

Subfamilies Rygmodinae and Sphaeridiinae together form approximately one third of the 

extant diversity within the family Hydrophilidae (Coleoptera: Polyphaga). Members of both 

these subfamilies inhabit wide spectrum of aquatic and terrestrial environments including 

specialized habitats such as phytotelmata, carrion or termite nests. So far, habitat shifts within 

these subfamilies have been only tested with a limited amount of taxa at the family level. 

Using a broader sampling and Bayesian and maximum likelihood methods, genus-level 

molecular phylogenetic analysis and divergence dating were performed. The dataset included 

96 taxa, representing all major clades (genus groups) in both subfamilies, sequenced for two 

mitochondrial and two nuclear genes. A single shift from the aquatic to terrestrial 

environment in the Middle Jurassic was suggested, thus revealing both subfamilies and all 

tribes as ancestrally inhabiting decaying plant material and leaf litter. Secondary returns to 

aquatic habitats were suggested for two lineages of the Rygmodinae and several lineages 

belonging to tribes Coelostomatini and Megasternini. A single shift to flowers was revealed in 

the subfamily Rygmodinae. Similarly, single independent shifts to the inquiline lifestyle in 

tribes Omicrini and Megasternini were revealed. In contrast, shift to dung + carrion occurred 

multiple times in the subfamily Rygmodinae and tribe Megasternini, and once in an ancestor 

of the tribe Sphaeridiini. Results of the diversification analysis agree with those performed at 

family level, with a single increase revealed in the Megasternini and not corresponding to any 

habitat shift. Morphological characters supposed to be adaptations to the aquatic lifestyle 

(ventral hydrophobic pubescence, presence of trichobothria) were coded for all terminal taxa 

and tested for their correlation with habitat and for possible correlated evolution, in both cases 

using phylogenetic comparative methods. Results showed similar trait values in closely 

related taxa rather than in taxa sharing the same habitat, and little correlation between 

particular characters. 

 

 

 

 

Key words: Insecta, Coleoptera, evolution, habitat shifts, Hydrophilidae, Sphaeridiinae 
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1. INTRODUCTION AND OBJECTIVES OF THE THESIS 

   1.1. INTRODUCTION  

According to the theory of the adaptive radiation, habitat shifts can trigger the diversification 

of lineages reaching a new adaptive zone (Schluter, 2000; Gavrilets & Vose, 2005). In 

practice, it was demonstrated that habitat shifts can influence the diversification of both 

vertebrate and invertebrate taxa, beetles including (Sequeira et al., 2008; Irestedt et al., 2009; 

Adamowicz et al., 2010; Bloom et al., 2013). One of such events was also the colonization of 

land by land plants and consequently by animals, which may be dated back to the early 

Paleozoic (Ordovician and Silurian) (based on the earliest undisputed fossils of plants and 

animals dated to Ordovician and Silurian; (e.g. Shear et al., 1984; Jeram et al., 1990; Gray & 

Shear, 1992). However, genomic molecular clock estimates suggested even earlier time of the 

colonization of land in the Late Cambrian/Early Ordovician (Rota-Stabelli et al., 2013). 

Another event allowing multiple habitat shifts and strongly influencing the diversification of 

terrestrial biota was the diversification and rise of angiosperm plants referred as the 

“Cretaceous Terrestrial Revolution” (Lloyd et al., 2008; McKenna et al., 2015b). However, 

habitat shifts can in some cases result also in the decrease of diversification rate as was 

demonstrated e.g. in teleost fish (Santini et al., 2013). Evolutionary analyses of habitat shifts 

were performed for many taxa at various taxonomic levels and several kinds of habitat shifts 

(e.g. between marine and freshwater, aquatic and terrestrial, humid forests and treeless 

grasslands, feeding on monocot and dicot plants) (e.g. Gómez-Zurita et al., 2007; Hayashi et 

al., 2008; Irestedt et al., 2009; Adamowicz et al., 2010; Hou et al., 2011; Bloom et al., 2013; 

McKenna et al., 2015a). In vertebrates, habitat shifts were studied in various groups of fish or 

birds (e.g. Irestedt et al., 2009; Bloom et al., 2013). For invertebrate taxa, habitat shifts from 

saline to freshwater or between aquatic and terrestrial habitats were studied in some 

crustacean families (Adamowicz et al., 2010; Hou et al., 2011) or in insect orders Trichoptera 

and Diptera (Hayashi et al., 2008; Chapman et al., 2012). As evolutionary analyses of habitat 

shifts require time-calibrated trees, these analyses were rather rare so far.  

   Beetles (order Coleoptera) are, with more than 350 000 described species, the most diverse 

animal group (Zhang, 2011). The order is divided into suborders Archostemata, Myxophaga, 

Adephaga and Polyphaga. The suborder Polyphaga is the most species-rich suborder of 

beetles. Aquatic groups can be found in all suborders but the Archostemata. Representatives 

of aquatic groups inhabit a wide range of habitats from standing water to hygropetric habitats, 
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phytotelmata, ground waters or thermal springs. It is estimated that about 18 000 species of 

aquatic Coleoptera inhabit the globe. Of these, approximately 70% were already described 

(Jäch & Balke, 2008). In beetles, habitat shifts were analyzed e.g. in the whole order 

Coleoptera (Hunt et al., 2007), in the series Staphyliniformia (McKenna et al., 2015a), in the 

family Chrysomelidae (Gómez-Zurita et al., 2007) or in weevils of the genus Galapaganus 

Lanteri, 1992 (Sequeira et al., 2008). 

   In the suborder Polyphaga, multiple shifts from terrestrial to aquatic environments took 

place in the past. These shifts occurred independently in lineages Hydrophiloidea, 

Staphylinoidea, Byrrhoidea, Scirtoidea and Chrysomeloidea. Subsequently, in several of these 

lineages, secondary returns to the terrestrial environment took place. The best example are the 

“terrestrial” groups of the family Hydrophilidae, nowadays classified in the subfamilies 

Rygmodinae and Sphaeridiinae (Short & Fikáček, 2013). A single shift from aquatic to 

terrestrial habitats was hypothesized in the common ancestor of both subfamilies, followed by 

tertiary shifts back to water (Bernhard et al., 2006; Bloom et al., 2014). The members of both 

subfamilies inhabit a rather wide spectrum of different habitats (Short & Fikáček, 2013; 

Bloom et al., 2014), but the evolution of habitat shifts has not been studied in detail so far. 

That is why I am focusing on the analysis of habitat shifts of Rygmodinae and Sphaeridiinae 

in the presented diploma thesis. 

 

   1.2. OBJECTIVES 

A) Reconstruction of the time-calibrated phylogeny of subfamilies Rygmodinae and 

Sphaeridiinae using molecular sequences. 

B) Estimating the number, position and age of habitat shifts within Rygmodinae and 

Sphaeridiinae from the results of the phylogenetic analysis. 

C) Looking for morphological characters correlated with habitat shifts. 

D) Looking for shifts in diversification rate in Rygmodinae and Sphaeridiinae. 
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2. LITERATURE OVERVIEW 

   2.1. CLASSIFICATION OF THE HYDROPHILIDAE 

The family Hydrophilidae, together with another five families (Helophoridae, Georissidae, 

Hydrochidae, Spercheidae and Epimetopidae), belongs to the superfamily Hydrophiloidea 

(Coleoptera: Polyphaga). The monophyly of the Hydrophiloidea in this composition 

(Hydrophiloidea s.s.) was supported in several phylogenetic analyses using both molecular 

and morphological data (e.g. Hansen, 1991; Beutel & Komarek, 2004; Korte et al., 2004; 

Bernhard et al., 2006; Bernhard et al., 2009; Fikáček et al., 2012c; McKenna et al., 2015a,b). 

An alternative concept was proposed by Lawrence & Newton (1982). This concept assumes 

the membership of Histeridae, Sphaeritidae and Synteliidae, usually classified into the 

superfamily Histeroidea, within the superfamily Hydrophiloidea (Hydrophiloidea s.l.). In this 

concept, hydrophiloid families are treated as subfamilies (e.g. Epimetopinae, Hydrophilinae). 

In this study, I follow the concept of the Hydrphiloidea s.s. 

   Four subfamilies were initially recognized within the family Hydrophilidae by Hansen 

(1991, 1997). These subfamilies were Horelophinae (containing single species Horelophus 

walkeri d’Orchymont, 1913), Horelophopsinae (containing two species: Horelophopsis avita 

Hansen, 1997 and H. hanseni Satô & Yoshitomi, 2004), Hydrophilinae and Sphaeridiinae. For 

relationships among these groups according to Hansen (1997) see Fig. 1A. Short & Fikáček 

(2013) performed a multigene molecular analysis of 143 representatives of the Hydrophilidae 

and proposed a new classification of the family. It was divided into six subfamilies and twelve 

tribes (Fig. 1B). Horelophus walkeri was revealed as a member of the subfamily 

Chaetarthriinae, while Horelophopsis Hansen, 1997 was revealed as a member of the 

subfamily Acidocerinae. The monophyly of all subfamilies but Sphaeridiinae was strongly 

supported. On the tribe level, tribes Laccobiini, Chaetarthriini, Anacaenini and Omicrini were 

not supported as monophyletic. However, several subsequent analyses supported the 

monophyly of Sphaeridiinae and Omicrini (Fikáček et al., 2013a; Fikáček et al., 2015). The 

following subfamilies are recognized in the current classification: 

Hydrophilinae. The subfamily is composed of five tribes (Amphiopini, Berosini, 

Laccobiini, Hydrobiusini and Hydrophilini) and 33 genera. A synapomorphy of the 

subfamily is the long mesofurcal arm of the thorax (Short & Fikáček, 2013).  
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Chaetarthriinae. The subfamily contains two tribes (Chaetarthriini and Anacaenini) and 

twelve genera. This subfamily is characterized by the combination of morphological 

characters on elytra, mesofurca, mesothorax and abdomen (Short & Fikáček, 2013; Fikáček 

& Vondráček, 2014). 

Enochrinae. The group is composed of five genera and characterized by the combination of 

characters on the abdomen, maxillary palps, meso- and metatarsi (Short & Fikáček, 2013). 

Acidocerinae. The group composed of 15 genera is characterized by the combination of 

morphological characters on the abdomen, maxillary palps and aedeagus (Short & Fikáček, 

2013; Short & García, 2014). 

Rygmodinae. This group consists of 16 genera and is characterized by the combination of 

characters on the abdomen, mesothorax, antenna, elytra, meso- and metatarsi (Short & 

Fikáček, 2013; Fikáček & Vondráček, 2014). 

Sphaeridiinae. The subfamily composed of five tribes (Omicrini, Coelostomatini, 

Protosternini, Sphaeridiini and Megasternini) and 88 genera. The group is characterized by 

the combination of morphological characters on metatarsi, mesothorax and abdomen (Short 

& Fikáček, 2013; Fikáček et al., 2013a). 

 

Figure 1. Phylogeny of the family Hydrophilidae. A – The classification into four subfamilies 

suggested by Hansen (1991, 1997). B – The classification into six subfamilies as suggested by 

Short & Fikáček (2013). 
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   2.2. DIVERSITY AND BIOGEOGRAPHY OF THE HYDROPHILIDAE 

More than 3 000 extant species are known to belong into the family Hydrophilidae, whose 

members inhabit all world regions but the Antarctic (Short & Fikáček, 2011). So far, it is 

supposed that approximately 60 % of the hydrophilid diversity has been described (Bloom et 

al., 2014). Several factors were suggested to influence the diversity variation among lineages 

of the Hydrophilidae. Clade age was revealed as a key factor in the diversity of most of 

hydrophilid groups. Therefore, the older the group is the more diversity has accumulated until 

present day. Another factor suggested to have the impact on the diversity was the 

geographical range. In this case, groups with restricted geographical ranges have lower 

diversity than groups with a wider distribution. This factor is supposed to be a possible 

explanation of the low diversity of the hydrophiline tribe Amphiopini and sphaeridiine tribe 

Protosternini. In contrast, an accelerated diversification could be caused by a diversity of 

niches and habitats occupied by members of the given lineage as is the case of the 

sphaeridiine tribe Megasternini (Bloom et al., 2014). For the diversity of individual 

subfamilies see Table 1 and Fig. 2. 

 

Table 1. Diversity and biogeography of individual groups of the Hydrophilidae. The 

diversity is shown in approximate number of described extant species for each 

subfamily and all tribes of the Sphaeridiinae. Data were adapted from Short & Fikáček 

(2011) and Short & Fikáček (2013). 

Diversity and biogeography of the Hydrophilidae 

Group No. of species Distribution 

Hydrophilinae 1100 Worldwide 

Chaetarthriinae 250 Worldwide 

Enochrinae 300 Worldwide 

Acidocerinae 300 Worldwide 

Rygmodinae 50 S. America, S. Africa, Australia, New Zealand 

Sphaeridiinae 1000 Worldwide 

Omicrini 100 Pantropical (mostly Oriental region) 

Coelostomatini 250 Worldwide (mostly in the tropics) 

Protosternini 20 Oriental region + New Guinea 

Sphaeridiini 50 Africa, Europe, Asia, Northern Australia, Brazil 

Megasternini 550 Worldwide 
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Figure 2. Diversity of the Hydrophilidae (Short & Fikáček, 2011). A – The species richness of 

individual subfamilies of the Hydrophilidae. B – The species richness of individual tribes of the 

Sphaeridiinae. Values on y-axis show the numbers of described species. Values above the bars show 

the percentage of diversity belonging to the given group. 

 

   2.3. CLADE AGES OF HYDROPHILID LINEAGES 

      2.3.1. Age of the Hydrophilidae 

So far, only one analysis using molecular clock for an estimation of clade ages within the 

family Hydrophilidae has been conducted (Bloom et al., 2014). The age of the superfamily 

Hydrophiloidea was also estimated in analyses testing the whole order Coleoptera (Hunt et al., 

2007; McKenna & Farrell, 2009; McKenna et al., 2015b). The analysis of Hunt et al (2007) 

estimated the age of the Hydrophiloidea to 175±23.4 millions of years ago (mya), therefore 

suggesting the Middle Jurassic origin of the superfamily. In contrast, the analysis of McKenna 

& Farrell (2009) estimated the origin of the Hydrophiloidea to take place in the Middle 

Triassic (227.8 mya). Results of McKenna et al. (2015b) suggested the origin of the 

Hydrophiloidea in the Lower Cretaceous (124 mya, 95% confidence interval (CI): 152 – 88) 

and the origin of the Hydrophilidae in the Upper Cretaceous. The analysis of Bloom et al. 

(2014) estimated the origin of the Hydrophilidae to take place in the Upper Triassic (214 mya, 

95% CI: 195 – 228 mya). 

   Results of both McKenna & Farrell (2009) and Bloom et al. (2014) analyses are more 

congruent with known fossil record, than the estimation of origin of the Hydrophiloidea 

suggested by Hunt et al. (2007) or McKenna et al. (2015b). Known fossil taxa of 
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Helophoridae (subgenus Mesohelophorus Ponomarenko, 1977), Spercheidae (genus 

Prospercheus Prokin, 2009) and Hydrophilidae (genus Protochares Fikáček et al., 2014) from 

the Late Jurassic suggest, that hydrophiloid lineages were already well established at that time 

(Prokin, 2009; Fikáček et al., 2012c). Also, the Early Cretaceous fossil of the Hydrochidae 

(genus Cretohelophorus Ponomarenko, 1987) suggest earlier than Cretaceous origin of the 

Hydrophiloidea (Fikáček, unpublished data). Thus, the origin of the Hydrophiloidea had to 

take place earlier than estimated by Hunt et al. (2007) and McKenna et al. (2015b) (Fikáček et 

al., 2012c). 

 

      2.3.2. Ages of main lineages and the fossil record of the Hydrophilidae 

Ages of individual subfamilies of the Hydrophilidae as estimated by Bloom et al. (2014) are:  

Hydrophilinae. The age of the subfamily Hydrophilinae was estimated to 214 mya (95% 

CI: 228 – 195 mya), thus suggesting the Upper Triassic origin of this lineage (Bloom et al., 

2014). Oldest known fossil taxa are Baissalarva hydrobioides, Fikáček et al., 2014 and 

Cretoxenus australis, Fikáček et al., 2014 dated to the Early Cretaceous and several taxa 

dated to the Paleogene or Neogene (Fikáček et al., 2010b,c; Fikáček et al., 2014b). 

Chaetarthriinae. The age of the subfamily Chaetarthriinae was estimated to 208 mya (95% 

CI: 224 – 188 mya), thus suggesting its Upper Triassic origin (Bloom et al., 2014). No 

Mesozoic fossil taxa of the Chaetarthriinae have been described so far. The only described 

fossil taxon is Crenitulus paleodominicus (Fikáček & Engel, 2011) (Anacaenini) from the 

Dominican amber (Early Miocene) (Fikáček & Engel, 2011; Fikáček & Vondráček, 2014). 

Enochrinae. The origin of the Enochrinae was estimated to 194 mya (95% CI: 211 – 174 

mya), thus to the Lower Jurassic (Bloom et al., 2014). No fossil taxa unambiguously 

belonging to this subfamily have been described so far. Alegorius yixianius Fikáček et al., 

2014 from the Early Cretaceous was assigned to either Enochrinae or Acidocerinae (Fikáček 

et al., 2014b). 

Acidocerinae. The origin of the Acidocerinae was estimated to 185 mya (95% CI: 203 – 

165 mya), thus to the Lower Jurassic (Bloom et al., 2014). Hydroyixia elongata Fikáček et 

al., 2014 and Hydroyixia latissima Fikáček et al., 2014 both represent the Early Cretaceous 
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members of the subfamily Acidocerinae (Fikáček et al., 2014b). Another fossil taxon is e.g. 

Helochares sp. from the Baltic amber (Eocene) (Fikáček, unpublished data). 

Rygmodinae. The age of the subfamily Rygmodinae was estimated to 172 mya (95% CI: 

189 – 153 mya), thus suggesting its Middle Jurassic origin (Bloom et al., 2014). To date, no 

fossil record is known. 

Sphaeridiinae. The age of the subfamily Sphaeridiinae was estimated to 172 mya (95% CI: 

189 – 153 mya), thus suggesting its Middle Jurassic origin (Bloom et al., 2014). The only 

known fossil of the Sphaeridiinae is Cercyon sp. from Baltic amber (Eocene) (Kubisz, 2000; 

Fikáček, unpublished data). Estimated ages for individual tribes of the Sphaeridiinae were: 

Omicrini. The origin of the tribe Omicrini was estimated to 169 mya (95% CI: 186 – 150 

mya), thus to the Middle Jurassic (Bloom et al., 2014). To date, no fossil record is known. 

Coelostomatini. The age of the tribe Coelostomatini was estimated to 152 mya (95% CI: 

170 – 134 mya), thus suggesting its Latest Jurassic origin (Bloom et al., 2014). No fossil 

record of the Coelostomatini is known so far. 

Protosternini. The origin of the tribe Protosternini was estimated to 142 mya (95% CI: 

160 – 125 mya), thus to the Lower Cretaceous (Bloom et al., 2014). To date, no fossil 

record is known. 

Sphaeridiini. The age of the tribe Sphaeridiini was estimated to 128 mya (95% CI: 144 – 

110 mya), thus suggesting its Lower Cretaceous origin (Bloom et al., 2014). No fossil 

record of the Sphaeridiini is known so far. 

Megasternini. The origin of the tribe Megasternini was estimated to 128 mya (95% CI: 

144 – 110 mya), thus to the Lower Cretaceous (Bloom et al., 2014). To date, only single 

fossil (Cercyon sp.) from Baltic amber (Eocene) is known (Kubisz, 2000; Fikáček 

unpublished data). 

 

   2.4. HABITATS INHABITED BY THE HYDROPHILIDAE 

Members of the family Hydrophilidae inhabit a wide range of habitats, including both aquatic 

and terrestrial environments. Aquatic environments include habitats like streams, ponds, 
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waterfalls or phytotelmata, while terrestrial include habitats such as rotten tree trunks, leaf 

litter, dung or carrion. 

      2.4.1. Hydrophilinae 

Most species of the Hydrophilinae inhabit standing or running waters, including marshes, 

stream or river margins, pools or brackish waters (e.g. Smetana, 1980; Ruta et al., 2006; 

Boukal et al., 2007; Fikáček et al., 2010a; Minoshima & Hayashi, 2012; Oliva & Short, 2012; 

Deler-Hernández et al., 2013b; Jia & Zhao, 2013). Some species of this subfamily inhabit also 

hygropetric habitats such as wet rocks (e.g. Short & Liebherr, 2007; Short, 2008; Short & 

García, 2010). Several species inhabit also terrestrial habitats such as leaf litter or arboreal 

moss (e.g. Short & Liebherr, 2007; Short, 2009; Fikáček et al., 2013b) (Appendix 1). 

      2.4.2. Chaetarthriinae 

Members of this subfamily inhabit mostly standing and running waters such as peatbogs, wet 

debris or sand on stream margins (e.g. Boukal et al., 2007; Jia et al., 2013). Horelophus 

walkeri inhabits hygropetric habitats such as wet rocks along waterfalls (Fikáček et al., 

2012b). Several species of Chaetarthria Stephens, 1833 from New Caledonia and Oriental 

Region are supposed to be terrestrial as they were collected in tropical forest leaf litter 

(Fikáček, 2010) (Appendix 2). 

      2.4.3. Enochrinae 

Members of this subfamily inhabit only aquatic environments such as streams, peatbogs, 

various standing waters and hygropetric habitats (e.g. Fernández, 2006; Jia & Short, 2011; 

Arribas et al., 2013) (Appendix 3). 

      2.4.4. Acidocerinae 

Representatives of this subfamily occupy mostly standing waters such as ponds or marshes 

(e.g. Boukal et al., 2007; Clarkson & Ferreira, 2014). Genus Troglochares Spangler, 1981 

inhabits caves and is the only described stygobiontic hydrophilid beetle (Spangler, 1981). 

Some species of Helochares Mulsant, 1844 inhabit stream margins (Cuppen, 1986; Clarkson 

& Ferreira, 2014). Several genera inhabit hygropetric habitats such as seepages (e.g. Short & 
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García, 2014; Minoshima et al., 2015). Species belonging to the genus Quadriops Hansen, 

1999 were collected in terrestrial environments (Short & Fikáček, 2013) (Appendix 4). 

      2.4.5. Rygmodinae 

Species belonging to the subfamily Rygmodinae occupy a wide range of habitats. A majority 

of species live in leaf litter and rotten wood (Short & Fikáček, 2013; Fikáček, pers. comm.). 

