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Understanding the evolutionary processes underlying extant biodiversity may help 

us to comprehend why species richness is not equally distributed between clades. One 

of the main causes to explain the disparity of species richness is the development of key 

innovations in particular clades, increasing or decreasing their capabilities to occupy new 

environments, to exploit novel resources or to cope with competition. The present thesis 

focuses on explaining the macroevolutionary consequences of two of the most common 

habitat transitions in aquatic environments: between environments with different degree of 

salinity, and between running and standing waters. Among inhabitants of aquatic environ-

ments aquatic Coleoptera are one of the most diverse, with representatives living in all kind 

of environments, including both running and standing waters and, not infrequently, saline 

environments. The most speciose aquatic Coleoptera families living in aquatic habitats are 

Hydrophilidae, Dytiscidae and Hydraenidae, but only the evolution of the ecological transi-

tions of the former have been previously studied under a phylogenetic perspective. In this 

thesis, we assessed the evolutionary patterns of selected tribes belonging to the other two 

families. Despite aquatic Coleoptera being a relatively well-studied fauna, we needed to 

address several systematic modifications that revealed the true evolutionary history of the 

studied groups, describing a genus and three subgenera of Hygrotini, plus other modifica-

tions of both Hygrotini and Ochthebiini taxonomy (Chapters 1 and 3), setting the basis of 

this thesis.

Transitions between environments with different degree of saline waters was ad-

dressed for Hygrotini (Dytiscidae family, Chapter 2) and Ochthebiini (Hydraenidae family, 

Chapter 5). We detected multiple origins of tolerance to saline waters, with a gradual acqui-

sition in almost all cases and only direct transitions to hypersaline waters in fairly isolated 

clades, mostly associated with coastal rockpools. Moreover, tolerance to hypersaline wa-

ters was found to be irreversible, but it did not follow an evolutionary dead-end pattern as 

lineages exhibiting this trait still maintain their diversification capabilities (as seen in Coba-
lius subgenus, Chapter 5). Additionally, our results seem to link the origin of lineages exhib-

iting tolerance to saline waters to periods of global aridification, in accordance with previous 

studies in Hydrophilidae. Transitions between running and standing waters were studied in 

Hydroporini (Dytiscidae family, Chapter 6). We unveiled that species living in lotic and lentic 

habitats display similar diversification patterns, but the habitat preference is affecting the 

body size of the species, with reduced body sizes in specialized environments (i.e. smaller 

species in running waters). Finally, the field sampling in saline habitats led to the discovery 

of a new species for science, described as Ochthebius (Micragasma) minoicus (Chapter 4).
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Resumen de la tesis

Estudiar los procesos evolutivos que ocasionan la biodiversidad actual puede 

ayudarnos a comprender mejor como la riqueza de especies está distribuida de forma 

desigual en diferentes clados. Una de las causas principales para explicar este fenómeno 

es el desarrollo de innovaciones clave que modifican las capacidades de las especies para 

sobrevivir en nuevos ambientes, acceder a nuevos recursos, o para lidiar la competencia 

con otras especies.

Esta tesis se focaliza en explicar las consecuencias macroevolutivas de dos de 

las transiciones de hábitat más comunes en ecosistemas acuáticos: aquellas entre ecosis-

temas con diferente nivel de salinidad, y aquellas entre ecosistemas de aguas corrientes 

y aguas estancas. Entre los habitantes de ambientes acuáticos, los escarabajos son uno 

de los grupos más diversos, con especies capaces de vivir en todo tipo de ambientes, in-

cluyendo aguas corrientes y estancas, y en ocasiones, ambientes salinos. Las familias más 

diversas de escarabajos acuáticos son Hydrophilidae, Dytiscidae e Hydraenidae, aunque 

solo la primera ha sido estudiada desde una perspectiva evolutiva. En esta tesis, evalua-

mos los patrones evolutivos de varias tribus pertenecientes a las otras 2 familias.

Los objetivos principales de la tesis incluyen comprender el origen y la forma en 

la que se originan estas transiciones entre ambientes, así como comprender que patrones 

desencaden. Secundariamente, la tesis trata de ampliar el conocimiento ligado a los eco-

sistemas salinos, mucho menos estudiados que los ecosistemas de agua dulce. La tesis se 

ha elaborado según el siguiente esquema:

Transiciones

Lótico vs Léntico Ambientes salinos

Hydroporini
(Capítulo 6)

Hygrotini
(Capítulos 1 y 2)

Ochthebius
(Capítulos 3 y 5)

Micragasma
(Capítulo 4)

Taxonomía
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Taxonomía (Capítulos 1 y 3)

A pesar de que los escarabajos acuáticos son un grupo bien estudiado en general, 

ha sido necesario realizar modificaciones en la clasificación de algunos grupos para reflejar 

su verdadera historia evolutiva, describiendo un nuevo género y tres subgéneros para la 

tribu Hygrotini, dividiéndose actualmente en dos géneros: Clemnius e Hygrotus, divididos 

a su vez en 2 y 4 géneros respectivamente (Clemnius subg. y Cyplopius para Clemnius;  

Coelambus, Hygrotus subg., Hyphoporus y Leptolambus para Hygrotus). Adicionalmente, 

se han realizado pequeñas modificaciones tanto en Hygrotini como en Ochthebiini, siendo 

la base sobre la que se han desarrollado los posteriores estudios filogenéticos de esta 

tesis.

Transiciones entre ambientes salinos (Capítulos 2 y 5)

Las transiciones entre ambientes con diferente nivel de salinidad han sido  es-

tudiadas para Hygrotini (familia Dytiscidae, Capítulo 2) y Ochthebiini (familia Hydraenidae, 

Capítulo 5). Se han detectado múltiples orígenes de la tolerancia a la salinidad, adquirién-

dose esta característica de forma gradual en la mayoría de los casos. Los casos en los 

que se han descubierto transiciones directas de ambientes de agua dulce hacia ambientes 

hipersalinos, son clados aislados en la filogenia y asociados con ambientes de charcas 

costeras.

Además, la tolerancia de aguas hipersalinas ha demostrado ser una característica 

irreversible, aunque no por ello se trata de un dead-end evolutivo (callejón sin salida), ya 

que las especies que viven en estos ambientes conservan su capacidad de diversificación, 

llegando incluso a ser superior a la de otras especies (por ejemplo, el subgénero Cobalius, 

Capítulo 5). A si mismo, nuestros resultados relacionan el origen de linajes tolerantes a la 

salinidad con periodos de aridificación a escala global, un patrón que confirma el encontra-

do en la familia Hydrophilidae.

Transiciones entre ambientes de agua corriente y agua estanca (Capítulo 6)

En cuanto a las transiciones entre aguas corrientes  y  estancas estudiada en 

Hydroporini (familia Dytiscidae, Capítulo 6), hemos encontrado patrones similares en las 

especies que viven en ambos ambientes, aunque los análisis sugieren la posibilidad de una 

mayor tasa de diversificación en ambientes de aguas estancadas. Nuestros resultados han 

destacado una correlación entre la preferencia del hábitat de las especies con su tamaño 
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corporal, de manera que las especies que se encuentran en ambientes más especializados 

(en aguas corrientes) son aquellas con menor tamaño. Adicionalmente, se ha demostrado 

que la transición entre ambientes no es per se un factor que afecta al tamaño corporal de 

las tesis.

Biodiversidad en ambientes salinos (Capítulo 4)

Finalmente, gracias a los numeros trabajos de campo realizados enfocados en 

los ambientes salinos, se ha podido detectar la presencia de numerosos linages crípticos 

(Capítulo 5), además de la descripción de la especie Ochthebius (Micragasma) minoicus 

(Capítulo 4), perteneciente a un subgénero poco conocido con tan sólo otras 2 especies 

descritas.





General Introduction





General introduction

11

Evolution can be understood as a natural process of change over a period of time, 

which Darwin associated with gradual modifications, but other authors put forward the idea 

of rapid events (e.g. Eldredge and Gould, 1972). In any case, evolution should be consid-

ered at different scales, from microevolution (evolution at short temporal scale) to macroev-

olution (evolution at large temporal scale). Whereas microevolution usually refers to evolu-

tion at level of the individual, e.g. mating selection of giraffe weevils (LeGrice et al., 2019), 

macroevolution works at the level of populations/species and over larger time periods, ex-

plaining the origin of new species and the hierarchy above them (Reznick & Ricklefs, 2009).

Research on macroevolution can enlighten us about the reasons for having such 

massive extant biodiversity, which Larsen et al. (2017) estimated from 1 to 6 billion species 

living on Earth, but of which only 1.5 million species are described – and more than 1 million 

are insects (Stork, 2018). But the species richness is not equally distributed between clades 

(groups of related animals). In fact, there is a huge variability in the number of species 

among them, e.g. within the described biodiversity, about 25% are represented by beetles, 

the most speciose group (Zhang et al., 2011). Such differences may be mainly explained by 

two hypotheses (McPeek & Brown, 2007) - see Figure 1:

• Different diversification rates. Clades with differences in their species richness 

may be explained by the rate at which a particular clade accumulates species. This 

hypothesis explains how young clades can be as speciose as older clades.

• Different diversification times. Besides diversification rates, it seems obvious that 

older clades had a greater time to accumulate species than younger clades. There-

fore, clades with similar evolutionary patterns and diversification rates should yield 

the same diversity over time, leading to a higher number of species in older clades.

Ag
e

(A) (B)

Figure 1. Summary of the main hypotheses for explain contrasting biodiversity across lineages. 
Different diversification rates may explain why younger clades are as speciose as older clades - or 
even more speciose (A), whilst time may explain similar number of species of equally older clades 
(B).
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Although both hypotheses are valid and non-exclusive, diversification rates are be-

lieved to assume most of the variation among major clades (Wiens, 2017). Recent studies 

(Henao-Díaz et al., 2019; Li and Wiens, 2019) have demonstrated that clade age is the ma-

jor explanation of extant species at regional scale, leaving open the answer to the question 

of how species have diversified at global scale. In the cases where clade age is not the main 

driver of diversification, other questions appear: What are the differences between clades 

that explain the disparity in extant species numbers? And how did those differences modify 

diversification rates? The most straightforward answer, but at the same time, not a simple 

one, is that organisms evolved key innovations (also called evolutionary novelties or traits) 

that reshaped their capabilities to diversify over time (Jablonski, 2008). Classic examples 

of key innovations include morphological novelties like the origin of flowers (Endress, 2011) 

and feathers (Prum & Brush, 2002), but other studies focus on functions like life-history 

strategy (Helmstetter et al., 2016).

Traits are one of the main topics in evolutionary studies (Wagner and Lynch, 2010), 

and some traits demonstrated to be associated with an alteration of either extinction rates, 

e.g. self-fertilization in plants (Wright et al., 2013), or speciation rates, e.g. immune system 

in teleost fishes (Malmstrøm et al., 2016), or, in 

some cases, both (Rolland et al., 2014). Also, oth-

er factors can influence imbalance diversity of spe-

cies across clades, like colonization of new areas, 

e.g. adaptive radiation (see Gavrilets and Losos, 

2009), competition between species (Meyer and 

Kassen, 2007; Silvestro et al., 2015), habitat filter-

ing (Rodrigues and Diniz-Filho, 2016) or ecologi-

cal niche differentiation (Moen and Morlon, 2014). 

Other traits may promote specialization to extreme 

conditions, opening ecological opportunities that 

alter speciation and extinction rates. In most cas-

es, these extreme specializations are thought to 

be irreversible (Kelley & Farrel, 1998), and almost 

negligible alterations of environmental settings can 

increase extinction rates in what is called an evolu-

tionary dead-end (Figure 2). Recent studies have 

tried to understand the implications of evolution-

ary dead-ends, but it is not clear whether extreme 

ecological specialization will lead to an increase 

in extinction rates (Cieslak et al., 2014; Day et al., 

Figure 2. Adaptations to extreme environ-
ments, such the ones of animal living in 
caves, are thought to affect negatively the 
diversification rate, but recent researches 
question this prior belief. Picture of the sty-
gobitic Iberoporus pluto (Modified from Ri-
bera and Reboleira, 2019).
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2016; Stern et al., 2017; Cyriac et al., 2018).

Studying species diversity

To study novel traits and diversification across lineages, researchers use evolu-

tionary trees or phylogenies. A phylogeny, a term firstly used by Ernst Haeckel (1866), is 

a branching diagram that represents the biological diversity in a hierarchical way. Phylog-

enies are built to reconstruct the evolutionary history of extant taxa, showing patterns of 

diversification that can be used to compare relationship between clades.

Building phylogenies is a complex task that can be achieved with different types 

of information whenever that information keeps a track of the evolutionary history, like mor-

phological characters (e.g. Alarie and Michat, 2007), fossil remains (e.g. Brusatte and Carr, 

2016) or DNA sequences (e.g. Carle et al., 2015). Each methodology has its own advantag-

es and disadvantages, but this thesis was done using DNA sequences for several reasons:

• For comparing closely related organisms, morphology is likely a good choice. For 

comparing more distantly related organisms, it is likely that the chosen characters 

are not comparable or not informative between organisms. In the case of DNA, 

sequences rely in the same nucleotide language with homologous sequences, 

making comparison possible between all species.

• Some organisms show a high degree of morphological changes whilst others 

preserve almost the same morphology during long periods of time (e.g. morpho-

logical stasis in living fossils, like coelacanths or limulids). Also, morphological dif-

ferenciation of cryptic species is not always possible (García-Porta et al., 2017). 

As DNA is continuously changing, it is possible to track the evolutionary history 

of all organisms whether morphological differences give or not clues about their 

relations.

• Fossil remains provide direct evidence of extinct taxa, and can be used dur-

ing the inference of phylogenies, e.g. for calibrating clade ages, (McKenna et al., 
2015). For lineages with a poor fossil record (Zhang et al., 2018) DNA is the only 

chance to study their history.

However, there are also inconveniences of working with DNA. Different sources of 

DNA may lead to diverse outcomes because they may have distinctive evolutionary histo-

ries (Salichos and Rokas, 2013). Selecting the appropriate sequences that reflect the real 

evolutionary history of life is complex. Animals present two main sources of DNA: nuclear 
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and mitochondrial genomes. The nuclear genome contains molecular information about the 

species, and it is half paternally and maternally inherited. On the other side, mitochondrial 

genome is maternally inherited. These sources also have different evolutionary rates, with 

approximately 10-fold increased mutation rate in the mitochondrial genome compared to 

the nuclear one (Brown et al., 1979; Haag-Liautard et al., 2008). A higher mutation rate 

implies higher number of substitutions in the same nucleotide position of an alignment, sat-

urating the DNA and erasing the track of evolution in the sequence (Philippe et al., 2011). 

Owing to DNA saturation, comparison of highly modified sequences may show conflicting 

phylogenetic signals. As the mitochondrial DNA is in general more easily saturated than 

nuclear DNA, is less ideal for studying deeply divergent taxa.

Once selected and obtained the appropriate genetic markers, the next step is align-

ing the sequences from each of the markers. Nucleotide alignment for extant taxa is the 

starting point for reconstructing evolutionary history, and alignments need to consider how 

those sequences evolved and which substitution of nucleotides may have experienced. For 

that purpose, the nucleotide substitution model that correlates better with the sequences 

should be used. These models estimate the genetic divergence (amount of substitutions) 

between DNA sequences considering that those sequences shared a common ancestor. 

There are a large number of models with different assumptions that reflect different proba-

bilities of occurring a particular substitution, from the simplest Jukes-Cantor model (Jukes 

and Cantor, 1969) considering only one parameter (changes between nucleotides are iden-

tical), to the most complex Generalized Time-Reversible model (Tavaré, 1986) with no 

prior assumptions and establishing a different parameter for each kind of substitution plus 

considering unequal base composition. Another complex model is HKY (Hasegawa et al., 
1985), which estimates different parameters for transversions (substitution of a purine for 

a pyrimidine or vice versa) and transitions (substitution of a purine for another purine or a 

pyrimidine for another pyrimidine) and unequal nucleotide composition. Model selection 

has been considered a critical step prior to reconstruct phylogenies (Hoff et al., 2016), but 

a recent study suggests that using a complex model with fewer prior assumptions will lead 

to similar inferences than the best fitted model (Abadi et al., 2019).

There are different approaches to make a molecular phylogeny, most of them 

starting with a multiple alignment of DNA sequences. During the last years, the two most 

common approaches have been Maximum Likelihood (developed by Felsenstein, 1981) 

and Bayesian Inference, both exploring the phylogenetic space in order to find the best 

tree or set of trees by changing parameter values and calculating likelihood of the hypoth-

esis (in phylogenetic inference, the tree in consideration is the hypothesis). Besides, both 

approaches need to apply an evolutionary model to reconstruct the phylogeny, Maximum 
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Likelihood finds the parameter values that maximize the probability of the alignment giving 

the tree, whilst Bayesian Inference calculates the probability of a true tree based on the 

alignment. Bayesian Inference also considers prior information about the expected out-

comes to reduce the computational time, but as the result is influenced by this information, 

it is better to use ample priors that will not compromise the result (Wang and Yang, 2014).

Although the approach used to reconstruct a phylogeny may be correct, the res-

olution obtained may not be enough to get a good support of the topology. The resolution 

of a tree depends on the support values calculated during the inference, and can be in-

creased with the use of additional molecular markers that track the evolutionary history of 

the studied species. But increasing the number of markers usually involves a considerable 

increment of cost and time. Next Generation Sequencing (NGS) technologies are becoming 

essential to obtain massive amounts of data at a reasonable price, opening new fields like 

metabarcoding (Taberlet et al., 2012) or metagenomics (Quince et al., 2017). The latter has 

lead to a series of papers about a new methodology called Mitochondrial Metagenomics 

(e.g. Crampton-Platt et al., 2015; Andújar et al., 2015; Linard et al., 2018). It is used to build 

de novo mitochondrial genomes from a bulk DNA sample (Campton-Platt et al., 2016). As 

chapters 5 and 6 have been done using this methodology, a more detailed explanation it is 

presented below.

Mitochondrial Metagenomics

The main objective of this methodology is to increase the number of sequences 

available to boost the support of phylogenetic reconstruction (see Figure 3 for a summary 

of a mitochondrial metagenomics pipeline). This approach relies on the use of Sanger se-

quences as a baits database to be able to identify the expected mitochondrial genomes - in 

our case, we selected cytochrome c oxidase subunit I and the large ribosomal RNA as baits 

because they are located at both sides of the control region of the mitochondrial genome. 

Pooled DNA samples have to be equimolar to assure a similar number of reads during 

sequencing. However, terminals closely related (less than ca. 5 % differences in their mito-

chondrial bait sequences) should not be pooled together to avoid the assembly of chimeras. 

The last laboratory procedure is to built NGS libraries with insert-size as large as possible, 

as it has proved to improve the quality of the assemblies, obtaining higher coverage and 

more complete mitogenomes (Chen, Y.C. et al., 2018). As a general interpretation, each 

library can contain up to 60 terminals, and two libraries can share a low input MiSeq run.

Next procedures are performed with bioinformatic tools. Library processing starts 

by checking its integrity and quality, followed by the necessary steps to obtain high-quality 
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data (i.e. remove adapters and sequences with poor quality values). The most useful pro-

grammes for this task are FastQC, Trimmomatic (Bolger et al., 2014), PrinSEQ (Schmieder 

and Edwards, 2011) and fastp (Chen, S. et al., 2018). For a better performance of the 

assembler software, short reads can be filtered based on their similarities with other mito-

chondrial genomes using BLAST (Madden et al., 2009). Assemblies have to be performed 

with different software with alternative assembling approaches to validate the outputs; in 

our case, we used IDBA-UD (Peng et al., 2012), RAY-meta (Boisvert et al., 2012), WGS-as-

sembler (Myers et al., 2000) and SPAdes (Bankevich et al., 2012). Each assembler will 

Filtered reads

AATGATACCCTTT

ATATAACATTTTGGTAGCCCATTTTC

TATGTTTTATCTA

CATTTTCATT AGGATTAACTTATGTTTTAT

TATTTCTCTTT

AATGATACCCTTT

ATATAACATTT

GTGGTAGCCCA

TGGTAGCCCATTTTC

TATGTTTTATCTA

TAACAGGAGTAATTC

TTCAATGATACC CATTTTCATT AGGATTAACTTATGTTTTAT

Raw reads

Contig merging

TGATACCCTTTAGGATTAACTTATGTTTTATATATAACATTTCATTTTCATTTGGTAGCCCATTTTCTATGTTTTATC

TTTTCATTAGGATTAACTTATGTTTTATCTATATGTTTTATAATGATACCCTTTATATAACATTTTGGTAGCCCATTT

Assembly

RAY-metaIDBA-UD

WGS-assembler SPAdes

B: BIOINFORMATICS

DNA extractions Pooled DNA Next-Generation Sequencing

A: WET LAB PROCEDURE

Figure 3. Mitochondrial Metagenomics pipeline is divided in two main procedures, wet lab (A) and 
bioinformatics (B). Wet lab consist in preparing an equimolar pool of DNA and sequencing with Ne-
xt-Generation Sequencing technologies. Bioinformatics consists in a series of filters where raw reads 
are assembled into contigs, and a posterior identification.
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provide a fasta file as output containing all the contigs found. For validating those super-
contigs (contigs assembled with other contigs), assemblies of all outputs need to be done 

- to be considered a legitimate supercontig it needs the coincidence of at least 2 different 

assemblers. Identification of supercontigs is performed by blasting them against a custom 

baits database (obtained at the beginning of this methodology). The final step is the manual 

annotation of the mitochondrial genomes, using MITOS (Bernt et al., 2013) annotations as 

a template and multiple references of published mitochondrial genomes (see Figure 4).

Calibrating trees

The relationship between the amount of molecular change across sequences and 

a measure of divergence time has become a key concept for reconstruction phylogenies 

and a crucial issue to understand the tempo and mode of evolutionary processes. The most 

basic approach relies on the assumption that the rate of molecular evolution is constant 

across lineages and time (strict molecular clock, Zuckerkandl and Pauling, 1965), but the 
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Figure 4. Mitochondrial genome of Ochthebius (M.) minoicus. A complete mitochondrial genome has 
13 protein coding genes, 2 ribosomal genes and 22 tRNAs genes.



Macroevolutionary patterns of habitat transitions in aquatic Coleoptera

18

rate of molecular evolution is influenced by several components, like the height of flowering 

plants (Lanfear et al., 2013), the body size of primates (Steiper and Seiffert, 2012) or cli-

mate-niche evolution of amphibians (Kozak and Wiens, 2010). Owing to the heterogeneous 

rate of molecular evolution, more complex assumptions are necessary to quantify its pace, 

like that different rates are present across a phylogeny, but some branches may share the 

rate based on a common history (local clocks, Yoder and Yang, 2000) or even reduce the 

expected uniformity of rates (relaxed clock, Drummond, et al., 2006). It is also possible to 

calibrate the rate of molecular substitution based on rates estimated by closely related lin-

eages (e.g. the rates estimated for Carabus genus are a good approximation to measure 

the rate in the same family, Carabidae or in closely related ones, e.g. Dytiscidae, Andújar 

et al., 2012).

Estimates of divergence times have usually broad confident intervals and impre-

cise dates, but a more complex approach can be use incorporating other sources of in-

formation that constrain the confident interval of particular nodes, such as fossil record or 

biogeographic events (minimum and maximum age constrains respectively). For example, 

fossil dating relies on the idea of the superposition of rock strata, enabling the dating of the 

occurrence of extinct taxa (Benton et al., 2009). The quality of the fossil record is inversely 

correlated with age, and effective information can be recovered from fossils for at least 

the last 540 million years (Benton et al., 2000). Morphological resemblance of fossils with 

extant taxa allow researchers to constrain node age on phylogenetic analyses, using the 

guidelines of Hennig (1965) to place a fossil as stem or crown information.

Calculating diversification rates

Diversification rates allow researchers to address questions about macroevolu-

tionary patterns (Rabosky et al., 2014). Diversification rate is modelled as the difference 

between two parameters: speciation rate and extinction rate. Unlike the estimates of ex-

tinction rates using phylogenies of extant taxa, that seem to be sensitive and error prone 

(May and Moore, 2016; Rabosky, 2009; Title and Rabosky, 2018), speciation rates can 

be inferred more precisely. Inferring diversification rates using phylogenies of extant taxa 

is intricate, but the patterns of internal nodes in time-calibrated phylogenies contain ap-

propriate information about the pattern of diversification events (Ricklefs 2007). For that 

reason, comprehensive phylogenies are a requirement to not underestimate the number of 

speciation events (Barraclough and Nee, 2001). Underestimate the number of evolutionary 

lineages (i.e. cryptic species and undiscovered species) can mislead the outcome, thus, 

a sampling containing the whole number of described species does not imply a complete 
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phylogeny. Also, phylogenetic reconstruction will lead to the most likely set of trees among 

the sampling space, but not necessary displaying the true evolutionary history, affecting the 

estimates of speciation and extinction rates (Kubo and Iwasa, 2006).

During the last decades, different methodologies made possible to estimate diver-

sification rates. Simpler models just calculate diversification rate using clade age and spe-

cies richness under different extinction scenarios (Magallón and Sanderson, 2001). More 

complex models link diversification rates with traits, using a SSE model (State-dependent 

Speciation and Extinction model). These models test diversification shifts against a binary 

trait (BiSSE, Maddison et al., 2007) or a multiple state trait (MuSSE, FitzJohn, 2012). Re-

cently, SSE models have proved to produce false positives (see Caetano et al., 2018), so 

the inclusion of a hidden state reports a reliable state-dependent diversification and legiti-

mate the models; HiSSE (Beaulieu and O’Meara, 2016) or the more recent SecSSE (Herre-

ra-Alsina et al., 2019) are the most updated methods to account for rate heterogeneity using 

hidden states (applicable to binary traits or multiple state traits respectively).

In contrast with state-dependent models, state-independent diversification models 

can identify the position of a diversification shift (or shifts) in the phylogeny. This approach 

has become popular with the use of Bayesian Analysis of Macroevolutionary Mixtures 

(BAMM, Rabosky, 2014), which assumes rate heterogeneity through time and lineages. 

BAMM explores the number of shifts and their position using jump-reversible Markov Chain 

Monte Carlo methods, estimating those parameters from the posterior distribution. During 

the last years, a discussion about the use of BAMM arose (Moore et al., 2016; Rabosky 

et al., 2017; Meyer and Wiens, 2018; Rabosky, 2018; Meyer et al., 2018; Rabosky, 2019), 

showing that BAMM estimates are moderately accurate even with incomplete taxon sam-

pling (around 25 %) and clade size is a critical factor to accurate estimates (extreme vari-

ance - inverse function of clade size - mislead to estimate rates). The latter was also found 

by Kodandaramaiah and Murali (2018) using simulated data, being BAMM the less accu-

rate methodology under small clade sizes.

Trait reconstruction

Understanding the origin of novel traits and how they evolved may shed light about 

macroevolutionary processes and the mechanisms underlying diversification. Traits can 

be classified based on the type of data they provide: some traits focus on the presence 

of a particular quality whilst others target a continuous degree of change. The former are 

called discrete characters and can display multiple states or categories for the same trait 
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(e.g. reconstruction the ancestral habitat of a genus with species living in both epigean and 

subterranean waters, Toussaint et al., 2016), whereas the latter are called continuous char-

acters (e.g. body size evolution, Désamoré et al., 2018). Both types of traits use different 

evolutionary models to reconstruct the evolution of the character.

• Discrete traits: The simplest methodology to reconstruct the evolution of a dis-

crete trait relies on the assumption that character evolution is relatively slow and 

species sharing the same character are likely to inherit it from a common ancestor. 

This idea that minimizing the number of changes across states will lead to the most 

likely reconstruction is called Parsimony (Hennig, 1965). However, more complex 

assumptions can be modelled, taking into account branch lengths: a slow rate 

of character evolution force closely related species to share the same character, 

whilst faster rates do not imply the same outcome. A Markov process is frequent-

ly used to estimate transition rates between characters using several assump-

tions and comparing their statistical power: (i) transitions between states have 

the same evolutionary rate; (ii) transition rates are symmetrical between states, 

but multiple states have different rates; and (iii) all transition rates are different.

Advanced methodologies incorporate cost matrixes denoting asymmetrical charac-

ter evolution. An extreme example of these asymmetrical traits can be the habitat 

preference for insect clades with species living in caves: insects adapted to live inside 

caves, e.g. eyeless animals with thin cuticles (see Howarth, 2009), are not likely able 

to survive in epigean environments, so transition from cave to epigean environments 

can be blocked in these matrixes whereas epigean to cave can still be estimated.

• Continuous traits: Traits related with morphological measurements are continu-

ous variables, such as the body size (LeGrice et al., 2019). Continuous variables 

can be modelled using a simple Brownian motion evolutionary model (also called 

Random walk model), which accounts for an increase of variation in a trait over 

a period of time considering the pace of evolutionary change (Kaliontzopoulou 

and Adams, 2016). Again, more complex situations can be modelled based on 

our prior beliefs, like a Brownian Motion model assuming that the direction of trait 

evolution is not random, and optimum trait values influence evolutionary trends 

(known as Ornstein-Uhlenbeck model, Lande, 1976), or differential rate hetero-

geneity through time associated with fastest rates at the clade origin (Early-burst 

model, Harmon et al., 2010). 
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Aquatic beetles and their habitats

Beetles are the most successful order of animals on Earth, with more species 

than any other (Bilton et al., 2019). It is not surprising that such diversity results in a broad 

ecological and geographical distribution, with species capabilities allowing them to live in 

extreme habitats, such as caves (Polak, 2005) or arid environments (Parker and Lawrence, 

2001). Beetles that live during some phase of their life in aquatic environments are called 

water beetles, and multiple independent transitions have led to radiations with more than 

13.000 species in 30 beetle families (Short, 2018) - see Figure 5. The most remarkable 

trait that grant access to inhabit aquatic environments as adults is the capability to create 

a gas store under their elytra (Calosi et al., 2007) to breath beneath the water. However, 

water beetles exhibit other impressive adaptations that enable them to live in all kind of 

aquatic environments, like stygobitic Paroster living in groundwater (Leys & Watts, 2008) or 

Other
Families

Elmidae

Dytiscidae

Hydrophilidae

Other
Families

Other
Families

Figure 5. Relative abundance of described water beetles by groups (edited from Short, 2018). The 
core diversity of water beetles can be found in Dytiscidae, Hydrophilidae and Hydraenidae families.
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Ochthebius living in hypersaline waters (Abellán et al., 2007; 2009). Extreme adaptations 

to those environments are found, for example, in Paroster macrosturtensis and Ochthebi-
us glaber. The former retains negative phototactic behaviour from an ancestral interstitial 

species (Langille et al., 2018), and the latter displays an extreme tolerance to hypersaline 

waters, reaching nearly 250 g/l - more than 7 times the ocean mean concentration (see 

Millán et al., 2011).

Water beetles are distributed in all continents except Antarctica, with higher num-

ber of species in the Palaearctic region, followed by Neotropical, Afrotropical and Oriental 

regions, all of them outnumbering the Australian and Nearctic regions (Jäch & Balke, 2008). 

Species have different distribution ranges, being some species cosmopolitans whereas 

others are endemic for a particular region. That disparity is due to their distinct dispersal 

capabilities (for a detailed revision of fly capability see Jackson, 1952; also see Bilton et al., 
2001), but those species linked to unstable habitats (e.g. temporary standing waters) are 

more likely to disperse to new environments than others (e.g. those that live in permanent 

streams) - see below for detailed information about habitat transitions.

Habitats

Water beetles are found in all kind of aquatic environments, from standing waters 

to running waters, including groundwaters (Cooper et al., 2002), intertidal rock crevices 

(Perkins, 2007), hygropetric and humicolous habitats (Perkins, 2006) - see Figure 6. This 

variety of habitats does not entail that species can live everywhere, because most of them 

are habitat specialists, like the species of Ochthebius subgenus Calobius, only found in in-

tertidal rockpools (Villastrigo et al., 2019, Chapter 3) or Paroster living in Western Australia 

groundwaters (Watts and Humphreys, 2006). Studying why species are able to live in one 

habitat but not in others, and why different related species have different habitat preferenc-

es, can shed light of the evolutionary patterns driving water beetle history. To understand 

these patterns, transitions between contrasting aquatic habitats should be compared. Fo-

cusing on habitat preference, we can highlight two main transitions: 1) freshwater vs saline 

waters, 2) standing waters vs running waters.

• Freshwater and saline waters: Inland saline water habitats are both temporary 

or permanent environments with salinities higher than 3 g/L and are found around 

the world (Williams, 2002; Millán et al., 2011). Saline waters have a specific fauna, 

as their particular physiochemical characteristics may be a barrier for non-adapted 

species (Herbst, 2001). Although species deal with an energetic cost linked with 
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stressful conditions, species may also benefit with lower costs due to avoiding 

competition and predation from other species (see Southwood, 1988 and Arribas 

et al., 2018 for more details). All the most diverse families of water beetles - Dy-

tiscidae, Hydrophilidae and Hydraenidae - have species living in saline waters 

(Millán et al., 2011), but only Hydrophilidae (Enochrus genus) had been previously 

studied in an evolutionary framework (Arribas et al., 2014; Pallarés et al., 2017a). 

It has been shown that tolerance to saline waters has appeared multiple times 

independently during aridification periods (Arribas et al., 2014), and those tolerant 

species diversified retaining that trait. However, saline water inhabitants have been 

Figure 6. Water beetles can live in a broad range of habitats. Some examples are, from left to right 
and from top to bottom: salt lakes (Larnaca salt lake, Cyprus), mountain streams (Talassemtane Na-
tional Park, Morocco), roadside pools (Plathiani Lagkada, Crete), rockpools (west from Qolla L-Baj-
da, Gozo) and salt pans (south from El Jadida, Morocoo).
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demonstrated to be generalist in their fundamental niches, with a similar fitness in 

freshwater habitats to closely related freshwater species (Arribas et al., 2018), im-

plying a preference for saline waters but not the impossibility to live in freshwater.

• Standing waters and running waters: Aquatic beetles are primary divided based 

on the habitats where they live, with a main division between species living in 

standing water and species living in running waters (Gioria et al., 2014). Both hab-

itat types present differences based on their physical and chemical characteristics 

- in essential long-term habitat stability - leading to different ecological dynamics 

at geological scale (Ribera and Vogler, 2000). Even though running waters can be 

physically altered (e.g. modification of the river bed location or drying up tempo-

rarily), they are more stable at geological scale and remain linked to other aquatic 

habitats within a drainage network. Small standing water bodies - the ones where 

aquatic beetles are usually found - are generally disconnected from other aquatic 

habitats in time and space (Hutchinson, 1957), and are likely to be filled by sedi-

ments over small periods of time (Ribera et al., 2001). A much richer classification 

includes multiple habitats, but they can be linked to one of these two main types 

(e.g. rivers, streams, creeks or waterfalls are running waters whilst ponds, pools, 

salt-pans or rockpools are standing waters), although some of them may be not 

as straightforward as others (e.g. pools associated with river sides or lake margins 

with wave action - Nilsson and Holmen, 1995). In general, most of the species are 

associated with one habitat type, but some widespread generalist can live in both 

types (Ribera, 2008).

Some studies about the consequences of living in different habitats have been 

made. Ribera and Vogler (2000) tested whether species living in running or standing waters 

have different range sizes, and they found a correlation. Monaghan et al. (2005) and Hof et 
al. (2006) also found the same correlation for other aquatic insects (mayflies and dragon-

flies respectively): species living in standing waters are forced to disperse when their habitat 

disappears, so those species have greater dispersal abilities that species living in running 

waters. Same result has been found for water beetles by Abellán and Ribera (2011), Millán 

et al. (2011) and Sánchez-Fernandez et al. (2012). Some of the hypothesized consequenc-

es of their different range sizes are an increased interpopulation gene flow in standing 

waters species, in contrast with a higher level of endemism (Ribera et al., 2003) and higher 

turnover in running water environments (Ribera et al., 2001; Abellán et al., 2009).

This thesis is focused on two water beetle families, dytiscids (Dytiscidae, also 

called diving beetles) and hydraenids (Hydraenidae, also called minute moss beetles) - 

Figure 7. In addition to Hydrophilidae, they are the most speciose families among water 
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beetles (Jäch & Balke, 2008). They have species all around the world, including some spe-

cies living in extreme latitude - e.g. some hydraenids occurring in subantarctic islands, like 

Meropathus chuni in Kerguelen (Bameul, 1989) or some diving beetles found in Greenland, 

like Hydroporus morio (Larson et al., 2000). Each family belongs to different suborders of 

Coleoptera, displaying contrasting morphologies: diving beetles get their name for the ca-

pabilities to dive, that is the reason of presenting a streamlined body with long legs (Miller 

and Bergsten, 2016); on the other hand, hydraenids are not great diving animals and most 

walk on the bottom of their habitats (Valladares et al., 2018). They also exhibit different 

body sizes, with hydraenids being small beetles between 0.8 to 3.4 mm long whilst diving 

beetles have a broad range of sizes, from the smallest Limbodessus around 0.9 mm long to 

the biggest Megadytes of 47 mm long. Both families have species able to live in all kind of 

environments, and due to their broad geographical distribution and an easy sampling, make 

them ideal models to study evolutionary questions.

A B

Figure 7. Draws of a diving beetle (A, Nebrioporus canaliculatus) and a hydraenid (B, Ochthebius 
heydeni). Draws by Carmen Victoria Romo Lanchas.
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Objectives and thesis outline

The main focus of this thesis is to obtain answers to some of the most frequent 

questions on evolutionary biology: what is the origin of novel traits and what are the evo-

lutionary consequences of acquiring those traits; considering habitat transitions as novel 

traits. For answering these questions, new approaches needed to be developed combining 

different areas of knowledge. The two main objectives are:

• Determine the tempo and mode of evolution of the most common habitat transi-

tions in aquatic Coleoptera: between environments with different degree of salinity, 

and from running water to standing waters and vice versa.

• Examine if habitat transitions have determined the evolutionary patterns of aquat-

ic Coleoptera, more specifically on diversification rates.

More specific questions addressing the previous two objectives are:

• How supported are the current systematic status of Hygrotini, Ochthebiini and 

Hydroporini tribes? Is it necessary to perform any change? Is there any contra-

diction with the current classification, based largely on morphological characters?

• How many times did tolerance to salinity evolve and how it originated?

• Is the origin of tolerance to salinity linked to periods of aridification?

• Does extreme ecological specialization (i.e. tolerance to hypersaline waters) act 

as an evolutionary dead-end?

• Do diversification rates differ between species living in contrasting environments 

(i.e. between running and standing waters), and if so, do rates change during hab-

itat transitions or along the evolution within each habitat?

• Does habitat specialization promote morphological specialization?, do specific 

habitats constrain the body size of species?

During the progress of this thesis, we needed to establish a framework to address both 

objectives and specific questions. The covered aspects were:

• Compilation of ecological information of habitats for each of the species in the 

studied tribes (Chapters 2, 5 and 6).
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• Increase the knowledge of biodiversity associated with saline environments by 

effective field work, exploring undescribed taxa using molecular tools (Chapters 2, 

4 and 5).

• Obtain robust phylogenies of Hydroporini, Hygrotini and Ochthebiini tribes, rear-

ranging current taxonomy whenever was needed (Chapters 1, 3 and 6).

• Use a combination of classical plus Next Generation Sequencing tools to unveil 

the relationships of divergence taxa (Chapters 5 and 6).

This thesis is composed by six chapters, the first four chapters were published on 

international peer-review journals indexed in SCI while the last two chapters are in prepara-

tion to be submitted soon. Chapters are formatted as articles, presenting exactly the same 

content as those already published. Slight differences between chapters and articles refer 

only to reference style, abbreviations, the inclusion of references to chapters when self-ci-

tation was done and more readable figures of supplementary material. These six chapters 

are:

• Chapter 1. Villastrigo, A., Ribera, I., Manuel, M., Millán, A., and Fery, H. (2017) 

A new classification of the tribe Hygrotini Portevin, 1929 (Coleoptera: Dytiscidae: 

Hydraenidae). Zootaxa, 4317(3), 499-529.

• Chapter 2. Villastrigo, A., Fery, H., Manuel, M., Millán, A., and Ribera, I. (2018) 

Evolution of salinity tolerance in the diving beetle tribe Hygrotini (Coleoptera: Dyt-

iscidae). Zoologica Scripta, 47, 63-71.

• Chapter 3. Villastrigo, A., Jäch, M.A., Cardoso, A., Valladares, L.F., and Ribera 

I. (2019) A molecular phylogeny of the tribe Ochthebiini (Coleoptera, Hydraenidae, 

Ochthebiinae). Systematic Entomology, 44(2), 273-288.

• Chapter 4. Hernando, C., Villastrigo, A., and Ribera, I. (2017) A new species 

of Micragasma J. Sahlberg, 1900 (Coleoptera: Hydraenidae) from Crete. Aquatic 
Insects, 38, 185-196.

• Chapter 5. Villastrigo, A., Arribas, P., Cardoso, A., and Ribera, I. (2019) Irrevers-

ible habitat specialisation does not constraint diversification in hypersaline water 

beetles. Manuscript in preparation.

• Chapter 6. Villastrigo, A., Abellán, P., Cardoso, A., and Ribera, I. (2019) Habitat 

preferences, body size and diversification in a speciose lineage of diving beetles. 

Manuscript in preparation.
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Abstract

The tribe Hygrotini Portevin, 1929 is currently composed of four genera, Heroceras Guignot, 

1950, Herophydrus Sharp, 1880, Hygrotus Stephens, 1828 (with two subgenera, Coelam-
bus Thomson, 1860, and Hygrotus s. str.), and Hyphoporus Sharp, 1880. A recent molecu-

lar phylogeny of the tribe with ca. 45% of the 137 described species of Hygrotini, including 

the type species of all genus-level taxa, revealed extended para- or polyphyly of the current 

genera and subgenera (Villastrigo et al., 2018, Chapter 2), for which reason a new classi-

fication of the tribe Hygrotini is proposed. Within Hygrotini only two genera are recognised: 

Clemnius n. gen. (with two subgenera: Clemnius s. str. with type species Hyphydrus deco-
ratus Gyllenhal, 1810, and Cyclopius n. subgen. with type species Hydroporus acaroides 

LeConte, 1855) and Hygrotus (with four subgenera: Coelambus, Hygrotus s. str., Hyphopo-
rus n. stat. and Leptolambus n. subgen. with type species Dytiscus impressopunctatus 

Schaller, 1783). Two genera are synonymised under Hygrotus s. str., Herophydrus n. syn. 
and Heroceras n. syn. The following 67 new combinations, for species thus far treated 

under the genera Heroceras, Herophydrus, Hygrotus and Hyphoporus, result from the new 

classification: Clemnius (s. str.) berneri (Young & Wolfe, 1984) n. comb., Clemnius (s. str.) 

decoratus (Gyllenhal, 1810) n. comb., Clemnius (s. str.) hydropicus (LeConte, 1852) n. 
comb., Clemnius (s. str.) laccophilinus (LeConte, 1878) n. comb., Clemnius (s. str.) syl-
vanus (Fall, 1917) n. comb., Clemnius (Cyclopius) acaroides (LeConte, 1855) n. comb., 
Clemnius (Cyclopius) farctus (LeConte, 1855) n. comb., Clemnius (Cyclopius) marginipen-
nis (Blatchley, 1912) n. comb., Hygrotus (s. str.) assimilis (Régimbart, 1895) n. comb., H. 
(s. str.) bilardoi (Biström & Nilsson, 2002) n. comb., H. (s. str.) capensis (Régimbart, 1895) 

n. comb., H. (s. str.) confusus (Régimbart, 1895) n. comb., H. (s. str.) descarpentriesi (Pe-

schet, 1923) n. comb., H. (s. str.) discrepatus (Guignot, 1954) n. comb., H. (s. str.) endro-
edyi (Biström & Nilsson, 2002) n. comb., H. (s. str.) gigantoides (Biström & Nilsson, 2002) 

n. comb., H. (s. str.) gigas (Régimbart, 1895) n. comb., H. (s. str.) goldschmidti (Pederzani 

& Rocchi, 2009) n. comb., H. (s. str.) gschwendtneri (Omer-Cooper, 1957) n. comb., H. 
(s. str.) hyphoporoides (Régimbart, 1895) n. comb., H. (s. str.) ignoratus (Gschwendtner, 

1933) n. comb., H. (s. str.) inquinatus (Boheman, 1848) n. comb., H. (s. str.) janssensi 
(Guignot, 1952) n. comb., H. (s. str.) kalaharii (Gschwendtner, 1935) n. comb., H. (s. str.) 

morandi (Guignot, 1952) n. comb., H. (s. str.) muticus (Sharp, 1882) n. comb., H. (s. str.) 

natator (Biström & Nilsson, 2002) n. comb., H. (s. str.) nigrescens (Biström & Nilsson, 2002) 

n. comb., H. (s. str.) nodieri (Régimbart, 1895) n. comb., H. (s. str.) obscurus (Sharp, 1882) 

n. comb., H. (s. str.) obsoletus (Régimbart, 1895) n. comb., H. (s. str.) ovalis (Gschwendt-

ner, 1932) n. comb., H. (s. str.) pallidus (Omer-Cooper, 1931) n. comb., H. (s. str.) pauliani 
(Guignot, 1950) n. comb., H. (s. str.) quadrilineatus (Régimbart, 1895) n. comb., H. (s. str.) 
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reticulatus (Pederzani & Rocchi, 2009) n. comb., H. (s. str.) ritsemae (Régimbart, 1889) 

n. comb., H. (s. str.) rohani (Peschet, 1924) n. comb., H. (s. str.) rufus (Clark, 1863) n. 
comb., H. (s. str.) sjostedti (Régimbart, 1908) n. comb., H. (s. str.) spadiceus (Sharp, 1882) 

n. comb., H. (s. str.) sudanensis (Guignot, 1952) n. comb., H. (s. str.) travniceki (Šťastný, 

2012) n. comb., H. (s. str.) tribolus (Guignot, 1953) n. comb., H. (s. str.) variabilis secundus 

(Régimbart, 1906) n. comb., H. (s. str.) variabilis variabilis (Guignot, 1954) n. comb., H. (s. 

str.) verticalis (Sharp, 1882) n. comb., H. (s. str.) vittatus (Régimbart, 1895) n. comb., H. (s. 

str.) wewalkai (Biström & Nilsson, 2002) n. comb., Hygrotus (Hyphoporus) anitae (Vazirani, 

1969) n. comb., H. (Hyphoporus) aper (Sharp, 1882) n. comb., H. (Hyphoporus) bengalen-
sis (Severin, 1890) n. comb., H. (Hyphoporus) bertrandi (Vazirani, 1969) n. comb., H. (Hy-
phoporus) caliginosus (Régimbart, 1899) n. comb., H. (Hyphoporus) dehraduni (Vazirani, 

1969) n. comb., H. (Hyphoporus) elevatus (Sharp, 1882) n. comb., H. (Hyphoporus) gee-
tae (Vazirani, 1969) n. comb., H. (Hyphoporus) josephi (Vazirani, 1969) n. comb., H. (Hy-
phoporus) kempi (Gschwendtner, 1936) n. comb., H. (Hyphoporus) montanus (Régimbart, 

1899) n. comb., H. (Hyphoporus) nilghiricus (Régimbart, 1903) n. comb., H. (Hyphoporus) 

oudomxai (Brancucci & Biström, 2013) n. comb., H. (Hyphoporus) pacistanus (Guignot, 

1959) n. comb., H. (Hyphoporus) pugnator (Sharp, 1890) n. comb., H. (Hyphoporus) sev-
erini (Régimbart, 1892) n. comb., H. (Hyphoporus) subaequalis (Vazirani, 1969) n. comb., 
H. (Hyphoporus) tonkinensis (Régimbart, 1899) n. comb.
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Introduction

The diving beetle tribe Hygrotini (Dytiscidae: Hydroporinae) is a relatively small 

and homogeneous lineage, with 137 species currently included in four genera: Heroceras 

Guignot, 1950, Herophydrus Sharp, 1880, Hyphoporus Sharp, 1880, and Hygrotus Ste-

phens, 1828, the latter with two subgenera, Hygrotus s. str. and Coelambus Thomson, 1860 

(Nilsson & Hájek, 2017a). They have a predominantly Holarctic and Ethiopian distribution, 

with some species reaching the Oriental and the north of the Neotropical regions (Nilsson 

& Hájek, 2017a).

The taxonomic history of Hygrotini has experienced several modifications since 

the original description of the tribe by Portevin (1929). Previous to this author, Sharp (1882: 

389) listed Coelambus (in which he included species currently in Hygrotus and Herophy-
drus) as well as Herophydrus and Hyphoporus (both erected two years earlier) as the three 

first genera in his “Group Hydroporini”. Portevin (1929: 180) excluded from Hydroporini the 

genera Oxynoptilus Schaum, 1867 (junior objective synonym of Hydrovatus Motschulsky, 

1853), Hyphydrus Illiger, 1802, and Hygrotus, and erected for these three genera the tribe 

Hygrotini, based on the common presence of an oblique epipleural carina near the elytral 

shoulders which separates the smaller anterior part (the genicular area or fossa, which re-

ceives the front- and midleg knees when the legs are folded; cf. Sharp, 1882: 242) from the 

longer posterior part of the elytral epipleura. However, most authors continued to include 

Hygrotus and allied genera within the wider tribe Hydroporini as defined by Sharp (1882). 

Nilsson & Holmen (1995: 30) reinstated the tribe Hygrotini, excluding the genera Hyphydrus 

and Hydrovatus (which were already in their own tribes Hyphydrini and Hydrovatini respec-

tively), but including the genus Pseudhydrovatus Peschet, 1924, which subsequently was 

shown to be a junior synonym of Hydrovatus (see Biström, 2002).

The generic concepts within Hygrotini also suffered multiple changes. Thomson 

(1860) realised that Hygrotus sensu Stephens (1828) comprised two different morphologi-

cal groups according to the aspect of the anterior margin of clypeus, establishing the genus 

Coelambus for the species without clypeal rim. The status of both Coelambus and Hygrotus 

has generated controversy among different authors, as the character of the clypeal rim in 

fact shows considerable variation (see Falkenström, 1933; Balfour-Browne, 1934; Ander-

son, 1971; or Biström & Nilsson, 2002; and the Appendix for a detailed discussion). Sharp 

(1882) considered Coelambus as a genus divided into different groups according to the 

morphology of the anterior part of the head and the clypeus, with Dytiscus inaequalis Fab-

ricius, 1777 (the type species of the genus Hygrotus) included in his Group I. Other authors 

followed his criterion (e.g. Fall, 1919), but Balfour-Browne (1940) and Hatch (1953) (among 
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others) considered again Coelambus as a subgenus of Hygrotus, a treatment that has pre-

vailed since then (although Miller & Bergsten, 2016 recently re-established Coelambus as 

a valid genus, but without detailed discussion).

As for the other genera currently included in Hygrotini, Sharp (1880: cxlviii) erected 

within Hydroporini the new genus Herophydrus for what was known as Hydroporus hyphy-
droides Perris, 1864 (= Hyphydrus guineensis Aubé, 1838), plus five undescribed species 

from Africa and Madagascar, and the new genus Hyphoporus for Hydroporus solieri Aubé, 

1838, and two other undescribed species. Two years later, Sharp (1882: 997; nec Branden 

1885: 39) synonymised H. hyphydroides with H. guineensis and described the species 

mentioned in Sharp (1880) as new, five in Herophydrus and two in Hyphoporus. It is notable 

that in Sharp (1882) the current Herophydrus musicus (Klug, 1834) was maintained in the 

genus Coelambus.

The identity of the genera of Hygrotini has been problematic ever since. Guignot 

(1950) was the first author who characterised Hyphoporus and Herophydrus by using as 

main character the morphology of the male genitalia, asymmetric in the first and symmetric 

in the second. Finally, Heroceras was erected by Guignot (1950) for a species from Mada-

gascar (Herophydrus descarpentriesi Peschet, 1923) with some peculiar characters (such 

as e.g. dilated antennae, see below).

Until recently the internal phylogeny of Hygrotini has only been addressed as part 

of wider studies on the phylogeny of Dytiscidae, or the revision of particular genera. Re-

markably, all published studies failed to recover the respective monophyly of Hygrotus and 

Herophydrus, either using molecular (Ribera et al., 2002, 2008; Abellán et al., 2013; Miller 

& Bergsten, 2014) or morphological data, both of larvae (Alarie & Michat, 2007) and adults 

(Miller, 2001; Biström & Nilsson, 2002). The phylogenetic position of the genera Hyphopo-
rus and Heroceras has only been addressed using morphological data by Biström & Nilsson 

(2002), who found Hyphoporus as sister to the studied species of Coelambus, and Hero-
ceras as sister to the species of Herophydrus plus Hygrotus.

In a previous work by the same authors (Villastrigo et al., 2018, Chapter 2) we 

reconstructed the evolution of the tolerance to salinity within tribe Hygrotini, which includes 

some of the few diving beetles able to live at salt concentrations more than double that of 

seawater (e.g. Hygrotus salinarius (Wallis, 1924) or H. pallidulus (Aubé, 1850); Timms & 

Hammer, 1988;, Picazo et al., 2010). With that purpose, a molecular phylogeny of the tribe 

was estimated, including ca. 45% of the described species. Results revealed that two of the 

four currently recognised genera of Hygrotini and one subgenus were para- or polyphyletic 
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(Hygrotus, Herophydrus and subgenus Coelambus), and the monotypic Heroceras was 

deeply nested within a clade of Madagascan Herophydrus. The need of a new classification 

of Hygrotini in order to reconcile the taxonomic ordination of the tribe with its phylogeny 

was clear, but it was considered more appropriate to present the corresponding taxonomic 

changes in a separate work.

Material and Methods

Phylogenetic data: We used the phylogeny of Hygrotini obtained in Villastrigo et al. (2018, 

Chapter 2), which included sequence data from 99 specimens of 61 species representing 

all four currently recognised genera of Hygrotini (Table 1). Most importantly, the phylogeny 

included the type species of all nine genus-group names within Hygrotini (Nilsson & Hájek , 

2017a). Outgroups included a selection of species of Hydroporini, and trees were rooted on 

Laccornis Gozis, 1914, considered to be outside Hydroporini and Hygrotini and in a basal 

position within Hydroporinae (Ribera et al., 2008; Miller & Bergsten, 2014).