The genus Borborophorus Hansen, 1990 inhabits slime molds (Newton, pers. comm. to 

Fikáček). The genus Tormissus Broun, 1893 was collected on tree sap flow (Fikáček, pers. 

comm.). Moss on tree branches is inhabited by members of the genus Coelostomopsis 

Hansen, 1990 (Hansen, 1990; Fikáček, pers. comm.). Several genera inhabit dung or carrion 

(Spangler, 1979; Fikáček et al., 2014a). Few genera visit flowers such as Leptospermum Lea, 

1919 (Myrtaceae) or Olearia (Asteraceae) Mönch, 1802 (Hansen, 1990; Fikáček, pers. 

comm.). Several genera inhabit margins of standing waters and streams (Short & Fikáček, 

2013; Fikáček & Vondráček, 2014; Fikáček, pers. comm.). Larvae of Rygmodus White, 1846 

inhabit mosses on stream margins (Fikáček, pers. comm.) (Appendix 5). 

      2.4.6. Sphaeridiinae 

Species belonging to the subfamily Sphaeridiinae occupy even wider range of habitats 

including both aquatic and terrestrial (Appendix 6A-B).  

   Representatives of the tribe Omicrini inhabit only terrestrial habitats. Most of the species 

live in leaf litter or rotten wood or banana trunks (e.g. Satô, 1960; Hansen, 1991; Short & 

Fikáček, 2013; Albertoni & Fikáček, 2014; Jia et al., 2015). Species of genera Tylomicrus 

Schödl, 1995 and Oreomicrus Malcolm, 1980 live as inquilines in ant or termite nests (Short 

& Fikáček, 2013). Also members of the genus Paromicrus Scott, 1913 were collected in 

association with ants and termites and may live as inquilines (Fikáček, pers. comm.). 

   The tribe Coelostomatini includes both aquatic and terrestrial taxa. Many species inhabit 

leaf litter or rotten wood (e.g. Gustafson & Short, 2010; Short & Fikáček, 2013; Deler-

Hernández et al., 2013a). Similarly, many species inhabit standing or running waters such as 

wet debris on stream or pool margins (e.g. Archangelsky & Durand, 1992; Short & Fikáček, 

2013; Jia et al., 2014). Some Coelostoma Brullé, 1835 and Dactylosternum Wollaston, 1854 

were collected on wet rocks with algae near waterfalls or in similar hygropetric habitats (Jia et 

al., 2014; Fikáček, pers. comm.). Members of genera Lachnodacnum d’Orchymont, 1937 or 
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Phaenostoma d’Orchymont, 1937 inhabit water accumulated in bromeliads. Some species of 

Dactylosternum inhabit heliconia inflorescences or water-filled mesenchym of living banana 

trunks (Short & Fikáček, 2013; Clarkson et al., 2014). 

   Members of the tribe Protosternini inhabit only terrestrial habitats such leaf litter or 

decaying wood or banana stems (Hansen, 1991; Short & Fikáček, 2013; Fikáček, pers. 

comm.). Members of the genus Sphaerocetum Fikáček, 2010 inhabit parabiotic ant nests 

(genera Crematogaster Lund, 1831 and Camponotus Mayr, 1861) (Fikáček et al., 2015). 

   Almost all species of the tribe Sphaeridiini inhabit mammal excrements (Short & Fikáček, 

2013). One species distributed in New Guinea inhabits carrion (Fikáček, pers.comm.). 

Most genera of the tribe Megasternini inhabit leaf litter (e.g. Fikáček & Short, 2006; Fikáček 

et al., 2009; Fikáček et al., 2012a). Many species inhabit also rotting fruits, beach wrack, dung 

or carrion (e.g. Boukal et al., 2007; Fikáček et al., 2009; Fikáček et al., 2012a). Members of 

several genera inhabit nests of e.g. Pheidole singaporensis Özdikmen, 2010 ants (e.g. Fikáček 

& Short, 2010; Fikáček et al., 2013a). Plant matter on margins of standing waters is inhabited 

by several representatives of the genus Cercyon Leach, 1817 (e.g. Boukal et al., 2007; Short 

& Fikáček, 2013). Species of genera Pelosoma Mulsant, 1844, Cycreon d’Orchymont, 1919 

or Pseudocercyon d’Orchymont, 1926 inhabit water bodies in heliconia or ginger 

inflorescences or in broken bamboo culms (Short & Fikáček, 2013; Fikáček, pers. comm.). 

 

   2.5. HABITAT SHIFTS WITHIN THE FAMILY HYDROPHILIDAE 

Within the superfamily Hydrophiloidea, habitat shifts were studied in several analyses.  

   A morphological analysis of the Hydrophiloidea using adult and larval characters performed 

by Fikáček et al. (2012c) suggested ancestral aquatic habits for the whole superfamily 

Hydrophiloidea and the family Hydrophilidae. This conclusion was based on a single origin 

of trichobothria and ventral hydrophobic pubescence in the ancestor of the superfamily 

Hydrophiloidea. 

   The analysis of Bernhard et al. (2006) suggested a single shift to the aquatic environment in 

the ancestor of the Hydrophiloidea, which also suggests, that ancestral habitat of the 

Hydrophilidae was aquatic. The analysis also hypothesized a single shift back to the terrestrial 

environment in the Sphaeridiinae. However, the subfamily Sphaeridiinae was represented 



20 
 

only by three taxa, while representatives of the subfamily Rygmodinae were completely 

absent. Thus, the sampling was poor and habitat shifts within the family Hydrophilidae 

weren’t resolved adequately. Moreover, a molecular dating of habitat shifts was absent. 

   Time-calibrated molecular analyses were performed only twice (Song et al., 2014; Bloom et 

al., 2014). The analysis of Song et al. (2014) focused on the superfamily Hydrophiloidea as a 

whole. Results suggested that ancestral habitat of both Hydrophiloidea and Hydrophilidae was 

aquatic. Also, a single shift to the terrestrial environment in the common ancestor of 

Sphaeridiinae + Rygmodinae in the Upper Cretaceous was suggested in the analysis. 

Nevertheless, the sampling in the analysis was very limited (only 39 taxa for the superfamily 

Hydrophiloidea) and molecular dating was strongly incongruent with the fossil record. The 

analysis of Bloom et al. (2014), which used considerably better sampling than the analysis of 

Song et al. (2014), focused on the family Hydrophilidae. This analysis also revealed the 

family Hydrophilidae as ancestrally aquatic with a single shift to terrestrial habitat in the 

Lower Cretaceous for the ancestor of the lineage consisting of Rygmodinae + Sphaeridiinae. 

Both mentioned analyses also suggested tertiary shifts to the aquatic environment in 

subfamilies Rygmodinae and Sphaeridiinae. However, both these analyses were primarily 

focused on the entire Hydrophiloidea or Hydrophilidae. As some aquatic genera or aquatic 

species of mainly terrestrial tribes of Rygmodinae and Sphaeridiinae were absent, the number 

of habitat shifts between aquatic and terrestrial environments wasn’t reliably reconstructed. 

 

   2.6. MORPHOLOGICAL ADAPTATIONS FOR AN AQUATIC LIFESTYLE IN 

THE FAMILY HYDROPHILIDAE 

Approximately two thirds of hydrophilid species known so far inhabit aquatic environments 

(Bloom et al., 2014). Habitat shifts are usually correlated with evolving of specific 

adaptations for new habitat. Along to the adaptations for movement and perception, the 

adaptation for underwater breathing plays a role in adapting to the aquatic lifestyle.  

 

      2.6.1. Adaptations for breathing 

Several mechanisms of breathing underwater are known in aquatic insects. Similarly to some 

aquatic Heteroptera or Coleoptera (e.g. Elmidae, aquatic Curculionidae), adults of the 
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Hydrophilidae use a plastron respiration. The plastron is characterized as a permanent thin 

film of air on the body surface. Tracheae are open and communicate with the volume of the 

plastron, thus air passes directly to the tissues. This air film serves as an external lung which 

exchanges O₂ and CO₂ with the surrounding water (de Ruiter et al., 1950). The air film is held 

by the dense hydrophobic pubescence present on the ventral side of the insect body (e.g. in 

Heteroptera: Aphelocheirus Westwood, 1833). However, hydrophilid beetles carry a thicker 

gas layer over the plastron. This macro-plastron is held by longer hairs and must be 

maintained by grooming using antennae (Thorpe, 1950). In this case, the respiratory function 

of the air bubble is limited so that it serves as a diminishing resource and must be occasionally 

renewed by visiting the water surface (Chaui-Berlinck et al., 2001; Flynn & Bush, 2008). 

Moreover, the air film could be also held by the hydrophobic cuticle sculpture. This is the 

case of aquatic Curculionidae, where the entire body of the beetle is covered by the 

hydrophobic sculpture, while no dense hydrophobic pubescence is present (Langer & 

Messner, 1984). It is thus possible, that sculpture can play a role in maintaining the air film on 

the ventral side of the body also in the family Hydrophilidae, where both sculpture and dense 

pubescence are often present. 

   Larvae of several insect taxa obtain oxygen from the air by penetrating the aerenchyma of 

aquatic plants or atmospheric oxygen by visiting the water surface. Both these mechanisms 

are a case of metapneustic larvae, whose spiracles are closed with an exception of one pair 

connected with two tracheal trunks distributing atmospheric oxygen to the body. Among the 

Coleoptera, metapneustic larvae can be found e.g. in Donacia or Dytiscidae (Bøving, 1906; 

Wesenberg-Lund, 1912). Also, most larvae of the Hydrophilidae are metapneustic and posses 

a breathing chamber on the apex of the abdomen (Richmond, 1920). An exception among the 

Hydrophilidae is the apneustic larva of the genus Berosus, where oxygen is transferred to the 

body of the beetle through the thin cuticle of abdominal tracheal gills (Anderson, 1976). 

      2.6.2. Other adaptations for aquatic life 

Besides the breathing adaptations, hydrophilid beetles posses also other adaptations for the 

aquatic lifestyle. Most of the aquatic Hydrophilidae are rather poor swimmers as they live in 

standing waters or waters with a dense vegetation. The Hydrophilidae are thus adapted to 

move slowly among the vegetation, which is in contrast to some Adephaga as Dytiscidae or 

Gyrinidae, which are strongly adapted for a fast swimming. Modified legs for the swimming 

are present only in a small fraction of hydrophilid taxa, e.g. Berosus, Hydrophilus or some 
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other members of the subfamily Hydrophilinae. Leg modifications in the aquatic 

Hydrophilidae mostly include moderately shortened and flattened femora and tibiae and 

fringes of swimming hairs. It is also possible, that the presence of adaptations such as dense 

hydrophobic pubescence used for the plastron respiration is an obstacle to very good 

swimming abilities (Beutel & Komarek, 2004), which may be the reason why many species of 

Hydrophilus, which are all good swimmers, have a very reduced amount of hydrophobic 

pubescence on their abdomen (Fikáček, pers. comm.). However, some taxa such as Berosus 

use plastron respiration while they are also good swimmers.  

   Another possible adaptation present in members of the family Hydrophilidae is the presence 

of trichobothria. Trichobothria are fine sensory setae arising from a ring-shaped socket 

containing a dendrite of a neuron, where a displacement of the hair results in a neural 

stimulation. These setae are also present in e.g. heteropteran taxa such as Lygaeidae, Coreidae 

or Pyrrhocoridae (Schaefer, 1975). Fikáček et al. (2012c) hypothesized that triochobothria 

could act as mechanoreceptors used for a perception of vibrations of the water. The reason for 

this assumption is that trichobothria function only when they are in erect position, which is 

achieved only when the beetle is submerged (Fikáček et al., 2012c). In the family 

Hydrophilidae, these setae were first called “systematic punctures” by Hansen (1991) and 

later identified as trichobothria by Oliva (1992). Hansen (1991) originally assumed that 

trichobothria were absent in most of the hydrophilid groups but several members of the 

subfamily Hydrophilinae. However, analysis of Fikáček et al. (2012c) revealed the presence 

of trichobothria in all hydrophiloid families but Georissidae and Epimetopidae. Thus, a single 

origin of trichobothria was hypothesized in the ancestor of the Hydrophiloidea for 

trichobothria on the frons, pronotum, elytra, mentum and cardo. Trichobothria on the 

basistipes and clypeus were hypothesized to origin in the ancestor of the Hydrophilidae. In 

contrast, multiple losses were hypothesized (e.g. Sphaeridiini, Megasternini, Omicrini), while 

no secondary gain has been revealed not even in the secondary aquatic taxa (Fikáček et al., 

2012c).  
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3. MATERIAL AND METHODS 

   3.1. SAMPLING 

The final dataset was constituted of 96 taxa of hydrophilid beetles, of which 80 taxa were 

representing subfamilies Rygmodinae and Sphaeridiinae (with all its tribes: Omicrini, 

Coelostomatini, Protosternini, Sphaeridiini and Megasternini) (Appendix 7A-C). According to 

the analysis of Short & Fikáček (2013), all remaining taxa included in the analysis belong to 

subfamilies Hydrophilinae, Chaetarthriinae, Enochrinae and Acidocerinae and were used as 

outgroups (Appendix 7A). Specimens used for DNA extractions were collected and preserved 

in 96% ethanol directly in the field, and then kept in the same fixative at -20°C until the 

isolation. 

 

   3.2. DNA DATA 

DNA of specimens was extracted non-destructively with the commercial kit (DNeasy Tissue 

Kit, Qiagen GmbH, Hilden, Germany) following the manufacturer’s instructions. Voucher 

specimens and DNA extractions are kept in the collection of the Department of Entomology 

of the National Museum, Prague. Specimens were sequenced for two coding mitochondrial 

(3’end of cytochrome c oxidase subunit 1 (COI-3’) and cytochrome c oxidase subunit 2 

(COII)) and two noncoding nuclear (18S rRNA and 28S rRNA) genes. The sequence of 18S 

rRNA gene was, due to its length, obtained in two parts (3’ end and 5’ end).  For used primers 

see Table 2 and for PCR programs see Table 3. 

 

Table 2. Primers used in PCR reactions for individual genes. 

Primers 

Gene Primer Direction Sequence (5’-3’) 

COI-3´ stev_jerryF forward CAACATYTATTYTGATTYTTTGG 

COI-3´ stev_patR reverse GCACTAWTCTGCCATATTAGA 

COII TL2-J-3037 forward TAATATGGCAGATTAGTGCA 

COII TK-N-3785 reverse TTTAAGAGACCAGTACTT 

28S NLF184-21 forward ACCCGCTGAAYTTAAGCATAT 

28S LS1041R reverse TACGGACRTCCATCAGGGTTTCCCCTGACTTC 

18S 5´ 18S5'I forward GACAACCTGGTTGATCCTGCCAGT 

18S 5´ 18Sb0.5 reverse GTTTCAGCTTTGCAACCAT 

18S 3´ 18Sa1.0 forward CACCTACGGAAACCTTGTTACGAC 

18S 3´ 18S3'I reverse GGTGAAATTCTTGGACCGTC 
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Table 3. PCR programs used for amplification of individual genes. 

PCR COI-3´ 

Step 1 2 3 4 5 6 

Temperature (°C) 95 95 50 72 72 4 

Time (s) 300 30 40 120 480 forever 

  
Repeat 40x 

  

       PCR COII 

Step 1 2 3 4 5 6 

Temperature (°C) 95 95 50 72 72 12 

Time (s) 300 60 60 120 600 forever 

  
Repeat 40x 

  

       PCR 28S 

Step 1 2 3 4 5 6 

Temperature (°C) 98 98 54 72 72 10 

Time (s) 30 10 30 60 480 forever 

  
Repeat 30x 

  

       PCR 18S 3´ 

Step 1 2 3 4 5 6 

Temperature (°C) 95 95 50 72 72 4 

Time (s) 300 30 40 120 480 forever 

  
Repeat 40x 

  

       PCR 18S 5´ 

Step 1 2 3 4 5 6 

Temperature (°C) 95 95 50 72 72 4 

Time (s) 300 30 40 120 480 forever 

  
Repeat 40x 

   

 

   The dataset was based on sequences generated by Short & Fikáček (2013) downloaded from 

GenBank. To these, I added newly obtained sequences of 23 rygmodine and sphaeridiine 

species (Appendix 8A-E). An emphasis was placed on tribes Omicrini and Coelostomatini, 

which weren’t sampled adequately in the analysis of Short & Fikáček (2013). The rest of 

sequences represented unpublished data for 20 species of the subfamily Rygmodinae obtained 

by Mgr. Dominik Vondráček from Department of Zoology, Charles University in Prague 

(Appendix 8A-E). DNA sequences were assembled and edited using Geneious v1.7.1 

(Drummond et al., 2011). Hypervariable regions of nuclear genes were checked and low 
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quality parts were excluded. Sequences of variable lengths were aligned by using MAFFT 

plugin v7.017 (Katoh et al., 2002), edited to the same length and concatenated using Geneious 

v1.7.1. Final alignment was constituted of 96 sequences and contained 4171 nucleotide 

positions, where COI-3´ contained 735 nucleotides, COII 700 nucleotides, 18S 1653 

nucleotides and finally 28S 1083 nucleotides. 59 of 480 (12%) sequences were absent 

(Appendix 7A-C). 

 

   3.3. HABITAT DATA 

Habitat data were used either in 6-state or 2-state version. The 6-state version was used in the 

ancestral character state reconstruction, and included following states:  

1) Standing or running water. Representing habitats directly associated with streams and 

pools/puddles/swamps, such as wet debris, wet algae or moss at stream margins.  

2) Decaying plant material. This group represented rotten trees or banana trunks, leaf litter 

(not associated with water bodies) and beach wrack.  

3) Flowers. The group constituted of taxa living on or visiting flowers.  

4) Phytotelmata. This group included taxa living in water tanks of plants (e.g. in 

bromeliads or ginger). 

5) Dung or carrion. The group constituted of species inhabiting dung of large herbivorous 

mammals or collected using dung-baited pitfall traps, and species collected using carrion-

baited traps. 

6) Inquilines. Includes species repeatedly collected from ant or termite nests.  

 

   The 2-state version was used in the phylogenetic signal estimation and tests for the 

correlation between inhabited habitat and morphological characters. The two states were: 

1) Aquatic. Includes taxa living either in standing or running waters or phytotelmata (i.e., 

states 1+4 of the 6-state habitat coding). 
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2) Terrestrial. Includes taxa inhabiting flowers, decaying plant material, dung or carrion 

and inquilines (i.e. states 2+3+5+6 of the 6-state habitat coding). 

 

   All taxa, with exception of Badioglobus tapanti Short, 2004, included in this analysis have 

known habitat. Habitat of B. tapanti is unknown, but it is supposed that the species is 

terrestrial as specimens have never been collected in or near water, despite the extensive 

surveys of aquatic beetles performed in Costa Rica and Panama in last 30 years (Fikáček, 

personal communication). Thus, B. tapanti was treated as terrestrial for analyses with the 2-

state version of habitat data, while it was excluded from analyses using the 6-state version. 

 

   3.4. MORPHOLOGICAL DATA 

In order to find morphological traits correlated with habitat shifts, 26 morphological 

characters were studied. These traits are supposed to be correlated with inhabited habitat 

based on previous observations and supposed function (see e.g. Fikáček et al., 2012c). All 

data were obtained from uncoated specimens, deposited in the collections of the Department 

of Entomology of the National Museum, Prague, by using a Hitachi S-3700N environmental 

electron microscope at the Department of Paleontology of the National Museum, Prague.  

Analyzed characters included three sets of characters:  

1. A hydrophobic pubescence on the ventral side of the body (Fig. 3), which play a role in 

holding an air film necessary for the plastron respiration. Analyzed pubescence characters 

were: 

1) Density of the pubescence on the metaventrite. 

2) Density of the pubescence on the ventral side of the abdomen. 

3) Percentage of the area covered by the dense pubescence on the metaventrite. 

4) Percentage of the area covered by the dense pubescence on profemora. 

5) Percentage of the area covered by the dense pubescence on mesofemora. 

6) Percentage of the area covered by the dense pubescence on metafemora. 
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7) Type of the pubescence on profemora (0 = no pubescence, 1 = dense pubescence, 2 = 

dense pubescence with two types of hair). 

8) Type of the pubescence on mesofemora (0 = no pubescence, 1 = dense pubescence, 2 = 

dense pubescence with two types of hair). 

9) Type of the pubescence on metafemora (0 = no pubescence, 1 = dense pubescence, 2 = 

dense pubescence with two types of hair). 

 

 

Figure 3. The sculpture and pubescence on legs of the Hydrophilidae (SEM micrographs). A – 

The sculpture on the foreleg of Phaenonotum sp. (Coelostomatini); B – The sculpture and dense 

pubescence (92% of the area covered) on the foreleg of Coelostoma lemuriense Mouchamps, 

1958 (Coelostomatini); C – The sculpture and dense pubescence (91% of the area covered) on the 

midleg of Cyloma pictus Kirsch, 1877 (Rygmodinae); D – The hindleg (without the sculpture and 

pubescence) of Phaenonotum sp. (Coelostomatini). 

 

2. A sculpture on the ventral side of the body (Fig. 4), where it could play a role in holding 

the air film for the plastron respiration. Analyzed sculpture characters were: 

10) Presence of the sculpture on the metaventrite (0 = absent, 1 = present). 

11) Presence of the sculpture on the ventral side of the abdomen (0 = absent, 1 = present). 
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12) Presence of the sculpture on profemora (0 = absent, 1 = present). 

13) Presence of the sculpture on mesofemora (0 = absent, 1 = present). 

14) Presence of the sculpture on metafemora (0 = absent, 1 = present). 

15) Type of the sculpture on the metaventrite (0 = no sculpture, 1 = holes, 2 = honeycomb-

like, 3 = pantile-like, 4 = small bump-like). 

16) Type of thesculpture on the ventral side of the abdomen (0 = no sculpture, 1 = holes, 2 

= honeycomb-like, 3 = pantile-like, 4 = small bump-like). 

 

 

Figure 4. The sculpture and pubescence on the metaventrite, leg and ventral side of the abdomen 

of the Hydrophilidae (SEM micrographs). A – The sculpture on the metaventrite of Noteropagus 

sp. (Omicrini); B – The sculpture and dense pubescence with two types of hair on the midleg of 

Exydrus gibbosus Broun, 1880 (Rygmodinae); C – The sculpture and dense pubescence on the 

metaventrite of Coelostoma lemuriense (Coelostomatini); D – The sculpture and dense 

pubescence on the ventral side of the abdomen of Protosternum sp. (Protosternini). 

 

3. A presence of trichobothria on the dorsal side of the body (Fig.5). According to Fikáček 

et al. (2012c), trichobothria may play a role in a mechanoreception in aquatic environments. 

Analyzed trichobothria characters were: 



29 
 

17) Diameter of trichobothria socket on the frons. In cases where trichobothria were 

absent on the frons, trichobothria on elytra were measured instead. 