For a detailed explanation of the methods used to obtain the molecular data and 

the phylogeny see Villastrigo et al. (2018, Chapter 2). In summary, the phylogeny was built 

using fragments of seven genes in six sequencing reactions, three mitochondrial: (1) 5’ end 

of cytochrome c oxidase subunit 1 (COI-5, the “barcode” fragment, Hebert et al., 2003), (2) 

3’ end of cytochrome c oxidase subunit 1 (COI-3), (3) 5’ end of 16S RNA plus the Leucine 

tRNA plus 5’ end of NADH dehydrogenase subunit I (16S); and three nuclear: (4) an internal 

fragment of the large ribosomal unit 28S RNA (28S), (5) an internal fragment of the small 

ribosomal unit, 18S RNA (18S) and (6) an internal fragment of Histone 3 (H3). Vouchers 

and DNA samples of all specimens used in the phylogeny are kept in the collections of the 

Institute of Evolutionary Biology (IBE, Barcelona) and Museo Nacional de Ciencias Natu-

rales (MNCN, Madrid).

To reconstruct the phylogeny, sequences were aligned using the online version 

of MAFFT 7 with the G-INS-I algorithm (Katoh et al., 2009) and a fast Maximum Likelihood 

(ML) heuristic algorithm in RAxML-HPC2 (Stamatakis, 2006) in the CIPRES Science Gate-

way (Miller et al., 2010), using a partition by genes with a GTR+G evolutionary model inde-

pendently estimated for each partition and assessing node support with 100 pseudoreplicas 

with a rapid bootstrapping algorithm (Stamatakis et al., 2008).

Morphological data: Specimens were studied with an Olympus SZX16 stereomicroscope. 

For the figures, stacks of micrographs were made with a Canon EOS 650D camera at-
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tached to the stereomicroscope. These stacks were subsequently treated with the image 

stacking software Helicon Focus Pro version 6.4.1. For the SEM-micrographs, specimens 

were placed on stubs and coated with gold (Sputter Coater, Quorum Technologies Ltd., 

Ashford, England). Micrographs were taken with an ESEM XL30 (Philips, Amsterdam, The 

Netherlands) and Scandium FIVE software (Olympus, Münster, Germany) in the Phyle-

tisches Museum (Jena, Germany). Adobe Photoshop CS5 software was used to retouch 

micrographs and ink drawings. Most ink drawings are reproduced from Fery (2003) with 

the permission of M.A. Jäch (Vienna, Austria); this is not mentioned in the legends of the 

figures. 

To estimate the likely phylogenetic relationships of the species for which no mo-

lecular data could be obtained, and to complete the taxonomic rearrangement of the tribe 

Hygrotini (see below), we studied all described species of the subgenera Hygrotus and 

Coelambus with the only exceptions of H. (Coelambus) artus (Fall, 1919), known only from 

the holotype and considered to be possibly extinct (see Anderson, 1983), and H. (Coelam-
bus) femoratus (Fall, 1901), which is likely a junior synonym of H. (Coelambus) nubilus 

(LeConte, 1855) (see Anderson, 1983). Additionally, we have studied a selection of species 

of Herophydrus and Hyphoporus (see Table 1 for the studied material).

Species for which no molecular data were available were considered to be closely 

related to those showing a high morphological similarity, based both on external characters 

and on the female and male genitalia. For species without obvious close relatives we iden-

tified diagnostic characters or character combinations for the main clades in the phylogeny, 

and placed these species according to the presence or absence of these characters. We 

used Mesquite v3.20 (Maddison & Maddison, 2017) to manually place all species in their 

estimated position in the phylogenetic tree (used as a backbone tree), and collapsed uncer-

tain nodes to create polytomies.

Throughout the text of the present work, we follow the classification and nomencla-

ture of Nilsson & Hájek (2017a, b) until we introduce our new classification. The following 

abbreviations are used in the text: TL (total length) and MW (maximum width); MNHN is 

used for “Muséum National d’Histoire Naturelle, Paris, France” and FSCA for “Florida State 

Collection of Arthropods, Gainesville, Florida, USA”.

A new classification of the tribe Hygrotini

According to the phylogenetic results of Villastrigo et al. (2018, Chapter 2) the 

monophyly of Hygrotini is recovered with strong support, as well as the division of Hygrotini 
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into two clades (see Fig. 1; here the former generic and subgeneric names are still used): 

(A) three Nearctic and one Palaearctic species of subgenera Hygrotus and Coelambus and 

(B) the remaining species of the tribe. The latter was in turn divided into four further clades: 

(B1) a group of Palaearctic species of Coelambus including Hygrotus (Coelambus) conflu-
ens (Fabricius, 1787) (the type species of Coelambus), (B2) the two sampled species of 

Hyphoporus (including its type species, H. solieri), (B3) a large group of species including 

Heroceras, all sampled Herophydrus (including its type species H. guineensis) and most 

species of Hygrotus s. str. (including its type species H. inaequalis) and (B4) the remaining 

species of Coelambus, in turn divided into two sister clades, one with mostly Palaearctic 

species and a second with mostly Nearctic species. The internal phylogeny of the main 

clades was in general in good agreement with the recognised species groups among Hy-
grotus and Coelambus based on morphology (see e.g. Anderson, 1971, 1976, 1983; Fery 

1992, 1995, 2003).

Given the para- or polyphyly of the genera Hygrotus and Herophydrus and of the 

subgenus Coelambus in their current concepts, we provide here a new classification of the 

tribe with the aim to avoid para- or polyphyletic genera and subgenera. This section includes 

brief descriptions of the principal diagnostic characters of the newly classified taxa, which 

were delimited according to the main clades of the phylogeny (see Table 1 for a complete 

checklist of the species of the tribe, and Fig. 2 for a dendrogram representing graphically 

the new classification).

Tribe Hygrotini Portevin, 1929: 180, as tribe of subfamily Hydroporinae.

Type genus: Hygrotus Stephens, 1828: 38. 

Diagnosis: Within Hydroporinae, species of Hygrotini are usually characterised by the fol-

lowing combination of characters: 

• metepisternum (metepiventrite in Miller & Bergsten, 2016: 139) reaching meso-

coxal cavities, not separated by mesepimeron (in contrast to members of Vatellini);

• apices of elytra and last abdominal ventrite not acuminate (in contrast to mem-

bers of Methlini);

• prosternal process elongate with apex narrowly pointed or rounded (in contrast 

to members of Hydrovatini);

• dorsal (anterior) margin of metafemur separated from metacoxal lobe by meta-

trochanter (in contrast to members of Laccornellini and Laccornini);
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• humeral portion of epipleuron with oblique carina delimiting genicular fossa 

(character shared with members of Hydrovatini, Hyphydrini and genus Rhithro-
dytes Bameul, 1989 in Hydroporini; cf. Fery, 2013, 2016; see Fig. 53 for Rhithro-
dytes agnus Foster, 1992, and Figs 49–52 for some Hygrotus species).

• metatarsal claws equal in length, with exception of members of C. sagina-
tus-group (see Fery, 1992, 1995, 2003) and in contrast to members of Hyphydrini 

and Pachydrini (see e.g. Pederzani, 1995; Miller & Bergsten, 2016).

None of these characters is, however, an unambiguous synapomorphy of the 

group. We introduce here a potentially unambiguous synapomorphy of tribe Hygrotini, rec-

ognised by one of us (H.F.). In many members of Hydroporinae the antennal cavities in the 

fronto-lateral part of the head are rather deep and more or less conical (much flatter e.g. 

in Hyphydrini), allowing the movement of the first antennomere (the scape). These cavities 

are delimited dorsally by the anterior border of the clypeus (“b” in Figs 3–6). Inside each 

cavity there is a capsule in which the base of the scape (the condyle) is articulated. This 

capsule is delimited by a distinct more or less circular carina (“a” in Figs 3–6). In all studied 

species of Hygrotini there is an additional - more or less semicircular - carina (“c” in Figs 

4–6) which is closer to the border of the clypeus and surrounds in part the other carina. In 

the species of Hydroporini this additional carina is not present (see Fig. 3 for Hydroporus 
dorsalis (Fabricius, 1787) or fig. 33 in Fery & Bouzid 2016 for Tassilodytes parisii (Gridelli, 

1939)). In a few species of Hygrotini the second carina is difficult to observe or is very nar-

row (as in e.g. Heroceras descarpentriesi and Hygrotus (Coelambus) salinarius), but is nev-

ertheless clearly perceptible when the specimens are properly illuminated and orientated. 

However, in most specimens studied of Hygrotus (Coelambus) masculinus (Crotch, 1874), 

the second carina is reduced to a short piece near the mandible.

According to the phylogeny reconstructed in Villastrigo et al. (2018, Chapter 2) the 

tribe Hygrotini is divided into two well supported monophyletic lineages, which are consid-

ered here with generic rank. Each of these two lineages is in turn divided into generally well 

supported clades, which are treated as subgenera. In some cases these clades have lower 

support in the molecular phylogeny, and are also not well defined morphologically (see be-

low and Appendix for a discussion on the clypeal bead, the main character used so far to 

differentiate genera and subgenera within Hygrotini), so we opted for a subgeneric rather 

than a generic rank.

Due to the new classification 67 species are for the first time included in the genus 

Clemnius n. gen. or in Hygrotus, thus their names becoming new combinations. We have 

listed all these species in Table 1 marked with “n. comb.” These changes have also gen-



A new classification of the tribe Hygrotini Portevin, 1929

46

erated some homonymies which will be resolved in a separate work (H. Fery, manuscript 

in preparation).

The genera and subgenera are treated below in the same order as in Fig. 2, start-

ing from the lower part of the figure.

Genus Clemnius n. gen.

Type species: Hyphydrus decoratus Gyllenhal, 1810: XVI, by present designation

The new genus Clemnius n. gen. includes eight described species distributed in the Nearc-

tic (including the north of Mexico, sometimes treated as Neotropical) and in the Palaearctic 

zoogeographical region (Fig. 2 and Table 1). 

Diagnosis: In the new classification Clemnius n. gen. is one of two genera of the tribe 

Hygrotini. All species of this and the second genus Hygrotus have two carinae in each an-

tennal cavity (see Figs 4–6), a unique character among the entire subfamily Hydroporinae. 

The new genus—which corresponds to clade A in Fig. 1—is a heterogeneous assembly 

of relatively small species with different morphological characters. It is subdivided into two 

sister-clades each treated as a subgenus: Cyclopius n. subgen. and Clemnius s. str. n. 
subgen. (see Fig. 2). 

Subgenus Cyclopius n. subgen.

Type species: Hydroporus acaroides LeConte, 1855: 294, by present designation.

The subgenus Cyclopius n. subgen. contains three species of the former subgenus Hygro-
tus (see Fig. 2 and Table 1).

Diagnosis: Body shape subglobose (TL/MW ca. 1.35–1.6); body size small (TL 2.1–2.6 

mm) (cf. Fig. 7 for Clemnius (Cyclopius) acaroides). Head with anterior clypeal margin 

truncate and slightly emarginated, border not produced forwards; bead broadly interrupt-

ed medially (C. (Cyclopius) acaroides and C. (Cyclopius) marginipennis (Blatchley, 1912)) 

or absent (C. (Cyclopius) farctus (LeConte, 1855)); antennomeres simple, not broadened. 

Elytra with margin in lateral view rather strongly ascending to shoulder (similar to Fig. 54); 

epipleuron comparably broad, broader than mesotibia distally; carina meeting inner margin 

of epipleuron forming a comparably small angle (< ca. 135°; similar to Fig. 49). Colour pat-

tern of elytra variable, from yellowish with dark vittae to more or less uniformly dark brown-
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ish or blackish; venter brownish to dark brownish, partly paler.

Males with last abdominal ventrite with deep medial depression, its anterior margin with two 

long spines projecting backwards and more posteriorly with two rather short ones directed 

perpendicular to surface (see fig. 24B in Larson et al., 2000), a unique character in Hygrotini 

and also in Dytiscidae. Median lobe symmetric, robust in C. (Cyclopius) acaroides (Fig. 19) 

and C. (Cyclopius) marginipennis, but very thin in C. (Cyclopius) farctus. Parameres with 

condylar process short, forming an obtuse angle with distal part (see Fig. 29; cf. figs. 10–12 

in Anderson 1971). Male metatarsal claws of equal length.

Etymology: From the Greek χύκλος (kyklos = circle), referring to the semicircular shape of 

the clypeus of the species of the subgenus. The gender of the name is masculine.

Distribution: Nearctic: Canada and USA.

Main habitat types: Species of this subgenus are typically known from lentic freshwater 

habitats; Blatchley (1912: 330) reported C. (Cyclopius) marginipennis from “shallow brack-

ish ponds”.

Subgenus Clemnius s. str. n. subgen.

Type species: Hyphydrus decoratus Gyllenhal, 1810: XVI, by present designation.

The subgenus Clemnius n. subgen. contains five species of the former genus Hygrotus, 

subgenera Hygrotus and Coelambus (see Fig. 2 and Table 1).

Diagnosis: Body shape oval, either almost globose (TL/MW ca. 1.6) (see Fig. 10 for C. (s. 

str.) decoratus) or more elongated, “navicular” (TL/MW 1.7–1.8) (see Fig. 11 for C. (s. str.) 

laccophilinus (LeConte, 1878)), with MW short behind pronotum and distinctly before mid-

length (still somewhat more elongated in C. (s. str.) berneri Young & Wolfe, 1984, with TL/

MW ca. 2.05; see Fig. 12 for holotype and its labels; FSCA); body size small (TL 2.1–3.3 

mm). Clemnius (s. str.) decoratus and C. (s. str.) hydropicus (LeConte, 1852) with anterior 

clypeal margin evenly and semicircularly rounded, with border produced forwards and bead 

complete as in subgenus Hygrotus s. str. In Contrast Clemnius (s. str.) laccophilinus, C. (s. 

str.) berneri and C. (s. str.) sylvanus (Fall, 1917) with anterior clypeal margin truncate and 

slightly emarginated, with border not produced forwards and bead absent. Antennomeres 

simple, not broadened. Elytra with margin in lateral view moderately ascending to shoulder 

(similar to Fig. 55); epipleuron comparably broad, broader than mesotibia distally; carina
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meeting inner margin of epipleuron forming a comparably small angle (< ca. 135°; similar 

to Fig. 49). Elytra either dark, uniformly testaceous or with yellowish-brown dots, but not 

vittate; venter brown or testaceous. Last abdominal ventrite without deep depression.

Aedeagus with median lobe symmetric, robust in C. (s. str.) decoratus (Fig. 21) and C. (s. 

str.) hydropicus (cf. fig. 13 in Anderson 1971) or distally very narrow in C. (S. str.) berneri 
(Fig. 20), C. (s. str.) laccophilinus and C. (s. str.) sylvanus (cf. also figs 1A and 2A in An-

derson 1976). Parameres with condylar process rather short and forming an obtuse angle 

with distal part (Figs 30 and 31; cf. also figs 1B and 2B in Anderson 1976). Male metatarsal 

claws of equal length.

Etymology: From the Greek χλεμμύϛ (klemmys = tortoise); referring to the almost hemi-

spherical body shape of most species. The gender of the generic name is masculine.

Distribution: Palaearctic (Europe, Russia and Kazakhstan), Nearctic and Neotropical 

(northern part of Mexico).

Main habitat types: The subgenus includes species typical of lentic freshwater environ-

ments.

Notes: Within the subgenus there are two clear groups of species according to body shape 

and genital morphology, one formed by C. (s. str.) decoratus and C. (s. str.) hydropicus 

(body shape more globular, aedeagus robust with short medial lobe), and the other by C. (s. 

str.) berneri, C. (s. str.) laccophilinus and C. (s. str.) sylvanus (body shape more elongated, 

“navicular”, aedeagus slender with elongated median lobe). The phylogenetic relationships 

of the species for which molecular data were available are poorly supported (Fig. 1), but 

in any case we never recovered these two groups as respectively monophyletic. We thus 

refrain from splitting Clemnius n. subgen. into two taxa corresponding to these two groups, 

at least until more evidence becomes available.

Genus Hygrotus Stephens, 1828

Type species: Dytiscus inaequalis Fabricius, 1777: 239, by subsequent designation of Cur-

tis (1835: pl. 531).

Diagnosis: In the new classification Hygrotus is the second of two genera of the tribe Hy-

grotini. As in Clemnius n. gen. all species of the genus have two carinae in each antennal 

cavity (see Figs 4–6).
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Figure 1. Phylogeny of Hygrotini, modified from Villastrigo et al. (2018, Chapter 2). Numbers above 
nodes are bootstrap support values. Note that here the former generic and subgeneric names are 
still used.
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Figure 2. Dendrogram showing the new classification of Hygrotini. A number of species without 
molecular data (no voucher number) have been inserted near morphologically similar species with 
molecular data. Acronyms refer to biogeographical regions.
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Leptolambus salinarius GBK NA

Leptolambus marklini AI89 H

Clemnius decoratus AI841 PL

Hygrotus rufus     AF

Hygrotus hyphoporoides     AF

Leptolambus lernaeus AN68 PL

Hygrotus musicus AV10 AF, OR, PL

Leptolambus lagari AI490 PL

Leptolambus masculinus AV24 NA

Hygrotus ritsemae     AF

Hygrotus obsoletus     AF

Cyclopius farctus     NA

Hygrotus rohani GBK AF

Hygrotus assimilis GBK AF

Hygrotus quinquelineatus DM4 PL

Hygrotus nodieri IR242 AF

Leptolambus curvipes     NA

Hygrotus discrepatus     AF

Clemnius laccophilinus AI1125 NA

Hygrotus gschwendtneri     AF

T
rib

e 
H

yg
ro

tin
i

Hyphoporus geetae     OR

Hyphoporus solieri RA700 PL

Hyphoporus pacistanus     PL

Hyphoporus anitae     PL

Hyphoporus pugnator     OR
Hyphoporus montanus     OR

Hyphoporus oudomxai     OR
Hyphoporus subaequalis    OR

Hyphoporus elevatus     OR, PL

Hyphoporus bengalensis     OR

Hyphoporus tonkinensis RA769 OR

Hyphoporus dehraduni     PL

Hyphoporus josephi     OR

Hyphoporus nilghiricus     OR, PL

Hyphoporus aper     OR, PL

Hyphoporus bertrandi     PL

Hyphoporus caliginosus     OR
Hyphoporus kempi     OR, PL

Hyphoporus severini     OR, PL

Leptolambus
n. subg.

subg.
Hygrotus

subg.
Coelambus

Cyclopius
n. subg.

Clemnius
n. subg.

subg.
Hyphoporus

solieri gr.

aper gr.

heros gr.

rufus gr.

inaequalis gr.

verticalis gr.

guineensis gr. 

saginatus gr.

parallellogrammus gr.

pedalis gr.

Clemnius
n. gen.

gen.
Hygrotus
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Figures 3-4. Antennal cavities of: (3) Hydroporus dorsalis (Hydroporini) and (4) Hygrotus (Leptolam-
bus) lagari (Fery, 1992) (a: carina delimiting capsule for scape; b: fronto-lateral border of clypeus; c: 
second carina).
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Figures 5-6. SEM micrographs with details of head and antennal cavities of: (5) Hygrotus (Leptolam-
bus) impressopunctatus (frontal view) and (6) Hygrotus (s. str.) inaequalis (oblique ventral view) (a, 
b and c as in Figs 3-4: d: clypeal stripe; e: labrum).
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According to the two main clades in the phylogeny of Hygrotini and several morphologi-

cal characters, the genus (which corresponds to Clade B in Fig. 1) is subdivided into four 

clades corresponding to the following four subgenera: clade B1 = subgenus Coelambus, 

clade B2 = subgenus Hyphoporus, clade B3 = subgenus Hygrotus s. str. and clade B4 = 

Leptolambus n. subgen.

Subgenus Coelambus Thomson, 1860

Type species: Dytiscus confluens Fabricius, 1787: 193, by subsequent designation of 

Zaitzev (1953: 129).

The subgenus Coelambus contains eight Palaearctic and one Nearctic species (Hygrotus 

(C.) punctilineatus (Fall, 1919)).

Diagnosis: Body shape moderately to elongate oval (TL/MW ca. 1.7–2.0); small to medium 

sized species (TL 3.0–4.5 mm) (see Fig. 9 for H. (Coelambus) confluens). Head with ante-

rior clypeal margin truncate and slightly emarginated, border not produced forwards; bead 

absent. Antennomeres simple, not broadened. Elytra with margin in lateral view strongly 

ascending to shoulder (see Fig. 54 for H. (Coelambus) caspius (Wehncke, 1875)); epipleu-

ron comparably narrow, narrower than mesotibia distally; carina meeting inner margin of 

epipleuron forming a comparably wide angle (< ca. 150°; similar to Fig. 51). Elytra light 

yellowish (more yellowish brown in H. (Coelambus) ahmeti Hájek, Fery & Erman, 2005), 

distinctly vittate (in some species/individuals vittae strongly reduced in anterior half). Venter 

usually black, but females of some species (e.g. H. (Coelambus) pallidulus) with abdomen 

at least in part yellow or brownish. Last abdominal ventrite without deep depression.

Aedeagus with median lobe elongate, very slender (distal half very thin in lateral view), sym-

metric or almost symmetric (e.g. in H. (Coelambus) enneagrammus (Ahrens, 1833), and H. 
(Coelambus) confluens; see Figs 23 and 24). Parameres with condylar process rather long 

and forming an almost right angle with distal part (Figs. 37 and 38 for H. (Coelambus) enn-
eagrammus and H. (Coelambus) confluens, respectively). Male metatarsal claws of equal 

length.

Distribution: Mainly Palaearctic, with one species in Canada and northern USA (Hygrotus 

(Coelambus) punctilineatus).

Main habitat types: The subgenus includes species typical of both lentic and lotic habitats, 

with varied salinity tolerance going from freshwater to hypersaline.



A new classification of the tribe Hygrotini Portevin, 1929

60

The genus Hygrotus as here defined includes 129 described species (two of them bitypic) 

distributed in the Nearctic (including the north of Mexico), Palaearctic, Afrotropical and Ori-

ental zoogeographical regions (Fig. 2 and Table 1). One Nearctic species was introduced 

to Hawaii (see below), which belongs to the Pacific region.

Figures 7-12. Habitus of: (7) Clemnius (Cyclopius) acaroides, (8) Hygrotus (s. str.) inaequalis, (9) 
Hygrotus (Coelambus) confluens, (10) Clemnius (s. str.) decoratus, (11) Clemnius (s. str.) laccophi-
linus and (12) Clemnius (s. str.) berneri (male holotype and labels).
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Figures 13-18. Habitus of: (13) Hygrotus (Leptolambus) impresopunctatus, (14) H. (Leptolambus) 
orthogrammus, (15) H. (Leptolambus) obscureplagiatus, (16) H. (s. str.) guineensis, (17) H. (s. str.) 
descarpentriesi (male syntype and labels) and (18) H. (Hyphoporus) solieri (Figs 14 and 18 are re-
produced from Fery et al., 2012 with the permission of F. Gusenleitner, Linz, Austria).
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Subgenus Hyphoporus Sharp, 1880 n. stat.

Type species: Hydroporus solieri Aubé, 1838: 554, by monotypy.

The subgenus Hyphoporus contains 19 species distributed in the Oriental and Palaearctic 

regions (see Fig. 2 and Table 1).

Diagnosis: Body shape short oval (TL/MW ca. 1.6–1.7), rather globose; small to medium 

Figures 19-28. Median lbe in ventral and lateral view of: (19) Clemnius (Cyclopius) acaroides, (20) 
Clemnius (s. str.) berneri, (21) Clemnius (s. str.) decoratus, (22) Hygrotus (s. str.) inaequalis, (23) H. 
(Coelambus) enneagrammus, (24) H. (Coelambus) confluens, (25) H. (Leptolambus) parallellogram-
mus, (26) H. (Leptolambus) impressopunctatus, (27) H. (s. str.) guineensis and (28) H. (Hyphoporus) 
tonkinensis (Fig. 28 is a modified reproduction of figs 3 and 4 in Brancucci & Biström, 2013).
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sized species (TL 3.5–5.6 mm) (see Fig. 18 for H. (Hyphoporus) solieri). Head with anterior 

clypeal margin truncate, straight or slightly emarginated, border not produced forwards; 

bead continuous, middle part narrowed in most species (see Fig. 42 for H. (Hyphoporus) 

solieri); (except H. (Hyphoporus) bengalensis (Severin, 1890) with continuous bead). An-

tennomeres simple, not broadened. Elytra with margin in lateral view moderately ascending 

to shoulder (similar to Fig. 55); epipleuron comparably broad, broader than mesotibia distal-

ly; carina meeting inner margin of epipleuron forming a comparably small angle (< ca. 135°; 

Figures 29-40. Left paramere of: (29) Clemnius (Cyclopius) acaroides, (30) Clemnius (s. str.) ber-
neri, (31) Clemnius (s. str.) decoratus, (32) Hygrotus (s. str.) inaequalis, (33) H. (Leptolambus) fres-
nedai, (34) H. (Leptolambus) impressopunctatus, (35) H. (Leptolambus) parallellogrammus, (36) H. 
(Leptolambus) nubilus, (37) H. (Coelambus) enneagrammu, (38) H. (Coelambus) confluens, (39) H. 
(s. str.) guineensis and (40) H. (Leptolambus) tonkinensis (Fig. 40 is a modified reproduction of fig 5 
in Brancucci & Biström, 2013).
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Figures 41-48. Head with details of clypeal rim of: (41) Hygrotus (Leptolambus) impressopunctatus, 
(42) H. (Hyphoporus) solieri, (43) H. (s. str.) guineensis, (44) H. (s. str.) inaequalis, (45) idem in late-
ral view, (46) H. (Coelambus) confluens (the lighter area before the anterior border of the clypeus is 
the “clypeal stripe”; see Appendix), (47) H. (Leptolambus) masculinus and (48) idem in lateral view.
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similar to Fig. 50). Elytra with interrupted vittae or dotted (in some species very darkened); 

venter black or brown. Last abdominal ventrite without deep depression.

Aedeagus with median lobe robust, asymmetric (see Fig. 28 for Hygrotus (Hyphoporus) 

tonkinensis (Régimbart, 1899); in H. bengalensis median lobe more or less symmetric; 

see Vazirani 1969 for several further figures); parameres with condylar process of diverse 

length, forming an obtuse angle with distal part (see Fig. 40 for H. (Hyphoporus) tonkinen-
sis). Male metatarsal claws of equal length.

Distribution: Palaearctic and Oriental, from Iran to India and south-east Asia; one species 

- H. (Hyphoporus) solieri - from Iran to the Arabian Peninsula and Egypt.

Main habitat types: There is no information on the habitat of most of the species of the 

subgenus, although they are likely to be mostly associated with freshwater environments. 

However, it shall be mentioned that Hájek (2006: 48) illustrated a rest-pool in a wadi (Pir 

Sohrab, Iran) where he has collected H. (Hyphoporus) aper (Sharp, 1882) together with 

Neptosternus circumductus Régimbart, 1899.

Subgenus Hygrotus Stephens, 1828

Type species: Dytiscus inaequalis Fabricius, 1777: 239, by subsequent designation of Cur-

tis (1835: pl. 531).

Herophydrus Sharp, 1880: cxlviii; type species: Hydroporus hyphydroides Perris, 1864: 277 

(= Herophydrus guineensis (Aubé 1838: 455)), by monotypy. n. syn.

Dryephorus Guignot, 1950: 150; type species: Coelambus nodieri Régimbart, 1895: 37, by 

original designation of Guignot (1950: 150). n. syn.

Heroceras Guignot, 1950: 150; type species: Herophydrus descarpentriesi Peschet, 1923: 

176, by original designation of Guignot (1950: 150). n. syn.

The newly defined subgenus Hygrotus s. str. includes six species previously included in 

the former subgenus Hygrotus s. str., the single species of former genus Heroceras (H. 
descarpentriesi) and all 44 species (one of them bitypic) of the former genus Herophydrus 

(see Fig. 2 and Table 1).

Diagnosis: Body shape short oval to moderately elongate oval (TL/MW ca. 1.7–1.8); spe-

cies of former Hygrotus s. str. and Heroceras small (TL 2.8–3.6 mm) (see Fig. 8 for H. (s. 
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str.) inaequalis and Fig. 17 for H. (s. str.) descarpentriesi) and species of former Herophy-
drus small to large (TL 2.6–7.4 mm) (see Fig. 16 for H. (s. str.) guineensis). Head of species 

of former Hygrotus with anterior clypeal margin evenly and semicircularly rounded, border 

produced forwards and with complete bead (see Figs 44 and 45 for H. (s. str.) inaequa-
lis); species of former Herophydrus and Heroceras with anterior clypeal margin truncate, 

straight or slightly emarginated, border not produced forwards; bead present, but in many 

species narrowed in medial part (see Fig. 43 for H. (s. str.) guineensis), in others medially 

obsolete or widely reduced except before eyes (cf. Appendix). Antennomeres simple, not 

broadened except in H. (s. str.) descarpentriesi, with antennomeres of both sexes, but es-

pecially males, strongly dilated (Fig. 17). Elytra with margin in lateral view rather strongly 

ascending to shoulder (similar to Fig. 54); epipleuron comparably broad, broader than mes-

otibia distally; carina meeting inner margin of epipleuron forming a comparably small angle 

(< ca. 135°; similar to Fig. 49). Elytral pattern diverse (vittate, dotted or uniform); venter 

black or brown. Last abdominal ventrite without deep depression.

Figures 49-55. (49-53): Epipleuron with oblique epipleural carina and genicular fossa of: (49) Clem-
nius (s. str.) berneri, (50) Hygrotus (Leptolambus) polonicus polonicus, (51) H. (Coelambus) caspius, 
(52) H. (Leptolambus) impressopunctatus and (53) Rhithrodytes agnus; epipleural carina (c) and 
inner margin of epipleuron (m) including angle mentioned in diagnoses of subgenera. (54-55): Elytral 
margin in lateral view of: (54) H. (Coelambus) caspius (strongly ascending to shoulder) and (55) 
Clemnius (s. str.) berneri (moderately ascending to shoulder) (Figs 52 and 53 are reproduced from 
Fery, 2013 and from Fery, 2016 with the permissions of F. Gusenleitner, Linz, Austria, and G. Foster, 
Ayr, UK, respectively.
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Aedeagus with median lobe robust, distal part very diverse in ventral view, more or less 

symmetric (see Figs 22 and 27 for H. (s. str.) inaequalis and H. (s. str.) guineensis) or at 

most slightly asymmetric in some former Herophydrus (see figures in Biström & Nilsson 

2002); parameres with condylar process generally short, forming an obtuse angle with distal 

part (see Fig. 32 and 39 for H. (s. str.) inaequalis and H. (s. str.) guineensis). Male metatar-

sal claws of equal length.

Distribution: Palaearctic, Nearctic, Ethiopian and Oriental. Species of the former subgenus 

Hygrotus (the H. (Hygrotus) inaequalis-group in Fig. 2) are distributed in Europe, northern 

Africa, Asia and northern America (reaching northern Mexico); species of former Hero-
phydrus occur mainly in Africa, with five species in the Palaearctic, one (H. (Hygrotus) 
musicus) reaching the Oriental region and H. (Hygrotus) morandi (Guignot, 1952) known 

from Cambodia only; H. (Hygrotus) descarpentriesi is endemic to mountainous regions in 

south-eastern Madagascar.

Main habitat types: The subgenus includes species typical of lentic freshwater environ-

ments; some species can be found in inland mineralised or coastal brackish waters, such 

as for example H. (Hygrotus) musicus (Millán et al., 2006). The latter species can also 

be found in mineral and thermal spring-pools (pers. communication by J. Hájek, Prague, 

Czech Republic). The habitat of most African species of the subgenus is poorly known.

Subgenus Leptolambus n. subgen. 

Type species: Dytiscus impressopunctatus Schaller, 1783: 312, by present designation.

The subgenus includes 51 species (one of them bitypic), all previously included in the for-

mer subgenus Coelambus (see Fig. 2 and Table 1). Notes: Coelambus hudsonicus Fall, 

1919 is treated by us as junior subjective synonym of Hygrotus (Leptolambus) novemlin-
eatus (Stephens, 1829) (according to Nilsson & Hájek, 2017a). We are aware that some 

authors (e.g. Foster et al., 2016) accepted subspecific rank for this taxon and others (e.g. 

Alarie et al., 1999) specific rank, but all without giving any justification for their proceeding.

Diagnosis: Body shape moderately to elongate oval (TL/MW ca. 1.75–2.05); small to medi-

um sized species (TL 2.7–5.8 mm) (see Figs 13–15 for H. (Leptolambus) impressopuncta-
tus, H. (Leptolambus) orthogrammus (Sharp, 1882) and H. (Leptolambus) obscureplagiatus 

(Fall, 1919)). Head with anterior clypeal margin truncate and emarginated (see Fig. 41 for 

H. (Leptolambus) impressopunctatus); in some species medially at least less curved than 

near eyes (see Fig. 47 for H. (Leptolambus) masculinus); border not produced forwards and 
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bead absent (except in H. (Leptolambus) masculinus and H. (Leptolambus) salinarius; cf. 

Appendix). Antennomeres simple, not broadened. In most species elytral margin in lateral 

view somewhat less ascending to shoulder than in Fig. 54; in species of Anderson’s (1976) 

group III (H. (Leptolambus) bruesi (Fall, 1928), H. (Leptolambus) compar (Fall, 1919), H. 
(Leptolambus) nigrescens (Fall, 1919), H. (Leptolambus) dissimilis (Gemminger & Harold, 

1868), and H. (Leptolambus) turbidus (LeConte, 1855)) margin only moderately ascending 

(similar to Fig. 55); in most species epipleuron comparably broad, broader than mesotibia 

distally; carina meeting inner margin of epipleuron forming a comparably small angle (ca. 

135°; similar to Fig. 50 or Fig. 52). In four species of Anderson’s (1983) group IV (H. (Lep-
tolambus) diversipes (Leech, 1966), H. (Leptolambus) fontinalis Leech, 1966, H. (Leptolam-
bus) pedalis (Fall, 1901), and H. (Leptolambus) thermarum (Darlington, 1928)) epipleuron 

narrower and carina meeting inner margin of epipleuron forming a comparably wide angle 

(> ca. 150°; similar to Fig. 51). In H. (Leptolambus) curvipes (Leech, 1938) (belonging also 

to group IV in Anderson, 1983) epipleuron slightly broader and carina meeting inner margin 

of epipleuron forming an angle of ca. 140°; however, in these five species of Anderson’s 

(1983) group IV elytral margin not as strongly ascending as in species of newly defined sub-

genus Coelambus (see Fig. 54 for H. (Coelambus) caspius). Elytra pattern diverse (vittate, 

diffuse-vittate or “cloudlike”) (see Anderson, 1983; see also Fig. 15 of H. (Leptolambus) ob-
scureplagiatus as an example for diffuse-vittate or “cloudlike” elytral pattern); venter black. 

Last abdominal ventrite without deep depression.

Aedeagus with shape of median lobe diverse, from robust to very slender; symmetric in 

ventral view (see Figs 25 and 26 for H. (Leptolambus) parallellogrammus (Ahrens, 1812), 

and H. (Leptolambus) impressopunctatus). Species of H. (Leptolambus) saginatus-group 

(see Fig. 2) with distal part of parameres strap-like and condylar process also forming an 

almost right angle with distal part (see Fig. 33 for H. (Leptolambus) fresnedai (Fery, 1992)). 

Species of H. (Leptolambus) parallellogrammus-group (see Fig. 2) with parameres more 

or less triangular and condylar process indistinct and not forming an angle with distal part 

(see Fig. 35 for H. (Leptolambus) parallellogrammus). Other species with distal part of par-

ameres triangular or broadly strap-like and condylar process forming an almost right angle 

with distal part (see Fig 34 for H. (Leptolambus) impressopunctatus) or with very unusually 

shaped parameres (see Fig. 36 for H. (Leptolambus) nubilus; cf. also fig. 7B in Anderson 

1976 for H. (Leptolambus) dissimilis). Male metatarsal claws of equal length except in spe-

cies of H. (Leptolambus) saginatus-group (only four species of all Hygrotini with metatarsal 

claws of unequal length).

Etymology: From Greek λεπτός (= leptos = narrow) and “lambus” in reference to Coelam-
bus. The gender of the generic name is masculine.
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Distribution: The subgenus is divided into two main clades, one with mostly Palaearctic 

distribution except for the Holarctic H. (Leptolambus) impressopunctatus and the Nearctic 

H. (Leptolambus) picatus (Kirby, 1837), and a second with mostly Nearctic species, except 

for H. (Leptolambus) marklini (Gyllenhal, 1813), H. (Leptolambus) novemlineatus, and H. 

(Leptolambus) unguicularis (Crotch, 1874) which are Holarctic. Some species of the Nearc-

tic clade reach northern Mexico: H. (Leptolambus) fraternus (LeConte, 1852), H. (Leptol-
ambus) lutescens (LeConte, 1852), H. (Leptolambus) nubilus, and H. (Leptolambus) wardii 
(Clark, 1862). Hygrotus (Leptolambus) nubilus was recently recorded from Hawaii, where it 

has likely been introduced (see Fery & Challet, 2015).

Main habitat types: Many species of this subgenus are found in mostly lentic freshwaters, 

but several in the Nearctic clade, as well as the species of the H. (Leptolambus) parallel-
logrammus-group, can tolerate from slightly saline to hypersaline waters (Villastrigo et al., 
2018, Chapter 2). The subgenus includes the most salt-tolerant species of the tribe, H. 

(Leptolambus) salinarius and H. (Leptolambus) masculinus.

Discussion

The phylogenetic results of Villastrigo et al. (2018, Chapter 2) revealed the need 

of a thorough systematic rearrangement of the tribe Hygrotini. The close relationships be-

tween the former Hygrotus, Herophydrus and Heroceras had already been previously noted 

by several authors (see the Introduction and the Appendix), and suggested by the incom-

plete molecular and morphological phylogenies available prior to our study (Miller, 2001; 

Biström & Nilsson, 2002; Ribera et al., 2002, 2008; Alarie & Michat, 2007; Abellán et al., 
2013; Miller & Bergsten, 2014). 

Species of Hyphoporus have always been considered to be related to species 

of Herophydrus, from which they differ mainly by the male genital shape (e.g. Biström & 

Nilsson, 2002; Miller & Bergsten, 2016). We opted for maintaining Hyphoporus as a valid 

subgenus, not only based on our phylogenetic results, but also due to the distinctiveness of 

their male genitalia. It is, however, possible that in further analyses with a more complete 

sampling Hyphoporus proves to be a derived clade within the wider subgenus Hygrotus s. 

str.

Hygrotus descarpentriesi, formerly considered in its own genus Heroceras, is a 

morphologically very deviating species when compared with its closest relatives from Mad-

agascar as resolved in the molecular phylogeny (Fig. 1). The habitus is more elongated, 
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the elytral surface is smooth in the male and reticulated (although not matt) in the female (a 

character not found in any other Malagasy species of Hygrotus), the clypeal bead is almost 

absent (see the Appendix), and - the most apparent character - both sexes, but especially 

the males, have strongly dilated antennae. The latter character is present occasionally in 

other groups of Dytiscidae (e.g. in the genera Agabus Leach, 1817, Limbodessus Guignot, 

1939, Hydrovatus, Rhithrodytes, Exocelina Broun, 1886, Lioporeus Guignot, 1950, and oth-

ers; see e.g. Miller & Bergsten, 2016 for some examples and Fig. 17), but still exceptional 

within Hygrotini. Despite all these peculiarities, H. (s. str.) descarpentriesi was originally de-

scribed in Herophydrus, and found at least to be related to this genus by the morphological 

phylogenetic analysis of Biström & Nilsson (2002).

The most unexpected result of the phylogeny was the division of Hygrotini into two 

clades (A and B in Fig. 1), the former (our Clemnius n. gen.) including a small number of 

species previously considered belonging in part to former subgenus Hygrotus s. str. and 

in part to former subgenus Coelambus. The species of Clemnius n. gen. had never been 

suggested to be closely related to each other within Hygrotini. They all share some likely 

plesiomorphic characters of body shape and colouration. Most of them are also similar in 

terms of male genitalia shape, which is in general simpler and more similar to those of other 

related tribes of Hydroporinae.

Of the two subgenera recognised within Clemnius n. gen., Cyclopius n. subgen. 
is well characterised by the special morphology of the male last abdominal ventrite, but we 

could not recognise any clear unambiguous synapomorphy for Clemnius n. subgen. The 

relationships within the latter are still poorly defined, and need further morphological and 

molecular studies to be clarified. 

Although a formal biogeographic analysis is out of the scope of our paper, it is in-

teresting to note that most of the recognised clades have a well-defined distribution within 

one of the main biogeographic regions:

• Clemnius n. gen. is Nearctic with the only exception of one species, the wide-

spread Palaearctic Clemnius (s. str.) decoratus (see Nilsson & Hájek, 2017a, b). 

• Subgenus Coelambus is almost exclusively Palaearctic, with only one exception, 

the Nearctic C. punctilineatus. However, this species is extremely similar to the 

Palaearctic species C. nigrolineatus (Steven, 1808) (this has not been recognised 

before), including the shape of the male protarsal claws. Their male and female 

genitalia show only some slight differences and their general shape could be con-

sidered virtually identical. Additionally, females of both species have the upper 
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side dull. It is thus most likely that C. punctilineatus has very recently colonised the 

Nearctic region from a Palaearctic ancestor. 

• Subgenus Hygrotus s. str., as here defined, is largely of Afrotropical distribution 

(and likely origin), with only some species reaching the southern Palaearctic region 

and a small clade–the H. (s. str.) inaequalis-group–in the Palaearctic and Nearctic 

regions (Fig. 2). 

• Subgenus Hyphoporus is mostly Oriental, with some species reaching the 

Palaearctic region in China (Yunnan), Afghanistan, northern India (Uttar Pradesh), 

Pakistan and in the west until Iran and Egypt. 

• Subgenus Leptolambus n. subgen. is divided into two clades, one mostly 

Palaearctic and one mostly Nearctic (see above and Fig. 2). Only some northern 

species of Leptolambus n. subgen. have likely recently expanded their geographic 

range to the whole Holarctic, and three species have a discordant distribution: H. 
(Leptolambus) picatus is a Nearctic species in the Palaearctic clade, and H. (Lep-
tolambus) polonicus (Aubé, 1842) and H. (Leptolambus) zigetangco Fery, 2003 

are Palaearctic species likely to be in the Nearctic clade (see Fig. 2), although for 

the last two species there are no molecular data and thus their phylogenetic posi-

tion is uncertain.
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Appendix

Note: The generic and subgeneric names cited in the Appendix are those of the 

new classification unless stated otherwise.

Detailed description of the clypeus in Hygrotini

The presence and the shape of the clypeal bead (often also called “clypeal rim” or 

“raised clypeal margin”) are used by many authors to separate genera or subgenera within 

the tribe Hygrotini, mainly the former subgenus Hygrotus from former subgenus Coelam-
bus and both from the former genera Herophydrus and Hyphoporus (see Table 1 for the 

authors and dates of all taxa mentioned here, as well as their past and new classification). 

Unfortunately, a determination is not always reliable or even impossible because the re-

spective character states are not well recognisable in several species or are present in 

species which due to other characters, both morphological and molecular, should better 

be included in another genus or subgenus. Thus, the usefulness of the “clypeal bead” has 

been debated since long time. This clypeal bead is present in more than half of all members 

of Hygrotini, and varies considerably in shape. Although in the light of the results of the mo-

lecular phylogeny it is clear that the clypeal bead is a highly labile character, without much 

phylogenetic significance, a detailed description of its structure is necessary to understand 

the historical classification of Hygrotini, and it can nevertheless have some usefulness to 

identify some groups of species.

Former subgenera Hygrotus and Coelambus

The more common character state in members of the former subgenus Coelambus 

as recognised prior to this study (Nilsson & Hájek, 2017a, b) is the absence of a clypeal 

bead (as in e.g. H. (Coelambus) confluens, Fig. 46, and H. (Leptolambus) impressopunc-
tatus, Fig. 41). The anterior part of the clypeus descends anteriad more or less evenly or in 

a slightly convex shape to the labrum (see Figs 5e and 6e). In almost all species of former 

Coelambus the anterior margin of the clypeus is bordered (directly before reaching/contact-

ing the labrum) with a very narrow rim, which we here call the “clypeal line” (see Fig. 5d for 

H. (Leptolambus) impressopunctatus and Fig. 6d for H. (s. str.) inaequalis; see also below 

for more details). A rather broad transverse band posterior to this line (reaching more or 

less until the clypeal grooves) is often somewhat less reticulate (and thus more shiny) and 

more sparsely and finely punctured than the rest of the clypeus posterior to this band (e.g. 

recognisable “under the arrows” in Fig. 5 for H. (Leptolambus) impressopunctatus). Thus, 

this band might be interpreted as a separate part of the clypeus and - also due to the de-
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pressed clypeal grooves posterior to the band - can appear as if it was somewhat vaulted 

(although it is not), which might be interpreted as a (flat) bead. The structure of this band 

can vary considerably even among specimens of the same population of a species - in one 

specimen the band can appear as a flat bead, in another one found at the same locality the 

illusion of a bead is lacking. In all these typical members of the former subgenus Coelambus 

the anterior border of the clypeus (where it reaches/contacts the labrum) and that “clypeal 

line” (if present) can be recognised when the clypeus is viewed perpendicularly. Addition-

ally, in this view it can be recognised that the anterior border of the clypeus of all these 

species of former subgenus Coelambus is not evenly rounded, but truncate and somewhat 

emarginated.

In members of the former subgenus Hygrotus the anterior border of the clypeus is 

evenly rounded in perpendicular view (see Fig. 44 for H. (s. str.) inaequalis). Additionally, 

the clypeus does not descend directly to the labrum, but is strongly and almost sharply 

produced forwards (see Figs. 6 and 45 for H. (s. str.) inaequalis), so that it reaches so far 

over the labrum that the real anterior border of the clypeus (where it reaches/contacts the 

labrum) cannot be recognised when the clypeus is viewed perpendicularly, as the anteriorly 

produced part of the clypeus covers most of the labrum and in particular the “clypeal line” (if 

that line is present at all). This is the reason why in species of the former subgenus Hygro-
tus it is necessary to differentiate between the anterior border of the clypeus and its anterior 

end, the latter being situated posterior (!) to the former. Short behind and parallel to its even-

ly curved anterior border the clypeus is depressed over the entire distance between the 

eyes; this depression is anteriorly delimited by a more or less sharp line (see Fig. 44 for H. 

(s. str.) inaequalis). That is why between this line and the anterior border an evenly curved 

“clypeal” bead is formed which has more or less the same width over its entire length.

There are two species of the former subgenus Coelambus that have a clypeus with 

almost exactly the same structure as the species of former subgenus Hygrotus, something 

that has confused generations of dytiscid specialists: Hygrotus (Leptolambus) salinarius 

and H. (L.) masculinus (see Figs 47 and 48 for H. (L.) masculinus). However, in contrast to 

members of the former subgenus Hygrotus, these two species have the anterior border of 

the clypeus truncate (in several specimens of H. (L.) masculinus at least less curved cen-

trally than near the eyes) and also somewhat emarginated in H. (L.) salinarius - being in this 

respect typical Hygrotus (Coelambus) and not Hygrotus s. str.

Former genera Hyphoporus and Herophydrus

Members of former genera Herophydrus and Hyphoporus have a different structure 



Chapter 1

79

of the anterior part of the clypeus. Whilst all former Hyphoporus have a complete clypeal 

bead which is mostly narrowed medially (see Fig. 42 for Hygrotus (Hyphoporus) solieri), in 

former Herophydrus some species have a complete bead, some a medially shortly inter-

rupted bead (see Fig. 43 for Hygrotus (s. str.) guineensis) as well as others with a medially 

broadly interrupted bead and Hygrotus (s. str.) rohani (Peschet, 1924) with a hardly delimit-

ed bead (cf. Biström & Nilsson, 2002). In those species with incomplete bead, the situation 

in the middle of the clypeal border is similar to that in typical Hygrotus (Leptolambus) - the 

anterior part of the clypeus descends anteriad more or less evenly or in a slightly convex 

shape to the labrum and the labrum as well as an eventual “clypeal line” are not hidden by 

the anterior part of the clypeus. Left and right of the bead interruption, the clypeus is widely 

vaulted and sometimes slightly produced forwards, however never as strongly produced as 

in former subgenus Hygrotus. The two parts of the bead are backwards either delimited by 

a more or less distinct line or by an anteriorly rather sharply delimited depression (as in the 

inaequalis-group of Hygrotus s. str.).

In members of subgenus Hyphoporus and those of former genus Herophydrus with 

complete bead, the anterior border of the clypeus is medially also widely vaulted and thus 

a little produced anteriorly. This is why in perpendicular view an eventually existing “clypeal 

line” and a very small posterior part of the labrum are covered by the vaulted anterior border 

of the clypeus. It must, however, be emphasised that these structures are totally different 

from those in members of former subgenus Hygrotus - in all these species the clypeus is by 

far not as strongly and not as sharply produced forwards as in the latter. Additionally, the 

bead or its two lateral parts are considerably broader left and right of the middle, whilst it 

is of more or less of equal width over its entire length in members of the former subgenus 

Hygrotus.

Species of former Herophydrus and Hyphoporus have the anterior margin of the cl-

ypeus truncate and emarginated in perpendicular view (see Fig. 43 for guineensis; in some 

species, however, this emargination is only rather indistinct), but we must concede that we 

have not been able to study all species and must rely in part on the figures given in Biström 

& Nilsson (2002).

The separation of former Herophydrus from Hyphoporus by morphological char-

acters has been debated since long time (see e.g. Guignot, 1950: 149; Vazirani, 1969: 

203–205; Biström & Nilsson, 2002: 20–21). We did not find any satisfying solution for this 

problem and believe that a final classification can only be given once the molecular data 

of all species of these two genera are known. So far we must refer on what was given by 

Vazirani (1969: 204) in his key to these two genera, but add some exceptions.
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According to Guignot (1950: 149; more or less repeated by Vazirani, 1969: 204) in 

former genus Herophydrus the punctation of the head reaches an imaginary line connecting 

the hind margins of the eyes, but on a small band posterior to this line (on the vertex) this 

punctation is absent or at most replaced by a few much smaller punctures. In former genus 

Hyphoporus the punctation of the head reaches distinctly beyond this imaginary line and 

is not replaced by finer punctation. Additionally, both authors note that in Herophydrus the 

median lobe is (more or less) symmetric and in Hyphoporus it is not. On the other hand, 

Guignot (1959: 339) himself conceded that “lack of punctation in that band on the vertex” 

[our translation from French] does not really hold in H. (s. str.) musicus and H. (s. str.) rufus, 

and we must concede that we were not able to use this character for reliable identifications.

In what refers to the symmetry of the median lobe we want to underline that Hy-
grotus (Hyphoporus) bengalensis has a more or less symmetric median lobe, and on the 

other hand that many former Herophydrus have a median lobe which is at least not strictly 

symmetric (as can be appreciated e.g. in some figures in Biström & Nilsson, 2002).

Former genus Heroceras

Hygrotus (s. str.) descarpentriesi is a species not well represented in collections; 

thus, some of the very few descriptions in the literature may not rely on careful studies 

of specimens. It is more or less known as a “Herophydrus with widened antennae” (cf. 

Guignot, 1950: 150 and Pederzani, 1995: 35). Guignot (1959: 372) provided for this spe-

cies: “Tête bourrelet clypéal ininterrompu, ...” [= head with clypeal bead not interrupted ...] 

and “... bourrelet clypéal peu marqué ...” [= ... clypeal bead not well marked ...]. Miller & 

Bergsten (2016: 204) gave “... having the anterior clypeal margin broadly bordered.”

We have studied one male and one female syntype of this species (coll. Peschet, 

MNHN; see Fig. 17), one additional female from the coll. Guignot (MNHN), and several fur-

ther specimens collected recently by one of us (M.M.). To our great surprise, at first glance 

we were not able to detect any distinct clypeal bead. Only when adequately illuminated it 

was possible to see that in the female syntype the clypeus is very slightly vaulted before the 

anterior margin. In the male syntype a few transversely stretched punctures indicate a pos-

terior margin of a bead - however, only on the right side of the clypeus. In particular, there 

are absolutely no traces of a bead recognisable before the eyes. The latter observation is 

surprising, because even H. (s. str.) nodieri, with a very broadly interrupted clypeal bead, 

shows laterally distinct rests of a bead next to the eyes. Similar observations were made 

with the recently collected material. Additionally, we want to state that only a small posterior 

part of the labrum is covered by the vaulted anterior border of the clypeus - this being in 
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contrast to Biström & Nilsson (2002: 18, 19) who stated labrum “not visible from above”. On 

the other hand, our observation that the clypeal bead is practically lacking in former Heroc-
eras is supported by Biström & Nilsson (2002: 18, 19, table 1) who gave the anterior margin 

of the clypeus (character 1 on p. 18) with state 0 (= without bead). These authors, however, 

did not comment this feature.

It shall be mentioned here that the almost total lack of a medial clypeal bead was 

the reason for Guignot (1950) to create his subgenus Dryephorus of genus Herophydrus. 

Similarly, other species of former Herophydrus show only rests of a bead before each eye, 

such as Hygrotus (s. str.) heros (Sharp, 1882) (cf. Zimmermann, 1919: 150). Although in 

a different subgenus, Hygrotus (Leptolambus) polonicus polonicus (Aubé, 1842) and its 

subspecies sahlbergi (Sharp, 1882) have the clypeus anteriorly somewhat vaulted (cf. Zim-

mermann, 1930: 96). Zimmermann (1919: 150) claimed that also Hygrotus (Leptolambus) 

unguicularis might be ranged under Hygrotus s. str. „... wegen der feinen, aber wenigstens 

in der Mitte deutlichen Clypeusrandung ...“ [= because of the fine, but at least medially 

distinct beading]. We have studied numerous specimens of H. unguicularis and can state 

that Zimmermann (1919) must have been misguided: most probably he mixed up what in 

Hygrotini is usually called clypeal “bead” (and which is rather broad) with what we call here 

“clypeal line”.