18) Presence of trichobothria on the entire body (0 = absent, 1 = present). 

19) Presence of trichobothria on elytra (0 = absent, 1 = present). 

20) Presence of trichobothria on the pronotum (0 = absent, 1 = present). 

21) Presence of trichobothria on the frons (0 = absent, 1 = present). 

22) Presence of trichobothria on the clypeus (0 = absent, 1 = present). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Trichobothria of the Hydrophilidae (SEM 

micrographs). A – Trichobothria on the frons of 

Rygmodus femoratus Sharp, 1884 (Rygmodinae); B – 

Trichobothria on the pronotum of Limnoxenus 

zealandicus Broun, 1880 (Hydrophilinae); C – 

Trichobothria on elytra of Andotypus ashworthi 

Spangler, 1979 (Rygmodinae); D – Trichobothria on the 

clypeus of Adolopus sp. 2 (Rygmodinae); E – Places 

where trichobothria are present on the dorsum of a 

hydrophilid beetle (E – elytra, P – pronotum, F – frons, 

C – clypeus) (Fig. 5E from Fikáček et al., 2012c). 
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   The sculpture and pubescence on the mesoventrite were not included in studied characters 

because of the difficult accessibility of these body parts. Coding characters for the 

mesoventrite would require removing of legs and thus in some cases destroying of rare or type 

specimens. The percentage of area covered by the dense pubescence on abdomen was 

excluded from the analysis due to no variability observed in this character. Because no 

specimen of Globulosis sp. was available for a morphological examination, it was also 

excluded from all analyses of morphological characters. 

 

   3.5. BAYESIAN PHYLOGENETIC AND DIVERGENCE TIME ANALYSIS 

   The analysis was carried out by using BEAST v2.1.3 (Bouckaert et al., 2014). The dataset 

was divided into four partitions corresponding to particular genes and the best fitting 

substitution model for each partition under the Bayesian information criterion (BIC) was 

identified using Partition Finder v1.1.1 (Lanfear et al., 2012).  

   Clock models and trees were both linked for all partitions together, while site models were 

left unlinked for each partition. For a clock model, the relaxed clock log normal was set for all 

partitions, as these assume different substitution rates among tree branches and are thus 

usually used for analyses with taxa which are not very close relatives (Drummond et al., 

2006). The birth-death model was used for the tree prior also for all partitions. This model is 

commonly used to model speciations and extinctions in inferring phylogenies using Bayesian 

methods, thus at any point in time every lineage can undergo speciation at rate λ or go extinct 

at rate μ (Stadler, 2009).  

   Calibrations of molecular clock were done by using fossils with the uniform distribution 

because of the absence of enough information necessary for using other model of the 

probability distribution. The uniform distribution places an equal probability across all ages 

spanning the interval between lower and upper bounds (Ho & Phillips, 2009). Five fossils 

with hard minimum and maximum age bounds were used for the tree calibration (Table 4): 

Baissalarva hydrobioides Fikáček et al., 2014 (Baissa deposits (Russia), Early Cretaceous) for 

the MRCA (Most recent common ancestor) of the Hydrobiusini + Hydrophilini (Fikáček et 

al., 2014b), Limnoxenus olenus Fikáček et al., 2010 (Aix-en-Provence Formation (France), 

Late Oligocene) for the MRCA of Limnoxenus Motchulsky, 1853 (Fikáček et al., 2010b), 

Crenitulus paleodominicus (Fikáček & Engel, 2011) (Dominican amber, Early Miocene) for 
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the MRCA of Crenitulus (Fikáček & Engel, 2011), Helochares sp. (Baltic amber, Eocene) for 

the MRCA of Helochares + Helobata and Cercyon sp. (Baltic amber, Eocene) for the MRCA 

of the Megasternini (Kubisz, 2000; Fikáček, unpublished data). The hard maximum of 

individual fossils was based on the minimal age of the oldest hydrophiloid fossil (Protochares 

brevipalpis Fikáček et al., 2014). The hard maximum of Limnoxenus olenus was based on the 

minimal age of Baissalarva hydrobioides. The hard minimum was based on the ages of 

deposits to which fossils belong. 

 

Table 4. Fossil taxa used for calibration of molecular clock. Ages and prior 

settings are in millions of years before present (mya). 

Fossil calibrations 
Age (mya) 

Priors (mya) 

Taxon MRCA  Minimum Maximum 

Baissalarva hydrobioides Hydrobiusini + Hydrophilini cca 135 - 146 135 155 

Limnoxenus olenus Limnoxenus cca 22.5 22.5 135 

Crenitulus paleodominica Crenitulus cca 19 19 155 

Helochares sp. Helochares + Helobata cca 44 44 155 

Cercyon sp. Megasternini cca 44 44 155 

 

 

   MCMC chain length was set to one hundred million generations with logging of parameters 

and sampling trees every five thousand generations. Resulting tree was obtained via Tree 

Annotator v2.1.3 (Bouckaert et al., 2014) and visualized by using FigTree v1.4.2 (Rambaut, 

2012). 

 

   3.6. MAXIMUM LIKELIHOOD PHYLOGENETIC ANALYSIS 

   The same dataset as in the previous analysis was used also for a maximum likelihood 

phylogenetic analysis, which was performed by using RAxML BlackBox (Stamatakis et al., 

2008) available on http://embnet.vital-it.ch/raxml-bb/. For all partitions, GTR substitution 

models with gamma model of rate heterogeneity were set and the best-scoring tree was 

computed using the maximum likelihood search. Resulting tree was visualized using FigTree 

v1.4.2. 
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   3.7. ANCESTRAL CHARACTER STATE RECONSTRUCTION OF THE 

SPHAERIDIINE AND RYGMODINE HABITATS 

   In order to reconstruct ancestral habitat preferences within hydrophilid subfamilies 

Rygmodinae and Sphaeridiinae, an ancestral character state reconstruction with habitats as a 

discrete trait in BEAST v2.1.3 was performed. The same dataset as in previous analyses was 

used, with clock and tree models set in the same way for each of four partitions corresponding 

to individual genes. The fifth partition, representing occupied habitat, was made as a discrete 

trait and all sampled taxa were classified into one of six groups, where each group represented 

one habitat type (see chapter 3.3). The only exception was Badioglobus tapanti, whose habitat 

is unknown. 

   MCMC chain length was set to one hundred million generations with logging of parameters 

and sampling trees every five thousand generations. Resulting tree with reconstructed 

ancestral habitat states was obtained via Tree Annotator v2.1.3 and visualized by using 

FigTree v1.4.2. 

 

   3.8. ANCESTRAL CHARACTER STATE RECONSTRUCTION OF THE 

RYGMODINE HABITATS WITH THE MAXIMUM LIKELIHOOD TOPOLOGY  

   This analysis was carried out to test the impact of different topology, which was suggested 

by the likelihood analysis, on the reconstruction of ancestral habitat states within the 

subfamily Rygmodinae. Different positions were suggested for genera Cylorygmus 

d’Orchymont, 1933 (aquatic) and Borborophorus (leaf litter), which may have an impact on 

the habitat shift reconstruction for some clades of the Rygmodinae. All settings, including 

dataset, were set in the same way as in the previous analysis. Only difference was, that group 

of taxa composed of: Cylorygmus lineatopunctatus d’Orchymont, 1933; Andotypus 

ashworthi; Exydrus gibbosus; Hydrostygnus frontalis Broun, 1880; Tormissus linsi Sharp, 

1884; Austrotypus nothofagi Fikáček et al., 2014; Anticura flinti Spangler, 1979; Cylomissus 

glabratus Broun, 1903 and Cylomissus sp. was forced to be monophyletic to agree with the 

likelihood topology. 

   The maximum likelihood topology within the tribe Megasternini wasn’t tested because of 

the poor support for the majority of nodes. 
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   3.9. MEDUSA ANALYSIS OF SHIFTS IN THE DIVERSIFICATION RATE 

To test whether the results of the analysis performed by Bloom et al. (2014) will be also 

corroborated by the analysis with broader sampling within subfamilies Rygmodinae and 

Sphaeridiinae, a diversification analysis was carried out. Using a time-calibrated phylogenetic 

tree obtained in the divergence time analysis and known species richness within subfamilies 

Rygmodinae and Sphaeridiinae, both these groups were tested for potential diversification 

shifts by using MEDUSA tool (Alfaro et al., 2009), incorporated in the R package Geiger 

(Harmon et al., 2008). All three diversification models (birth-death, Yule and mixed with both 

birth-death and Yule) included in MEDUSA were implemented and compared by Akaike 

Information Criterion (AIC) for the best fitting one. Numbers of present-day existing species 

were adopted from the world catalogue of the Hydrophiloidea (Short & Fikáček, 2011) and 

phylogenetic positions of genera were corrected to match a current opinion on the phylogeny 

of the Hydrophilidae (Short & Fikáček, 2013). . For number of species see Table 5. 

Table 5. Species richness of individual lineages of the Rygmodinae + Sphaeridiinae 

used in the MEDUSA analysis. 

MEDUSA analysis species richness 

Lineage Taxonomy Species richness 

Hydrophilinae Outgroup 1086 

Chaetarthriinae Outgroup 231 

Enochrinae Outgroup 271 

Acidocerinae Outgroup 275 

Tormissus-Group Rygmodinae 11 

Saphydrus-Group Rygmodinae 4 

Rygmodus-Group Rygmodinae 34 

Badioglobus Unknown 1 

Aculomicrus-Group Omicrini 50 

Psalitrus-Group Omicrini 36 

Omicrogiton-Group Omicrini 18 

Coelostoma-Group Coelostomatini 116 

Dactylosternum-Group Coelostomatini 78 

Phaenonotum-Group Coelostomatini 27 

Protosternini Protosternini 19 

Sphaeridiini Sphaeridiini 42 

Oosternum-Group Megasternini 123 

Cercyon-Group Megasternini 420 
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   The phylogenetic tree was pruned to the most terminal clades for which species richness 

could be confidently estimated and thus forming 25 terminal branches, of which four branches 

belonged to outgoup taxa. Four outgroup branches were representing subfamilies 

Hydrophilinae, Chaetarthriinae, Acidocerinae and Enochrinae. The subfamily Rygmodinae 

was pruned to ten terminal branches (six of them represented individual genera). All 

remaining 11 branches represented the subfamily Sphaeridiinae. Three belonged to the tribe 

Coelostomatini, three to the tribe Omicrini, two to the tribe Megasternini, one to the tribe 

Protosternini, one to the tribe Sphaeridiini and the last one to Badioglobus tapanti, whose 

tribe membership is still uncertain and therefore considered as individual group for purpose of 

this analysis. 

 

   3.10. TESTS FOR THE CORRELATION BETWEEN HABITAT AND 

MORPHOLOGICAL CHARACTERS 

In order to test possible correlation between inhabited habitat and analyzed morphological 

characters, two phylogenetic comparative methods were used. Analysis of binary discrete 

characters was carried out by using Pagel’s Discrete test (Pagel, 1994) as implemented in 

BayesTraits v2.0 (Pagel & Meade, 2013). Because only characters in binary states can be 

tested by this test, habitat was used in its 2-state version (0 = terrestrial; 1 = aquatic) for 

testing of the correlation with morphological characters. Morphological characters tested by 

Pagel’s Discrete included the presence or absence of the sculpture on profemora, mesofemora, 

metafemora, metaventrite and ventral side of the abdomen as well as the presence or absence 

of the dense pubescence on profemora, mesofemora and metafemora. The presence or 

absence of trichobothria was tested for the correlation with habitat on the whole body and on 

the pronotum, clypeus, frons and elytra individually. 

   Consequently, computed likelihood scores of independent and dependent models were 

compared by likelihood ratio test, a statistical test used to compare the goodness of fit of two 

models (the null model versus alternative model). Resulting likelihood ratio expresses how 

many more times likely variables fit to the independent or dependent model and thus whether 

their evolution is correlated or not.  

   Phylogenetic Generalized Least Squares (PGLS) (Grafen, 1989), as incorporated in R 

package Caper (Orme, 2013), was used in order to reveal possible correlation between habitat, 
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as in the previous analysis using binary state, and various continuous morphological variables. 

This method can test for the correlation between a binary discrete character as an explanatory 

variable and a continuous character as a response variable, while in addition it incorporates 

also information about the phylogenetic signal present in data.  

   Habitat was used as the explanatory variable, while morphological traits were used as the 

response variable. Among tested morphological characters were the pubescence density on 

the metaventrite and abdomen, the percentage of area covered by the dense pubescence on the 

metaventrite, abdomen, profemora, mesofemora and metafemora and, if at least some 

trichobothria were present, the diameter of trichobothria (the absence of trichobothria was 

coded as 0). 

   Both Pagel’s Discrete test and PGLS analyses were also conducted for a reduced amount of 

taxa with two datasets. The first one was constituted only of taxa belonging to the subfamily 

Rygmodinae, while the second one was composed only of taxa belonging to the tribe 

Coelostomatini (subfamily Sphaeridiinae), thus each group was constituted of 24 taxa. In both 

these groups are present both terrestrial and aquatic taxa and it is thus possible to test for 

morphological trends connected with aquatic habitat. The reason for testing of these groups 

individually was to find possible correlation between habitat and morphological characters, 

which can be unique for one of these groups, while not correlated with habitat within the 

dataset as a whole. Other tribes were excluded because of the absence of aquatic taxa 

(Omicrini, Protosternini and Sphaeridiini) or because of insufficient sampling (Megasternini). 

Morphological characters tested in these analyses were exactly the same as in the analysis 

with complete dataset. 

 

   3.11. PHYLOGENETIC SIGNAL 

For estimating of the strength of the phylogenetic signal within individual characters, Pagel’s 

lambda (Pagel, 1999), included in R package Caper, was used. Pagel’s lambda tests whether 

trait values are following Brownian model of evolution, thus being more similar among 

closely related taxa than among distant ones, or if other processes than phylogenetic history 

played the critical role in a trait evolution (Blomberg & Garland, 2002). Habitat was tested in 

both 6-state and 2-state versions. Morphological characters were also tested for the 

phylogenetic signal. Included characters were:  
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A) Density of the pubescence on the metaventrite and ventral side of the abdomen 

(characters 1-2);  

B) Percentage of area covered by the dense pubescence on the metaventrite, profemora, 

mesofemora and metafemora (characters 3-6);  

C) Type of the pubescence on profemora, mesofemora and metafemora (characters 7-9);  

D) Presence or absence of the sculpture on the metaventrite, ventral side of the abdomen, 

profemora, mesofemora and metafemora (characters 10-14); 

E) Type of the sculpture on the metaventrite and ventral side of the abdomen (characters 15-

16); 

G) Diameter of trichobothria (character 17);  

H) Presence or absence of trichobothria on the whole body and on the clypeus, frons, 

pronotum and elytra individually (characters 18-22). 

   For the reasons mentioned in the previous chapter, this analysis was also conducted with 

two datasets composed of rygmodine and coelostomatine taxa. Results of this analysis were 

then compared to results of testing for the correlation between habitat and morphological 

characters. 

 

   3.12 TESTS FOR THE CORRELATION BETWEEN TWO MORPHOLOGICAL 

CHARACTERS 

As the evolution of one morphological feature can be coupled with another feature, where 

both can play an important role in adapting aquatic environments, characters including the 

pubescence and sculpture were tested for possible correlation. Both Pagel’s Discrete included 

in BayesTraits v2.0 and PGLS in R package Caper were used in these analyses. All possible 

combinations of characters on profemora, mesofemora, metafemora, metaventrite and 

abdomen were tested. Continuous characters including the percentage of the pubescence on 

the abdomen, profemora, mesofemora and metafemora, and the density of pubescence on the 

metaventrite and abdomen were analyzed by using PGLS. Binary discrete characters 

including the presence or absence of the sculpture and dense pubescence on the metaventrite, 
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abdomen, profemora, mesofemora and metafemora were analyzed by Pagel’s Discrete for 

dependent or independent model of the evolution.  

   Consequently, computed likelihood scores of independent and dependent models were 

compared by the likelihood ratio test.  

   Again, both Pagel’s Discrete test and PGLS analysis were carried out for reduced amount of 

taxa with two datasets. The goal was to reveal cases of the correlated evolution between 

morphological characters that can play a key role in the adaptation to aquatic environments. 

The datasets were exactly the same as in the analysis testing the correlation between habitat 

and morphological characters.  

 

   3.13. MAPPING OF MORPHOLOGICAL CHARACTERS TO THE 

PHYLOGENETIC TREE  

Morphological characters were also mapped to the phylogenetic tree by using Winclada v1.0 

(Nixon, 2002). This was done to compare the results of previous analyses with the distribution 

of studied characters on the phylogenetic tree and to understand the evolution of particular 

characters. 22 morphological characters were mapped to the phylogenetic tree and only 

complete dataset was used. Characters included were the same as in the analysis of the 

phylogenetic signal. As Winclada can map only discrete characters, continuous characters 

(diameter of trichobothria, density of the pubescence on the metaventrite and ventral side of 

the abdomen, percentage of area covered by the dense pubescence on the metaventrite, 

profemora, mesofemora and metafemora) were transformed to additive discrete characters by 

using a gap-weighting method. This method uses additive coding to add steps to each code so 

that the score of the trait in the data matrix relates to the position of each state relative to 

every other state over the range, while it also maintains the relative sizes of the gaps between 

them (Thiele, 1993). The data was first standardized using the log(x + 1) transformation. 

Then, the data were range standardized using xs = (x - min/max – min)n transformation, where 

xs is the standardized value, n is the maximum number of ordered states and maximum and 

minimum are maximal and minimal values of data. Finally, values were coded as the rounded 

integer of the standardized values. 
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4. RESULTS 

   4.1. BAYESIAN PHYLOGENETIC ANALYSIS 

Partition Finder v1.1.1 identified the TrNef+I+G model (Tamura & Nei, 1993) as the best 

fitting substitution model for 18S partition, while the GTR+I+G model (Tavaré, 1986) was 

identified as the best fitting substitution model for the rest of the partitions (28S, COI-3’, 

COII). The burn-in was set up to 10 % after checking the convergence of all parameters in 

TRACER v1.6 (Rambaut et al., 2014). 

   Results of the present phylogenetic analysis (Fig. 6) strongly supported the monophyly of 

both subfamilies Rygmodinae (posterior probability pp=1.0), and Sphaeridiinae (pp=0.98). 

Also, the monophyly of tribes Coelostomatini (pp=1.0), Protosternini (pp=1.0), Sphaeridiini 

(pp=1.0) and Megasternini (pp=1.0) was strongly supported, while the monophyly of the tribe 

Omicrini was only weakly supported (pp=0.68). The support for the clade constituted of tribes 

Sphaeridiini + Megasternini was strong (pp=1.0), as well as the support for the clade 

constituted of Coelostomatini + (Protosternini + (Spaheridiini + Megasternini)) (pp=1.0). The 

support for the clade constituted of tribes Protosternini + (Sphaeridiini + Megasternini) was 

slightly weaker (pp=0.94). The clade comprising sister lineages Omicrini and Badiglobus 

tapanti was only weakly resolved (pp=0.81) on the resulting phylogenetic tree. 

   Three major clades were distinguished within the subfamily Rygmodinae: a strongly 

supported Tormissus-Group (pp=1.0) consisting of genera Tormissus, Hydrostygnus Sharp, 

1884, Exydrus Broun, 1886, Andotypus Spangler, 1979, Austrotypus Fikáček et al. 2014, 

Cylomissus Broun, 1903 and Anticura Spangler, 1979, strongly supported (pp=0.97) 

Saphydrus-Group composed of genera Saphydrus Sharp, 1884 and Eurygmus Hansen, 1990, 

and a weakly supported clade (pp=0.84) containing Cylorygmus lineatopunctatus 

d’Orchymont, 1933 and the Rygmodus-Group. Rygmodine genera Cylomissus, Rygmodus, 

Cyloma Sharp, 1872 and Adolopus Sharp, 1884 were all strongly supported (pp=1.0) as 

monophyletic in this analysis. 

   Within the tribe Omicrini, genera Peratogonus Sharp, 1884, Noteropagus d’Orchymont, 

1919 and Aculomicrus Smetana, 1975 formed a strongly supported clade (Aculomicrus-

Group) (pp=1.0). The second lineage (Psalitrus-Group) was composed exclusively by 

members of the genus Psalitrus d’Orchymont, 1919 and was strongly supported (pp=1.0). 

Genera Omicrogiton d’Orchymont, 1919, Mircogioton d’Orchymont, 1937, Tylomicrus 
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Schödl, 1995 and Oreomicrus Malcolm, 1980 formed a strongly supported (pp=1.0) third 

lineage (Omicrogiton-Group) sister to the Psalitrus-Group. The support for the sister 

relationship between these two groups was only slightly weaker (pp=0.94). Genera Psalitrus 

and Aculomicrus were revealed as monophyletic with the strong support (pp=1.0). 

   Three main lineages were revealed in the tribe Coelostomatini. The first one (Coelostoma-

Group), composed of the genus Coelostoma and several members of the genus 

Dactylosternum, formed the early branching lineage within the tribe and was strongly 

supported as monophyletic (pp=1.0). A majority of the genus Dactylosternum formed the 

Dactylosternum-Group, which was composed exclusively of members of the genus 

Dactylosternum, but wasn’t supported as monophyletic (pp=0.5). All remaining 

coelostomatine taxa, including genera Cyclotypus Sharp, 1882, Phaenonotum Sharp, 1882, 

Phaenostoma, Lachnodacnum and one aberrant species of Dactylosternum (Dactylosternum 

sp. 3), formed the third lineage (Phaenonotum-Group) with a strong support (pp=0.99). The 

latter two lineages together formed a monophyletic group (pp=0.99) sister to the Coelostoma-

Group. The results also suggest the polyphyly of the genus Dactylosternum, whose members 

are present in all three main lineages of the Coelostomatini. The genus Lachnodacnum was 

revealed as the internal group of the genus Phaenostoma and some members of 

Dactylosternum were revealed as internal taxa of Coelostoma. Thus, the only genus revealed 

as monophyletic by this analysis was Phaenonotum (pp=1.0).  

   The phylogenetic analysis strongly supported the monophyly of both Protosternini and 

Sphaeridiini (pp=1.0).  

   Internal relationships within the tribe Megasternini suggested two strongly supported 

monophyletic lineages: Oosternum-Group (pp=0.98) formed by genera Cetiocyon Hansen, 

1990, Oosternum Sharp, 1882, Kanala Balfour-Browne, 1939 and Cercyodes Broun, 1886, 

and Cercyon-Group (pp=1.0) containing all remaining megasternine genera. Both these 

groups were already revealed in the analysis performed by Short & Fikáček (2013). The genus 

Cercyon Leach, 1817 was suggested as polyphyletic by this analysis. 

   Badioglobus tapanti was revealed as the sister taxon to the tribe Omicrini, but the support 

was rather weak (pp=0.81). 
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Figure 6. A resulting phylogenetic tree of subfamilies Rygmodinae and Sphaeridiinae 

estimated by BEAST. Numbers at nodes indicate Bayesian posterior probabilities. 
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   4.2. MAXIMUM LIKELIHOOD PHYLOGENETIC ANALYSIS 

Results of the phylogenetic analysis using maximum likelihood showed mostly the same 

topology as the BEAST analysis (Fig. 7). Both subfamilies (Rygmodinae, Sphaeridiinae) were 

revealed as monophyletic. The subfamily Rygmodinae was strongly supported (bootstrap 

support bt=85), while the subfamily Sphaeridiinae had a slightly lower support (bt=69). A 

monophyly of individual tribes belonging to the subfamily Sphaeridiinae were strongly 

supported for the Coelostomatini (bt=94), Protosternini (bt=100), Sphaeridiini (bt=100) and 

Megasternini (bt=80). A monophyly of the tribe Omicrini wasn’t supported (bt=23) by this 

analysis. Unlike the BEAST analysis, the maximum likelihood analysis revealed Badioglobus 

tapanti as the sister taxon to the clade consisting of tribes Coelostomatini + (Protosternini + 

(Sphaeridiini + Megasternini), thus not being the sister group of the tribe Omicrini. However, 

the support for this topology was rather poor (bt=37). 

   The different topology, in comparison with the BEAST analysis, was suggested within the 

subfamily Rygmodinae. One difference was the position of Borborophorus tuberculus 

Hansen, 1990, which was revealed as the sister taxon to Rygmostralia sp. + Pseudohydrobius 

flavus Lea, 1919. The second difference was the position of Cylorygmus lineatopunctatus, 

which was revealed as sister to the Tormissus-Group, but the support for this position was 

weak (bt=44). 

   As in the case of the subfamily Rygmodinae, the maximum likelihood analysis suggested 

different phylogenetic positions for two taxa also in the tribe Coelostomatini. The first one 

was Dactylosternum sp.1 (unidentified species from Solomon Islands), which was suggested 

as the basal taxon of the Phaenonotum-Group and thus not being member of the 

Dactylosternum-Group. The second difference occurred within the clade composed of genera 

Phaenostoma and Lachnodacnum. Phaenostoma sp. (unidentified species from Ecuador) was 

the sister taxon to Lachnodacnum and therefore it didn’t occupy the basal position in this 

clade as was the case of the BEAST analysis. However, supports for both the presence of 

Dactylosternum sp.1 within the Phaenonotum-Group (bt=12) and the sister position of the 

Phaenostoma sp. to Lachnodacnum in the Phaenostoma-Lachnodacnum clade (bt=33), were 

poor. 
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Figure 7. A resulting phylogenetic tree of subfamilies Rygmodinae and Sphaeridiinae 

estimated by the maximum likelihood analysis. Numbers at nodes indicate bootstrap values. 
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 4.3. DIVERGENCE DATING 

A divergence dating analysis estimated the age of the most recent common ancestor (MRCA) 

of subfamilies Rygmodinae + Sphaeridiinae to 166.2 million years ago (mya) (95% 

confidence interval (CI) 224 – 127 mya). Hence, the Middle Jurassic origin of both these 

groups (Table 6) was revealed. 

   Within the subfamily Rygmodinae, the origin of the Tormissus-Group was estimated to 

116.8 mya (95% CI: 162 – 83 mya), thus in the Middle Cretaceous. The origin of both 

Saphydrus-Group and Rygmodus-Group was also dated to the Middle Cretaceous to 106.2 

mya (95% CI: 146 – 74 mya). Results also suggest the origin of the majority of modern 

genera during the Upper Cretaceous and Paleogene. 

   The age of the Omicrini was estimated to 150.6 mya (95% CI: 200 – 110 mya) suggesting 

the Upper Jurassic origin of the tribe. The origin of the Aculomicrus-Group was dated to 

144.1 mya (95% CI: 195 – 106 mya) in the Lower Cretaceous. The origin of the Psalitrus-

Group as well as of the Omicrogiton-Group was estimated to 131.8 (95% CI: 179 – 94 mya), 

thus also in the Lower Cretaceous. Splitting events among major extant omicrine lineages 

were dated to the Lower Cretaceous. 

   The age of the divergence of the clade comprising the genus Badioglobus was estimated to 

150.6 mya (95% CI: 200 – 110 mya) which suggests its Upper Jurassic origin. 

  The origin of the tribe Coelostomatini was estimated to 152.3 mya (95% CI: 203 – 113 mya) 

in the Upper Jurassic. The age of the Coelostoma-Group was estimated to 133.8 mya (95% 

CI: 178 – 97 mya) in the Lower Cretaceous. Ages of Dactylosternum-Group and 

Phaenonotum-Group were estimated to 125.4 mya (95% CI: 169 – 93 mya), thus also to the 

Lower Cretaceous. Results also revealed that most of the extant genera originated during the 

Cretaceous. 

   The origin of the tribe Protosternini was estimated to 144.2 (95% CI: 193 – 108 mya), thus 

to the Lower Cretaceous. 

   The age of the Sphaeridiini was estimated to 123.4 mya (95% CI: 165 – 90 mya) in the 

Lower Cretaceous. 

   The origin of the tribe Megasternini was also suggested to 123.4 mya (95% CI: 165 – 90 

mya) in the Lower Cretaceous. Ages of Oosternum-Group and Cercyon-Group were 
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estimated to 101.9 mya (95% CI: 138 – 74 mya), thus both dating back to the Middle 

Cretaceous.  

 

Table 6. Estimated clade ages of major lineages of subfamilies Rygmodinae 

and Sphaeridiinae in million years before present (mya), incl. 95% confidence 

intervals. (CI) 

Estimated clade ages 

Clade Age (mya) 95% CI (mya) 

Rygmodinae + Sphaeridiinae 180.1 238.9 - 135.4 

Rygmodinae 166.2 223.6 - 126.9 

Tormissus-Group 116.8 161.6 - 83.1 

Saphydrus-Group 106.2 146.3 - 73.7 

Rygmodus-Group 106.2 146.3 - 73.7 

Sphaeridiinae 166.2 223.6 - 126.9 

Badioglobus 150.6 200 - 109.5 

Omicrini 150.6 200 - 109.5 

Aculomicrus-Group 144.1 194.5 - 106.2 

Psalitrus-Group 131.8 178.6 - 94.1 

Omicrogiton-Group 131.8 178.6 - 94.1 

Coelostomatini 152.3 202.6 - 113.4 

Coelostoma-Group 133.8 177.8  - 97.1 

Dactylosternum-Group 125.4 168.8 - 92.6 

Phaenonotum-Group 125.4 168.8 - 92.6 

Protosternini 144.2 193.3 - 107.8 

Sphaeridiini 123.4 164.9 - 89.8 

Megasternini 123.4 164.9 - 89.8 

Oosternum-Group 101.9 137.5 - 73.8 

Cercyon-Group 101.9 137.5 - 73.8 

 

 

   4.4. ANCESTRAL CHARACTER STATE RECONSTRUCTION OF 

SPHAERIDIINE AND RYGMODINE HABITATS 

Partition Finder v1.1.1 identified the same best fitting substitution models for all partitions as 

in the BEAST phylogenetic analysis. The burn-in was set up to 10 % after checking 

convergence of all parameters in TRACER v1.6. 

   The BEAST ancestral character state reconstruction suggested one major shift from aquatic 

to terrestrial habitat in the ancestor of subfamilies Sphaeridiinae + Rygmodinae (Fig. 8; Table 
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7). Therefore both subfamilies Rygmodinae and Sphaeridiinae as well as all sphaeridiine 

tribes were revealed as ancestrally terrestrial.  

   Decaying plant material was suggested as ancestral habitat within the subfamily 

Rygmodinae. Three secondary returns to aquatic habitats were revealed by this analysis. The 

first one took place in the ancestor of Anticura and Cylomissus in the Tormissus-Group. The 

second return to aquatic habitat was Cylorygmus lineatopunctatus revealed as sister to the 

Rygmodus-Group. The last shift back to the water also occurred in the Rygmodus-Group in 

larvae of the genus Rygmodus (not shown in Figs. 8-9 where adult habitats are mapped). Two 

independent habitat shifts were suggested for the transition to dung or carrion in genera 

Andotypus and Austrotypus from the Tormissus-Group. A single shift to flowers was 

suggested for the common ancestor of the monophyletic clade composed of genera Rygmodus, 

Pseudohydrobius Blackburn, 1898 and Rygmostralia d’Orchymont, 1933 within the 

Rygmodus-Group. 

   Single shift from decaying plant material to the inquiline lifestyle took place in the ancestor 

of genera Tylomicrus and Oreomicrus in the Omicrogiton-Group of the tribe Omicrini. As all 

other taxa included in this analysis inhabit decaying plant material, this was the only habitat 

shift revealed within this tribe. 

   Within the tribe Coelostomatini, three independent shifts from decaying plant material back 

to aquatic environments were revealed. The first was in the ancestor of the Coelostoma-

Group, which took place probably in the Early to Middle Cretaceous, therefore forming an old 

aquatic lineage sister to the remaining Coelostomatini. The second took place within the 

genus Phaenonotum (in Phaenonotum exstriatum Say, 1835), suggesting a relatively recent 

(Oligocene – Neogene) secondary return to the standing water in the Phaenonotum-Group. 

The last suggested habitat shift also occurred in the Phaenonotum-Group, in the genus 

Lachnodacnum, which inhabits phytotelmata. 

   A single shift to the inquiline life style was revealed in the ancestor of the genus 

Sphaerocetum belonging to the tribe Protosternini, where all other representatives inhabit 

decaying plant material. 

   The only tribe, whose ancestral habitat wasn’t revealed as decaying plant material, was 

Sphaeridiini. All members of this tribe inhabit dung or carrion and the shift to this habitat was 

suggested in the ancestor of the whole tribe. 
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   Multiple habitat shifts were revealed in the tribe Megasternini. These included five shifts to 

dung or carrion habitat, where one occurred in the ancestor of Cetiocyon incantatus Fikáček 

& Short, 2010 within the Oosternum-Group, while remaining shifts occurred within the 

Cercyon-Group. These occurred in ancestors of Paroosternum saundersi d’Orchymont, 1925, 

Deltostethus scitus Spangler & Huacuja, 1982, Moraphilus sp. + Cercyon versicolor Smetana, 

1978 + Cercyon variegatus Sharp, 1882, Pachysternum nigrovittatum Motschoulsky, 1863 + 

Cryptopleurum minutum Fabricius, 1775. Another two independent secondary returns to 

standing or running water occurred within the Cercyon-Group in ancestors of Cercyon 

ustulatus Preyssler, 1790 and Cercyon convexiusculus Stephens, 1829. The last shift revealed 

by this analysis was the shift of the ancestor of the genus Chimaerocyon to the inquiline 

lifestyle within the Cercyon-Group. 

 

   4.5. ANCESTRAL CHARACTER STATE RECONSTRUCTION OF RYGMODINE 

HABITATS WITH THE MAXIMUM LIKELIHOOD TOPOLOGY 

Partition Finder v1.1.1 identified the same best fitting substitution models for all partitions as 

in BEAST phylogenetic analysis. The burn-in was set up to 10 % after checking convergence 

of all parameters in TRACER v1.6. 

   The ancestral character state reconstruction was performed to test the impact of the different 

topology revealed by the above maximum likelihood analysis on the habitat reconstruction. It 

also suggested decaying plant material as ancestral habitat of the subfamily Rygmodinae. 

Cylorygmus lineatopunctatus was forced to occupy the basal position within the Tormissus-

Group, which resulted in two independent habitat shifts to standing or running water in this 

lineage. Nevertheless, the MRCA of the Tormissus-Group was still revealed as terrestrial. The 

analysis also suggested a secondary return to decaying plant material from flowers in the 

ancestor of the genus Borborophorus. Differences in the topology within the subfamily 

Sphaeridiinae didn’t affect the reconstruction of ancestral habitats (Figure 9; Table 8). 
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Figure 8. Time-calibrated phylogeny of subfamilies Rygmodinae and Sphaeridiinae obtained by BEAST 

with ancestral habitat reconstructed. Numbers at nodes correspond to Bayesian posterior probabilities. 

Branch colours correspond to reconstructed habitat. Pie charts at nodes show the probabilities of individual 

ancestral habitat reconstructions and numbers correspond to numbers of nodes in Table 7. Arrows indicate 

diversification shifts estimated by MEDUSA. Black circles at nodes indicate fossil calibrations. 
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Table 7. Habitat probabilities at individual nodes as estimated by the BEAST ancestral 

habitat reconstruction (Bayesian analysis topology). Habitats are: 1 – Standing or running 

water; 2 – Decaying plant material; 3 – Flowers; 4 – Phytotelmata; 5 – Dung or carrion; 6 – 

Inquilines. 

Habitat probabilities 

Node 
Habitat (6-state) 

1 2 3 4 5 6 Unknown 

1 0.9821 0.0177 0 0 0.0001 0 0 

2 0.0355 0.9643 0 0 0.0002 0 0 

3 0.0087 0.9906 0 0 0.0006 0 0 

4 0.0181 0.9769 0 0 0.005 0 0 

5 0.0025 0.9537 0 0 0.0438 0 0 

6 0.0008 0.9534 0 0 0.0458 0 0 

7 0.9569 0.0429 0 0 0 0.0002 0 

8 0.001 0.9417 0.027 0.0009 0.0202 0.0082 0.0011 

9 0.0006 0.0184 0.9421 0.0054 0.0094 0.0203 0.0038 

10 0.0011 0.9986 0 0 0.0003 0 0 

11 0.0016 0.9708 0.0002 0.0002 0.0076 0.0194 0.0001 

12 0.0007 0.0139 0.0014 0.0016 0.006 0.9754 0.001 

13 0.0003 0.9991 0 0 0.0006 0 0 

14 0.003 0.9966 0 0 0.0004 0 0 

15 0.9909 0.0091 0 0 0 0 0 

16 0.0001 0.9912 0 0 0.0084 0.0003 0 

17 0.003 0.9051 0.0007 0.0014 0.0195 0.0699 0.0004 

18 0 0.9209 0 0 0.079 0.0001 0 

19 0 0.0549 0.0001 0.0005 0.9428 0.0011 0.0006 

20 0 0.9207 0 0 0.079 0.0003 0 

21 0 0.8856 0 0 0.1143 0.0001 0 

22 0.0003 0.7459 0.0001 0 0.2536 0.0001 0 

23 0.0003 0.7101 0 0 0.2895 0.0001 0 

24 0.002 0.6895 0 0 0.3082 0.0004 0 

25 0.234 0.7066 0 0.0001 0.0491 0.0102 0 

26 0.2258 0.7216 0 0.0001 0.0325 0.0199 0.0001 

27 0 0.5479 0.0001 0 0.452 0 0 
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Figure 9. BEAST ancestral habitat state reconstruction using the topology revealed by the 

maximum likelihood analysis. Pie charts at nodes show the probabilities of individual ancestral 

habitat reconstructions and numbers correspond to numbers of nodes in Table 14. 

 

Table 8. Habitat probabilities at individual nodes as estimated by the BEAST ancestral habitat 

reconstruction (Bayesian analysis topology). Habitats are: 1 – Standing or running water; 2 – 

Decaying plant material; 3 – Flowers; 4 – Phytotelmata; 5 – Dung or carrion; 6 – Inquilines. 

Habitat probabilities 

Node 
Habitat (6-state) 

1 2 3 4 5 6 Unknown 

1 0.0163 0.9837 0 0 0 0 0 

2 0.0753 0.9235 0 0 0.0012 0 0 

3 0.0481 0.9506 0.0001 0 0.0012 0 0 

4 0.0844 0.9132 0 0 0.0023 0 0 

5 0.0884 0.9054 0 0 0.0062 0 0 

6 0.9636 0.0361 0 0 0.0003 0 0 

7 0.0102 0.9459 0 0 0.044 0 0 

8 0.0021 0.9531 0 0 0.0448 0 0 

9 0.0026 0.9971 0.0001 0 0.0002 0 0 

10 0.0001 0.9988 0.0003 0 0.0008 0 0 

11 0 0.9706 0.0182 0.0006 0.008 0.0026 0.0001 

12 0.0002 0.3973 0.5336 0.005 0.0357 0.0252 0.003 

13 0.0002 0.3884 0.5429 0.0046 0.0362 0.0247 0.003 
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  4.6. MEDUSA ANALYSIS OF SHIFTS IN THE DIVERSIFICATION RATE 

MEDUSA selected the Yule process, which assumes zero level of extinction, as the best 

fitting model of the evolution. The analysis estimated three shifts in the diversification rate, 

two decreases and only one increase (Fig. 8, Table 9). The background diversification rate of 

the Hydrophilidae was estimated as r = 0.031 lineages per million of years. The first decrease 

was estimated for the genus Cylorygmus and the second for the genus Badioglobus. In both 

cases, the diversification rate was estimated as very close to zero lineages per million of years. 

Both these genera represent old lineages with two (Cylorygmus) or one (Badioglobus) known 

extant species. The only increase of diversification rate was estimated for the tribe 

Megasternini, in which the diversification rate r = 0.055 lineages per million of years was 

revealed. 

 

Table 9. Diversification rates (lineages per million of years) estimated 

by the MEDUSA analysis. 

MEDUSA diversification rate shifts 

Shift Model  Diversification rate (r)  r (low) r (high) 

Background Yule 0.031 0.028 0.034 

Cylorygmus Yule very close to 0 0.00000 0.019 

Badioglobus Yule very close to 0 0.00000 0.013 

Megasternini Yule 0.055 0.044 0.072 

 

 

   4.7. TESTS FOR THE CORRELATION BETWEEN HABITAT AND 

MORPHOLOGICAL CHARACTERS 

      4.7.1. Complete dataset 

The PGLS analysis of the correlation between habitat and continuous variables suggested 

positive correlations in all tested pairs. The density of the pubescence on both metaventrite 

and abdomen as well as the percentage of area covered by the dense pubescence on the 

metaventrite, profemora, mesofemora and metafemora showed the positive correlation with 

habitat. These results would suggest the higher density of the pubescence and more body area 

covered by the dense pubescence in aquatic taxa, however, none of these were significant. 

The only pair that showed the positive correlation, while being also significant, was the 
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diameter of trichobothria, suggesting larger diameter of the socket of trichobothria in aquatic 

taxa (Table 10). For complete results see Appendix 9. 

   Results of Pagel’s Discrete testing the correlation between habitat and discrete variables 

showed the correlation for two variables (Table 10). The presence/absence of the sculpture on 

all body parts and presence/absence of trichobothria on elytra, pronotum and clypeus did not 

show any correlation with habitat (aquatic vs. terrestrial). The two traits showing the 

correlation with habitat were the presence/absence of trichobothria on the entire body and the 

presence/ absence of trichobothria on the frons. For complete results see Appendix 9. 

 

      4.7.2. Rygmodine dataset 

The PGLS analysis with the rygmodine dataset suggested only one significant correlation 

with the life in aquatic habitat (Table 10). Positive correlations were suggested for the 

diameter of trichobothria and density of the pubescence on the metaventrite and abdomen, 

suggesting the larger diameter of trichobothria socket and higher density of the metaventral 

pubescence in aquatic taxa. However, none of these correlations were significant. The 

percentage of area covered by the dense pubescence on the metaventrite, profemora and 

metafemora showed non-significant correlation with habitat, although this time the correlation 

was negative. The only one variable showing the significant correlation was the percentage of 

area covered by the dense pubescence on mesofemora. The correlation was estimated as 

negative, meaning less pubescence in aquatic taxa. For complete results see Appendix 10. 

   Results of Pagel’s Discrete conducted for the same variables as for the complete dataset 

showed no correlation with habitat in all but one case (Table 10). The only variable showing 

the significant correlation with habitat was the presence of the sculpture on the abdomen, 

meaning the more frequent presence of the sculpture in aquatic taxa. For complete results see 

Appendix 10.  

 

      4.7.3. Coelostomatine dataset 

Results of PGLS with the coelostomatine dataset suggested only one significant correlation 

with habitat (Table 10). All the correlations were revealed as positive, but only the percentage 



52 
 

of area covered by the dense pubescence on profemora was significant, meaning more 

pubescence in aquatic taxa. For complete results see Appendix 11. 

   Pagel’s Discrete suggested only one variable significantly correlated with habitat (Table 

10). This variable was the more frequent presence of the sculpture on profemora in aquatic 

taxa. All remaining variables showed no correlation with aquatic or terrestrial habitat. For 

complete results see Appendix 11. 

 

   4.8. PHYLOGENETIC SIGNAL 

Results of the phylogenetic signal analysis using Pagel’s lambda suggested a strong signal in 

most of the tested variables in the complete dataset (Table 10). This result suggests more 

similar values of a given character in phylogenetically closely related taxa.  

   In complete dataset, habitat showed strong phylogenetic signal in both 6-state (λ=0.86) and 

2-state (λ=0.98) version (Appendix 12). This means that habitat is mostly correlated with the 

phylogeny. 

   Most of morphological variables showed the strong phylogenetic signal. The density of the 

pubescence on the metaventrite (λ=0.54) and abdomen (λ=0.45) as well as the percentage of 

area covered by the dense pubescence on the metaventrite (λ=0.65) showed rather 

intermediate values of λ. Unlike these, the percentage of area covered by the dense 

pubescence on all femora showed a strong (profemora: λ=0.86) to very strong (mesofemora, 

metafemora: λ=1) phylogenetic signal. With the exception of metafemora (λ=1), the type of 

the pubescence on femora showed rather intermediate values of λ (profemora: λ=0.69, 

mesofemora: λ=0.58). The presence of the sculpture showed intermediate (metaventrite: 

λ=0.58), strong (abdomen, mesofemora: λ=0.79) or very strong (profemora, mesofemora λ=1) 

phylogenetic signal. The type of the sculpture showed very strong signal on the metaventrite 

(λ=0.97), while the signal on the abdomen was estimated as weaker (λ=0.59). In case of 

trichobothria, all tested variables showed strong (on the clypeus: λ=0.87) or very strong 

(remaining body parts: λ=1) phylogenetic signal. For complete results see Appendix 12. 