Falkenström (1933: 12) noted that on the one hand Hygrotus (s. str.) versicolor 
(Schaller, 1783) should be ranged in Herophydrus due to the shape of the clypeal border 

(meaning a medially reduced width of the clypeal bead), but on the other hand refused this 

classification.

The “clypeal stripe”

As mentioned above, in many species of Hygrotini, and in particular in species of 

former subgenus Coelambus, the anterior border of the clypeus is provided with a “clypeal 

line”. This line is in some species rather distinct, in others irregularly interrupted and in some 

not recognisable or absent. The distinctness of this line seems to show also some individ-

ual variation within a species. Balfour-Browne (1934: 150) pointed to a special feature of 

Hygrotus (Coelambus) confluens: at the base of the labrum, before the anterior border of 

the clypeus there is a flat, transverse stripe which is rather shiny, not reticulate, provided 

with only a very few punctures, broadest in middle and evenly tapering to the sides (Fig. 

46). We interpret this “clypeal stripe” as a broadened “clypeal line”. Such stripe can be also 

found in H. (C.) pallidulus, H. (C.) caspius, H. (C.) pectoralis (Motschulsky, 1860) (stripe 

very thin), H. (C.) nigrolineatus, H. (C.) punctilineatus, H. (C.) enneagrammus and in H. (C.) 
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flaviventris (Motschulsky, 1860), but in all latter species this stripe is by far not as broad 

as in H. (C.) confluens and often difficult to observe, as it is strongly reduced to almost a 

simple line slightly broader medially than laterally. In H. (C.) ahmeti this “clypeal stripe” is in 

fact reduced to a line of more or less even width. We have found such medially very slightly 

broadened stripe/line also in a few other species, such as H. (Leptolambus) marklini, H. (L.). 
fraternus, H. (L.). patruelis (LeConte, 1855), and H. (L.). pedalis. 

Finally, we want to emphasise, that this “clypeal stripe” is by no means homolo-

gous to the “clypeal bead” found in species of former Herophydrus, Hyphoporus and sub-

genus Hygrotus.
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Abstract

Some species of the diving beetle tribe Hygrotini (subfamily Hydroporinae) are among the 

few insects able to tolerate saline concentrations more than twice that of seawater. Howev-

er, the phylogenetic relationships of the species of Hygrotini, and the origin and evolution 

of tolerance to salinity in this lineage, are unknown. In this work, we aim to reconstruct how 

many times salinity tolerance did evolve in Hygrotini, whether this evolution was gradual or 

if tolerance to hypersalinity could evolve directly from strictly freshwater (FW) species, and 

to estimate the probabilities of transition between habitats. We build a phylogeny with ca. 

45% of the 137 species of Hygrotini, including all major lineages and almost all of the known 

halophile or tolerant species. We used sequence data of four mitochondrial (COI-5’, COI-3’, 

16S + tRNA and NADH1) and three nuclear (28S, 18S and H3) gene fragments, plus eco-

logical data to reconstruct the history of the salinity tolerance using Bayesian inference. Our 

results demonstrate multiple origins of the tolerance to salinity, although most saline and 

hypersaline species were concentrated in two lineages. The evolution of salinity was grad-

ual, with no direct transitions from FW to hypersaline habitats, but with some reversals from 

tolerant to FW species. The oldest transition to saline tolerance, at the base of the clade 

with the highest number of saline species, was dated in the late Eocene-early Oligocene, 

a period with decreasing temperature and precipitation. This temporal coincidence sug-

gests a link between increased aridity and the development of tolerance to saline waters, in 

agreement with recent research in other groups of aquatic Coleoptera.
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Introduction

Hydroporinae is the most diverse of the subfamilies of diving beetles (Dytiscidae) 

(Nilsson & Hájek, 2017a) and its species also display a large variety of ecologies and life 

habits (Miller & Bergsten, 2016). Many species of Hydroporinae live in extreme or unusual 

environments for diving beetles, such as subterranean aquifers, forest litter or hypersaline 

waters. While the origin and evolution of subterranean and terrestrial lifestyles has received 

recent attention (e.g. Leys & Watts, 2008; Tierney et al., 2015; Toussaint et al., 2016), the 

origin of the species of diving beetles able to sustain extreme salt concentration has never 

been addressed in a phylogenetic context, whereas for other families of aquatic Coleoptera, 

such as Hydrophilidae or Hydraenidae, comparative studies on the evolution of saline toler-

ance are already available (Arribas et al., 2014; Sabatelli et al., 2016).

Within Hydroporinae, species which are exclusively halophile or which can tolerate 

saline or hypersaline waters have independently evolved in three tribes, Bidessini, Hydrop-

orini and Hygrotini (Miller & Bergsten, 2016). The latter includes some of the most extreme 

examples of saline tolerance, with some species able to sustain concentrations above 70 

g/L, twice that of seawater (Picazo, et al., 2010; Timms & Hammer, 1988). The physiological 

mechanism of salt tolerance of Hygrotus (Coelambus) salinarius (Wallis, 1924) has been 

studied (Tones, 1978). However, the species’ phylogenetic relationships are unknown, and 

in consequence whether it may be related to other saline tolerant species of Hygrotus Ste-

phens, 1828 or what could have been the origin of its saline tolerance.

With this work we aim to investigate the phylogenetic relationships among the salt 

tolerant species of Hygrotini, and their relationships with the rest of the species of the tribe. 

This will allow to answer some basic questions such as: (i) how many times did salinity tol-

erance evolve in Hygrotini?; (ii) was this evolution gradual (i.e. from FW to intermediate sa-

linities to hypersaline), or could tolerance to hypersalinity have evolved directly from strictly 

FW species?; (iii) what were the probabilities of transitions between habitats in the evolution 

of Hygrotini? and (iv) are there any general patterns in the geographic and temporal origin 

of salinity tolerance in Hygrotini?

To answer these questions we built a molecular phylogeny with almost half of the 

137 known species of the tribe, including all genera and recognised main species groups 

(Nilsson & Hájek, 2017a,b), and compiled data on the ecological tolerances of all described 

species from the literature and our own observations. In addition, our results demonstrated 

that two of the four currently recognised genera of Hygrotini and one subgenus are para- or 

polyphyletic, revealing the need of a new classification of the tribe, which will be presented 
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in a separate paper (Villastrigo, et al., 2017, Chapter 1).

Material and Methods

Molecular data

We obtained molecular data from 101 specimens of 64 species, including all four 

currently recognised genera of Hygrotini: Heroceras Guignot, 1950, Herophydrus Sharp, 

1880, Hygrotus (with two subgenera, Hygrotus and Coelambus Thompson, 1860) and Hy-
phoporus Sharp, 1880 (Nilsson & Hájek, 2017a,b; see Table S1). We used as outgroups a 

selection of 12 species from four genera belonging to Hydroporini, shown to be related to 

Hygrotini (Ribera, et al., 2008). Trees were rooted on Laccornis Gozis, 1914, considered to 

be outside Hydroporini and Hygrotini and in a basal position within Hydroporinae (Miller & 

Bergsten, 2014; Ribera et al., 2008).

DNA extraction and sequencing

Specimens were collected in the field and preserved in absolute ethanol. DNA 

was extracted using commercial kits (mostly DNeasy Tissue Kit, Qiagen, Hilden, Germany) 

following the instructions of the manufacturers. Vouchers and DNA samples are kept in the 

collections of the Institute of Evolutionary Biology (IBE, Barcelona) and Museo Nacional de 

Ciencias Naturales (MNCN, Madrid). We sequenced fragments of seven genes in six se-

quencing reactions, three mitochondrial: (i) 5’ end of cytochrome c oxidase subunit 1 (COI-5, 

“barcode” fragment of Hebert, Ratnasingham, & De Waard, 2003), (ii) 3’ end of cytochrome 

c oxidase subunit 1 (COI-3), (iii) 5’ end of 16S RNA plus the Leucine tRNA plus 5’ end of 

NADH dehydrogenase subunit I (16S); three nuclear fragments: (iv) an internal fragment of 

the large ribosomal unit 28S RNA (28S), (v) an internal fragment of the small ribosomal unit, 

18S RNA (18S) and (vi) an internal fragment of Histone 3 (H3). Details on primers used and 

typical polymerase chain reaction (PCR) conditions are provided in Table S2. Sequences 

were assembled and edited with Geneious v6.0.6 (Kearse et al., 2012); new sequences 

have been submitted to the EMBL database with accession numbers LT882773-LT883126 

(Table S1).

Phylogenetic analyses

Edited sequences were aligned using the online version of MAFFT 7 with the 

G-INS-I algorithm (Katoh et al., 2009). For one species (Hygrotus (Coelambus) pedalis (Fall, 

1901)) we pooled sequences of two specimens in a chimera to complete the data set (Table 
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S1), after testing their monophyly with COI-3. We used PartitionFinder v1.1.1 (Lanfear et 
al., 2012) to estimate the best fitting evolutionary model initially using one partition for each 

gene fragment except for COI (split in COI-5 and COI-3) and 16S and tRNA (pooled in a 

single partition), and applied Akaike Information Criterion (AIC) scores as selected Criteria.

We used BEAST 1.8 (Drummond & Rambaut, 2007) for Bayesian phylogenet-

ic analyses, using the partition and evolutionary models selected by PartitionFinder and 

a molecular-clock approach for estimating divergence times. We applied an uncorrelated 

lognormal relaxed clock to estimate substitution rates and a Yule speciation process as the 

tree prior. We calibrated the tree using rates estimated in Andújar et al., (2012) for a genus 

of Carabidae (Carabus), in the same suborder Adephaga (rate of 0.0113 [95% confidence 

interval 0.0081–0.0147] substitutions per site per million years (subst/s/Ma) for COI- 5; 

0.0145 [0.01–0.0198] subst/s/Ma for COI-3 and 0.0016 [0.001–0.0022] subst/s/Ma for 16S 

+ tRNA). Analyses were run for 100 million generations, assessing that convergence was 

correct and estimating the burn-in fraction with Tracer v1.6 (Drummond & Rambaut, 2007). 

We also used a fast maximum likelihood (ML) heuristic algorithm in RAxMLHPC2 (Stama-

takis, 2006) in the CIPRES Science Gateway (Miller et al., 2010), using the same partition 

scheme as in BEAST with a GTR + G evolutionary model independently estimated for each 

partition and assessing node support with 100 pseudoreplicas with a rapid bootstrapping 

algorithm (Stamatakis et al., 2008).

Morphological data

To estimate the likely phylogenetic relationships of the species for which no mo-

lecular data could be obtained, we studied all described species of subgenera Hygrotus 

and Coelambus with the only exceptions of H. (C.) artus (Fall, 1919), known only from the 

holotype and considered to be possibly extinct (see Anderson, 1983), and H. (C.) femoratus 

(Fall, 1901), which is likely a junior synonym of H. (C.) nubilus (LeConte, 1855) (Anderson, 

1983). We have also studied a large selection of species of Herophydrus and Hyphoporus 

(see Table S3 for the studied material).

The taxonomic classification of Hygrotini has suffered multiple changes, and some 

of the characters used to define genera (such as e.g., the morphology of the clypeus) are 

difficult to interpret and characterise (see e.g., Anderson, 1971; Balfour-Browne, 1934; Bis-

tröm & Nilsson, 2002; Falkenström, 1933; Villastrigo et al., 2017, Chapter 1). Species for 

which no molecular data were available were thus considered to be closely related to those 

showing a high morphological similarity, based both on external characters and on the 

female and male genitalia. We also recognised diagnostic characters or character combi-
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nations of the different clades of the molecular phylogeny and tested their presence in the 

species without molecular data (see Villastrigo et al., 2017, Chapter 1, for more details). 

We used Mesquite v3.20 (Maddison & Maddison, 2017) to manually place all species in 

their most likely position in the phylogenetic tree, and collapsed uncertain nodes to create 

polytomies.

Salinity tolerance data

We compiled ecological data on habitat preferences of all species of Hygrotini 

from bibliography and from our own observations (Table S3). Recent work on salinity toler-

ance in aquatic Coleoptera has recognised six different categories of habitat preferences: 

(i) FW (<0.5 g/L); (ii) mineralized (0.5–5 g/L); (iii) hyposaline (≥5–20 g/L); (iv) mesosaline 

(≥20–40 g/L); (v) hypersaline (≥40–80 g/L); (vi) extreme hypersaline (>80 g/L) (Arribas et 
al., 2014). As quantitative observations in species of Hygrotini were very scarce we reduced 

these categories to three: (i) species strictly bounded to FW environments (approximately 

<0.5 g/L), corresponding to category (i) above; (ii) species that can tolerate a wide range of 

salinities (approximately 0.5–40 g/L), corresponding to categories (ii–iv) above; and (iii) hy-

persaline species (approximately >40 g/L), corresponding to categories (v) and (vi) above. 

To reconstruct the evolution of saline tolerance we pruned the data set to one specimen 

per species and deleted the outgroups, using salinity tolerance as a qualitative trait. This 

reduced matrix was analysed in BEAST using the same settings as for the phylogenetic 

reconstruction, with an asymmetric substitution model for the trait reconstruction and dating 

the ancestral node according to the results of the previous analysis (with a Gamma distribu-

tion with shape 30 and scale 2.227). We also reconstructed the evolution of saline tolerance 

in the extended phylogeny, including species for which no molecular data were available, 

using parsimony in Mesquite.

Results

Molecular data

The best partition schemes selected by PartitionFinder pooled the two fragments 

of COI and several of the nuclear genes, and favoured the most complex evolutionary mod-

els for most partitions (Table 1). The topological differences between the Bayesian analysis 

and the ML searches were minimal and always affected poorly supported nodes (Figures 1, 

S1), associated with the position of three species: Hygrotus (Coelambus) fumatus (Sharp, 

1882), Hygrotus (Coelambus) urgensis (Jakovlev, 1899) and Hygrotus (Hygrotus) hydrop-
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icus (LeConte, 1852). In all cases, the monophyly of Hygrotini was recovered with strong 

support, as were most of the internal nodes (Figures 1, S1).

Table 1. Best partition schemes and optimal evolutionary models as esti-
mated with PartitionFinder.

Complete data set Reduced data set
P Genes Model P Genes Model
#1 COI-5’ + COI-3’ GTR + I + G #1 COI-5’ + COI-3’ GTR + I + G
#2 16S + NAD1 GTR + I + G #2 16S + NAD1 GTR + I + G
#3 18S + 28S + H3 GTR + I + G #3 18S + 28S GTR + I

#4 H3 GTR + I + G
P, partition

In all analyses, Hygrotini was divided into two lineages (posterior probability [pp] 

= 1; bootstrap support [BS] = 98): (A) three Nearctic and one Palaearctic species of sub-

genera Hygrotus and Coelambus and (B) the remaining species of the tribe (Fig. 1). The 

latter was in turn divided into four clades: (B1) a group of Palaearctic species of subgenus 

Coelambus, (B2) the two sampled species of Hyphoporus, (B3) a large group of species 

including Heroceras, all sampled Herophydrus and most species of Hygrotus s. str., and 

(B4) the remaining species of subgenus Coelambus, in turn divided into two sister clades, 

one with mostly Palaearctic species and a second with mostly Nearctic species.

The monophyly of all clades had strong support in both Bayesian and ML analyses 

except for clade B3 (Fig. 1). This clade included the genus Herophydrus as paraphyletic 

with respect to Heroceras and most species of the subgenus Hygrotus, the latter grouped 

in a monophyletic lineage. Heroceras and the sampled species of Herophydrus from Mad-

agascar with the exception of H. spadiceus Sharp, 1882 formed a strongly supported clade 

(pp = 1, BS = 100), in turn placed (with lower support) inside a lineage with most of the 

remaining sampled African Herophydrus (Fig. 1).

The internal phylogeny of the main clades was generally in good agreement with 

the recognised species groups among subgenera Hygrotus and Coelambus based on mor-

phology (see e.g., Anderson, 1971, 1976, 1983; Fery, 1992, 1995, 2003), although not with 

the phylogeny of Herophydrus obtained by Biström and Nilsson (2002).

Evolution of tolerance to salinity

Differences between the analyses of the complete and reduced data set referred 

mostly to the position of Hyphoporus (clade B2). In the complete data set it was placed as 

sister to clade B3, and both sister to clade B1, with very strong support (Fig. 1). In the re-
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Figure 1. Best maximum ikelihood (ML) phylogram obtained in RAxML with the extended dataset of 
Hygrotini (including outgroups and multiple terminals per species). Black circles, nodes with boots-
trap support in RAxML (BS) > 70 and posterior probability (pp) in BEAST > 0.95; when support va-
lues were lower: number above nodes, BS; number below nodes, pp. X, nodes not recovered in the 
BEAST analysis (Fig. S1). See Table S1 for details on the specimens. For clarity, only the subgenus 
name is given in Hygrotus s. str. and Coelambus. Habitus photograph: Hygrotus (Coelambus) lagari 
(Fery, 1992) (from Millán et al., 2014).
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duced data set, without outgroups and with only one terminal per species, it was placed as 

sister to clade B4, but with low support (Fig. 2). However, the uncertainty in the phylogenetic 

position of Hyphoporus (clade B2) did not have any effect on the reconstruction, as the two 

possible sister clades, B3 (Fig. 1) or B4 (Figures 2, S2), were reconstructed to have a FW 

ancestor, and thus, their common ancestor was also reconstructed as living in FW habitats.

According to the Bayesian reconstruction in the reduced data set, tolerance to 

salinity emerged independently from a FW ancestor at least ten times within three of the 

main lineages of Hygrotini: B1, B3 and B4 (Fig. 2). There were five subsequent independent 
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Figure 2. Reconstruction of the evolution of tolerance to salinity in the reduced data set of Hygro-
tini (excluding outgroups and with only one terminal per species) in BEAST. Letters above nodes: 
reconstructed state of the trait (FW, freshwater, green; T, tolerant, yellow; HS, hypersaline, red); 
numbers inside parentheses: posterior probability of the reconstructed discrete state; number below 
nodes: node support (pp); numbers inside nodes: 95% interval of the reconstructed age of selected 
nodes. For clarity, only the subgenus name is given in Hygrotus s. str. and Coelambus. See Table 
S1 and S3 for details on the specimens and the ecological typification of the species, respectively. 
Geographic distribution: AF: Afrotropical; H: Holarctic; NA: Nearctic; NT: Neotropical (northern Mexi-
co); OR: Oriental; PL: Palaearctic.
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transitions from tolerant to hypersaline (mainly in the Nearctic lineage of clade B4), although 

in some cases these transitions affected only the terminal branches in our phylogeny. Four 

of the transitions from FW to salinity tolerant and one of the transitions to hypersalinity led 

to clades with more than one species, and in only one clade (B4) there have been three re-

versal transitions from tolerant to FW. No direct transitions from FW to hypersaline habitats 

were found in the reconstruction (Fig. 2).

The oldest transition to salinity tolerance, at the base of the clade with the highest 

number of saline species, was dated to the late Eocene-early Oligocene. Three of the tran-

sitions to hypersalinity tolerance were estimated to have occurred during the Oligocene, 

one of them with a further diversification in the early Pleistocene, including H. (C.) salinarius 

and Hygrotus (Coelambus) masculinus (Crotch, 1874; Fig. 2). Other transitions to hypersa-

linity tolerance affecting single species occurred in the middle Miocene (Hygrotus (Coelam-
bus) diversipes Leech, 1966) and the Pleistocene (Hygrotus (Coelambus) fontinalis Leech, 

1966; see Fig. 2).

Table 2. Estimated transition rates in BEAST between the discrete states of 
tolerance to salinity.

Freshwater Tolerant Hypersaline
Freshwater - 1.97 (0.33-3.99) 0.23 (<0.001-0.72)
Tolerant 1.23 (0.09-2.83) - 1.4 (0.03-3.02)
Hypersaline 0.37 (<0.001-1.17) 0.73(<0.001-1.9) -
In brackets, 95% confidence interval.

For most species without molecular data a close relative included in the phylogeny 

could be identified based on similarities in the genitalia or the external morphology, although 

in a few cases no obvious relatives could be identified, and the species were placed in an 

unresolved polytomy in the less inclusive clade to which they could be ascribed (Fig. S2). 

The parsimony reconstruction of salinity tolerance in this extended phylogeny gave similar 

results to the reconstruction using only the molecular data. The last common ancestor of 

Hygrotini was a FW species, as was the reconstructed ancestors of clades A, B2 and B3. 

For nodes including species with the three states of the trait, such as in clades B1 and B4, 

the ancestral reconstruction was ambiguous in the parsimony analysis (Fig. S2). On the 

contrary, in the Bayesian analysis of the reduced data set they were reconstructed as FW 

with a high probability (Fig. 2). Most of the tolerant or hypersaline species were included 

within clades with at least some other tolerant species, in agreement with the results ob-

tained with the phylogeny using only species with molecular data (Figures 2, S2).
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Discussion

Molecular phylogeny

We obtained a robust phylogeny of Hygrotini, with good support for most internal 

nodes except for the monophyly of clade B3 and its relationship with Hyphoporus. Our spe-

cies sampling was also very dense except for Herophydrus and for Hyphoporus, of which 

we could obtain fresh material of only two species. These two species, however, belong to 

the two different morphological groups recognised in the revision of the genus by Vazirani 

(1969).

The most unexpected result of our phylogeny was the deep division of Hygrotini 

in two clades, one of them formed by a small number of species. Despite the lack of clear 

synapomorphies, these species share some presumably plesiomorphic characters of body 

shape, colouration and male genitalia, the latter being in general simpler and more similar 

to those of other related tribes of Hydroporinae. The internal relationships within clade A 

are still poorly defined, and would need further morphological and molecular studies to be 

clarified. Within clade B3, the close relationships of Hygrotus s. str., Herophydrus and Her-
oceras had been previously noted by many authors (Abellán et al., 2013; Alarie & Michat, 

2007; Biström & Nilsson, 2002; Miller & Bergsten, 2014; Ribera et al., 2002; Ribera et al., 
2008), and suggested by the (incomplete) molecular and morphological phylogenies avail-

able prior to our study. Species of Hyphoporus have always been considered to be related 

to the species of Herophydrus, of which they differ mostly in the male genital shape (e.g., 

Biström & Nilsson, 2002; Miller & Bergsten, 2016). The non-monophyly of genera Hygrotus 

and Herophydrus and subgenera Hygrotus and Coelambus requires a revised classification 

of the tribe, which will be formalised in a separate paper (Villastrigo et al., 2017, Chapter 1).

Evolution of the tolerance to salinity in Hygrotini

We found several independent origins for the salinity tolerance in the tribe Hygro-

tini, with at least 10 transitions from FW to saline ecosystems both in the Palaearctic and 

the Nearctic. The multiple origin of saline species was expected, as they were included in 

different morphologically well characterised subgenera or species groups, but the number 

of transitions was lower than anticipated, as some of the saline species in clade B4 that 

were not thought to be related (as e.g., Hygrotus (Coelambus) marklini (Gyllenhall, 1813) 

and H. (C.) salinarius) were grouped in the same monophyletic radiation. In other families 

of aquatic Coleoptera, species that were apparently not closely related were also found to 

have a common origin of their tolerance to salinity, as for example in the genera Ochthebius 
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Leach, 1815 (Hydraenidae; see Sabatelli et al., 2016) and Enochrus Thomson, 1859 (Hy-

drophilidae; see Arribas et al., 2014).

We did not find any direct transition from FW to hypersaline habitats, a transition 

that had the lowest estimated probability, suggesting that in Hygrotini the adaptation to sa-

linity has been a gradual process. The only possible exception was Hygrotus (Coelambus) 

pallidulus (Aubé, 1850), sister to a group of tolerant species, but the clade was reconstruct-

ed as having a FW ancestor with high probability. However, H. (C.) pallidulus together 

with its tolerant sisters are included in a wider lineage with several other tolerant species 

of which no molecular data could be obtained, rendering the condition of their common 

ancestor ambiguous (as can be seen in Fig. S2). This gradual evolution is in contrast to 

the direct transitions from FW to hypersaline tolerance found in a group of Mediterranean 

species of Enochrus (Arribas et al., 2014). These transitions were associated with periods 

of aridification of the climate, leading to the hypothesis that saline tolerance may have been 

a by-product (an exaptation) of adaptation to desiccation (Arribas et al., 2014; Pallarés et 
al., 2016). The capability to produce hyperosmotic excreta is a plesiomorphic character 

in insects, likely linked to the necessary adaptations to a terrestrial environment (Bradley, 

2008; Bradley et al., 2009; Cloudsley-Thompson, 2001). In the only species for which the 

salinity tolerance mechanism is known, H. (C.) salinarius, adults maintain a hyposmotic 

haemolymph also with hyperosmotic excreta (Tones, 1978), with no evidence of any addi-

tional mechanism particular to this species. However, larvae of H. (C.) salinarius maintain 

a hyperosmotic haemolymph even at high saline concentrations (Tones, 1978), suggesting 

a different mechanism to that of adults. Although there is an increasing knowledge of the 

physiological basis of salinity tolerance in adult Coleoptera (e.g., Céspedes et al., 2013; 

Pallarés et al., 2015; Pallarés et al., 2012), the physiology of larval tolerance to salinity is 

still unknown. However, both the different characteristics of the cuticle (less sclerotised and 

without the protection of the elytra) and the biology (usually more strictly linked to the aquat-

ic environment) suggest that the existence of different mechanisms to salinity tolerance in 

adults and larvae may be frequent.

In any case, it must be noted that we have data only on the ecological preferenc-

es of the species of Hygrotini, not on their physiological tolerances. If tolerance to salinity 

is an exaptation derived from a plesiomorphic adaptation to terrestrial environments (as 

hypothesised by Arribas et al., 2014; see Pallarés et al., 2017 for an experimental confir-

mation of the link between salinity and desiccation tolerance), tolerance to at least certain 

degree of salinity may be widespread even in species commonly found in FW habitats, as 

has been demonstrated to be the case in other groups of aquatic Coleoptera (Céspedes et 
al., 2013; Pallarés et al., 2015). Our ecological typification was also in most cases based on 
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qualitative descriptions, without quantitative data. For some species there are few, if any, 

reports on their habitat, and in some cases we have assumed a FW habitat when the infor-

mation was not very precise, as when species are found in saline or hypersaline habitats 

this is usually reported. In some cases qualitative reports can be ambiguous, such as for 

example when species are considered “halophile” or “halobiont” when they occur in slightly 

mineralised waters in a landscape otherwise lacking any true saline or hypersaline habitat, 

such as for example Hygrotus (Hygrotus) inaequalis (Fabricius, 1777) or H. (Coelambus) 

impressopunctatus (Schaller, 1783) in some areas in central and northern Europe (e.g., 

Bellstedt, 2008).

In Hygrotini, the transitions to saline habitats were estimated to have occurred in 

different periods, from the late Eocene to the Plio- and Pleistocene, without a clear pattern 

of associations to arid periods, in contrast to what happened in the genus Enochrus in the 

Mediterranean region (Arribas et al., 2014). However, the oldest transition to saline habitats 

in Hygrotini, and the one leading to the higher number of saline species, occurred at the 

end of the Eocene in clade B4 in the Nearctic region, coincident with a global decrease in 

temperatures and the onset of the first Oligocene glaciations (Liu et al., 2009; Zachos et 
al., 2001). In North America, this decrease in temperature was associated with a decrease 

in precipitation (Retallack, 2007), leaving open the possibility that this transition to saline 

habitats was also a response to an increased aridification in this lineage.
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accession numbers of the sequences.