   Test of the phylogenetic signal with only rygmodine taxa showed high values of λ (6-state, 

2-state: λ=1) for habitat in both its versions as well (Appendix 13). 
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   Unlike the complete dataset, the rygmodine dataset showed strong (metaventrite λ=1, 

abdomen λ=0.86) phylogenetic signal also for both pubescence density variables. The 

percentage of area covered by the dense pubescence showed no phylogenetic signal for the 

metaventrite and profemora (λ=0), while for mesofemora and metafemora, very strong signal 

(λ=1) was suggested. The type of the pubescence showed zero λ value for mesofemora (λ=0), 

intermediate value for profemora (λ=0.31) and high value for metafemora (λ=1). Estimated 

values of λ for the presence of the sculpture on the metaventrite (λ=0.46) and abdomen 

(λ=0.66) had rather intermediate values, while on all femora, values were very high 

(profemora, mesofemora, metafemora: λ=1). The type of the sculpture showed intermediate 

value for abdomen (λ=0.66) and very high value for the metaventrite (λ=1). All the 

trichobothria variables, with the exception of the presence of trichobothria on the clypeus 

(λ=0.78), showed very strong (λ=1) phylogenetic signal in this analysis. For complete results 

see Appendix 13. 

   Values of Pagel’s lambda estimated for habitat with the coelostomatine dataset were high 

(6-state: λ=0.83, 2-state: λ=0.76) but slightly lower than in previous analyses (Appendix 14). 

    The density of the pubescence on the metaventrite showed very strong (λ=0.96) 

phylogenetic signal, while the signal on the abdomen was weak (λ=0.2). The percentage of 

area covered by the dense pubescence showed very strong phylogenetic signal on profemora 

(λ=1), intermediate signal on mesofemora (λ=0.46) and very weak signal on the metaventrite 

(λ=0.07). The analysis suggested no phylogenetic signal (λ=0) for the type of the pubescence 

on profemora, while in case of mesofemora, the signal had intermediate value (λ=0.43). The 

presence of the sculpture were computed only for the abdomen (λ=1), profemora (λ=1) and 

mesofemora (λ=0.35), because estimation of the phylogenetic signal on the metaventrite and 

metafemora failed probably due to low variability in these traits. The type of the sculpture on 

the metaventrite showed intermediate value (λ=0.67) and very high value on the abdomen 

(λ=1). Unlike the previous analyses of complete and rygmodine datasets, the coelostomatine 

dataset showed intermediate (elytra: λ=0.5) or weak (diameter of trichobothria: λ=0.34, 

pronotum: λ=0.33) to very weak (clypeus λ=0) phylogenetic signal in trichobothria characters. 

The phylogenetic signal in the presence of trichobothria on the whole body and on the frons 

failed to be computed, probably because of low variability in the data. The phylogenetic 

signal of several variables had poor significance due to limited amount of data. For complete 

results see Appendix 14. 
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Table 10. Summary of results of tests for correlation of selected morphological characters with 

habitat and phylogeny. YES indicates the significant correlation with habitat, plus (+) or minus 

(-) in colour show the significant positive/negative correlation with habitat. Phylogeny 

columns show the phylogenetic signal in the given character. Higher values of the 

phylogenetic signal indicate more similar values in closely related taxa. For detailed results of 

correlation tests see Appendices 12-14. 

Tests for correlation between habitat and phylogeny 

Morphological trait 
Complete dataset Rygmodinae Coelostomatini 

Habitat Phylogeny Habitat Phylogeny Habitat Phylogeny 

1. PubDens: metaventrite 
 

0.54 
 

1 
 

0.96 

2. PubDens: abdomen 
 

0.45 
 

0.86 
 

0.2 

3. PubArea: metaventrite 
 

0.65 
 

0 
 

0.07 

4. PubArea: profemora 
 

0.86 
 

0 
 

1 

5. PubArea: mesofemora 
 

1 
 

1 
 

0.46 

6. PubArea: metafemora 
 

1 
 

1 NA NA 

10. Sculpt: metaventrite NO 0.58 NO 0.46 NO NA 

11. Sculpt: abdomen NO 0.79 YES 0.66 NO 1 

12. Sculpt: profemora NO 1 NO 1 YES 1 

13. Sculpt: mesofemora NO 0.79 NO 1 NO 0.35 

14. Sculpt: metafemora NO 1 NO 1 NO NA 

17. TrichobDiameter 
 

1 
 

1 
 

0.34 

18. Trichob: entire body YES 1 NO 1 NO NA 

19. Trichob: elytron NO 1 NO 1 NO 0.5 

20. Trichob: pronotum NO 1 NO 1 NO 0.33 

21. Trichob: frons YES 1 NO 1 NO NA 

22. Trichob: clypeus NO 0.87 NO 0.78 NO 0 

 

 

   4.9. TESTS FOR THE CORRELATION BETWEEN TWO MORPHOLOGICAL 

CHARACTERS 

      4.9.1. Complete dataset 

The results of PGLS suggested the correlated evolution in several variables (Table 11). The 

positive correlation with a strong significance was estimated between the density of the 

pubescence on the metaventrite and abdomen. Also the percentage of area covered by the 

dense pubescence on profemora showed the positive correlation with the pubescence on 

mesofemora and metaventrite. The pubescence on mesofemora showed the positive 

correlation also with the pubescence on metafemora. The presence of the sculpture also 

positively correlated with the density of the pubescence on the metaventrite and the area of 
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the pubescence on all femora. The negative correlation was suggested for the relationship 

between the area covered by the dense pubescence on the metaventrite and the density of the 

pubescence on the metaventrite, meaning the lower density of the pubescence in taxa with 

larger area of the pubescence. All remaining tested pairs of variables showed only the 

insignificant correlation. For complete results see Appendix 15. 

   Pagel’s Discrete suggested the significant correlated evolution for two pairs of variables 

(Table 11). The first one was the presence/absence of the sculpture on profemora and 

metafemora. The second was the presence/absence of the sculpture on mesofemora and 

metafemora. All remaining tested pairs of variables showed no significant correlation. For 

complete results see Appendix 15. 

 

      4.9.2. Rygmodine dataset 

A correlated evolution was suggested for only one pair of variables by PGLS in the 

rygmodine dataset (Table 11), the density of the pubescence on the metaventrite and 

abdomen. All other pairs showed only insignificant correlations. For complete results see 

Appendix 16. 

   No correlation between tested variables was shown in the Pagel’s Discrete analysis of the 

rygmodine dataset (Table 11). For complete results see Appendix 16. 

 

      4.9.3. Coelostomatine dataset 

Within the coelostomatine dataset, only two significant correlations were revealed by the 

PGLS analysis (Table 11): the negative correlation between the density of the pubescence and 

area covered by the dense pubescence on the metaventrite and the positive correlation 

between the presence of the sculpture and area of the pubescence on profemora. All remaining 

pairs of variables showed no significant correlation. For complete results see Appendix 17. 

   No correlation between tested variables was shown in the Pagel’s Discrete analysis of the 

coelostomatine dataset (Table 11). For complete results see Appendix 17. 
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Table 11. The table showing results of correlation tests between morphological characters. 

YES indicates the significant correlation between two morphological characters. Also plus or 

minus in colour show the significant positive/negative correlation between two morphological 

characters. For detailed results of correlation tests see Appendices 15-17. 

Test for correlation between morphological traits 

Variables Complete dataset Rygmodinae Coelostomatini 

1. PubDens: metav. ↔ 2. PubDens: abd. 
   

1. PubDens: metav. ↔ 3. PubArea: metav. 
   

3. PubArea: metav. ↔ 4. PubArea: prof. 
   

3. PubArea: metav. ↔ 5. PubArea: mesof. 
   

3. PubArea: metav. ↔ 6. PubArea: metaf. 
  

NA 

4. PubArea: prof. ↔ 5. PubArea: mesof. 
   

4. PubArea: prof. ↔ 6. PubArea: metaf. 
  

NA 

5. PubArea: mesof. ↔ 6. PubArea: metaf. 
  

NA 

10. Sculpt: metav. ↔ 1. PubDens: metav. 
  

NA 

10. Sculpt: metav. ↔ 3. PubArea: metav. 
  

NA 

11. Sculpt: abd. ↔ 2. PubDens: abd. 
   

12. Sculpt: prof. ↔ 4. PubArea: prof. 
   

13. Sculpt: mesof. ↔ 5. PubArea: mesof. 
   

14. Sculpt: metaf. ↔ 6. PubArea: metaf. 
  

NA 

10. Sculpt: metav. ↔ 11. Sculpt: abd. NO NO NO 

12. Sculpt: prof. ↔ 13. Sculpt: mesof. NO NO NO 

12. Sculpt: prof. ↔ 14. Sculpt: metaf. YES NO NO 

13. Sculpt: mesof. ↔ 14. Sculpt: metaf. YES NO NO 

 

 

   4.10. MAPPING OF MORPHOLOGICAL CHARACTERS TO THE 

PHYLOGENETIC TREE 

Mapping of morphological characters on the phylogenetic tree showed several major losses of 

analyzed characters (Fig. 10). The pubescence on mesofemora and metafemora were lost in 

the common ancestor of all Sphaeridiinae, with the subsequent loss of the pubescence on 

profemora in the ancestor of the tribe Omicrini and the ancestor of the Megasternini. In 

several sphaeridiine clades, the pubescence was secondarily re-gained: e.g. in the ancestor of 

the Coelostoma-Group (on mesofemora), in the ancestor of the Psalitrus-Group (on all 

femora) or in the common ancestor of Phaenonotum, Phaenostoma and Lachnodacnum (on 

mesofemora). In the Rygmodinae, the pubescence on metafemora was lost in the ancestor of 

the Rygmodus-Group. 
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   The sculpture on the metaventrite was lost only in some genera (Cylomissus, some 

Rygmodus, Sphaerocetum, some Sphaeridium Fabricius, 1775, Paroosternum Scott, 1913 and 

some Cercyon). The sculpture on the abdomen was lost: in the ancestor of clade containing 

genera visiting flowers (Rygmodus, Rygmostralia, Pseudohydrobius), in the ancestor of 

Phaenostoma and Lachnodacnum, in the common ancestor of Dactylosternum sp.2, 

Dactylosternum indicum d’Orchymont, 1923 and Coelostoma lemuriense and in several 

particular genera. The sculpture on metafemora was ancestrally absent in all rygmodine and 

sphaeridiine groups. The sculpture on profemora was lost: in the ancestor of Omicrini + 

Badioglobus, in the ancestor of tribes Sphaeridiini + Megasternini, in the ancestor of the 

Dactylosternum-Group but Dactylosternum sp.1 and in several particular genera. The 

sculpture on mesofemora was lost: in the ancestor of Omicrini + Badioglobus, in the ancestor 

of the Dactylosternum-Group, in the ancestor of Exydrus, Tormissus and Hydrostygnus, in the 

common ancestor of tribes Protosternini, Sphaeridiini and Megasternini and in several 

particular genera. In contrast, the sculpture on metafemora was ancestrally absent in all 

rygmodine and sphaeridiine groups. Similarly to the pubescence, also the sculpture was 

secondarily re-gained in several taxa: in the ancestor of the Psalitrus-Group (on all femora), 

in the ancestor of genera Cyloma and Adolopus (on metafemora), in the ancestor of 

Pachysternum Motchulsky, 1863 and Cryptopleurum Mulsant, 1844 (profemora) and in many 

particular genera. 

   Trichobothria were completely lost in several clades of Sphaeridiinae and Rygmodinae, 

including two larger clades in the ancestor of the Sphaeridiini+Megasternini and in the 

ancestor of the Aculomicrus-Group of the tribe Omicrini. Additional losses were revealed in 

particular genera: Sphaerocetum (Protosternini), Tylomicrus, Oremicrus, Mircogioton 

(Omicrini), Saphydrus and Borborophorus (Rygmodinae). No secondary gain of trichobothria 

was revealed.  
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Figure 10. Analyzed morphological characters (gains and losses only) mapped to the 

phylogenetic tree.  
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5. DISCUSSION 

   5.1 PHYLOGENETIC RELATIONSHIPS WITHIN RYGMODINAE AND 

SPHAERIDIINAE 

Results of the phylogenetic analysis were mostly in agreement with results of molecular 

analyses of Short & Fikáček (2013), Fikáček et al. (2013a), Bloom et al. (2014) and Fikáček 

et al. (2015) (Figs. 6-8). The age of the most recent common ancestor (MRCA) of 

Rygmodinae + Sphaeridiinae was estimated to 166 million years ago (mya) (95% confidence 

interval (CI): 127 – 224 mya). Thus, the age estimate was only slightly lower than in the 

analysis of Bloom et al. (2014), which was based almost on the same fossil calibrations. Both 

these analyses suggested the origin of these subfamilies in the Middle Jurassic. This is in 

contrast to the analysis of Song et al. (2014), which suggested much younger age of these 

subfamilies with their divergence in the Upper Cretaceous. The difference was probably 

caused by using of unverified fossils for the molecular clock calibration in Song et al. (2014).  

The first fossil was the elytron of the genus Polysitum Dunstan, 1923 used as the most recent 

common ancestor (MRCA) of the superfamily Hydrophiloidea. However, a membership of 

this genus in the Hydrophiloidea is questionable. Also the second fossil classified as a 

member of the genus Enochrus Thomson, 1859 and used as the MRCA of this genus was 

unverified (Fikáček, pers. comm.). The Middle Jurassic origin of both subfamilies is 

congruent with a hypothesis that the Hydrophilidae was distributed worldwide by the Upper 

Jurassic. Based on the fossil record, this hypothesis says that hydrophilid tribes were already 

present on both southern and northern continental blocks in the Late Jurassic. These blocks 

were connected earlier in the Jurassic allowing hydrophilid beetles to disperse between them 

(Short & Fikáček, 2013; Fikáček et al., 2014b). Ages of the origin of all sphaeridiine tribes 

were estimated as slightly younger than in the analysis of Bloom et al. (2014). Confidence 

intervals on node ages in this study are wider than in analysis of Bloom et al. (2014) who 

analysed the whole family Hydrophilidae. However, confidence intervals are mostly 

overlapping in both analyses. Fossils for the calibration of molecular clock are available 

almost exclusively for subfamilies Hydrophilinae, Chaetarthriinae, Enochrinae and 

Acidocerinae. Up to date, only a single ingroup fossil (Cercyon sp.) is available for the 

Sphaeridiinae, while no fossil is available for the Rygmodinae. This “external” dating 

probably resulted in wider confidence intervals on node ages than in the analysis of the whole 

family Hydrophilidae.  
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   Within the tribe Rygmodinae, three revealed lineages are Rygmodus-Group, Saphydrus-

Group and Tormissus-Group (Figs. 6-7). The Tormissus-Group is composed of genera 

distributed in New Zealand, Australia and South America. Aquatic genera Cylomissus 

distributed in New Zealand and Anticura distributed in South America formed a monophyletic 

clade sister to the remaining genera of this group. According to Hansen (1991), both these 

genera were members of the tribe Sperchopsini and both were transferred to the Rygmodinae 

by Short & Fikáček (2013), although only Cylomissus was included in their analysis. Anticura 

was moved to the Rygmodinae with the assumption that it is sister to Cylomissus, which is 

corroborated here for the first time. Genera Austrotypus (Australia, Peru) and Andotypus 

(Chile) living on dung or carrion were not grouped as sister taxa. However, these genera are 

very close to each other in morphology of adults and larvae, and may in fact represent sister 

taxa with a single shift from leaf litter to dung or carrion in their common ancestor (Fikáček et 

al., 2014a; Fikáček pers. comm.). Also, genera Tormissus, Hydrostygnus and Exydrus 

originally assigned by Hansen (1991) to the New Zealand endemic tribe Tormissini, were 

revealed as members of the Tormissus-Group. Similarly to Andotypus and Austrotypus, these 

genera are corroborated as closely related for the first time in this study. As a whole, the 

Tormissus-group is very species-poor lineage (11 known extant species) and is thus possibly 

relict. For the first time, genera Saphydrus (New Zealand) and Eurygmus (Australia) are 

revealed as sister taxa forming a separate lineage (Saphydrus-Group). The Rygmodus-Group 

is mostly composed of genera living in leaf litter with a clade containing genera visiting 

flowers such as those of genera Leptospermum (Myrtaceae) or Olearia (Asteraceae) (Hansen, 

1990; Fikáček, pers. comm.). Larvae of the flower-visiting genus Rygmodus live in aquatic 

environments. The habitat of larvae of genera Pseudohydrobius and Rygmostralia is still 

unknown (Fikáček, pers.comm.). The aquatic species Cylorygmus lineatonuctatus (Chile) was 

suggested either as the basal species of the Tormissus-Group or as the basal species of the 

Rygmodus-Group. However, the low support for both these hypotheses showed that it will be 

necessary to include also the second species of the genus (C. repetinus Hebauer, 2002 from 

South Africa) and/or more genes to reveal reliably the phylogenetic placement of Cylorygmus. 

Age estimates suggested that most of extant genera of the Rygmodinae originated either in the 

Upper Cretaceous or Paleocene. These splitting events could have been triggered by the start 

of the Gondwana break-up in the Early Cretaceous. 

   The tribe Omicrini, which was not supported as monophyletic in analyses of Short & 

Fikáček (2013) and Bloom et al. (2014), is supported as monophyletic in this analysis 
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(although not strongly). This agrees with results of analyses performed by Fikáček et al. 

(2013a) and Fikáček et al. (2015). Both latter analyses used dataset which included only a 

reduced amount of taxa belonging to subfamilies Hydrophilinae, Chaetarthriinae, Enochrinae 

and Acidocerinae used as outgroups. It seems that inclusion of a big number of sequences of 

noncoding nuclear genes, belonging to rather distantly related taxa, could cause difficulties in 

alignment. Similar problem arose also in the analysis of Bocák et al. (2014).  In the Omicrini, 

lineages revealed by this analysis are Aculomicrus-Group, Psalitrus-Group and Omicrogiton-

Group (Figs. 6-7). The Aculomicrus-Group consists mostly of Neotropical and Oriental taxa 

inhabiting leaf litter and rotten banana trunks. The Psalitrus-Group was formed exclusively 

by the genus Psalitrus inhabiting leaf litter in the Old World tropics. With its origin in the 

Lower Cretaceous, Psalitrus represents very old morphologically aberrant genus. Despite the 

fact that Psalitrus is probably the most species-rich genus of the Omicrini, all its members are 

morphologically very uniform. The Omicrogiton-group grouped together genera living in 

rotten banana trunks (Omicrogiton, Mircogioton) and termite nests (Oreomicrus, Tylomicrus). 

All these genera are distributed in the Oriental and eastern Palearctic regions. Relationships 

among these three groups were in agreement with analyses of Fikáček et al. (2013a) and 

Fikáček et al. (2015). In this analysis, the Psalitrus-Group was sister to the Omicrogiton-

Group rather than to the Aculomicrus-Group as was the case of analyses of Short & Fikáček 

(2013) and Bloom et al. (2014). However, as the support for this was poor, the reconfirmation 

of this topology will be necessary in future analyses. Age estimates showed the Early 

Cretaceous origin of all three main extant lineages of the Omicrini. 

   Within the tribe Coelostomatini, lineages revealed by this analysis were Coelostoma-Group, 

Dactylosternum-Group and Phaenonotum-Group (Figs. 6-7). The Old World Coelostoma-

Group is composed of the genus Coelostoma and aquatic species today misclassified in 

Dactylosternum. All members of this lineage inhabit hygropetric habitats or various types of 

standing or running waters. The Dactylosternum-Group is formed exclusively by members of 

the genus Dactylosternum living in various types of decaying plant material. The 

Phaenonotum-Group is composed of Neotropical, mainly leaf litter inhabiting taxa with few 

secondarily aquatic taxa (Lachnodacnum, some Phaenonotum). However, the sampling in this 

study seems biased towards terrestrial species in the genus Phaenonotum, in which many 

aquatic ones are known. It is necessary to include more aquatic members of Phaenonotum to 

understand the evolution of habitat shifts in this genus properly. The phylogenetic position of 

Dactylosternum sp.1 (Solomon Islands) is not supported in both analyses, and thus this 
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species can be member either of Dactylosternum-Group or Phaenonotum-Group. The genus 

Dactylosternum is thus revealed as polyphyletic in this analysis as it seems that at least some 

species of this genus belong to different genera. The MRCA of the whole tribe Coelostomatini 

was dated to the Lower Cretaceous, and the origin of the tribe to the Upper Jurassic. Origins 

of most of extant coelostomatine genera seem to have taken place from the Middle to Upper 

Cretaceous (but not all genera are included in the analysis). In the Coelostoma-Group, it 

seems that the diversification of extant lineages only started in the Upper Cretaceaous. It is in 

contrast to the remaining coelostomatine lineages, where diversification started early after 

their origin in the Lower Cretaceous. However, phylogenetic positions of some species-poor 

aquatic taxa (e.g. aberrant Coelostoma from Africa, genus Coeloctenus Balfour-Browne, 

1939) needs to be revealed to confirm the delayed diversification of the Coelostoma crown 

group. 

   Similarly to the analysis of Fikáček et al. (2015), the tribe Protosternini was corroborated as 

a monophyletic group in this work. In the latter analysis, the tribe Protosternini was suggested 

either as sister to the Omicrini or as sister to Sphaeridiini + Megasternini. In contrast, my 

analysis strongly supported the position of the Protostenini as sister to the clade consisting of 

Sphaeridiini + Megasternini (Figs. 6-7). 

   As no additional taxa of Sphaeridiini and Megasternini were included (compared to Short & 

Fikáček (2013)) and some were even excluded, results of this analysis were in agreement with 

results of previous phylogenetic analyses (Short & Fikáček, 2013; Fikáček et al., 2013a; 

Bloom et al., 2014; Fikáček et al., 2015) (Figs. 6-7).  

   Several phylogenetic positions of the genus Badioglobus have been suggested so far. The 

analysis of Fikáček et al. (2013a) suggested a sister group relationship of Badioglobus and the 

clade consisting of tribes Coelostomatini, Protosternini, Sphaeridiini and Megasternini. The 

analysis of Fikáček et al. (2015) revealed Badioglobus as the sister group of all remaining 

Sphaeridiinae. In contrast, analyses of Short & Fikáček (2013) and Bloom et al. (2014) 

revealed Badioglobus as the member of the tribe Omicrini. None of these hypotheses about 

the position of the genus was supported in this analysis. Its position was revealed either as 

sister to the tribe Omicrini or as sister to the clade consisting of tribes Coelostomatini, 

Protosternini, Sphaeridiini and Megasternini, but in both cases with a weak support (Figs. 6-

7). Although a more comprehensive sampling of the Sphaeridiinae than in previous analyses 

was used in this analysis, reliable phylogenetic position of Badioglobus still remains to be 
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revealed. Thus, additional genes will be probably necessary for reliable estimation of its 

phylogenetic position. Alternatively, detailed morphological analysis of Sphaeridiinae, 

including Badioglobus, could corroborate one of the proposed hypotheses about position of 

this genus.  

 

      5.2. HABITAT SHIFTS 

Two hypotheses about a shift from the aquatic to terrestrial environment within subfamilies 

Rygmodinae and Sphaeridiinae were considered at the beginning of this study. The first 

possible scenario suppose that only a single shift from aquatic to terrestrial habitat occurred in 

the ancestor of Rygmodinae and Sphaeridiinae. This scenario was suggested by Bernhard et 

al. (2006) and Bloom et al. (2014). A complete loss of trichobothria in the ancestor of 

Sphaeridiinae and Rygmodinae was suggested by analysis of Fikáček et al. (2012c), which is 

also congruent with that hypothesis. Alternatively, the ancestor of both these subfamilies 

could have been an aquatic beetle. In this case, multiple shifts from aquatic to terrestrial 

habitat would have had to occur in ancestors of individual terrestrial lineages. Analyses of 

Fikáček et al. (2013a) and Short & Fikáček (2013) did not reject the possibility that aquatic 

taxa of Rygmodinae and Sphaeridiinae may occupy basal positions within these clades, which 

could correspond to the aquatic ancestor of both subfamilies. For testing of this alternative 

scenario, the taxon sampling within Rygmodinae, Omicrini and Coelostomatini was extended 

and a more comprehensive set of aquatic members of Rygmodinae and Sphaeridiinae was 

included. Results of this analysis support the hypothesis of a single shift to the terrestrial 

environment (Fig. 8). Aquatic taxa are always revealed as internal clades (e.g. Anticura + 

Cylomissus) and some of them (Pseudorygmodus) were recently removed from Rygmodinae 

+ Sphaeridiinae (Fikáček & Vondráček, 2014). My results also show retaining of 

trichobothria in the Rygmodinae and all sphaeridiine tribes but Sphaeridiini and Megasternini. 

This suggests that the presence of trichobothria is not strictly correlated with the life in the 

aquatic habitat and thus cannot be used as an evidence for a single shift to terrestrial 

environments in the ancestor of Rygmodinae + Sphaeridiinae. According to the molecular 

clock estimate, the shift from water to terrestrial environments took place in the Middle 

Jurassic. The age of this shift suggests that it didn’t follow the rise of flowering plants in the 

Early Cretaceous (Bell et al., 2010). This would imply that primordial terrestrial Rygmodinae 

+ Sphaeridiinae lived in different habitat than angiosperm leaf litter, which is a dominant 
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habitat of extant members of these subfamilies. Ancestral terrestrial habitat could have been 

some sort of coniferous, cycad or ginkgo leaf litter, as these were dominant plant groups in 

the Jurassic (Willis & McElwain, 2002). Other possibility could have been the shift to wet 

arboreal mosses. Such shift is reported for one extant Hawaiian species of Limnoxenus (Short 

& Liebherr, 2007). 

   Several tertiary shifts back to aquatic habitats occurred in terrestrial hydrophilid groups 

(Fig. 8). Three shifts back to water were revealed in the subfamily Rygmodinae. One of these 

is dated to the Upper Cretaceous (in the ancestor of Anticura + Cylomissus). The second shift 

is revealed for the genus Cylorygmus. Because larvae of the genus Rygmodus inhabit aquatic 

environments, it is clear that at least one independent shift back to water occurred also in the 

clade composed of genera Rygmodus, Pseudohydrobius and Rygmostralia. Within the 

Coelostomatini, the aquatic Coelostoma-Group represented a major shift to aquatic 

environments dated to the Middle Cretaceous. With more than one hundred described species, 

this lineage represents the largest tertiary aquatic group of the Hydrophilidae. Two minor 

tertiary shifts back to water are revealed for members of genera Lachnodacnum and 

Phaenonotum.  In both cases, shifts from leaf litter to phytotelmata or standing waters 

possibly occurred in the Paleogene or even Neogene. However, including of more aquatic 

species of the Phaenonotum will be necessary for a reliable estimation of the age and 

directions of these shifts. Tertiary shifts to aquatic environments occurred also in the tribe 

Megasternini. It is clear that several shifts back to water occurred within the Cercyon-Group. 

At least several members of the genus Cercyon (e.g. C. ustulatus Preyssler, 1790, C. 

convexiusculus Stephens, 1829, C. marinus Thomson, 1853; C. dieganus Régimbart, 1903 

group) returned to aquatic habitat (Fikáček, 2005; Boukal et al., 2007). Some species of the 

genus Pelosoma inhabit phytotelmata and thus represent another aquatic lineage of 

Megasternini. However, because of insufficient sampling and poor clade support within the 

Megasternini, any reliable conclusions about phylogenetic position and timing of these 

tertiary shifts to aquatic habitat cannot be inferred.  

   The single shift to a life on flowers was revealed within the subfamily Ragmodinae for New 

Zealand and Australian genera Rygmodus, Pseudohydrobius and Rygmostralia (Fig. 8). The 

age of this transition was dated back to the Paleocene. Representatives of these genera visit 

flowers such as Leptospermum (Myrtales) or Olearia (Asterales) (Hansen, 1990; Fikáček, 

pers. comm.). The shift to flowers may thus follow the diversification of Myrtales and 

Asterales in the Upper Cretaceous (Bell et al., 2010).  
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   Shifts from decaying plant material to dung or carrion are revealed to occur in multiple 

times in subfamilies Rygmodinae and Sphaeridiinae (Fig. 8). It is clear that even in the tribe 

Megasternini, shifts to dung or carrion occurred multiple times. This habitat is occupied by 

some members of the Oosternum-Group as well as by multiple genera belonging to the 

Cercyon-Group. It seems that these shifts occurred at least four times in the Megasternini. 

With two shifts suggested in the Rygmodinae, one shift in the ancestor of the Sphaeridiini and 

several shifts in the Megasternini, shifts from decaying plant material to dung or carrion were 

relatively frequent in the evolution of Rygmodinae and Sphaeridiinae. The age of these events 

were mostly estimated to the Upper Cretaceous or Paleogene, and therefore may have been at 

least partly correlated with the rise of big herbivores in the Paleogene (Meredith et al., 2011). 

The shift to the dung in the common ancestor of the Sphaeridiini could have occurred between 

the Middle Cretaceous and the Paleogene, i.e. predated the origin of large herbivorous 

ungulates which excrements they mostly inhabit today. Thus, ancestors of the Sphaeridiini 

could have shifted to excrements of big herbivorous dinosaurs already in the Cretaceous 

(Weishampel & Norman, 1989; Barrett, 2005). For revealing of a more reliable age of these 

shifts and thus testing of the hypothesis of the correlation with the rise of big herbivores, more 

comprehensive sampling especially within tribes Sphaeridiini and Meagasternini will be 

necessary. 

   At least three independent shifts to the inquiline lifestyle in Omicrini, Protosternini and 

Megasternini were revealed by the analysis (Fig. 8). Nevertheless, several more habitat shifts 

can be expected because all species of the genus Sacosternum Hansen, 1989 and some species 

of genera Australocyon Hansen, 1990 and Pachysternum of the tribe Megasternini live in 

association with ants (Fikáček & Short, 2010; Fikáček et al., 2013a; Fikáček, pers. comm.). 

For instance, species of the genus Sacosternum were collected in association with army ants 

of genera Eciton Latreille, 1804 or Labidus Jurine, 1807 (Formicidae: Ecitoninae) (Fikáček & 

Short, 2010). Another shift to the inquiline lifestyle is possible in the omicrine genus 

Paromicrus. Some species were collected very close to termite and ant nests, but no 

association with termites or ants have been observed so far (Fikáček, pers.comm.). All shifts 

revealed in this analysis probably occurred in the Paleogene. Termite families 

Rhinotermitidae, Serritermitidae and Termitidae (together comprising 84% of the extant 

termite diversity) diverged and radiated in the Paleogene (Engel et al., 2009). A 

diversification of the major ant lineages occurred from the Late Cretaceous to the Early 
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Paleocene (Wilson & Hölldobler, 2005; Moreau et al., 2006). Thus, shifts to the inquiline 

lifestyle could have been correlated with the diversification of social insects in the Paleogene. 

   According to its phylogenetic position (sister to the tribe Omicrini), it can be assumed that 

the genus Badioglobus probably represents a terrestrial taxon (Short & Fikáček, 2013; 

Fikáček et al., 2013a; Bloom et al., 2014; Fikáček et al., 2015). This assumption is also 

corroborated by a fact that members of this genus were never collected in habitats close to the 

water, not even in the dry periods of the year when other terrestrial taxa can be found near the 

waters. Specimens of Badioglobus tapanti were collected at light, from litter samples and 

flight intercept traps. It is thus possible that the genus Badioglobus inhabits some kind of 

special habitat (Short, 2004; Fikáček, pers. comm.). 

   Results of the habitat reconstruction suggest that the decaying plant material acted as a 

stepping stone habitat between aquatic and other terrestrial habitats in the evolution of 

Rygmodinae and Sphaeridiinae. According to this analysis, all shifts within subfamilies 

Rygmodinae and Sphaeridiinae were unidirectional from decaying plant material to other 

habitat type (Fig. 11). Based on the alternative topology suggested by the maximum 

likelihood analysis and the bias towards terrestrial members of Phaenonotum in my taxon 

sampling, my analysis only cannot exclude possible back-shifts to decaying plan material in 

Borborophorus (from flowers) and in Phaenonotum (from standing or running water) (Figs. 

8-9). A better sampling and more genes are needed to confirm or exclude these possible back-

shifts.  

    McKenna et al. (2015a,b) suggested that angiosperm leaf litter played an important role in 

the diversification of staphyliniform beetles following the rise of angiosperm plants in the 

Lower Cretaceous (Bell et al., 2010; McKenna et al., 2015a,b). Results of this analysis 

showed that most of the diversification events among extant genera occupying decaying plant 

material took place from the Middle to Upper Cretaceous (Fig. 8). Nevertheless, the age of the 

most recent common ancestor of Rygmodinae + Sphaeridiinae, which was estimated as a 

terrestrial beetle, was dated back to the Middle Jurassic and most of the sphaeridiine tribes 

originated either in the Upper Jurassic or in the Lower Cretaceous. Thus, the origin of main 

clades most probably predated the diversification of flowering plants and ancestral shift to 

terrestrial habitat wasn’t triggered by the rise of angiosperm plants. However, the origins and 

diversification among most of extant rygmodine and sphaeridiine genera were estimated to 

take place in the Upper Cretaceous or Paleogene, and the changes in floral composition (and 
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thus the quality of leaf litter) following the rise of the angiosperms might allow a further 

diversification of terrestrial hydrophilid clades. In this aspect, my results seems to be 

congruent with the hypothesis of McKenna et al. (2015a,b). 

 

Figure 11. A scheme showing the evolution of habitat shifts in the Hydrophilidae along with 

numbers of respective transitions. Numbers in circles correspond to an approximate number of 

described extant taxa living in the given habitat. Numbers in arrows show a supposed number 

of shifts between habitat pairs. 

 

      5.3. ADAPTATIONS FOR AQUATIC ENVIRONMENTS 

  Adult hydrophilid beetles use the plastron respiration for the underwater breathing, which is 

held on the ventral body surface by the hydrophobic pubescence with a possible support of 

cuticular sculptures often associated with the pubescence. Fikáček et al. (2012c) hypothesized, 

that also the presence of trichobothria may be correlated with the aquatic lifestyle. Although 

never tested, the erect position was supposed necessary for the function of these specialized 

setae, which is possible only when the beetle is submerged. For that reason, trichobothria of 
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hydrophilid beetles were thought to be used for a perception of vibrations of the water 

(Fikáček et al., 2012c). Moreover, ventral pubescence and trichobothria were lost in terrestrial 

members of hydrophiloid families Helophoridae, Epimetopidae and Georissidae, and the 

correlation of trichobothria presence/absence with the habitat was hence hypothesized 

(Fikáček et al., 2012c). A possible correlation of these characters with habitat was thus tested 

also for Rygmodinae and Sphaeridiinae. In general, my results suggested that tested 

morphological characters follow mostly Brownian motion model of the evolution (Table 10). 

This means that taxa which are phylogenetically closely related also possess more similar 

values of tested traits. Only the diameter of trichobothria and their presence on the entire body 

and frons showed the positive correlation with aquatic habitat. However, some tests showed 

statistically insignificant correlations with habitat, which can be due to the absence of more 

aquatic outgroup taxa. Thus, these correlations may be revealed as significant after including 

of more such taxa in the future. 

   The same tests in Rygmodinae and Coelostomatini also showed almost no correlation with 

habitat (Table 10). In general, almost all tested characters are strongly correlated to the 

phylogeny with only minor impact of habitat on their values. The only character revealed as 

strongly correlated to habitat is the area of the pubescence on profemora within the 

Coelostomatini. All included aquatic taxa have profemora with more than 85 % of area 

covered by the dense pubescence, whereas the pubescent area is more limited in terrestrial 

ones. Several characters are also bound with each other, meaning that the presence of a 

character possibly important for adapting aquatic environments was correlated with the 

presence of another such character (Table 11). In aquatic taxa, the presence of the pubescence 

on femora was mostly correlated with the presence of the sculpture, which may support the 

idea that the cuticular sculpture helps in holding the plastron. In Rygmodinae, the negative 

correlation was revealed between the area and density of the pubescence on the metaventrite. 

However, results of the analyses for particular clades were strongly influenced by a low 

number of terminal taxa in these groups and showed mostly only low credibility. Different 

results in Rygmodinae and Coelostomatini could be a result of the long time from the 

divergence of Rygmodinae and Sphaeridiinae and thus different trends in adaptations for the 

aquatic lifestyle.  

   My results revealed the persistence of characters important for the aquatic lifestyle even in 

taxa living in habitats such as leaf litter or dung. Possibly, adaptations for the aquatic 

environment may be occasionally used even by terrestrial taxa inhabiting habitats with high 
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humidity, especially in wet tropical areas, where leaf litter can be temporarily flooded 

(Fikáček, pers. comm.). Similar trend is observed in larvae of terrestrial taxa which all retain 

the spiracular atrium, i.e. originally an adaptation for breathing atmospheric oxygen in the 

aquatic Hydrophilidae (Archangelsky, 1999). It is possible that this atrium could be 

sometimes used for breathing in very wet habitats when larvae are partly submerged. For all 

these reasons, it seems that there is no evolutionary pressure to lose some of the adaptations 

for the aquatic lifestyle in terrestrial taxa. 

   Only several genera (Cryptopleurum, Peratogonus, some Aculomicrus) completely lost the 

pubescence on the metaventrite or abdomen (Fig. 10). Instead, even in groups composed 

mostly of terrestrial taxa, the dense pubescence and sculpture were often preserved. On 

femora, a progressive trend in losing of the pubescence in terrestrial taxa can be seen. The 

pubescence is first lost on metafemora in most of the taxa. The pubescence on metafemora is 

thus preserved only in several taxa of the Rygmodinae and re-gained in the omicrine genus 

Psalitrus and the megasternine genus Australocyon. A complete reduction of the pubescence 

on mesofemora is detected for the majority of the Omicrini, all members of the 

Dactylosternum-Group and all members of tribes Protosternini, Sphaeridiini and 

Megasternini. The pubescence on profemora is lost in all members of the Megasternini and 

most of the Omicrini. The sculpture on the metaventrite and abdomen was lost only in several 

species or genera with no obvious trend. The presence of the sculpture on femora is in most 

cases correlated with the presence of the pubescence and hence also lost when the pubescence 

disappears. Trichobothria were lost multiple times during the evolution of the Hydrophilidae. 

There is no evidence for the secondary gain of trichobothria in lineages where these setae 

were lost. This is the case of tribes Sphaeridiini and Megasternini, where trichobothria were 

lost and never re-gained again even in aquatic taxa (Fig. 10). Also, most of omicrine taxa lost 

trichobothria. For the first time, the presence of trichobothria is confirmed for most 

Coelostomatini as well as for some Protosternini (Protosternum Sharp, 1890), Omicrini 

(Psalitrus, Omicrogiton) and Badioglobus, i.e. in groups/taxa in which they were supposed as 

absent by Fikáček et al. (2012c). 

 

      5.4. DIVERSIFICATION 

Habitat shifts can be coupled with the increase in the diversification rate which sometimes 

leads to the adaptive radiation of the lineage (Schluter, 2000; Gavrilets & Vose, 2005). 
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Because of a number of habitat shifts revealed here in Rygmodinae and Sphaeridiinae, the 

diversification rate analysis was conducted. For the whole Coleoptera, McKenna et al. 

(2015b) estimated the background diversification rate to r=0.037 lineages per million of years. 

Also, no shift in the diversification rate for the superfamily Hydrophiloidea was revealed. 

Results of the diversification rate analysis performed for the family Hydrophilidae here 

(r=0.031 lineages per million of years) and by Bloom et al. (2014) (r=0.33 lineages per 

million of years) are thus congruent with results of McKenna et al. (2015b).  

   Bloom et al. (2014) revealed a single diversification rate increase for the tribe Megasternini 

(r=0.049 lineages per million of years) within the family Hydrophilidae. This estimate is also 

in agreement with the result of the analysis presented here (r=0.55 lineages per million of 

years) (Table 9, Fig. 8). As habitats were shown to play the important role in the 

diversification, an explanation for this increase could be the diversity of habitats occupied by 

members of this tribe (Ribera et al., 2001; Bloom et al., 2013; Bloom et al.; 2014). 

Nevertheless, no direct correlation between habitat shift and shift in the diversification rate 

was suggested, not even in the Coelostoma-Group, which is the largest tertiary aquatic clade. 

Thus, it seems that none of habitat shifts directly resulted in a more rapid diversification. 

However, as some members of the genus Dactylosternum in fact belong to the Coelostoma-

Group and multiple species of this lineage remain undescribed (e.g. Jia et al., 2014; Fikáček, 

pers. comm.), a re-analysis would be necessary once the diversity of the clade is more 

properly known and described.  

   Two decreases in the diversification rate were revealed here (Table 9, Fig. 8). The first one 

was revealed for the rygmodine genus Cylorygmus and the second for the genus Badioglobus. 

Both these genera represent old species-poor clades. Although their phylogenetic position 

hasn’t been reliably revealed so far, it seems clear that both genera represent relicts of past 

diversity. The MEDUSA diversification analysis selected a Yule process as the most 

appropriate model of the evolution. Yule process assumes zero level of extinction (Yule, 

1924). That is why diversification rates of both genera were estimated as very close to zero 

suggesting almost no speciation within these clades until present day. However, this scenario 

seems to be highly unlikely. The genus Cylorygmus today contains two locally endemic 

species, one living in South America (Fikáček & Vondráček 2014) and one in South Africa 

(Hebauer, 2002).  A wider paleodistribution and a number of species that went extinct may be 

therefore expected. Similarly, the only known species of Badioglobus is a local endemic of 

mountains in northern Panama and southern Costa Rica (Short, 2004; Short & Fikáček, 
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unpubl. data), i.e. geologically young terrain not corresponding to the old age of the clade. 

Also in this case a wider paleodistribution and paleodiversity may be therefore expected. A 

high rate of extinction probably resulted in a small number of extant species in these genera. 
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6. CONCLUSIONS 

This study contributed to the understanding of phylogenetic relationships, evolution of habitat 

preferences and diversification in hydrophilid subfamilies Rygmodinae and Sphaeridiinae.  

   For the first time, the phylogenetic analysis revealed some monophyletic lineages (e.g. 

Saphydrus-Group, Tormissus-Group, Psalitrus-Group) belonging to subfamilies Rygmodinae 

and Hydrophilidae. Also, additional support for some previously suggested clades such as 

Omicrini or Protosternini was provided. Molecular dating corroborated the hypothesis of the 

Jurassic origin of both subfamilies and revealed the origin of most of extant lineages in the 

Late Jurassic or during the Cretaceous.  

    The analysis supported the hypothesis of a single shift from aquatic to terrestrial habitat in 

the common ancestor of Rygmodinae + Sphaeridiinae and dated this event back to the Middle 

Jurassic. Consequently, several independent tertiary shifts back to water were revealed in 

tribes Coelostomatini, Megasternini and subfamily Rygmodinae. Multiple habitat shifts were 

suggested also for shifts from decaying plant material to the inquiline lifestyle or to dung or 

carrion. In contrast, only a single shift to the life on flowers was revealed in Rygmodinae. 

Thus, this analysis revealed that decaying plant material acted as a stepping stone habitat in 

shifts from water to other habitat types. The analysis also suggested that shifts to flowers, 

dung and inquiline lifestyle might have been correlated with the rise of flowering plants, large 

mammal herbivores and social insects. 

   The results also revealed the correlation of morphological characters considered as 

adaptation for aquatic environment with the phylogeny rather than with inhabited habitat. For 

the first time, trichobothria were observed in several lineages. The persistence of most of 

adaptations for the aquatic lifestyle suggests no evolutionary pressure to lose these characters. 

However, more detailed analyses will be necessary for corroboration of these results. 

   The diversification analysis supported the increase in the diversification rate in 

Megasternini. Timing of habitat shifts suggested that this increase is not correlated with any 

habitat shift. 

   Thus, main goals of my work were accomplished. Minor subtopics which were not 

accomplished include revealing of the phylogenetic position of Cylorygmus and Badioglobus. 

The phylogenetic position of Cylorygmus is important for understanding of number of tertiary 
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habitat shifts back to water in the Rygmodinae. More genes will be probably necessary for the 

revealing of phylogenetic positions of both these genera.  

   Future analyses should focus on more detailed phylogenetic relationships in the tribe 

Megasternini which are necessary for revealing the number of habitat shifts in this tribe. Also, 

more comprehensive sampling in some lineages should be used for testing of possible 

correlations between habitat shifts and rise of flowering plants, large herbivores and social 

insects. Future analyses should include more genes to reveal phylogenetic positions of 

Cylorygmus and Badioglobus. More detailed morphological analyses should be conducted to 

find the support for the independence of most of the aquatic adaptations on habitat. 
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8. LIST OF ABBREVIATIONS 

BT – bootstrap support 

COI-3’ - 3’end of cytochrome c oxidase subunit 1 

COII - cytochrome c oxidase subunit 2 

MRCA – most recent common ancestor 

MYA – millions of years ago 

PCR – polymerase chain reaction 

PP – posterior probability 

rRNA – ribosomal RNA 

SEM – scanning electron microscope 
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9. APPENDICES 

 

Appendix 1. Habitats of the Hydrophilinae. Habitats are listed along with examples of genera 

living in them. 