Table S2. A) Primers used in the amplifying and sequencing reactions and B) standard 

PCR conditions for the amplification of the studied fragments.

Table S3. Checklist of the species of Hygrotini (following Nilsson & Hàjek, 2017a, b) with 

the typical habitat and the species for which material could be studied. (AF, Afrotropical; H, 

Holarctic; NA, Nearctic; NT, Neotropical; OR, Oriental; PL, Palaearctic)

Fig. S1. Time-calibrated majority rule consensus tree obtained in BEAST with the complete 

dataset. Number in nodes: posterior probability values.

Fig. S2. Reconstructed evolution of salinity tolerance in the tribe Hygrotini, using parsimony 

with the estimated relationships of species for which no molecular data were available.
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Table S2.

A) Primers used in the amplifying and sequencing reactions.

gene primer sequence ref.

COI-3’

Jerry (5’) CAACATTTATTTTGATTTTTTGG 6
Pat (3’) TCCAATGCACTAATCTGCCATATTA 6
Chy (5’) T(A/T)GTAGCCCA(T/C)TTTCATTA(T/C)GT 4
Tom (3’) AC(A/G)TAATGAAA(A/G)TGGGCTAC(T/A)A 4

COI-5’

Uni LepF1b
TAATACGACTCACTATAGGGATTCAACCAATCATAAAGA-

TATTGGAAC
2

Uni LepR1
A T T A A C C C T C A C T A A A G T A A A C T T C T G G A T G T C -

CAAAAAATCA
2

16S+trnL+nad1

16S

16SaR (5’) CGCCTGTTTAACAAAAACAT 6
ND1 (3’) GGTCCCTTACGAATTTGAATATATCCT 6
16Sb CCGGTCTGAACTCAGATCATGT 6

18S
18S 5’ GACAACCTGGTTGATCCTGCCAGT(1) 5
18s b5.0 TAACCGCAACAACTTTAAT(1) 5

H3
H3aF (5’) ATGGCTCGTACCAAGCAGACRCG 1
H3aR (3’) ATATCCTTRGGCATRATRGTGAC 1

28S
ka ACACGGACCAAGGAGTCTAGCATG 3
kb CGTCCTGCTGTCTTAAGTTAC 3

B) Standard PCR conditions for the amplification of the studied fragments. 

step time temperature
1 30’ 96
2 30” 94
3 30” - 1’ 47-50 *
4 1’ 72
5 Go to setp 2 and repeat 34 - 40 x
6 10’ 72
* Depending on the annealing temperatures of the primers pair used
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Table S3.Checklist of the species of Hygrotini (Nilsson & Hájek, 2017a,b) with the typical 

habitat and the species for which material could be studied. AF, Afrotropical; H, Holarctic; 

NA, Nearctic; NT, Neotropical; OR, Oriental; PL, Palaearctic.

ID Genus Subgenus Species Authors Distribution habitat data type studied
1 Heroceras descarpentriesi (Peschet, 1923) AF ? morphological & molecular

2 Herophydrus assimilis Régimbart, 1895 AF ? morphological & molecular

3 Herophydrus bilardoi Biström & Nilsson, 2002 AF ? only literature

4 Herophydrus capensis Régimbart, 1895 AF ? only literature

5 Herophydrus cleopatrae (Peyron, 1858) PL ? morphological

6 Herophydrus confusus Régimbart, 1895 AF ? only literature

7 Herophydrus discrepatus Guignot, 1954 AF Tolerant only literature

8 Herophydrus endroedyi Biström & Nilsson, 2002 AF Freshwater only literature

9 Herophydrus gigantoides Biström & Nilsson, 2002 AF ? only literature

10 Herophydrus gigas Régimbart, 1895 AF Freshwater morphological

11 Herophydrus goldschmidti Pedernazi & Rocchi, 2009 AF ? only literature

12 Herophydrus gschwendtneri Omer-Cooper, 1957 AF ? only literature

13 Herophydrus guineensis (Aubé, 1838) AF, PL Freshwater morphological & molecular

14 Herophydrus heros Sharp, 1882 AF Freshwater morphological

15 Herophydrus hyphoporoides Régimbart, 1895 AF ? only literature

16 Herophydrus ignoratus Gschwendtner, 1935 AF ? only literature

17 Herophydrus inquinatus (Boheman, 1848) AF Freshwater morphological & molecular

18 Herophydrus janssensi Guignot, 1952 AF ? only literature

19 Herophydrus kalaharii Gschwendtner, 1935 AF ? only literature

20 Herophydrus morandi Guignot, 1952 OR ? only literature

21 Herophydrus musicus (Klug, 1834) AF, OR, PL Tolerant morphological & molecular

22 Herophydrus muticus (Sharp, 1882) AF Freshwater morphological & molecular

23 Herophydrus natator Biström & Nilsson, 2002 AF ? only literature

24 Herophydrus nigrescens Biström & Nilsson, 2002 AF Tolerant morphological & molecular

25 Herophydrus nodieri (Régimbart, 1895) AF Freshwater morphological & molecular

26 Herophydrus obscurus Sharp, 1882 AF Tolerant morphological & molecular

27 Herophydrus obsoletus Régimbart, 1895 AF ? only literature

28 Herophydrus ovalis Gschwendtner, 1932 AF ? only literature

29 Herophydrus pallidus Omer-Cooper, 1931 AF ? only literature

30 Herophydrus pauliani Guignot, 1950 AF ? only literature

31 Herophydrus quadrilineatus Régimbart, 1895 AF ? morphological

32 Herophydrus reticulatus Pedernazi & Rocchi, 2009 AF Freshwater morphological & molecular

33 Herophydrus ritsemae Régimbart, 1889 AF Freshwater only literature

34 Herophydrus rohani Peschet, 1924 AF Freshwater molecular

35 Herophydrus rufus (Clark, 1863) AF ? morphological

36 Herophydrus sjostedti Régimbart, 1908 AF ? only literature

37 Herophydrus spadiceus Sharp, 1882 AF Tolerant molecular

38 Herophydrus sudanensis Guignot, 1952 AF Freshwater only literature

39 Herophydrus travniceki Šťastný, 2012 AF ? morphological

40 Herophydrus tribolus Guignot, 1953 AF Freshwater morphological & molecular

41 Herophydrus variabilis secundus Régimbart, 1906 AF ? only literature

42 Herophydrus variabilis variabilis Guignot, 1954 AF ? only literature

43 Herophydrus vazirani (Nilsson, 1999) PL ? only literature

44 Herophydrus verticalis Sharp, 1882 AF Freshwater morphological & molecular

45 Herophydrus vittatus Régimbart, 1895 AF ? only literature

46 Herophydrus wewalkai Biström & Nilsson, 2002 AF ? only literature

47 Hygrotus Coelambus ahmeti Hájek, Fery & Erman, 2005 PL Freshwater morphological & molecular

48 Hygrotus Coelambus armeniacus (Zaitzev, 1927) PL Tolerant morphological & molecular

49 Hygrotus Coelambus artus (Fall, 1919) NA Tolerant2 only literature

50 Hygrotus Coelambus berneri Young & Wolfe, 1984 NA ? morphological

51 Hygrotus Coelambus bruesi (Fall, 1928) NA Tolerant morphological & molecular

52 Hygrotus Coelambus caspius (Wehncke, 1875) PL Freshwater morphological & molecular

...continued on the next page
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Table S3. (Continued)
ID Genus Subgenus Species Authors Distribution habitat data type studied
53 Hygrotus Coelambus chinensis (Sharp, 1882) PL ? morphological

54 Hygrotus Coelambus collatus (Fall, 1919) NA ? morphological

55 Hygrotus Coelambus compar (Fall, 1919) NA Tolerant morphological & molecular

56 Hygrotus Coelambus confluens (Fabricius, 1787) PL Tolerant morphological & molecular

57 Hygrotus Coelambus corpulentus (Schaum, 1864) PL ? morphological & molecular

58 Hygrotus Coelambus curvilobus Fery, Sadegui & Hosseinie, 2005 PL ? morphological

59 Hygrotus Coelambus curvipes (Leech, 1938) NA ? morphological

60 Hygrotus Coelambus dissimilis (Geminger & Harold, 1868) NA ? morphological

61 Hygrotus Coelambus diversipes Leech, 1966 NA Hypersaline morphological & molecular

62 Hygrotus Coelambus enneagrammus (Ahrens, 1833) PL Tolerant morphological

63 Hygrotus Coelambus falli (Wallis, 1924) NA ? morphological

64 Hygrotus Coelambus femoratus (Fall, 1901) NA ? only literature

65 Hygrotus Coelambus flaviventris (Motschulsky, 1860) PL Tolerant morphological & molecular

66 Hygrotus Coelambus fontinalis Leech, 1966 NA Hypersaline morphological & molecular

67 Hygrotus Coelambus fraternus (LeConte, 1852) NA ? morphological

68 Hygrotus Coelambus fresnedai (Fery, 1992) PL Freshwater3 morphological & molecular

69 Hygrotus Coelambus fumatus (Sharp, 1882) NA Freshwater morphological & molecular

70 Hygrotus Coelambus impressopunctatus (Schaller, 1783) H Freshwater3 morphological & molecular

71 Hygrotus Coelambus infuscatus (Sharp, 1882) NA Tolerant morphological

72 Hygrotus Coelambus inscriptus (Sharp, 1882) PL Hypersaline morphological

73 Hygrotus Coelambus laccophilinus (LeConte, 1878) NA Freshwater morphological & molecular

74 Hygrotus Coelambus lagari (Fery, 1992) PL Tolerant morphological & molecular

75 Hygrotus Coelambus lernaeus (Schaum, 1857) PL Tolerant morphological & molecular

76 Hygrotus Coelambus lutescens (LeConte, 1852) NA Tolerant morphological & molecular

77 Hygrotus Coelambus marklini (Gyllenhal, 1813) H Tolerant4 morphological & molecular

78 Hygrotus Coelambus masculinus (Crotch, 1874) NA Hypersaline morphological & molecular

79 Hygrotus Coelambus nigrescens (Fall, 1919) NA Freshwater morphological & molecular

80 Hygrotus Coelambus nigrolineatus (Steven, 1808) PL Tolerant morphological & molecular

81 Hygrotus Coelambus novemlineatus (Stephens, 1829) H Tolerant morphological & molecular

82 Hygrotus Coelambus nubilus (LeConte, 1855) NA, NT ? morphological

83 Hygrotus Coelambus obscureplagiatus (Fall, 1919) NA ? morphological

84 Hygrotus Coelambus orthogrammus (Sharp, 1882) PL Tolerant morphological & molecular

85 Hygrotus Coelambus pallidulus (Aubé, 1850) PL Hypersaline1 morphological & molecular

86 Hygrotus Coelambus parallellogrammus (Ahrens, 1812) PL Tolerant morphological & molecular

87 Hygrotus Coelambus patruelis (LeConte, 1855) NA Tolerant morphological & molecular

88 Hygrotus Coelambus pectoralis (Motschulsky, 1860) PL Tolerant morphological & molecular

89 Hygrotus Coelambus pedalis (Fall, 1901) NA Tolerant morphological & molecular

90 Hygrotus Coelambus picatus (Kirby, 1837) NA Freshwater morphological & molecular

91 Hygrotus Coelambus polonicus polonicus (Aubé, 1842) PL Tolerant morphological

92 Hygrotus Coelambus polonicus sahlbergi (Sharp, 1882) PL Tolerant morphological

93 Hygrotus Coelambus punctilineatus (Fall, 1919) NA Tolerant morphological

94 Hygrotus Coelambus saginatus (Schaum, 1857) PL Tolerant morphological & molecular

95 Hygrotus Coelambus salinarius (Wallis, 1924) NA Hypersaline morphological & molecular

96 Hygrotus Coelambus sanfilippoi (Fery, 1992) PL Tolerant morphological & molecular

97 Hygrotus Coelambus sellatus (LeConte, 1866) NA Tolerant morphological

98 Hygrotus Coelambus semenowi (Jakovlev, 1899) PL Freshwater morphological

99 Hygrotus Coelambus semivittatus (Fall, 1919) NA Tolerant morphological & molecular

100 Hygrotus Coelambus stefanschoedli Fery, Sadegui & Hosseinie, 2005 PL ? morphological

101 Hygrotus Coelambus suturalis (LeConte, 1850) NA Freshwater morphological & molecular

102 Hygrotus Coelambus sylvanus (Fall, 1917) NA Freshwater morphological

103 Hygrotus Coelambus thermarum (Darlington, 1928) NA ? morphological

104 Hygrotus Coelambus tumidiventris (Fall, 1919) NA Hypersaline morphological & molecular

105 Hygrotus Coelambus turbidus (LeConte, 1855) NA Freshwater morphological & molecular

106 Hygrotus Coelambus unguicularis (Crotch, 1874) H Tolerant morphological & molecular

107 Hygrotus Coelambus urgensis (Jakovlev, 1899) PL Freshwater morphological & molecular

108 Hygrotus Coelambus wardii (Clark, 1862) NA, NT ? morphological

109 Hygrotus Coelambus zigetangco Fery, 2003 PL ? morphological

110 Hygrotus Hygrotus acaroides (LeConte, 1855) NA Freshwater morphological & molecular

...continued on the next page
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Table S3. (Continued)
ID Genus Subgenus Species Authors Distribution habitat data type studied
111 Hygrotus Hygrotus aequalis Falkenström, 1932 PL Freshwater morphological

112 Hygrotus Hygrotus decoratus (Gyllenhal, 1810) PL Freshwater morphological & molecular

113 Hygrotus Hygrotus farctus (LeConte, 1855) NA ? morphological

114 Hygrotus Hygrotus hydropicus (LeConte, 1852) NA ? morphological & molecular

115 Hygrotus Hygrotus inaequalis (Fabricius, 1777) PL Freshwater morphological & molecular

116 Hygrotus Hygrotus intermedius (Fall, 1919) NA Freshwater morphological

117 Hygrotus Hygrotus marginipennis (Blatchley, 1912) NA Tolerant morphological

118 Hygrotus Hygrotus quinquelineatus (Zetterstedt, 1828) PL Freshwater morphological & molecular

119 Hygrotus Hygrotus sayi J. Balfour-Browne, 1944 NA Tolerant morphological & molecular

120 Hygrotus Hygrotus versicolor (Schaller, 1783) PL Freshwater morphological & molecular

121 Hyphoporus anitae Vazirani, 1969 PL Freshwater only literature

122 Hyphoporus aper Sharp, 1882 OR, PL ? only literature

123 Hyphoporus bengalensis Severini, 1890 OR ? morphological

124 Hyphoporus bertrandi Vazirani, 1969 PL Freshwater only literature

125 Hyphoporus caliginosus Régimbart, 1899 OR ? only literature

126 Hyphoporus dehraduni Vazirani, 1969 PL ? only literature

127 Hyphoporus elevatus Sharp, 1882 OR, PL ? morphological

128 Hyphoporus geetae Vazirani, 1969 OR ? only literature

129 Hyphoporus josephi Vazirani, 1969 OR ? only literature

130 Hyphoporus kempi Gschwendtner, 1936 OR, PL Tolerant only literature

131 Hyphoporus montanus Régimbart, 1899 OR ? only literature

132 Hyphoporus nilghiricus Régimbart, 1903 OR, PL Freshwater only literature

133 Hyphoporus oudomxai Biström & Bilsson, 2013 OR ? only literature

134 Hyphoporus pacistanus Guignot, 1959 PL ? only literature

135 Hyphoporus pugnator Sharp, 1890 OR ? only literature

136 Hyphoporus severini Régimbart, 1892 OR, PL Tolerant morphological

137 Hyphoporus solieri (Aubé, 1838) PL Freshwater morphological & molecular

138 Hyphoporus subaequalis Vazirani, 1969 OR ? only literature

139 Hyphoporus tonkinensis Régimbart, 1899 OR ? morphological & molecular
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Fig. S1. Time-calibrated majority rule consensus tree obtained in BEAST with the complete 

dataset. Number in nodes: posterior probability values.
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Fig. S2. Reconstructed evolution of salinity tolerance in the tribe Hygrotini, using parsimony 

with the estimated relationships of species for which no molecular data were available.
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Abstract 

Ochthebiinae, with c. 650 species distributed worldwide, are the second most speciose 

subfamily of the aquatic beetle family Hydraenidae. They are the ecologically most diverse 

subfamily, with terrestrial species as well as species in almost all types of aquatic habitats, 

including hypersaline waters. Ochthebiinae include the tribes Ochtheosini (four species in 

three genera) and Ochthebiini. We provide here the first comprehensive phylogeny of the 

tribe Ochthebiini, based on 188 species and four subspecies from most genera, subgenera 

and species groups. We obtained sequence data for a combination of mitochondrial and 

nuclear gene fragments including the 5’ and 3’ ends of the cytochrome c oxidase subunit 

1, the 5’ end of 16S RNA plus the leucine tRNA transfer plus 5’ end of NADH dehydroge-

nase subunit I, and internal fragments of the large and small ribosomal units. The analyses 

with maximum likelihood and Bayesian probabilities consistently recovered a generally well 

supported phylogeny, with most currently accepted taxa and species groups as monophyl-

etic. We provide a new classification of the tribe based on our phylogenetic results, with six 

genera: Meropathus Enderlein, Ochthebius Leach, Protochthebius Perkins, Prototympano-
gaster Perkins, Tympallopatrum Perkins, and Tympanogaster Janssens. The genus Och-
thebius is here divided into nine subgenera in addition to Ochthebius s.str.: (1) O. (Angioch-
thebius) Jäch & Ribera; (2) O. (Asiobates) Thomson; (3) O. (Aulacochthebius) Kuwert; (4) 

O. (Cobalius) Rey; (5) O. (Enicocerus) Stephens; (6) O. (Gymnanthelius) Perkins comb.n.; 
(7) O. (Gymnochthebius) Orchymont comb.n.; (8) O. (Hughleechia) Perkins comb.n.; and 

(9) O. (Micragasma) Sahlberg. Within Ochthebius s.str., 17 species groups are proposed, 

five of them newly established (3, 9, 11, 13 and 16): (1) andraei; (2) atriceps; (3) corrugatus; 

(4) foveolatus; (5) kosiensis; (6) lobicollis; (7) marinus; (8) metallescens; (9) nitidipennis; 

(10) notabilis; (11) peisonis; (12) punctatus; (13) quadricollis; (14) rivalis; (15) strigosus; 

(16) sumatrensis; and (17) vandykei. We elevated to species rank two subspecies of Och-
thebius: O. fallaciosus Ganglbauer stat.n. (former subspecies of O. viridis Peyron) and O. 
deletus Rey stat.rest. (former subspecies of O. subpictus Wollaston). 
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Introduction

Ochthebiinae, with c. 650 species and 11 subspecies described, are the second 

most diverse subfamily of the water beetle family Hydraenidae (Hansen, 1998; Jäch & 

Balke, 2008; Tables 1, S1). They occur in all biogeographic regions, including the Antarctic 

islands of Kerguelen and Heard, where they are the only Hydraenidae present (Hansen, 

1998). Ochthebiinae are the ecologically most diverse hydraenid subfamily, with terrestrial 

species, species living in the interface between land and water, as well as in most types of 

aquatic environments (Jäch et al., 2016). A large number of species are tolerant to hyper-

saline waters, living in coastal rockpools (e.g. Cobalius Rey or Calobius Wollaston, Antonini 

et al., 2010; Sabatelli et al., 2016), coastal or inland saltpans or inland hypersaline streams 

(especially the O. notabilis group, but also many other species in different groups, Abellán 

et al., 2009; Millán et al., 2011).

The external morphology of the species of Ochthebiinae is more heterogeneous 

than in other Holarctic lineages of Hydraenidae [e.g. Hydraena Kugelann (Trizzino et al., 
2013) or Limnebius Leach (Rudoy et al., 2016)]. This has resulted in a more complex tax-

onomy, with mostly all of the described genera or subgenera with uncertain relationships. 

Thus, the genus Ochthebius Leach was divided in 16 subgenera by Kuwert (1887), but all of 

them with the exception of Aulacochthebius Kuwert, were later synonymised (see Tables 1, 

S2 for a synopsis of the classification and Table S1 for a complete checklist of Ochthebiini).

Ochthebiinae were divided by Perkins (1980) into two tribes, Ochthebiini and Och-

theosini, the latter for the single terrestrial genus Ochtheosus Perkins, with two species. 

The monotypic genera Edaphobates Jäch & Díaz and Ginkgoscia Jäch & Díaz, for which 

we could not obtain fresh material for DNA extraction, were tentatively hypothesized to be 

related to Ochtheosus by Jäch & Díaz (2003, 2004) and thus we consider them within Och-

theosini. Perkins (1997) divided Ochthebiini in five newly defined subtribes: Enicocerina (for 

the single genus Enicocerus Stephens), Meropathina (Meropathus Enderlein, Tympallopa-
trum Perkins, Tympanogaster Perkins and the recently described Prototympanogaster Per-

kins; Perkins, 2018), Neochthebiina (Neochthebius Orchymont), Ochthebiina (Ochthebius, 

Gymnochthebius Orchymont, Hughleechia Perkins, Gymnanthelius Perkins, Aulacochthe-
bius and Micragasma Sahlberg) and Protochthebiina (Protochthebius Perkins). Enicocerus 

was treated as a subgenus by several subsequent authors (e.g. Jäch, 1998; Ribera et al., 
2010; Jäch & Skale, 2015), and Neochthebius was treated as a synonym of Ochthebius 

s.str. by Jäch & Delgado (2014b), leaving ten genera in Ochthebiini, most of them described 

in the 20th century (Table 1). Ochthebius is the oldest available generic name (Leach, 1815; 

Hansen, 1998; Table 1), grouped into four recognised subgenera with mostly Palaearc-
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tic distribution: Asiobates Thomson, Calobius, Enicocerus and Ochthebius (Jäch & Skale, 

2015; Tables 1, S1; see the detailed taxonomic history of subgenera and species groups 

in the Discussion). Within Ochthebius s.str., the most diverse subgenus, several informal 

species groups have been defined, which have undergone important modifications through 

their taxonomic history (Tables S1, S2). 

The classification and proposed relationships within Ochthebiini have also experi-

enced many modifications during the last four decades. Perkins (1980) revised the by then 

known American species, and proposed a phylogeny derived from the examination of some 

morphological characters. Gymnochthebius was placed as sister to the remaining taxa, 

which were divided in two lineages: (i) Meropathus plus Neochthebius (currently a synonym 

of Ochthebius, Table S2) and (ii) Ochthebius plus Asiobates. Subsequently, Perkins (1997) 

synonymized four subgenera with Ochthebius (Calobius, Cobalius, Liochthebius Sahlberg 

and Notochthebius Orchymont), and described three additional genera (Tables 1, S2). 

Based mostly on the exocrine secretion delivery system (ESDS), he divided the subfamily 

in two tribes, Ochtheosini for the newly described Ochtheosus and Ochthebiini, divided in 

turn into subtribes, with unresolved relationship among them. Ochtheosus was considered 

to have some plesiomorphic characters similar to some southern African genera (e.g. an-

tennae with 11 antennomeres, as in many Prosthetopinae, Perkins, 1997; see also Beutel 

et al., 2003), and did not share several of the most characteristic synapomorphies with the 

remaining Ochthebiinae, in particular the structure of the tentorial arms, galea and lacinia.

The first formal cladistic analysis of the family Hydraenidae was published by Beu-

tel et al. (2003), but sampling was too incomplete to resolve internal relationships within 

Ochthebiinae other than the sister relationship of Meropathus with Ochthebius + Gymnoch-
thebius. There is no published global molecular phylogeny of the entire family Hydraeni-

dae or subfamily Ochthebiinae, but in recent years some detailed molecular phylogenies 

for some lineages have been published, such as the Ochthebius notabilis group (Abellán 

et al., 2009) and Enicocerus (Ribera et al., 2010). In Abellán et al. (2013) an extensive 

phylogeny of Ochthebius and some related genera using only mitochondrial markers was 

used to estimate the phylogenetic diversity of the Iberian fauna. The sampling of some 

geographical areas was, however, very incomplete, as the intention was not to produce a 

phylogenetic study. Still, most Palaearctic lineages were represented, which allowed us to 

establish the monophyly of most of the included genera/subgenera and of the recognized 

species groups, although internal groups had poor relationships between them. Sabatelli 

et al. (2016) used these data to study the origin of species typical of rockpools, recovering 

basically the same relationships and establishing a new species group for the South African 

O. capicola Péringuey. In the same paper, the subgenus Cobalius was found to be outside 
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Ochthebius s.str., but Calobius nested within it, referring to it as the ‘Calobius’ lineage.

In this study we provide a comprehensive phylogeny of Ochthebiini, based on mi-

tochondrial and nuclear sequence data, including representatives of most lineages. We 

introduce several changes in the taxonomic classification to accommodate our phylogenetic 

results, and provide a complete checklist based on our new classification (Table S1).

Material and Methods

Taxon sampling

We studied 186 species and four subspecies of the 641 described species and 11 

described subspecies of Ochthebiini, plus 29 specimens corresponding to undetermined or 

still undescribed species (Table S3). For two species with an isolated or unsupported place-

ment (O. plesiotypus Perkins and O. peisonis Ganglbauer) we sequenced two specimens 

to test for possible sequencing mistakes. We included examples of eight of the 11 genera 

currently recognised in the tribe, all subgenera but two (within genus Tympanogaster), and 

all recognised species groups within the genus Ochthebius but one (O. kosiensis group, Ta-

bles 1, S1, S3). The three missing genera, Tympallopatrum (Australia) and Protochthebius 

(Asia) and Prototympanogaster (Lord Howe Island), have four, seven and a single species, 

respectively (Table S1).

We used as outgroups 31 species of other Hydraenidae genera (Hydraena, Laeli-
aena Sahlberg and Limnebius) and of Ptiliidae. Trees were rooted in the split between 

Hydraenidae and Ptiliidae, considered to be sister groups both based on molecular (e.g. 

Hunt et al., 2007; McKenna et al., 2015; Zhang et al., 2018) and morphological evidence 

(Hansen, 1997; Lawrence et al., 2011).

DNA extraction and sequencing

Specimens were killed and preserved in absolute ethanol. DNA was extracted with 

a standard phenol-chloroform extraction or by commercial extraction kits (mostly Quiagen 

DNeasy Tissue Kit, Hildesheim, Germany) following the manufacturers’ instructions. DNA 

samples and voucher specimens are kept in the collections of the Institute of Evolution-

ary Biology (IBE, Barcelona, Spain), Museo Nacional de Ciencias Naturales (MNCN, Ma-

drid, Spain) and Naturhistorisches Museum Wien (NMW, Vienna, Austria). We sequenced 

fragments of six genes in five sequencing reactions, three mitochondrial: [(i) 5’ end of the 

cytochrome c oxidase subunit 1 (the standard barcode, Hebert et al., 2003) (COI-5’), (ii) 
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3’ end of cytochrome c oxidase subunit 1 (COI-3’), (iii) 5’ end of 16S RNA (16S) plus the 

leucine tRNA transfer (tRNA-Leu) plus 5’ end of NADH dehydrogenase subunit I (NAD1)]; 

and two nuclear [(iv) an internal fragment of the large ribosomal unit, 28S RNA (28S) and (v) 

an internal fragment of the small ribosomal unit, 18S RNA (18S)] (see Table S4 for details 

on primers used and typical PCR conditions). Sequences were assembled and edited with 

GENEIOUS v10.1 (Kearse et al., 2012); new sequences (a total of 897) were deposited in 

the ENA database with accession numbers LT990690-LT991586.