Hydrophilinae 

Group Habitat Genus References 

Amphiopini 
Standing water Amphiops Minoshima & Hayashi, 2012 

Leaf litter Micramphiops Short, 2009 

Berosini 

Standing water (ponds, 
marshes, brackish pools) 

Berosus Oliva & Short, 2012; Deler-Hernández et al, 2013b 

Allocotocerus Hansen, 1991 

Regimbartia Hansen, 1991 

Running water (river and 
stream margins) 

Hemiosus Short & Torres, 2006 

Derallus Short & Torres, 2006 

Berosus Oliva & Short, 2012; Deler-Hernández et al, 2013b 

Laccobiini 

Standing water (pools, 
salt marshes) 

Paracymus Smetana, 1988; Ruta et al, 2006 

Laccobius Fikáček, pers. comm. 

Running water (river and 
stream margins) 

Laccobius Boukal et al, 2007; Bilton & Gentili, 2014 

Arabhydrus Fikáček et al, 2010a 

Pelthydrus Fikáček, pers. comm. 

Hygropetric habitats 
Tritonus Short, 2010 

Oocyclus Short & Garcia, 2010 

Moss and leaf litter 
Tormus Fikáček et al, 2013b 

Afrotormus Fikáček et al, 2013b 

Hydrophilini 
Standing water 

Hydrophilus Boukal et al, 2007 

Tropisternus Spangler, 1960 

Hydrochara Smetana, 1980 

Running water Tropisternus Spangler, 1960 

Hydrobiusini 

Standing water Hydrobius Boukal et al, 2007 

Running water 
Hydrocassis Minoshima & Hayashi, 2011 

Ametor Jia & Zhao, 2013 

Hygropetric habitats Limnoxenus Short & Liebherr, 2007 

Moss Limnoxenus Short & Liebherr, 2007 
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Appendix 2. Habitats of the Chaetarthriinae. Habitats are listed along with examples of genera 

living in them. 

Chaetarthriinae 

Group Habitat Genus References 

Chaetarthriini 

Standing water Chaetarthria Boukal et al, 2007 

Running water (stream 
margins) 

Guyanobius Spangler, 1986 

Hemisphaera Jia et al, 2013 

Chaetarthria Miller, 1974 

Leaf litter Chaetarthria Fikáček, 2010 

Anacaenini 

Standing water (pools, 
peatbogs) 

Anacaena Boukal et al, 2007; Fikáček, pers. comm. 

Crenitis Boukal et al, 2007; Fikáček, pers. comm. 

Running water (stream 
margins) 

Anacaena Boukal et al, 2007 

Crenitis Bilton, 2013 

Pseudorygmodus Fikáček & Vondráček, 2014 

Hygropetric habitats Horelophus Fikáček et al, 2012b 

         

 

Appendix 3. Habitats of the Enochrinae. Habitats are listed along with examples of genera 

living in them. 

Enochrinae 

Group Habitat Genus References 

Enochrinae 

Standing water (pools, 
peatbogs) 

Cymbiodyta  Boukal et al, 2007 

Enochrus Boukal et al, 2007 

Saline pools Enochrus Schödl, 1998; Arribas et al, 2013 

Running water 
Enochrus Fernández, 2006 

Notionotus Jia & Short, 2011 

Hygropetric habitats Enochrus Jia & Short, 2013 

 

 

 

 

 

 

 

 



88 
 

Appendix 4. Habitats of the Acidocerinae. Habitats are listed along with examples of genera 

living in them. 

Acidocerinae 

Group Habitat Genus References 

Acidocerinae 

Standing water (pools, 
marshes) 

Chasmogenus Clarkson & Ferreira, 2014 

Helochares Boukal et al, 2007 

Standing water (caves) Troglochares Spangler, 1981 

Running water Helochares Cuppen, 1986; Clarkson & Ferreira, 2014 

Hygropetric habitats 

Agraphydrus Minoshima et al, 2015 

Dieroxenus Short & Fikáček, 2013 

Radicitus Short & Garcia, 2014 

Decaying plant material 
(sap flow) 

Quadriops Short & Fikáček, 2013; Short, pers. comm. to Fikáček 

 

Appendix 5. Habitats of the Rygmodinae. Habitats are listed along with examples of genera 

living in them. 

Rygmodinae 

Group Habitat Genus References 

Rygmodinae 

Standing or running 
water (moss and debris 

on stream margins) 

Anticura Fikáček & Vondráček, 2014 

Cylomissus Short & Fikáček, 2013 

Cylorygmus Fikáček & Vondráček, 2014 

Rygmodus (larva) Fikáček, pers. comm. 

Moss Coelostomopsis Hansen, 1990 

Leaf litter 

Cyloma Short & Fikáček, 2013; Fikáček, pers. comm. 

Adolopus Short & Fikáček, 2013; Fikáček, pers. comm. 

Borborophorus Short & Fikáček, 2013; Fikáček, pers. comm. 

Saphydrus Short & Fikáček, 2013; Fikáček, pers. comm. 

Sap slow Tormissus Fikáček, pers. comm. 

Rotten wood 

Tormissus Fikáček, pers. comm. 

Hydrostygnus Fikáček, pers. comm. 

Exydrus Fikáček, pers. comm. 

Adolopus Fikáček, pers. comm. 

Cyloma Fikáček, pers. comm. 

Flowers 

Rygmodus  Fikáček, pers. comm. 

Rygmostralia Hansen, 1991 

Pseudohydrobius Hansen, 1990 

Slime molds Borborophorus Newton, pers. comm. to Fikáček 

Excrements 
Andotypus Spangler, 1979; Fikáček et al, 2014a 

Austrotypus Fikáček et al, 2014a 

Carrion 

Andotypus Fikáček et al, 2014a 

Austrotypus Fikáček et al, 2014a 

Tormissus Fikáček, pers. comm. 
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Appendix 6A. Habitats of the Sphaeridiinae. Habitats are listed along with examples of genera 

living in them. 

Sphaeridiinae 

Group Habitat Genus References 

Omicrini 

Leaf litter 

Omicrus Albertoni & Fikáček, 2014 

Psalitrus Jia et al, 2015 

Aculomicrus Hansen, 1991 

Peratogonus Satô, 1960; Jia et al, 2015 

Rotten wood 

Omicrus Hansen, 1991 

Omicrogiton Jia et al, 2015 

Mircogioton Jia et al, 2015 

Noteropagus Fikáček, pers. comm. 

Nannomicrus Bameul, 1991 

Ant or termite nests 

Tylomicrus Short & Fikáček, 2013; Fikáček, pers. comm. 

Oreomicrus Short & Fikáček, 2013; Fikáček, pers. comm. 

?Paromicrus? Short & Fikáček, 2013; Fikáček, pers. comm. 

Coelostomatini 

Standing or running water 
(debris on stream 

margins, lake margins) 

Coelostoma Jia et al, 2014 

Phaenonotum Archangelsky & Durand, 1992 

Coeloctenus Hansen, 1991 

Running water Coelostoma Jia et al, 2014 

Hygropetric habitats 
Coelostoma Jia et al, 2014 

Dactylosternum Fikáček, pers. comm. 

Phytotelmata 

Lachnodacnum Clarkson et al, 2014 

Phaenostoma Clarkson et al, 2014 

Dactylosternum Short & Fikáček, 2013 

Leaf litter 

Phaenostoma Gustafson & Short, 2010 

Dactylosternum Short & Fikáček, 2013, Fikáček, pers. comm. 

Phaenonotum Deler-Hernandez, 2013a 

Rotten wood, banana or 
cactus trunks 

Dactylosternum 
Smetana, 1978; Short & Fikáček, 2013, Fikáček, 

pers. comm. 

Protosternini 
Decaying plant material Protosternum Hansen, 1991; Fikáček, pers. comm. 

Ant nests Sphaerocetum Fikáček et al, 2015 

Sphaeridiini Dung or carrion Sphaeridium Short & Fikáček, 2013; Fikáček, pers. comm. 

Megasternini 

Standing water Cercyon Boukal et al, 2007 

Phytotelmata 

Pelosoma Short & Fikáček, 2013 

Cycreon Fikáček, pers. comm. 

Pseudocercyon Short & Fikáček, 2013 

Leaf litter 
Oosternum Fikáček et al, 2009 

Motonerus Fikáček & Short, 2006 
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Appendix 6B. Habitats of the Sphaeridiinae. Habitats are listed along with examples of genera 

living in them. 

Sphaeridiinae 

Group Habitat Genus References 

Magesternini 

Decaying plant material 
(rotting fruits, beach wrack) 

Oosternum Fikáček et al, 2009 

Deltostethus Fikáček, pers. comm. 

Cercyon Fikáček, pers. comm. 

Cercyodes Fikáček, pers. comm. 

Dung 

Cercyon Jia et al, 2011 

Pachysternum Fikáček et al, 2012a 

Moraphilus Fikáček, pers. comm. 

Paroosternum Fikáček, pers. comm. 

Carrion 

Cercyon Boukal et al, 2007 

Pachysternum Fikáček et al, 2012a 

Deltostethus Fikáček, pers. comm. 

Moraphilus Fikáček, pers. comm. 

Ant nests 

Chimaerocyon Fikáček et al, 2013a 

Sacosternum Fikáček & Short, 2010 

Australocyon Fikáček, pers. comm. 

Pachysternum Fikáček, pers. comm. 
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Appendix 7A. Sampling of the analysis. Taxonomy is based on the analysis of Short & Fikáček 

(2013) and Fikáček et al (2015). Sources of the sequences were: GenBank, unpublished data of the 

Rygmodinae (sequenced by Mgr. Dominik Vondráček) and newly obtained sequences in this analysis. 

Sampling 

Species Taxonomy Source 
Gene 

COI-3´ COII 28S 18S 3´ 18S 5´ 

Berosus sp. Hydrophilinae GenBank YES YES YES YES YES 

Tropisternus collaris Hydrophilinae GenBank YES YES YES YES YES 

Limnoxenus niger Hydrophilinae GenBank YES YES YES YES YES 

L. semicylindricus Hydrophilinae GenBank YES YES YES YES YES 

L. zealandicus Hydrophilinae GenBank YES YES YES YES YES 

Crenitulus hirsutus Chaetarthriinae GenBank YES YES YES YES YES 

C. suturalis Chaetarthriinae GenBank YES YES YES YES YES 

Thysanarthria sp. Chaetarthriinae GenBank YES YES YES YES YES 

Guyanobius lacuniventris Chaetarthriinae GenBank YES YES YES YES YES 

Cymbiodyta marginella Enochrinae GenBank YES YES YES YES YES 

Enochrus piceus Enochrinae GenBank YES YES YES YES YES 

Notionotus sp. Enochrinae GenBank YES YES YES YES YES 

Chasmogenus ruidus Acidocerinae GenBank YES YES YES YES YES 

Globulosissp. Acidocerinae GenBank YES YES YES YES YES 

Helochares sp. Acidocerinae GenBank YES YES YES YES YES 

Helobata sp. Acidocerinae GenBank YES YES YES YES YES 

Anticura flinti Rygmodinae Rygmo. (unpubl.) YES NO YES YES YES 

Cylomissus sp. Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

C. glabratus Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Andotypus ashworthi Rygmodinae Rygmo. (unpubl.) YES NO YES YES YES 

Austrotypus nothofagi Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Exydrus gibbosus Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Tormissus linsi Rygmodinae Rygmo. (unpubl.) YES YES YES NO YES 

Hydrostygnus frontalis Rygmodinae Rygmo. (unpubl.) NO YES YES YES YES 

Saphydrus suffusus Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Eurygmus helocharoides Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Cylorygmus lineatopunctatus Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 
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Appendix 7B. Sampling of the analysis. Taxonomy is based on analyses of Short & Fikáček (2013) 

and Fikáček et al (2015). Sources of the sequences were: GenBank, unpublished data of the 

Rygmodinae (sequenced by Mgr. Dominik Vondráček) and newly obtained sequences in this analysis. 

Sampling 

Species Taxonomy Source 
Gene 

COI-3´ COII 28S 18S 3´ 18S 5´ 

Borborophorus tuberculus Rygmodinae GenBank YES YES NO YES YES 

Coelostomopsis picea Rygmodinae GenBank YES YES YES YES YES 

Rygmodus modestus Rygmodinae New YES YES YES YES YES 

R. femoratus Rygmodinae New YES YES YES YES YES 

Pseudohydrobius flavus Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Rygmostralia sp. Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Cyloma pictus Rygmodinae Rygmo. (unpubl.) YES YES NO YES YES 

C. bellus Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

C. stewarti Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Adolopus sp.1 Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Adolopus sp.2 Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

A. badius Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

A. helmsi Rygmodinae Rygmo. (unpubl.) YES YES YES YES YES 

Badioglobus tapanti Unknown GenBank YES YES YES YES YES 

Peratogonus sp. Omicrini GenBank YES YES YES YES YES 

Noteropagus sp. Omicrini New YES NO NO NO NO 

Aculomicrus sp. Omicrini New YES YES YES YES YES 

A. reticulatus Omicrini GenBank NO YES YES YES YES 

Psalitrus sp. Omicrini GenBank YES NO YES YES YES 

Psalitrus sp. Omicrini New YES NO NO NO NO 

Omicrogiton insularis Omicrini GenBank YES NO YES YES YES 

Mircogioton cf. huonus Omicrini New YES YES YES YES YES 

Tylomicrus costatus Omicrini GenBank YES YES YES NO NO 

Oreomicrus sp. Omicrini New YES YES NO NO NO 

Coelostoma orbiculare Coelostomatini GenBank YES YES YES YES YES 

C. fabricii Coelostomatini New YES NO YES YES YES 

C. stultum Coelostomatini New YES NO YES YES YES 

C. hispanicum Coelostomatini New YES NO YES NO NO 

C. phallicum Coelostomatini GenBank YES YES YES YES YES 

C. lemuriense Coelostomatini New YES YES YES YES YES 

Dactylosternum sp.1 Coelostomatini New YES YES YES YES YES 

Dactylosternum sp.2 Coelostomatini New YES YES YES YES YES 

Dactylosternum sp.3 Coelostomatini New NO NO NO YES YES 
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Appendix 7C. Sampling of the analysis. Taxonomy is based on analyses of Short & Fikáček (2013) 

and Fikáček et al (2015). Sources of the sequences were: GenBank, unpublished data of the 

Rygmodinae (sequenced by Mgr. Dominik Vondráček) and newly obtained sequences in this analysis. 

Sampling 

Species Taxonomy Source 
Gene 

COI-3´ COII 28S 18S 3´ 18S 5´ 

Dactylosternum indicum Coelostomatini New YES YES YES YES YES 

D. dytiscoides Coelostomatini New YES YES YES YES YES 

D. hydrophiloides Coelostomatini New YES YES NO YES NO 

D. auripes Coelostomatini GenBank YES YES YES YES YES 

D. marginale Coelostomatini New YES NO YES YES YES 

D. abdominale Coelostomatini New YES YES YES YES YES 

D. striatopunctatum Coelostomatini New NO NO YES YES YES 

Cyclotypus sp. Coelostomatini New YES YES YES YES YES 

Phaenostoma sp. Coelostomatini New YES NO YES YES YES 

Phaenostoma cf. kontax Coelostomatini New YES NO YES NO YES 

Lachnodacnum luederwaldti Coelostomatini New YES NO YES YES YES 

Phaenonotum caribense Coelostomatini GenBank YES YES YES YES YES 

Phaenonotum sp. Coelostomatini New YES YES YES YES YES 

P. exstriatum Coelostomatini New YES YES YES YES YES 

P. delgadoi Coelostomatini New YES YES YES YES YES 

Sphaerocetum arboreum Protosternini GenBank YES NO YES YES YES 

Protosternum sp. Protosternini GenBank NO YES YES YES YES 

Sphaeridium lunatum Sphaeridiini GenBank YES NO NO YES YES 

S. bipustulatum Sphaeridiini GenBank YES YES NO YES YES 

Cetiocyon incantatus Megasternini GenBank YES YES YES YES YES 

Oosternum soricoides gr. Megasternini GenBank YES YES YES YES YES 

Cercyodes laevigatus Megasternini GenBank YES YES YES YES YES 

Kanala montaguei Megasternini GenBank YES YES NO NO NO 

Australocyon puncticollis gr. Megasternini GenBank YES NO YES YES YES 

Paroosternum saundersi Megasternini GenBank NO NO YES YES YES 

Deltostethus scitus Megasternini GenBank YES YES YES YES YES 

Chimaerocyon shimadai Megasternini GenBank YES YES YES NO YES 

Pacrillum sp. Megasternini GenBank YES YES YES YES YES 

Pachysternum nigrovittatum Megasternini GenBank YES YES YES YES YES 

Cryptopleurum minutum Megasternini GenBank YES YES YES YES YES 

Moraphilus sp. Megasternini GenBank YES YES YES YES YES 

Cercyon ustulatus Megasternini GenBank YES YES YES YES YES 

C. convexiusculus Megasternini GenBank YES NO NO NO NO 

C. analis Megasternini GenBank YES NO NO YES YES 

C. variegatus Megasternini GenBank YES YES YES YES YES 

C. versicolor Megasternini GenBank YES NO NO YES YES 
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Appendix 8A. The table showing locality information of newly obtained and unpublished sequences. 

All specimens were in adult stage. 

New + unpublished sequences 

Voucher Taxon Country Collection date Latitude Longitude Altitude Collected by 

MF793 

Anticura flinti Chile 6-9.12.2013 40°40.0-40.5'S  72°9.9-10.6'W 350-460m Fikáček, Kment, Vondráček 

Locality: PN Puyehue, Anticura, Río Anticura between Salto Pudú and confluence with Río Golgol, floating: mosses from the stone in the river 
(submerged + just above water) and the flood debris accumulated in logjam  

MF515 

Cylomissus sp. New Zealand 30.11.2012 39°12.1'S 173°58.9'E 370m Becker, Fikáček, Hájek 

Locality: unnamed stream 0.2 km S of Pukeiti Garden, 9 km E of Okato, in nosses on stones in/along the stream in lowland Nothofagus forest 

MF537 

Cylomissus glabratus New Zealand 30.11.2010 41°19.599S 173°39.579E   Fikáček & Leschen 

Locality: Dead Horse Cr, south of Canvastown, handcollecting at wet stones with algae and moss along a stream (exposed part just above the road) 

MF792 

Andotypus ashworthi Chile 5-9.12.2013 40°44.3'S 72°18.6'W 520m Fikáček, Kment, Vondráček 

Locality: PN Puyehue, Aguas Calientes, lower part of Sendero Pionero, baited pitfall traps (rotten fish) in Valvidian  (evergreen laurel-leaf) rainforest  

MF540 

Austrotypus nothofagi Australia 13-15.3.2013 28°11.9S 153°11.2E 800m Monteith 

Locality: Lamington NP 

COL1791 

Exydrus gibbosus New Zealand 8.9.2009 37.97338S 177.07198E   Leschen & Hilario 

Locality: at large 

COL1806 

Tormissus linsi New Zealand 21.1.2008 40.51.145’S E 174.55.722’ 260m Marske, Leschen, Buckley 

Locality: Kapiti Island, Wilkinson Track, Under/in dead wood 

COL1777 

Hydrostygnus frontalis New Zealand 14.2.2008 35.61717S 173.52986E   Leschen & Michaux 

Locality: Waipoua ND, Yakas Tk, underrotten logs 

COL1786 

Saphydrus suffusus New Zealand 12.1.2011 42 22.825 S 172 16.798 E 550m Leschen & Buckley 

Locality: Rough Crk, Maruia Springs,  ex rotting Spongipellis 

COL2028 

Eurygmus helocharoides Australia 13.1.-14.2.2010 17.458S 146.021E  58m Hasenpusch 

Locality: Polly Ck., Garradunga, malaise 6 

MF790 

Cylorygmus lineatopunctatus Chile 20.11.2013 32°57.7'S 71°3.2'W 870m Fikáček, Kment, Vondráček 

Locality: Waipoua ND, Yakas Tk, underrotten logs 
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Appendix 8B. The table showing locality information of newly obtained and unpublished sequences. 

All specimens were in adult stage. 

New + unpublished sequences 

Voucher Taxon Country Collection date Latitude Longitude Altitude Collected by 

COL1841 

Rygmodus modestus New Zealand 16.11.2009 36 59S 175 35E   Seldon 

Locality: Tapu, Coroglen Track, ex Cordyline australis flowers 

COL1845 

Rygmodus femoratus New Zealand 7.11.2007 43 47.508S 169 7.233E   Leschen & Carlton 

Locality: Cattle Walk Tr,  Waita River, under stones along river/Rygmodus at large 

COL803 

Pseudohydrobius flavus Australia 21.11.2009 16°30.66′ S 145°16.14′ E 1187m Monteith & Turco 

Locality: Mt. Lewis Rd., hut 12 km NW Julatten 

COL800 

Rygmostralia sp. Australia 19.11.2009 17°23.1′ S 145°48.12′ E 1426m Monteith & Turco 

Locality: Mt. Bartle Frere, NW peak, , sieved litter 

COL1767 

Cyloma pictus New Zealand 22.3.2006 50 50.248S 165 55.342E   Leschen & Edwards 

Locality: Adams Is, Fairchilds Garden, Dracophyllum, Metrosideros, Poa, and megaherb leaf litter 

COL1789 

Cyloma bellus New Zealand 8.11.2007 43 34.586S 169 48.829E 50m Leschen & Carlton 

Locality: Copeland TK, Rough Cr, rotten wood and leaf letter berlesate 

COL1778 

Cyloma stewarti New Zealand 29.1.2008 40.42.329’S 175.39.316’E 267m Merske, Leschen, Buckley 

Locality: W.A. Miller Scenic Reserve, Makakji River, Sifted flood debris-wood and leaf litter 

COL1803 

Adolopus sp.1 New Zealand 30.3.2009 42°24.312S 171°20.585E 822m Leschen & Buckley 

Locality: Sewell Peak, sifting leaf litter 

COL1775 

Adolopus sp.2 New Zealand 31.3.2009 43°03.277S 170°29.137E 150m Leschen & Buckley 

Locality: Wharekai Te Kau Walk, lea litter and rotten log berlesate 

COL1761 

Adolopus helmsi New Zealand 13.1.2006 44°2.249′  S 169°21.998′ E   Leschen, Buckley, Hoare 

Locality: Thunder Ck., rotten logs 

COL1772 

Adolopus badius New Zealand 6.4.2010 35°36.461S 173°32.109E   Carlton & Leschen 

Locality: Trounson Kauri Park, rotten wood 
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Appendix 8C. The table showing locality information of newly obtained and unpublished sequences. 

All specimens were in adult stage. 