Phylogenetic analyses

Edited sequences were aligned using the online version of MAFFT v.7 with the 

G-INS-I algorithm (Katoh et al., 2009). We used PartitionFinder v1.1.1 (Lanfear et al., 2012) 

to estimate the evolutionary model that best fitted the data, using one partition for each gene 

fragment (six partitions in total), and using Akaike Information Criterion (AIC) scores as se-

lection criteria. Phylogenetic analyses were made using Bayesian probabilities in BEAST 

1.8 (Drummond & Rambaut, 2007), using the partition and evolutionary models selected by 

PartitionFinder, with a Yule speciation process as tree prior. There are few fossils usable for 

calibrating a phylogeny of Hydraenidae. The oldest recognised members of the family are 

Ochthebiites Ponomarenko, from the Jurassic (Arnol’di et al., 1991; Ponomarenko & Prokin, 

2015; Yamamoto et al., 2017), but they cannot confidently be placed in any extant lineage. 

One of the best preserved fossils is Archaeodraena cretacea Jäch & Yamamoto from Upper 

Cretaceous Burmese amber (c. 99 Ma, Yamamoto et al., 2017), which probably belongs to 

the crown Hydraenidae. Both fossils are compatible with an estimate of c. 170 Ma for the 

split between Hydraenidae and Ptiliidae obtained in recent molecular phylogenies calibrated 

with a range of fossils (Hunt et al., 2007; McKenna et al., 2015). We thus used this estima-

tion to calibrate our tree, with a normal distribution with a standard deviation of 1 Ma and an 

uncorrelated lognormal relaxed clock. A Middle Jurassic separation between Hydraenidae 

and Ptiliidae is considerably younger than the estimation of Toussaint et al. (2016) (Middle 

Triassic, 243 Ma), but older than the more recent of Zhang et al. (2018) (Upper Jurassic, c. 

150 Ma), both of which we consider to be less plausible. In any case, it must be noted that 

the main objectives of our study do not require an absolute calibration of the phylogeny of 

Ochthebiini, which is done only as a preliminary exploration.

We ran the analyses for 100 million generations, logging results for every 5,000, 

and checked convergence to estimate the burn-in fraction with Tracer v1.6 (Drummond & 

Rambaut, 2007). We ran an additional ML phylogenetic reconstruction with RAxML-HPC2 

(Stamatakis, 2006) in the CIPRES portal (Miller et al., 2010), using the same partition 

scheme as in BEAST with a GTR+G model estimated independently for each partition. 
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Node supports values were estimated with 100 pseudoreplicas using a rapid bootstrapping 

algorithm (Stamatakis et al., 2008). The same ML analysis was repeated only with the nu-

clear sequence (18S and 28S).

Table 1. Synopsis of the genus-level classification of Ochthebiini, with notes of the former status 
of the taxa (following Jäch & Skale, 2015, Jäch et al. 2016 and Perkins, 2018), total number of 
species and species included in the phylogeny (see Table S1 for a complete checklist and Table 
S1 for synonyms and type species). In brackets, number of subspecies. Species of uncertain iden-
tification included in the phylogeny noted after ‘+’.
New status Former status No. sp. (spp.) DNA sp. (spp.)

Genus Meropathus Enderlein, 1901 Genes 8 1

Genus Ochthebius Leach, 1815 Genus 540a (9) 186 + 27 (2)

Subgenus Angiochthebius Jäch & Ribera, 2018 Subgenus of Ochthebius 3 1

Subgenus Asiobates Thomson, 1859 Subgenus of Ochthebius 105 (3) 34 + 6

Subgenus Aulacochthebius Kuwert, 1887 Genus 13 4 + 6

Subgenus Cobalius Rey, 1886 Subgenus of Ochthebius s.str.b 9 (2) 6

Subgenus Enicocerus Stephens, 1829 Subgenus of Ochthebius 16 9 + 1

Subgenus Gymnanthelius Perkins, 1997 Genus 8 2

Subgenus Gymnochthebius Orchymont, 1943 Genus 58 7 + 1

Subgenus Hughleechia Perkins, 1981 Genus 2 1

Subgenus Micragasma Sahlberg, 1900 Genusc 3 1

Subgenus Ochthebius Leach, 1815 Subgenus of Ochthebius 322 (4) 121 + 13 (2)

Genus Protochthebius Perkins, 1997 Genus 7 0

Genus Prototympanogaster Perkins, 2018 Genus 1 0

Genus Tympallopatrum Perkins, 1977 Genus 4 0

Genus Tympanogaster Perkins, 1967 Genus 84 3

Subgenus Hygrotympanogaster Perkins, 2006 Subgenus of Tympanogaster 36 1

Subgenus Plesiotympanogaster Perkins, 2006 Subgenus of Tympanogaster 2 0

Subgenus Topotympanogaster Perkins, 2006 Subgenus of Tympanogaster 8 0

Subgenus Tympanogaster Janssens, 1967 Subgenus of Tympanogaster 38 2
aIncludes one species ‘incertae sedis’.
bConsidered as a subgenus of Ochthebius by Sabatelli et al. (2016) and Jäch & Delgado (2017a).
cConsidered as a subgenus of Ochthebius by Hernando et al. (2017), based on the results of this study.

Results

The final matrix included 252 terminals with 3,656 aligned characters. Protein-cod-

ing regions had no indels except for the 3’ end of COI-3, where some species had an addi-

tional codon. The best partitioning scheme obtained with PartitionFinder had six partitions 

corresponding to (i) COI-5, (ii) COI-3, (iii) 16S+tRNA-Leu, (iv) NAD1, (v) 18S and (vi) 28S. 

The optimal evolutionary model was GTR+I+G for all partitions except for NAD1 (best mod-

el TMV) and 28S (best model SYM). The BEAST run implementing the best models did not 

converge properly, however, mostly due to the parameters related to the estimation of the 

branch lengths, especially for the genes NAD1, 18S and 28S. We thus did a second run 

with simpler models for these genes (HKY+G+I), which converged adequately. The topolo-
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gies of the two Bayesian analyses were, however, almost identical (Figs 1, S1), and unless 

specified we report only the results of the analyses with the better parameter convergence 

(i.e. with the simpler evolutionary models).

Molecular phylogeny

The topologies obtained in the ML and the two Bayesian analyses were very sim-

ilar, differing only in some poorly supported nodes (Figs 1, S1, S2), most notably in the 

position of Hughleechia (see below). The ML tree with the nuclear sequence only had a 

topology very similar to that obtained with the combined data, although with a generally low-

er resolution and support. Main difference was the recovery of Ochthebiini as paraphyletic, 

with the genus Hydraena as sister to Tympanogaster plus Meropathus, although with very 

low support (bootstrap support, BS = 53%; Fig. S3). Genera, subgenera and most species 

groups were, however, recovered as monophyletic with strong support, with internal topol-

ogies very similar to that of the combined ML tree (Figs S2, S3).

In the ML and Bayesian trees with the combined nuclear and mitochondrial data, 

the monophyly of Ochthebiini was strongly supported, as well as their separation into two 

clades, (i) Meropathus plus Tympanogaster and (ii) Ochthebius s.l. Meropathus was nested 

within a paraphyletic Tympanogaster in the ML tree (combined and nuclear only) and in the 

Bayesian tree with the best models, and sister to Tympanogaster with low support in the 

Bayesian tree with simpler models (posterior probability, PP = 0.63; Figs 1a, S1, S2).

Within Ochthebius s.l. Asiobates and Aulacochthebius were sister groups in the 

Bayesian tree with low support (PP = 0.85), and both sisters to the rest of Ochthebiini. In 

the ML analysis, Asiobates and Aulacochthebius were paraphyletic with respect to the rest 

of Ochthebiini, also with low support (BS < 50%) (Figs 1a, S2). In both analyses Ochthebiini 

minus Asiobates and Aulacochthebius were monophyletic with strong support (BS = 80%; 

PP = 1; Fig. 1a).

The remaining Ochthebiini were divided in a series of well supported clades cor-

responding to traditionally recognised genera or subgenera, but with poorly resolved rela-

tionships among them: (i) Enicocerus, strongly supported and with well-resolved internal 

relationships, sister to the Australian Hughleechia in ML and the Bayesian analysis with the 

simpler models (BS = 81%, PP = 0.76; Figs 1b, S2); in the Bayesian analysis with 

the best models Hughleechia was sister to the clade formed by Micragasma and Cobalius, 

with low support (PP = 0.88; Fig. S1); (ii) a clade including Gymnochthebius and Gymnan-
thelius, the latter as sister to Angiochthebius Jäch & Ribera (Gymnochthebius plesiotypus 
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group of Perkins, 1980; see Jäch & Ribera, 2018) (BS = 94%, PP = 0.96); within Gymnoch-
thebius, the Australian and American species were respectively monophyletic and sisters, 

with very strong support both in the ML and Bayesian trees (Figs 1b, S2); (iii) Cobalius, 

Ochthebius hivae RA744

Ochthebius sp. RA104

Ochthebius depressionis AF171
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Figure 1. Majority rule consensus tree obtained with BEAST for the phylogeny of Ochthebiini, with 
the simple evolutionary models (see text). Numbers in nodes, posterior probabilities/bootstrap su-
pport values in RAxML. Names in nodes refer to the new classification. Habitus photographs corres-
pond to species used in the analyses, with the addition of Limnebius papposus Mulsant, Hydraena 
riparia Kugelann (a), Ochthebius (s.s.) bernhardi Jäch & Delgado and O. (Micragasma) minoicus 
Hernando, Villastrigo & Ribera (b).
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with a strongly supported monophyly (BS= 98%, PP = 1) and sister to the only sequenced 

species of Micragasma, also with strong support (BS = 100%, PP = 1) (Figs 1b, S2); (iv) 

Ochthebius s.str., including Calobius, strongly supported both in the ML (BS = 94%) and 

Bayesian (PP = 1) trees (Figs 1b, S2). 

Within Ochthebius s.str. the most established Palaearctic species groups were re-

covered as monophyletic (see Discussion, Figs 1b, 1c, S2). Their monophyly was strongly 
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Figure 1. Continued.
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supported in the ML and Bayesian trees, with the only exception of the group of species 

related to the O. atriceps and O. notabilis groups in the ML analyses. The main difference 

with established groups was the expansion of the O. marinus group to include the South 

African O. capicola and the American O. biincisus, bisinuatus and interruptus groups of 

Perkins (1980). The O. foveolatus group of Jäch (1991) was split in three clades: (i) O. 
foveolatus group, sister to the O. metallescens group with strong support in both ML and 

Bayesian trees (BS = 71%, PP = 0.99); (ii) O. atriceps group and (iii) O. corrugatus group. 
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The latter two formed a clade with the species of the O. notabilis and O. andraei groups, 

strongly supported in the Bayesian tree (PP = 1) but not in the ML tree (BS < 50%), in which 

the group also included one of the two sampled species of the O. rivalis group (Figs 1c, S2). 

Two coastal lineages, Calobius and the O. vandykei group (formerly genus Neochthebius), 

were nested within Ochthebius s.str., the former as sister to the O. lobicollis + O. strigosus 

groups (BS < 50%, PP = 0.92) and the latter as sister to the O. marinus group (BS < 50%, 

PP = 0.97) (Figs 1b, 1c, S2).

Table 2. Estimated evolutionary rates of the differ-
ent partitions (substitutions per site per Ma per line-
age) and 95% high posterior density interval (HPD) 
in the Bayesian analysis with simple evolutionary 
models (see text).

Partition Mean rate 95% HPD interval
COI-5 0.0085 [0.0070, 0.0102]
COI-3 0.0111 [0.0091, 0.0133]
16S + tRNA 0.0024 [0.0020, 0.0029]
NAD1 0.0039 [0.0030, 0.0048]
18S 0.00014 [0.00010, 0.00017]
28S 0.00052 [0.00040, 0.00064]

According to our calibration scheme, with a separation between Hydraenidae and 

Ptiliidae at 170 Ma, the estimated age of crown Hydraenidae was 106 Ma [highest posterior 

density (HPD): 122.8–90.2 Ma], and that of the crown Ochthebiini 93 Ma (HPD: 109.7–80.8 

Ma). The basal diversification of Ochthebiini was reconstructed as having occurred in a 

relatively short temporal window, with genera, subgenera and most species groups with an 

origin between c. 87–60 Ma (Fig. 1; see Table 2 for the estimated evolutionary rates of all 

partitions). 

Discussion

Our results strongly support the monophyly of Ochthebiini, but our sampling did 

not allow us to test for the monophyly of Ochthebiinae, or its position within Hydraenidae. 

Within Ochthebiini our results recover two well-supported clades: Meropathus plus Tympa-
nogaster, and Ochthebius s.l. (Fig. 2; see below for a detailed discussion of the taxonomic 

classification of Ochthebiini). We did not find evidence to support the five subtribes pro-

posed by Perkins (1997), which are therefore not considered here. 

We did not find evidence for a clear separation between the studied species of 

Tympanogaster and Meropathus, in agreement with previous studies (Hansen, 1991). How-
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ever, we could not obtain material of the genera Prototympanogaster and Tympallopatrum, 

considered to be closely related to Tympanogaster by Perkins (1997, 2018), and two of 

the subgenera of Tympanogaster (Plesiotympanogaster Perkins and Topotympanogaster 
Perkins), so until more data become available we refrain from any taxonomic change and 

consider Prototympanogaster, Tympallopatrum and Tympanogaster as valid genera (Ta-

bles 1, S1; Fig. 2) (see Perkins, 2006 for a discussion on the subgeneric classification of 

Tympanogaster). The species of Meropathus, Prototympanogaster, Tympallopatrum and 

Tympanogaster are found in the Australian Region, on two Antarctic islands (Kerguelen 

and Heard) and on several Subantarctic islands, such as Campbell Island, Crozet Islands, 

Prince Edward Island and Falkland Islands.

The second lineage, genus Ochthebius s.l., included all the non-Australian Och-

thebiini, as well as several Australian species. Our results agree remarkably well with the 

currently recognised subgenera and many of the established species groups, which were 

recovered as monophyletic with general strong support (Fig. 2). The relationships between 

these lineages, however, do not confirm some previous hypotheses on their relationships. 

Thus, Aulacochthebius was not found to be closely related to Gymnochthebius, as pro-

posed in Hansen (1991), but to Asiobates; Micragasma and Hughleechia were not among 

the basal lineages and Cobalius and Calobius were not closely related, as hypothesised 

in Perkins (1997). Novel relationships found here are the possible sister relationship be-

tween Hughleechia and Enicocerus, and the close relationship between Gymnochthebius 

and Gymnanthelius. Interestingly, within the clade Gymnochthebius + Gymnanthelius + 

Angiochthebius there are two cladogenetic events separating American from Australian 

species: one within Gymnochthebius, dated at 73 Ma (95% HPD 87–60 Ma), and another 

separating the Australian Gymnanthelius and the Chilean Angiochthebius, dated at 60 Ma 

(95% HPD 78–51 Ma). Although a detailed biogeographic analysis is outside the scope of 

this paper, it is interesting to note that these estimations are too recent for a tectonic split 

between Australia and South America (i.e. west and east Gondwana), dated at c. 130 Ma 

(McIntyre et al., 2017). Our calibration would thus require a different scenario, probably 

through the colonization of some southern islands or the Antarctica. An older age for these 

nodes is unlikely, given that our rate estimations are already slower than most recent esti-

mations for the same genes in other groups of Coleoptera (Table 2; see e.g. Papadopoulou 

et al., 2010; Andújar et al., 2012; Cieslak et al., 2014).

Taxonomic classification of Ochthebiini Thomson, 1859

Genus Meropathus Enderlein, 1910
Type species: Meropathus chuni Enderlein, 1910, by monotypy.
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Figure 2. Summary tree of the phylogenetic relationships of the Ochthebiini main lineages. The width 
of the triangles reflects the number of species of the respective clade in the tree. Symbols in nodes: 
circles, congruent topology in the maximum likelihood and Bayesian analyses; triangles, incongruent 
topologies; in black, nodes with good support (Bayesian posterior probability > 95% and maximum 
likelihood bootstrap support > 70%) in both analyses; in grey, in one analysis only; in white, not su-
pported nodes. Pie charts reflect the geographical distribution of the species of the respective clades.



Chapter 3

127

 Meropathus was described as genus, considered as subgenus of Ochthebius 

by Orchymont (1938) and reinstated again as genus by Jeannel (1940). Bameul (1989) 

redescribed the genus and recognised 12 species (in two species groups), transferring 

Ochthebius schizolabrus Deane to Meropathus. Hansen (1991) noted the difficulty in es-

tablishing clear distinctions within the Meropathus-Tympanogaster complex. Meropathus 

includes seven New Zealand, Antarctic and Subantarctic species plus M. labratus Deane 

from Queensland (Table S1). They are all found in coastal habitats, usually among debris 

and algae (Bameul, 1989).

Genus Prototympanogaster Perkins, 2018
Type species: Prototympanogaster lordhowensis Perkins, 2018, by original designation.

 Prototympanogaster was described by Perkins (2018) as a monotypic genus based 

on two males collected in 2003 in Lord Howe Island (Australia). This genus seems to be 

closely related to Tympanogaster, but without its characteristic glabrous tabella in the 

metaventrite (Perkins, 2018).

Genus Tympallopatrum Perkins, 1997
Type species: Tympallopatrum longitudum Perkins, 1997, by original designation.

 Tympallopatrum was described by Perkins (1997) as a monotypic genus within Mer-

opathina. Subsequently, Perkins (2004a) revised the genus and described three additional 

species, all of them from western Australia (Table S1). We could not obtain any represent-

ative of this genus for our study, and thus its phylogenetic placement remains untested.

Genus Tympanogaster Janssens, 1967
Type species: Tympanogaster deanei Perkins, 1979 (replacement name for Ochthebius 
longipes Deane, 1931), by monotypy.

 Described by Janssens (1967) as a monotypic genus for O. longipes (= T. deanei 
Perkins), Perkins (1997) redescribed Tympanogaster and transferred some species from 

Meropathus. Perkins (2006) revised the genus and described three subgenera and 76 new 

species, raising the total number of the species in the genus to 84 (Tables 1, S1), all distrib-

uted in Australia and Tasmania.

 Subgenus Hygrotympanogaster Perkins, 2006. Type species: Tympanogaster mau-
reenae Perkins, 2006, by original designation.

 Hygrotympanogaster Perkins was described by Perkins (2006) as a subgenus of 

Tympanogaster, to include mostly hygropetric species in southwestern Australia. Currently 

it includes 36 species (Perkins, 2006) (Table S1).
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 Subgenus Plesiotympanogaster Perkins, 2006. Type species: Tympanogaster thay-
erae Perkins, 2006, by original designation.

 Plesiotympanogaster was described by Perkins (2006) as a subgenus of Tympa-
nogaster to include the type species plus Ochthebius costatus Deane (Table S1). Both 

species were considered to have plesiomorphic characters within the genus.

 Subgenus Topotympanogaster Perkins, 2006. Type species: Tympanogaster crista 

Perkins, 2006, by original designation.

 Topotympanogaster was described by Perkins (2006) as a subgenus of Tympano-
gaster to include eight Australian species, all described in Perkins (2006) (Table S1). We 

could not obtain any representative of this and the previous subgenus for our study, and 

thus their phylogenetic placement remain untested.

 Subgenus Tympanogaster Janssens, 1967. Type species: Tympanogaster deanei 
Perkins, 1979 (replacement name for Ochthebius longipes Deane, 1931), by monotypy.

 Tympanogaster s.str. was revised by Perkins (2006), raising the total number of the 

species to 38 (Tables 1, S1), all distributed in Australia and Tasmania.

Genus Ochthebius Leach, 1815
Type species: Helophorus marinus Paykull, 1798, fixed by Orchymont (1942).

 The second well-supported lineage within Ochthebiini includes the remaining gen-

era/subgenera with, in some cases, uncertain relationships among them. We consider Och-
thebius a single genus with 540 species and nine subspecies in ten well-supported sub-

genera, corresponding in most cases to currently recognised taxa (Fig. 2). One additional 

species, O. eremita Knisch from Fiji, cannot be confidently placed in any of the described 

subgenera, and it is left as incertae sedis within the genus Ochthebius (Hansen, 1998; Ta-

ble S1).

 Subgenus Angiochthebius Jäch & Ribera, 2018. Type species: Gymnochthebius 
plesiotypus Perkins, 1980, by original designation. 

 The subgenus Angiochthebius was created for the Gymnochthebius plesiotypus 

species group (sensu Perkins, 1980), which now includes three South American species 

(Jäch & Ribera, 2018; Table S1). The species of the G. plesiotypus group were included 

within Gymnochthebius by Perkins (1980) as they share a bifid apex of the aedeagus, but 

external characters (e.g. the pubescent fifth abdominal ventrite) and some aedeagal char-

acters (Jäch & Ribera, 2018) as well as molecular data (Figs 1b, S2) warrant their removal 

from Gymnochthebius and their status as a distinct subgenus of Ochthebius.
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 Subgenus Asiobates Thomson, 1859. Type species: Ochthebius rufimarginatus 

Stephens, 1829 (= O. bicolon Germar, 1824), by monotypy.

 Originally described as a genus, but downgraded to subgenus by Seidlitz (1875), 

and treated as such by most authors (e.g. Jäch, 1990a; Hansen, 1991; Perkins, 1997). Jäch 

(1990a) divided the Palaearctic species in the bicolon and minimus groups, which were re-

covered as respectively monophyletic with strong support. The sampled American species 

were divided in the puncticollis group of Perkins (1980), with only one sampled species be-

ing sister to the rest of the subgenus with strong support (BS = 88%, PP = 1; Figs 1a, S2), 

plus the discretus group of Perkins (1980). The placement of the studied Nearctic species 

of the A. discretus group and two of the Afrotropical species (O. andreiini Régimbart and O. 
andronius Orchymont) was uncertain both in the ML and the Bayesian trees (Figs 1a, S2). 

We provisionally consider them within the A. minimus group due to the similarities in their ae-

deagi and the morphology of the pronotum (Orchymont, 1948; Perkins, 1980; Jäch, 1990a). 

The subgenus Asiobates currently includes 105 described species and three subspecies 

occurring in all biogeographical regions, except the Oriental and Australian Realms. While 

the puncticollis group is restricted to the Nearctic Region, the bicolon and minimus groups 

are more widespread. The former occurs in the Palaearctic and (with several undescribed 

species) Afrotropical regions, and the latter occurs in the Nearctic, Neotropical, Palaearctic, 

and Afrotropical Regions. Many additional species of Asiobates await description, several 

of them included in our phylogeny (Table S3).

 Subgenus Aulacochthebius Kuwert, 1887. Type species: Ochthebius exaratus Mul-

sant, 1844, by monotypy. 

 Considered as a subgenus until Perkins (1997) raised it to genus level. There are 

no species groups defined within this subgenus, and our sampling is too incomplete to draw 

firm conclusions. Currently the subgenus includes 13 Palaearctic, Oriental and Afrotropical 

species (Table S1), although the taxonomy of the subgenus is in clear need of revision and 

it is expected that the number of species will increase considerably (Table S3).

 Subgenus Cobalius Rey, 1886. Type species: Ochthebius lejolisii Mulsant & Rey, 

1861, fixed by Jäch (1989b).

 Described as a subgenus of Ochthebius by Rey (1886), synonymised by Perkins 

(1997) with Ochthebius s.str. and considered again as subgenus by Sabatelli et al. (2016). 

We recovered it here as a strongly supported monophyletic lineage clearly outside Och-
thebius s.str., confirming its status as subgenus. Its nine recognised species and two sub-

species occur along the coasts of the Mediterranean Sea, the Black Sea and the eastern 

Atlantic Ocean from Cape Verde to Scotland (Jäch, 1989b; Jäch & Skale, 2015; Jäch & 

Delgado, 2017a). Its taxonomy is in need of revision (Sabatelli et al., 2016; Jäch & Delgado, 
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2017a; I. Ribera et al., unpublished results).

 Subgenus Enicocerus Stephens, 1829. Type species: Enicocerus viridiaeneus Ste-

phens, 1829 (= Ochthebius exsculptus Germar, 1824), by monotypy. 

 Enicocerus was originally described as a genus, downgraded to subgenus of Och-
thebius by Chenu (1851), reinstated again as genus by Perkins (1997) (within its own sub-

tribe, Enicocerina), but treated as a subgenus by subsequent authors (e.g. Jäch, 1998; 

Ribera et al., 2010; Jäch & Skale, 2015). Our results support the exclusion of the East 

Palaearctic and Oriental species, confirming Jäch (1998) and Skale & Jäch (2009), and are 

in agreement with the phylogeny of Ribera et al. (2010). Enicocerus in its current sense in-

cludes 16 species with a mostly Mediterranean distribution, with some species reaching the 

British Isles, Central Europe, the Middle East and the Caucasus. One species from eastern 

North America, O. benefossus LeConte, not included in our phylogeny, is here tentatively 

placed in Enicocerus (following Perkins, 1980); it might, however, instead belong to the O. 

(s.str.) nitidipennis group, or to a species group of its own.

 Subgenus Gymnanthelius Perkins, 1997 comb.n. Type species: Ochthebius hiero-
glyphicus Deane, 1933, by original designation. 

 The genus Gymnanthelius was introduced by Perkins (1997) for O. hieroglyphicus. 

Subsequently, Perkins (2004b) revised the genus and transferred to Gymnanthelius two 

other Australian species described by Deane (1931, 1937) within Ochthebius (Table S1). 

The eight described species are distributed mostly in southeastern Australia, with some 

reaching as far north as Queensland (Perkins, 2004b).

 Subgenus Gymnochthebius Orchymont, 1943. Type species: Ochthebius nitidus 

LeConte, 1850 by original designation.

 Gymnochthebius was originally described as a subgenus of Ochthebius (Orchy-

mont, 1943) to place several American species described under Ochthebius that could 

not be placed in any of the described subgenera, which had been established mostly for 

Palaearctic species. Orchymont (1943) also included three Australian species for which he 

could examine the aedeagus and confirmed that they had the same general structure as 

the American species. Perkins (1980) revised the American species and Perkins (2005) 

the Australian and Papuan species, recognizing another four species in addition to the 

three previously noted by Orchymont (1943) and raising the total number of species in the 

subgenus to 58 (Table S1). The Australian and the American species of the subgenus form 

two well-supported clades, the O. australis and O. fossatus groups, with 36 and 22 species 

respectively (Table S1).
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 Subgenus Hughleechia Perkins, 1981 comb.n. Type species: Hughleechia giulianii 
Perkins, 1981, by original designation. 

 Originally described as a monotypic genus (Perkins, 1981), a second species was 

described by Perkins (2007a). Both species inhabit coastal rockpools in southern Australia 

and Tasmania, in the intertidal zone and (most frequently) above the tide (Perkins, 2007a).

 Subgenus Micragasma Sahlberg, 1900 comb.n. Type species: Micragasma para-
doxum Sahlberg, 1900, by monotypy. 