New + unpublished sequences 

Voucher Taxon Country Collection date Latitude Longitude Altitude Collected by 

MF204 

Noteropagus sp. China 8.5.2011 19°5.20'N 109°11.80'E 1050m Fikáček  

Locality: Bawangling Nat. Forest Park, 12.3 km SEE of Baotie 

MF599 

Aculomicrussp. Cuba 20-21.6.2012 20°10.8'N 75°46.4'W 150m Deler-Hernández & Fikáček  

Locality: El Vivero, 1.6 km E of Dos Caminos, sifting under bamboo 

COL668 

Psalitrus sp. Australia   16°56´07.78S 145°37´00.79E  450m Rentz, Richardson, Béthoux 

Locality: Clohesy River Fig, DCF 

COL993 

Mircogioton cf. huonus Australia 17.1.2010 17°25.8′ S 145°29.34′ E   Monteith 

Locality: Mt. Hyppioamee NP, barkspray 

MF825 

Oreomicrussp. Malaysia 1.7.2011 3°40´43.30´´N 101°44´58.80´´E 831m Kanao 

Locality: near The Gap 

COL481 

Coelostoma fabricii Australia 12.2.2010 30°28.14′ S 152°31.86′ E   Wells 

Locality: Bellinger R.G., 9 km NW in Zeepaert & Horseshoe Rds, Darkwood addition, New England NP, UV light 

MF488 

Coelostoma stultum Yemen 9-10+15.6.2012 12°33.0'N 54°27.6'W 5m Socotra expedition 2012 

Locality: Halla area, Arher, freshwater spring in sand dune 

MF119 

Coelostoma hispanicum Canary Isl. 1.4.2008     280m Hájek & Kalíková 

Locality: ca 2 km SSW of El Risco, Barranco Güigüi 

MF158 

Coelostoma lemuriense Madagascar 17-18.1.2007       Trýzna 

Locality: Isalo National Park, camp Namaza, near Ranohira 

MF812 

Dactylosternum sp.1 Solomon Isl. 23.11.-8.12.2013  9°28'S 159°58.4'E 280m Hájek 

Locality: Mt. Austine, Barana env., gardens, in rotten Musa 

MF136 

Dactylosternum sp.2 India 21.-24.4.2008 25°12′N 91°40′E 460m Fikáček, Podskalská, Šípek 

Locality: E Khasi Hills, 11km SW Cherrapunjee, Laitkynsew, wet rock with algae/blue algae and fallen leaves at side of waterfall on small river 
surrounded by tropical forest, ca.200m upstream from living bridge 
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Appendix 8D. The table showing locality information of newly obtained and unpublished sequences. 

All specimens were in adult stage. 

New + unpublished sequences 

Voucher Taxon Country Collection date Latitude Longitude Altitude Collected by 

MF25 

Dactylosternum sp.3 Ecuador 19-21.11.2006     625m Fikáček & Skuhrovec 

Locality: 3.3 km W of Archidona, hollow trunk of Bactris palm 

MF457 

Dactylosternum indicum Sri Lanka 26.2.2012 6°44´9.56´´N 81°1´58.12´´E 760m Šťastný 

Locality: Koslanda env., Diyaluma falls 

MF811 

Dactylosternum dytiscoides Solomon Isl. 23.11.-8.12.2013  9°28'S 159°58.4'E 280m Hájek 

Locality: Mt. Austine, Barana env., gardens, in rotten Musa 

MF265 

Dactylosternum hydrophiloides China 9-11.5.2011 18°44.7'N 108°50.7'E 950m Fikáček 

Locality: Jianfengling Mts., Tiachi lake env., Bishu villa, at light 

COL992 

Dactylosternum marginale Australia 17.1.2010 17°25.8′ S 145°29.34′ E   Monteith 

Locality: Mt. Hyppioamee NP, barkspray 

MF530 

Dactylosternum abdominale Morocco   34°03'N 6°41'W 140m Vondráček 

Locality: E of Rabat, Mamora forest 

MF24 

D. striatopunctatum Ecuador 19-21.11.2006     625m Fikáček & Skuhrovec 

Locality: 3.3 km W of Archidona, hollow trunk of Bactris palm 

MF842 

Cyclotypus sp. Peru 12-16.10.2013 13°03'24.9"S  71°32'43.8"W 1120m Parker 

Locality: Cock of the Rock Lodge, sieving cloud forest litter 

MF37 

Phaenostoma sp. Ecuador 29.11.2006 00°06'00"S 77°34'51"W 1200m Fikáček & Skuhrovec 

Locality: 36.5 km NE of El Chaco, Cascadas San Rafael 

MF855 

Phaenostoma cf. kontax Peru 27.9.-10.10.2013 12°50'15.7"S 69°17'35.2"W 200m Parker 

Locality: near Puerto Maldonado, Explorer´s Inn, sieved forest litter 

MF772 

Lachnodacnum luederwaldti Brazil 22.6.2013       Clarkson 

Locality: Ubatuba, P. E. Serra do Mar, núcleo Picinguaba, bromelia 
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Appendix 8E. The table showing locality information of newly obtained and unpublished sequences. 

All specimens were in adult stage. 

New + unpublished sequences 

Voucher Taxon Country Collection date Latitude Longitude Altitude Collected by 

MF38 

Phaenonotum sp. Ecuador 29.11.2006 00°06'00"S 77°34'51"W 1200m Fikáček & Skuhrovec 

Locality: 36.5 km NE of El Chaco, Cascadas San Rafael 

MF654 

Phaenonotum exstriatum Cuba 23.5.2013 20°10.9'N 75°46.7'W 170m Smith & Deler-Hernández 

Locality: San Luis, Dos Caminos, El Vivero 

MF455 

Phaenonotum delgadoi Cuba 1.2.2012 20.313°N 74.574°W 200m Anderson 

Locality: El Yunque, Finca Las Delicia, wet rainforest litter 

 

 

 

Appendix 9. Results of PGLS and Pagel’s Discrete analyses of correlation between 

habitat and morphological characters with the complete dataset. P-values indicate 

significance of results. YES indicates the significant correlation with habitat, plus (+) or 

minus (-) in colour show the significant positive/negative correlation with habitat. 

Analyses of the correlation between habitat and morphological characters 
(Complete dataset)  

Variables Test P-value Correlation 

Habitat vs. Pubescence density (Metaventrite) PGLS 0.41 
 

Habitat vs. Pubescence density (Abdomen) PGLS 0.51 
 

Habitat vs. Pubescence % (Metaventrite) PGLS 0.89 
 

Habitat vs. Pubescence % (Foreleg) PGLS 0.071 
 

Habitat vs. Pubescence % (Midleg) PGLS 0.24 
 

Habitat vs. Pubescence % (Hindleg) PGLS 0.36 
 

Habitat vs. Sculpture (Metaventrite) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Abdomen) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Foreleg) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Midleg) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Hindleg) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria diameter PGLS 0.003 
 

Habitat vs. Trichobothria (Entire body) Pagel 94 < 0.05 YES 

Habitat vs. Trichobothria (Elytra) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Pronotum) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Frons) Pagel 94 < 0.05 YES 

Habitat vs. Trichobothria (Clypeus) Pagel 94 > 0.05 NO 
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Appendix 10. Results of PGLS and Pagel’s Discrete analyses of correlation between 

habitat and morphological characters with the rygmodine dataset. P-values indicate 

significance of results. YES indicates the significant correlation with habitat, plus (+) or 

minus (-) in colour show the significant positive/negative correlation with habitat. 

Analyses of the correlation between habitat and morphological characters  
(Rygmodine dataset)  

Variables Test P-value Correlation 

Habitat vs. Pubescence density (Metaventrite) PGLS 0.17 
 

Habitat vs. Pubescence density (Abdomen) PGLS 0.82 
 

Habitat vs. Pubescence % (Metaventrite) PGLS 0.86 
 

Habitat vs. Pubescence % (Foreleg) PGLS 0.99 
 

Habitat vs. Pubescence % (Midleg) PGLS 0.001 
 

Habitat vs. Pubescence % (Hindleg) PGLS 0.17 
 

Habitat vs. Sculpture (Metaventrite) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Abdomen) Pagel 94 < 0.05 YES 

Habitat vs. Sculpture (Foreleg) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Midleg) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Hindleg) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria diameter PGLS 0,09 
 

Habitat vs. Trichobothria (Entire body) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Elytra) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Pronotum) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Frons) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Clypeus) Pagel 94 > 0.05 NO 
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Appendix 11. Results of PGLS and Pagel’s Discrete analyses of correlation between 

habitat and morphological characters with the coelostomatine dataset. P-values indicate 

significance of results. YES indicates the significant correlation with habitat, plus (+) or 

minus (-) in colour show the significant positive/negative correlation with habitat.. 

Analyses of the correlation between habitat and morphological characters  
(Coelostomatine dataset)  

Variables Test P-value Correlation 

Habitat vs. Pubescence density (Metaventrite) PGLS 0.58 
 

Habitat vs. Pubescence density (Abdomen) PGLS 0.95 
 

Habitat vs. Pubescence % (Metaventrite) PGLS 0.18 
 

Habitat vs. Pubescence % (Foreleg) PGLS 0.02 
 

Habitat vs. Pubescence % (Midleg) PGLS 0.37 
 

Habitat vs. Sculpture (Metaventrite) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Abdomen) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Foreleg) Pagel 94 < 0.05 YES 

Habitat vs. Sculpture (Midleg) Pagel 94 > 0.05 NO 

Habitat vs. Sculpture (Hindleg) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria diameter PGLS 0.29 
 

Habitat vs. Trichobothria (Entire body) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Elytra) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Pronotum) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Frons) Pagel 94 > 0.05 NO 

Habitat vs. Trichobothria (Clypeus) Pagel 94 > 0.05 NO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

   

   
   

   

   



101 
 

Appendix 12. The table showing results of the phylogenetic signal analysis with the 

complete dataset. Higher values of Pagel’s lambda (λ) indicate stronger phylogenetic 

signal. P-value (λ > 0) and P-value (λ < 0) columns indicate if lambda is significantly 

different from 0 or 1. Significance levels are indicated as: *** for strongly significant (p-

value < 0.01), ** for slightly significant (0.01 ≤ p-value ≤ 0.05), * for slightly 

nonsignificant (0.05 < p-value ≤ 0.1). P-values > 0.1 indicate strongly nonsignificant 

results.  

Phylogenetic signal (Complete dataset) 

Variable Pagel's lambda (λ) P-value (λ > 0) P-value (λ < 1) 

Pubescence density (Metaventrite) 0.54 < 0.01*** 0.01** 

Pubescence density (Abdomen) 0.45 < 0.01*** < 0.01*** 

Pubescence % (Metaventrite) 0.65 < 0.01*** 0.01** 

Pubescence % (Foreleg) 0.86 < 0.01*** < 0.01*** 

Pubescence % (Midleg) 1 < 0.01*** 1 

Pubescence % (Hindleg) 1 < 0.01*** 1 

Type of pubescence (Foreleg) 0.69 < 0.01*** < 0.01*** 

Type of pubescence (Midleg) 0.58 < 0.01*** < 0.01*** 

Type of pubescence (Hindleg) 1 < 0.01*** 1 

Sculpture (Metaventrite) 0.58 < 0.01*** < 0.01*** 

Sculpture (Abdomen) 0.79 < 0.01*** 0.16 

Sculpture (Foreleg) 1 < 0.01*** 1 

Sculpture (Midleg) 0.79 < 0.01*** 0.09* 

Sculpture (Hindleg) 1 < 0.01*** 1 

Type of sculpture (Metaventrite) 0.97 < 0.01*** 0.72 

Type of sculpture (Abdomen) 0.59 < 0.01*** 0.02* 

Trichobothria diameter 1 < 0.01*** 1 

Trichobothria (Entire body) 1 < 0.01*** 1 

Trichobothria (Elytra) 1 < 0.01*** 1 

Trichobothria (Pronotum) 1 < 0.01*** 1 

Trichobothria (Frons) 1 < 0.01*** 1 

Trichobothria (Clypeus) 0.87 < 0.01*** 0.05** 

Habitat (6 states) 0.86 < 0.01*** 0.1* 

Habitat (2 states) 0.98 < 0.01*** 0.72 
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Appendix 13. The table showing results of the phylogenetic signal analysis with the 

rygmodine dataset. Higher values of Pagel’s lambda (λ) indicate stronger phylogenetic 

signal. P-value (λ > 0) and P-value (λ < 0) columns indicate if lambda is significantly 

different from 0 or 1. Significance levels are indicated as: *** for strongly significant (p-

value < 0.01), ** for slightly significant (0.01 ≤ p-value ≤ 0.05), * for slightly 

nonsignificant (0.05 < p-value ≤ 0.1). P-values > 0.1 indicate strongly nonsignificant 

results. 

Phylogenetic signal (Rygmodine dataset) 

Variable Pagel's lambda (λ) P-value (λ > 0) P-value (λ < 1) 

Pubescence density (Metaventrite) 1 0.035** 1 

Pubescence density (Abdomen) 0.86 0.061* 0.5 

Pubescence % (Metaventrite) 0 1 < 0.01*** 

Pubescence % (Foreleg) 0 1 < 0.01*** 

Pubescence % (Midleg) 1 0.017** 1 

Pubescence % (Hindleg) 1 0.045** 1 

Type of pubescence (Foreleg) 0.31 0.17 < 0.01*** 

Type of pubescence (Midleg) 0 1 < 0.01*** 

Type of pubescence (Hindleg) 1 0.024** 1 

Sculpture (Metaventrite) 0.46 0.59 0.038** 

Sculpture (Abdomen) 0.66 0.37 0.37 

Sculpture (Foreleg) 1 < 0.01*** 1 

Sculpture (Midleg) 1 0.013** 1 

Sculpture (Hindleg) 1 < 0.01*** 1 

Type of sculpture (Metaventrite) 1 < 0.01*** 1 

Type of sculpture (Abdomen) 0.66 0.04** 0.31 

Trichobothria diameter 1 < 0.01*** 1 

Trichobothria (Entire body) 1 0.013** 1 

Trichobothria (Elytra) 1 < 0.01*** 1 

Trichobothria (Pronotum) 1 0.013** 1 

Trichobothria (Frons) 1 0.013** 1 

Trichobothria (Clypeus) 0.78 0.065* 0.17 

Habitat (6 states) 1 < 0.01*** 1 

Habitat (2 states) 1 < 0.01*** 1 
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Appendix 14. The table showing results of the phylogenetic signal analysis with the 

coelostomatine dataset. Higher values of Pagel’s lambda (λ) indicate stronger phylogenetic 

signal. P-value (λ > 0) and P-value (λ < 0) columns indicate if lambda is significantly 

different from 0 or 1. Significance levels are indicated as: *** for strongly significant (p-

value < 0.01), ** for slightly significant (0.01 ≤ p-value ≤ 0.05), * for slightly 

nonsignificant (0.05 < p-value ≤ 0.1). P-values > 0.1 indicate strongly nonsignificant 

results. 

Phylogenetic signal (Coelostomatine dataset) 

Variable Pagel's lambda (λ) P-value (λ > 0) P-value (λ < 1) 

Pubescence density (Metaventrite) 0.96 0.08* 0.91 

Pubescence density (Abdomen) 0.2 0.78 0.19 

Pubescence % (Metaventrite) 0.07 0.93 0.15 

Pubescence % (Foreleg) 1 < 0.01*** 1 

Pubescence % (Midleg) 0.46 0.099* 0.075* 

Type of pubescence (Foreleg) 0 1 0.027** 

Type of pubescence (Midleg) 0.43 0.062* 0.034** 

Sculpture (Metaventrite) NA NA NA 

Sculpture (Abdomen) 1 0.17 1 

Sculpture (Foreleg) 1 < 0.01*** 1 

Sculpture (Midleg) 0.35 0.38 0.064* 

Sculpture (Hindleg) NA NA NA 

Type of sculpture (Metaventrite) 0.67 0.095* 0.26 

Type of sculpture (Abdomen) 1 0.024** 1 

Trichobothria diameter 0.34 0.22 0.04** 

Trichobothria (Entire body) NA NA NA 

Trichobothria (Elytra) 0.5 0.31 0.29 

Trichobothria (Pronotum) 0.33 0.62 0.68 

Trichobothria (Frons) NA NA NA 

Trichobothria (Clypeus) 0 1 < 0.01*** 

Habitat (6 states) 0.83 < 0.01*** 0.29 

Habitat (2 states) 0.76 < 0.01*** 0.16 
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Appendix 15. Results of PGLS and Pagel’s Discrete analyses of the correlation between 

morphological characters with the complete dataset. P-values indicate significance of results. 

YES indicates the significant correlation with habitat, plus (+) or minus (-) in colour show the 

significant positive/negative correlation between morphological characters. 

Analyses of the correlation between morphological characters (Complete dataset)  

Variables Test P-value Relationship 

Pub. dens. (Abd.) vs. Pub. dens. (Metav.) PGLS < 0.01 
 

Pub. dens. (Metav.) vs. Pub. dens. (Abd.) PGLS < 0.01 
 

Pub. dens. (Metav.) vs. Pub. % (Metav.) PGLS 0.013 
 

Pub. % (Metav.) vs. Pub. dens. (Metav.) PGLS 0.023 
 

Pub. % (Foreleg) vs. Pub. % (Midleg) PGLS < 0.01 
 

 Pub. % (Midleg) vs. Pub. % (Foreleg) PGLS < 0.01 
 

Pub. % (Foreleg) vs. Pub. % (Hindleg) PGLS 0.15 
 

Pub. % (Hindleg) vs. Pub. % (Foreleg) PGLS 0.3 
 

Pub. % (Midleg) vs. Pub. % (Hindleg) PGLS < 0.01 
 

Pub. % (Hindleg) vs. Pub. % (Midleg) PGLS < 0.01 
 

Sculpture (Metav.) vs. Pub. dens. (Metav.) PGLS 0.014 
 

Sculpture (Metav.) vs. Pub. % (Metav.) PGLS 0.24 
 

Sculpture (Abd.) vs. Pub. Dens. (Abd.) PGLS 0.053 
 

Sculpture (Foreleg) vs. Pub. % (Foreleg) PGLS 0.013 
 

Sculpture (Midleg) vs. Pub. % (Midleg) PGLS < 0.01 
 

Sculpture (Hindleg) vs. Pub. % (Hindleg) PGLS 0.015 
 

Sculpture (Metav.) vs. Sculpture (Abd.) Pagel 94 > 0.05 NO 

Sculpture (Foreleg) vs. Sculpture (Midleg) Pagel 94 > 0.05 NO 

Sculpture (Foreleg) vs. Sculpture (Hindleg) Pagel 94 < 0.05 YES 

Sculpture (Midleg) vs. Sculpture (Hindleg) Pagel 94 < 0.05 YES 
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Appendix 16. Results of PGLS and Pagel’s Discrete analyses of the correlation between 

morphological characters with the rygmodine dataset. P-values indicate significance of results. 

YES indicates the significant correlation with habitat, plus (+) or minus (-) in colour show the 

significant positive/negative correlation between morphological characters. 

Aanalyses of the correlation between morphological characters (Rygmodine 
dataset)  

Variables Test P-value Relationship 

Pub. dens. (Abd.) vs. Pub. dens. (Metav.) PGLS 9.7e-06 
 

Pub. dens. (Metav.) vs. Pub. dens. (Abd.) PGLS 9.7e-06 
 

Pub. dens. (Metav.) vs. Pub. % (Metav.) PGLS 0.71 
 

Pub. % (Metav.) vs. Pub. dens. (Metav.) PGLS 0.56 
 

Pub. % (Foreleg) vs. Pub. % (Midleg) PGLS 0.65 
 

 Pub. % (Midleg) vs. Pub. % (Foreleg) PGLS 0.84 
 

Pub. % (Foreleg) vs. Pub. % (Hindleg) PGLS 0.91 
 

Pub. % (Hindleg) vs. Pub. % (Foreleg) PGLS 0.77 
 

Pub. % (Midleg) vs. Pub. % (Hindleg) PGLS 0.093 
 

Pub. % (Hindleg) vs. Pub. % (Midleg) PGLS 0.093 
 

Sculpture (Metav.) vs. Pub. dens. (Metav.) PGLS 0.11 
 

Sculpture (Metav.) vs. Pub. % (Metav.) PGLS 0.43 
 

Sculpture (Abd.) vs. Pub. Dens. (Abd.) PGLS 0.11 
 

Sculpture (Foreleg) vs. Pub. % (Foreleg) PGLS 0.66 
 

Sculpture (Midleg) vs. Pub. % (Midleg) PGLS 0.43 
 

Sculpture (Hindleg) vs. Pub. % (Hindleg) PGLS 0.35 
 

Sculpture (Metav.) vs. Sculpture (Abd.) Pagel 94 > 0.05 NO 

Sculpture (Foreleg) vs. Sculpture (Midleg) Pagel 94 > 0.05 NO 

Sculpture (Foreleg) vs. Sculpture (Hindleg) Pagel 94 > 0.05 NO 

Sculpture (Midleg) vs. Sculpture (Hindleg) Pagel 94 > 0.05 NO 
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Appendix 17. Results of PGLS and Pagel’s Discrete analyses of the correlation between 

morphological characters with the coelostomatine dataset. P-values indicate significance of 

results. YES indicates the significant correlation with habitat, plus (+) or minus (-) in colour 

show the significant positive/negative correlation between morphological characters. 

Analyses of the correlation between morphological characters (Coelostomatine 
dataset)  

Variables Test P-value Relationship 

Pub. dens. (Abd.) vs. Pub. dens. (Metav.) PGLS 0.79 
 

Pub. dens. (Metav.) vs. Pub. dens. (Abd.) PGLS 0.56 
 

Pub. dens. (Metav.) vs. Pub. % (Metav.) PGLS 0.005 
 

Pub. % (Metav.) vs. Pub. dens. (Metav.) PGLS 0.002 
 

Pub. % (Foreleg) vs. Pub. % (Midleg) PGLS 0.23 
 

 Pub. % (Midleg) vs. Pub. % (Foreleg) PGLS 0.008 
 

Sculpture (Metav.) vs. Pub. dens. (Metav.) PGLS NA NA 

Sculpture (Metav.) vs. Pub. % (Metav.) PGLS NA NA 

Sculpture (Abd.) vs. Pub. Dens. (Abd.) PGLS 0.82 
 

Sculpture (Foreleg) vs. Pub. % (Foreleg) PGLS 0.0006 
 

Sculpture (Midleg) vs. Pub. % (Midleg) PGLS 1.5e-09 
 

Sculpture (Metav.) vs. Sculpture (Abd.) Pagel 94 > 0.05 NO 

Sculpture (Foreleg) vs. Sculpture (Midleg) Pagel 94 > 0.05 NO 

Sculpture (Foreleg) vs. Sculpture (Hindleg) Pagel 94 > 0.05 NO 

Sculpture (Midleg) vs. Sculpture (Hindleg) Pagel 94 > 0.05 NO 

 

 

 

 

 

 

 

 

   

   

   

   

   

   