 Described as a monotypic genus for M. paradoxum (Sahlberg, 1900). Jäch (1997a) 

redescribed the genus and transferred O. substrigosus Reitter to Micragasma. A third spe-

cies was recently described from Crete (Hernando et al., 2017), and there are two additional 

undescribed species from Central Asia (M.A. Jäch et al., unpublished data). Our results 

clearly show that Micragasma is nested within Ochthebius s.l., and thus we consider it a 

subgenus of Ochthebius.

 Subgenus Ochthebius Leach, 1815. Type species: Helophorus marinus Paykull, 

1798, fixed by Orchymont (1942).

 Within Ochthebius s.str. we recovered, with strong support, most of the currently 

recognised species groups as monophyletic. Most species groups are entirely Palaearctic, 

or with mostly Palaearctic species, and thus the basis for the taxonomy of the subgenus 

is the revisionary work of Jäch (e.g. 1989a, 1990a, 1991, 1992a), who distinguished 13 

groups and subgroups. With only one exception (O. jengi group), they were all, with some 

modifications, recovered as monophyletic. According to our results, the 322 described spe-

cies and four subspecies of Ochthebius s.str. are separated in 17 species groups, five of 

them newly established herein (Fig. 2). A few species still have an uncertain phylogenetic 

placement. This is particularly the case for O. belucistanicus Ferro, O. caudatus Frivaldsz-

ky, O. fissicollis Janssens and O. pierottii Ferro, which presently cannot be confidently in-

cluded in any of the recognised species groups, mainly because their original descriptions 

lack information about relevant characters (Table S1).

 (1) O. andraei group: Defined and revised in Jäch (1992a), with additional species 

described in Jäch (2002) and Jäch & Delgado (2010). Currently this group includes six spe-

cies and one subspecies of Palaearctic distribution (Table S1), typical of saline or hypersa-

line habitats. We could study a single species (O. patergazellae Jäch & Delgado, Table S3), 

included in a clade together with the species of the O. notabilis, corrugatus and atriceps 

groups (Fig. 1). The close relationship between the species of the O. andraei, corrugatus, 

notabilis and atriceps groups were already suggested in Jäch (1991, 1992a). 
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 (2) O. atriceps group: In Jäch (1991) the species of the O. foveolatus group were 

divided in two subgroups, (A) foveolatus subgroup, sharing some characters with the spe-

cies of the O. metallescens group, and (B) atriceps subgroup, sharing some characters with 

the species of the O. notabilis group. We recovered both subgroups as respectively mono-

phyletic, and confirm the suspected relationships proposed by Jäch (1991) (see below). 

Ochthebius burjkhalifa Jäch & Delgado and O. despoliatus Jäch & Delgado, both from the 

UAE and of uncertain affinities, although hypothesised to be related to the O. atriceps group 

(Jäch & Delgado, 2014a), were found to be sister to the rest of the species of the group, with 

strong support in the Bayesian analysis (PP = 0.95) but weaker in the ML (BS = 55%) (Figs 

1, S2). With the inclusion of these two species the O. atriceps group includes 20 species 

and one subspecies (Table S1). They have a mostly Palaearctic distribution but extending 

to East Africa (Djibouti) (Jäch & Delgado, 2017b).

 (3) O. corrugatus group: Jäch (1992a) suggested that O. corrugatus Rosenhauer, 

despite being related to the species of the O. andraei and notabilis groups, could not be 

included in either of them. Our results confirm this hypothesis, but extend the O. corrugatus 

group to include two additional Mediterranean species previously included in the O. atriceps 

subgroup (Jäch, 1991; Table S1). 

 (4) O. foveolatus group: The O. foveolatus group as here defined corresponds to the 

O. foveolatus subgroup of Jäch (1991), recovered as sister of the O. metallescens group 

with strong support (Fig. 1). After the additions and corrections of Delgado & Jäch (2009) 

and Jäch & Delgado (2010, 2014b) it currently includes 27 species, all Palaearctic (Fig. 1; 

Table S1). 

 (5) O. kosiensis group: Jäch (1997b) established this group for O. kosiensis Cham-

pion, described within Ochthebius but originally not placed in any subgenus (Champion, 

1920). Knisch (1924) placed it in Asiobates due to the resemblance of the general habitus, 

although the male genitalia do not correspond to those of the species of Asiobates (Jäch, 

1997b). Jäch (2003) recognised the similarity between O. kosiensis, O. strigosus and relat-

ed species, and included both species in the strigosus subgroup of the metallescens group. 

The study of some undescribed species deposited in the NMW (M.A. Jäch, unpublished 

data) suggests that the strigosus subgroup as defined in Jäch (2003) should be divided in 

the kosiensis and strigosus groups, with two and 16 described species respectively (see 

below; Table S1). We could not obtain any species of the kosiensis group suitable for DNA 

extraction, and thus their phylogenetic relationships (and composition) remain untested. 

Based on described and undescribed species the group is so far known from the Himalaya 

and Myanmar.
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 (6) O. lobicollis group: Jäch (1990b) revised the lobicollis group, with subsequent 

additions by Jäch (1994) and Jäch et al. (1998). It currently includes 11 species with a West 

Palaearctic distribution (Table S1; Fig. 1b).

 (7) O. marinus group: The Palaearctic species of the O. marinus group, the most 

speciose within Ochthebius s.str., were revised by Jäch (1992b). According to our results 

it includes the species of the O. jengi group sensu Jäch (1998) and also species from 

the Nearctic and Neotropical Regions (O. biincisus, bisinuatus and interruptus groups of 

Perkins, 1980); the Afrotropical Region (O. extremus and salinarius groups of Perkins & 

Balfour-Browne, 1994; Perkins, 2011; O. capicola group of Sabatelli et al., 2016), including 

Madagascar (O. alluaudi Régimbart; Perkins, 2017); the Oriental Region (O. masatakasatoi 
Jäch; Jäch, 1992b; Jäch & Delgado, 2017a); and the Australian Region (O. queenslandicus 

Hansen; Jäch, 2001a; Perkins, 2007b). 

 Two of the studied subspecies were not recovered as sisters to the nominal sub-

species in any of the analyses: O. viridis fallaciosus Ganglbauer (sister to O. arefniae Jäch 

& Delgado and another specimen probably representing an undescribed species), and O. 
subpictus deletus Rey (sister to O. marinus plus O. auropallens Fairmaire), in both cases 

with strong support (Figs 1, S1, S2; Table S1). We thus upgrade the two subspecies to 

species, O. fallaciosus Ganglbauer, 1901 stat.n. and O. deletus Rey, 1885 stat.rest. (see 

Jäch, 1992b and Jäch & Delgado, 2008 for a detailed description of the species). The O. 
marinus group as here defined includes 78 species, plus two species of uncertain adscrip-

tion (Table S1). Most of these species seem to be associated to lentic habitats, frequently 

saline and, especially those outside the Palaearctic, coastal.

 (8) O. metallescens group: The O. metallescens group was revised by Jäch (1989a). 

It is well defined morphologically, but many species have variable isolated populations, 

making species recognition and diagnosis difficult. This difficulty is reflected in the complex 

taxonomic history of the group, with multiple changes in the status of some species (e.g. 

Jäch, 1989a, 1999, 2001b). A number of species are typical of hygropetric habitats covered 

by a thin film of water, such as seepages or the marginal areas of stony surfaces in streams. 

The species group has currently 56 Palaearctic species and one subspecies (Table S1). 

Due to the somewhat cryptic habits and restricted geographic ranges of many species it is 

expected that this number will increase considerably.

 (9) O. nitidipennis group: We include in the O. nitidipennis group the Asian species 

formerly included in the subgenus Enicocerus. As suggested by previous authors (Jäch, 

1989b; Skale & Jäch, 2009; Yoshitomi & Satô, 2011), morphological similarities between 

these species and those of Enicocerus are the result of evolutionary convergence, probably 
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due to occupying similar microhabitats on the surface of rocks and stones partially sub-

merged in streams. The group currently includes 12 species in the Himalaya Region and 

East Asia (Table S1).

 (10) O. notabilis group: Jäch (1992a) recognised the O. notabilis group for species 

formerly included in the subgenus Doryochthebius Kuwert, establishing its synonymy with 

Ochthebius s.str. and differentiating the members of this group from the species of Calobius 

(see below). The group includes 13 Palaearctic species, all typical of saline or hypersaline 

habitats.

 (11) O. peisonis group: Ochthebius peisonis was included in the O. marinus group 

by Jäch (1992b). Our results, however, place the species in a very isolated and uncertain 

position within Ochthebius s.str. We provisionally consider it in its own group, until addition-

al evidence clarifies its phylogenetic relationships.

 (12) O. punctatus group: The punctatus group was defined by Jäch (1992c) to in-

clude the species formerly considered under subgenus Bothochius Rey, with irregular ely-

tral punctation (Jäch, 1989c), and a series of species with similar morphological characters 

but with regular elytral striae. The Ochthebius punctatus group includes 53 species and one 

subspecies, mostly Palaearctic (reaching the Oriental Region) but with some Afrotropical 

species, among them the namibiensis group of Perkins & Balfour-Browne (1994) (Jäch, 

1992c; Hansen, 1998; Perkins, 2011; Jäch & Delgado, 2017b; Table S1).

 (13) O. quadricollis group: The O. quadricollis group corresponds to the genus Calo-
bius, described for C. heeri Wollaston from Madeira. The concept of Calobius was expand-

ed by subsequent authors to include species now in different species groups (e.g. Reitter, 

1886 included among them O. notabilis Rosenhauer and O. quadrifoveolatus Wollaston), 

and was usually treated as a subgenus. It was revised by Jäch (1993), who still considered 

it a subgenus, but was synonymised with Ochthebius s.str. by Perkins (1997), who con-

sidered it to be closely related to Cobalius. Its status remained uncertain, however, with 

some authors treating it as a genus (e.g. Audisio et al., 2010) or subgenus (e.g. Jäch & 

Skale, 2015). Finally, Sabatelli et al. (2016) provided evidence of the phylogenetic position 

of Calobius, demonstrating its derived status within Ochthebius s.str. and considering it 

as the “Calobius” lineage, named here the O. quadricollis group for consistency with other 

species groups within Ochthebius s.str. Sabatelli et al. (2016) also found that the group 

includes more than the five species currently recognised (Table S1), in agreement with pre-

vious results from the Italian species (e.g. Urbanelli & Porretta, 2008; Audisio et al., 2010). 

Our results support this impression, as happens with the subgenus Cobalius, which is also 
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in need of taxonomic revision. All species of the O. quadricollis group are found in coastal 

rockpools in the Mediterranean basin and the islands of Madeira and the Canaries.

 (14) O. rivalis group: Ochthebius rivalis Champion and two similar species were 

originally considered to be a subgroup of the O. metallescens group (Jäch, 2003). Our re-

sults, however, do not support a close relationship with the species of the O. metallescens 

group, but with O. peisonis and the O. notabilis, corrugatus and andraei groups (Figs 1, S2), 

with low support. In the Bayesian analysis the two sampled species of the group were sister 

with strong support (PP = 1), but in the ML analysis they were not placed together, although 

with low support (BS < 50%) (Fig. S2). Currently the group includes four Asian species 

(including O. himalayae Jäch, originally described within the O. metallescens group, Jäch, 

1989a), distributed from the Himalaya to Hainan Island (Table S1).

 (15) Ochthebius strigosus group: Ochthebius strigosus Champion, described as 

Ochthebius s.str., was included in the subgenus Asiobates by Jäch (1989b) based on the 

study of female specimens only. After the discovery of males of a related species (O. strig-
oides Jäch) they were placed in their own subgroup within the O. metallescens group (Jäch, 

1998). We found the only sequenced species of the group to be sister of the O. lobicollis 

group with low support (BS = 56%, PP = 0.87), and we consider it here as a distinct species 

group within Ochthebius s.str. The O. strigosus group currently includes 16 described plus 

some undescribed species, one of them included here (voucher IBE-RA617). The group is 

distributed in the eastern Palaearctic, including Taiwan (Jäch, 2003; Table S1).

 (16) Ochthebius sumatrensis group: In the original description, O. sumatrensis Jäch 

could not be placed in any of the by then described groups, although some similarities with 

O. jengi Jäch (currently in the marinus group) were noted (Jäch, 2001a). Several unde-

scribed species similar to O. sumatrensis have been collected in recent years (M.A. Jäch, 

unpublished data), among them the one from Hong Kong included here (specimen voucher 

MNCN-AC16; Table S1), recovered as sister to the rest of the species of Ochthebius s.str. 

with low support in the ML analysis (BS < 50%; Fig. S2) and as sister to the punctatus group 

in the Bayesian analysis, also with low support (PP < 0.5; Fig. 1). They live in hygropetric 

surfaces, which makes them prone to evolutionary convergence with non-related species 

sharing the same habitat, thus obscuring their relationships. The group is distributed from 

the Himalaya to eastern China and southward to Sumatra, where it is the only known spe-

cies of Ochthebius s.str.

 (17) O. vandykei group: The species of the O. vandykei group correspond to the 

former Neochthebius, originally described as subgenus but raised to genus (within its own 
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subtribe, Neochthebiina) by Perkins (1997) based on peculiarities of their antennae and 

the lack of ESDS. Jäch & Delgado (2014b), based on unpublished molecular data and on 

aedeagal characters, synonymised Neochthebius and considered it as a species group 

within Ochthebius s.str. The group currently includes eight species from the northern Pacific 

coast, seven in Asia and one in North America (Jäch & Delgado, 2014b; Table S1). They 

are all typical of rocky seashores or other coastal microhabitats.

Genus Protochthebius Perkins, 1997
Type species: Protochthebius satoi Perkins, 1997, by original designation.

 The genus Protochthebius was described by Perkins (1997) for P. satoi and O. 
jagthanae Champion, who erected also the subtribe Protochthebiina based on peculiarities 

of the antennae and the ESDS. Subsequently, Jäch (1997b) and Perkins (1998) described 

another two and three species respectively. All seven known species of Protochthebius are 

found in the Himalaya Region, Meghalaya and Laos (Table S1). Some of them have been 

found by sifting forest litter or moss (Jäch, 1997b; Perkins, 1998).

 We could not obtain molecular data of any of the species of Protochthebius, and 

thus the phylogenetic placement of the genus remains uncertain. Perkins (1997) noted 

some presumably plesiomorphic characters of the pronotum and postocular area of the 

head. The species of the genus have also a reduced ESDS system (Perkins, 1997), but 

this might be a secondary loss due to their microhabitat preferences. Their male genitalia 

are, however, typical of Ochthebius s.str., and when molecular data become available the 

taxonomic status of Protochthebius may have to be changed to a subgenus of Ochthebius 

or a species group within Ochthebius s.str., in which case P. satoi would become a junior 

homonym.
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Supporting Information

Table S1. Checklist of the species of Ochthebiini, with the current (following Jäch & Skale, 

2015 and Jäch et al., 2016) and new classifications. In bold, type species. phyl, species 

included in the phylogeny (in brackets, species for which the sequenced specimen was a 

female). Distribution: PAL, Palaearctic; AFR, Afrotropical; AUR, Australia; NAR, Nearctic; 

NTR, Neotropical; ORR, Oriental; ANR, Antarctic. In brackets, specimens considered to 

have a Palaearctic distribution in Jäch & Skale (2015), but including the Oriental or Afrotrop-

ical Regions in Hansen (1998).

Table S2. Current classification of Ochthebiini, with synonymies and type species (following 

Jäch & Skale, 2015 and Jäch et al., 2016). In bold, taxa included in the phylogeny.

Table S3. List of material used in the molecular phylogeny, including voucher numbers, 

accession numbers of the sequences and locality data. In bold, newly obtained sequences.

Table S4. (A) primers used for DNA amplification and sequencing reactions; (B) Typical 

conditions for the polymerase chain reaction.

Fig. S1. Majority rule consensus tree obtained with BEAST for the phylogeny of Ochthebiini 

with the best partition models. Numbers in nodes, posterior probabilities.

Fig. S2. Phylogeny obtained with RAxML, including current Ochthebiini classification. Num-

bers in nodes, bootstrap support values.

Fig. S3. Phylogeny obtained with RAxML with the nuclear genes only. Numbers in nodes, 

bootstrap support values.
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Table S4. (A) primers used for DNA amplification and sequencing reactions; (B) 
Typical conditions for the polymerase chain reaction.

(A)

gene primer F/R sequence ref.

COI-5’
Uni LepF1b F TAATACGACTCACTATAGGGATTCAACCAATCATAAAGA-

TATTGGAAC 1

Uni LepR1 R A T T A A C C C T C A C T A A A G T A A A C T T C T G G A T G T C -
CAAAAAATCA 1

COI-3’

Jerry F CAACATTTATTTTGATTTTTTGG 5
Pat R TCCAATGCACTAATCTGCCATATTA 5
Chy F T(A/T)GTAGCCCA(T/C)TTTCATTA(T/C)GT 3
Tom R AC(A/G)TAATGAAA(A/G)TGGGCTAC(T/A)A 3

16S
16sAr R CGCCTGTTTAACAAAAACAT 5
ND1A F GGTCCCTTACGAATTTGAATATATCCT 5
16Sb R CCGGTCTGAACTCAGATCATGT 5

28S
ka F ACACGGACCAAGGAGTCTAGCATG 2
kb R CGTCCTGCTGTCTTAAGTTAC 2

18S
18S 5’ F GACAACCTGGTTGATCCTGCCAGT(1) 4
18s b5.0 R TAACCGCAACAACTTTAAT(1) 4

(B) 

COI-3’ / 18S
step time temperature
1 3’ 96°
2 30” 94°
3 30” 50°
4 1’ 72°
5 Go to setp 2 and repeat 39 x
6 10’ 72°

16S / 28S
step time temperature
1 3’ 96°
2 30” 94°
3 1’ 48°
4 1’ 72°
5 Go to setp 2 and repeat 34 x
6 10’ 72°
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COI-5’
step time temperature
1 3’ 96°
2 40” 94°
3 40” 48°
4 1’ 72°
5 Go to setp 2 and repeat 4 x
6 40” 94°
7 40” 51°
8 1’ 72°
9 Go to setp 6 and repeat 29 x
10 10’ 72°
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Figure S1. Majority rule consensus tree obtained with BEAST for the phylogeny of 
Ochthebiini with the best partition models. Numbers in nodes, posterior probabilities.
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Figure S1. (Continued)
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Figure S1.  (Continued)
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Abstract

We describe a new species in of Micragasma J. Sahlberg, 1900 (Coleoptera, Hydraenidae), 

which is here treated as a subgenus of Ochthebius Leach, 1815. The new species, O. (Mi-
cragasma) minoicus sp. n., was found at the margins of a coastal rockpool in the island of 

Crete.

The species differs from the other two known species of the genus in both external and 

genital characters, but shares with them the presence of small setiferous tubercles on the 

surface of the head, pronotum and elytra, and a strong medial gibbosity on the head. In 

some characters, such as the structure and shape of the aedeagus, O. (Micragasma) mi-
noicus sp. n. is more similar to other species of the genus Ochthebius, in particular of the 

subgenus Cobalius Rey, 1886, typical of coastal rockpools. 
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Introduction

Micragasma J. Sahlberg, 1900, one of the most elusive and lesser known gen-

era of European aquatic Coleoptera, was described for a single species, M. paradoxum 

J. Sahlberg, 1900 from the island of Corfu. In the original description, Sahlberg (1900) 

reports collecting several specimens in December, 1895 amongst flooded vegetation in 

the mouth of the Potamos River and some additional specimen in November, 1898 again 

amongst flooded grasses in the Kalichiopulo [=Calichiopulo] Lagoon. The species had not 

been collected again until 1993 when a small series (three specimens) was collected in 

Puglia, southern Italy (Figure 1), amongst plant debris not far from the sea. Subsequently, 

a larger series was collected in the same area by sifting sand among Salicornia L. next to 

the coast (Ferro et al.,1996). Jäch (1997) redescribed the genus and transferred Ochthe-
bius substrigosus Reitter, 1897 to Micragasma. This species was described from a small 

series collected in the mouth of the Kura River, in Azerbaijan (Figure 1), although no details 

on the habitat were given in the original description (Reitter, 1897). The species has never 

been reported again. More recently, M. paradoxum has been found in the surrounding area 

of Lake Elton, in Volgograd Province, Russia (Makarov et al., 2009; Prokin et al., 2016), in 

saline ditches and pools, and i two localities on the north coast of the Black Sea, in detritus 

or in overgrown grass puddles (Shatrovskiy, 2015) (Figure 1). There are no other published 

records of Micragasma.

The phylogenetic affinities of Micragasma are also not well understood. Reitter 

(1897) described O. substrigosum within subgenus Chirochthebius Kuwert, 1887, currently 

a synonymy of Aulacochthebius Kuwert, 1887 (Jäch and Skale, 2015), noting its resem-

blance to A. narentinus (Reitter, 1885). Sahlberg (1900) compared the newly described 

genus with species of Ochthebius Leach, 1815, and, in his revision of Hydraenidae genera, 

Hansen (1991) notes that it is a distinct an apparently well-justified genus. However, Jäch 

(1997), after including O. substrigosum in the genus Micragasma, noted the similarity be-

tween Micragasma and Ochthebius, questioning its status as a separate genus. In Beutel, 

Anton and Jäch (2003), some peculiarities of the head of Micragasma were noted in refer-

ence to other species of Ochthebius or the wider Hydraenidae (absence of ocelli in M. par-
adoxum, a shield-like clypeus with distinctly raised lateral margin), but the genus was not 

included in the phylogenetic analyses and nothing was said about its possible relationships. 

Unpublished molecular data place Micragasma as sister to the species of the Cobalius Rey, 

1886, treated as a synonym of Ochthebius s. str. in the last reference catalogues (e.g., Jäch 

and Skale, 2015). Here we treat both Micragasma and Cobalius as subgenera of Ochthebi-
us; a more detailed discussion on the phylogenetic relatioship of both taxa will be published 

in a forthcoming work.
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The close relationship between Micragasma and Cobalius suggested by molecular 

data may apear suprising, given the strong differences in external morphology. This rela-

tionship seems more likely in the light of the species newly described here, found during a 

recent trip to Crete in the margins of a rock pool in the south western coast of the island.

Material and methods

We studied one species of O. (M.) paradoxus labelled ‘RUSSIA: 17.4.2008, Volgo-

gradskaya Oblast, 49°07’43.6’’N/ 46°47’39.5’’E, Lake Elton, -18 m below sea level, residual 

pools of temp. water course, leg. A. Prokin’, ‘Voucher IBE-AF116’ (one of the specimens 

reported in Prokin et al. 2016). The DNA of one paratype of the new species was extracted 

non-destructively (voucher IBE-AN770, see below) with commercial kits (DNeasy Tissue 

Kit, Qiagen, Hilden, Germany).

The specimen used for DNA extraction (voucher IBE-AN770) was subsequently 

used for SEM observation. After the extraction process, it was mounted on a stub with dou-

ble-sided carbon conductive tab and coated with gold in a Quorum Q150R S sputter coater 

unit (Quorum Technologies Ltd., UK). The sample was observed using a Hitachi S3500N 

scanning electron microscope (Hitachi High-Technologies Co. Ltd., Japan) operated at 4 kV 

Figure 1. Distribution of the known species of Micragasma J. Sahlberg, 1900: circles, Ochthebius 
(M.) paradoxus (J. Sahlberg, 1900); triangle, O. (M.) substrigosus Reitter, 1897; hexagon, O. (M.) 
minoicus sp. n.
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in the Electron Microscopy Service of the Institute of Marine Sciences (CSIC), in Barcelona 

(Spain).

Specimens are deposited in the following collections: CHB, Collection of C. Her-

nando, Badalona, Spain; IBE, Institute of Evolutionary Biology, Barcelona, Spain; MNCN, 

Museo Nacional de Ciencias Naturales, Madrid, Spain; NMW, Naturhistorisches Museum, 

Wien, Austria.

Taxonomy

Ochthebius (M.) minoicus sp. n. 

Figures 2-10.

Figure 2. Habitus of the holotype of Ochthebius (M.) minoicus sp. n. Photo by M. Brojer, Scale bar 
0.5 mm.
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Type locality 

Greece, Crete, Elafonisi, 35°16’9.2”N, 23°32’42”E (Figure 1).

Type material

Holotype. ♂: ‘22 Crete, Elafonisi 20.iv.2017 / rockpools on calcareous bed / 35°16’9.2”N 

23°32’42.”E 0m / Hernando, Ribera & Villastrigo leg.’ (NMW); aedeagus dissected and 

mounted in DMHF on a transparent card, pinned with the specimen; plus red holotype label. 

Paratypes. 6 ♂ 3 ♀, same data as holotype, with paratype labels (IBE, CHB, NMW, MNCN). 

DNA of one paratype extracted (voucher number IBE-AN770).

Figure 3. SEM habitus of a paratype of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770). Scale 
bar 0.5 mm.
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Description

Total length 1.68-1.73 mm, maximum width 0.65-0.70 mm, without apparent differ-

ences between males and females. Body shape oval (Figures 2 and 3). Body colour dark 

brown; head, disk of pronotum and elytra darker, appendages paler (Figure 2).

Head (Figures 4 and 5). Labrum deflexed, deeply emarginated; surface smooth, 

with a shallow reticulation; with sparse small setae. Clypeus trapezoidal, narrower distally; 

surface rugose, with small tubercles, with sparse setiferous punctures with small setae; 

finely bordered; fronto-clypeal suture well marked. Frons expanded laterally, with a medial 

gibbosity; two lateral elongated excavations bordering the gibbosity joining posteriorly, with-

out pubescence or tubercles (in most specimens, these excavations are not visible due to 

salt concretions, but are clearly visible in the specimen used for DNA extraction). Margins 

of head only slightly elevated. Head covered with small tubercles with very robust, short, 

recurved silverish-whitish setae, almost squamiform; as observed with the SEM, setae are 

lanceolate, wider in the middle and with lateral expansions (specially on the elytra, see be-

low), with surface rugose. Eyes widely separated, laterally very prominent. Ocelli absent.

Thorax. Pronotum transverse, with margins explanate (Figures 5 and 6); disc el-

evated, with a medial irregular longitudinal sulcus; central area covered with small, very 

dense setiferous tubercles; lateral area rugose; with two basal elevated areas forming a 

‘V’. Lateral margins irregular, but uniformly arched, elevated, with a fringe of denser setae; 

anterior margin with a narrow hyaline expansion; posterior margin constricted, with poste-

ro-lateral hyaline expansion following the contour of the pronotum; postero-lateral hyaline 

Figure 4. Head of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), dorsal view.
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expansions densely covered with setae; posterior margin of pronotum covering base of 

elytra, partly covering the scutellum. 

Elytra elongated, oval (Figures 2 and 3); apparently fused; shoulders with a strong 

gibbosity; apex acuminate; margins slightly explanate, with a fringe of denser setae. With 

10 very regular rows of punctures in each elytron, with smaller punctures distributed irregu-

larly, some of them with smaller setae; main sculpture composed of a large puncture with a 

tubercle on the anterior margin, with a setae on top (Figure 7); surface rugose-chagrinated 

(not as rugose as pronotum and head); setae as on pronotum and head; apex of elytra and, 

to a lesser extend, marginal areas with an irregular surface, with tubercles united forming 

small carinnae (Figure 8). Apterous (observed in one paratype).

Figure 5. Head and pronotum of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), frontal view.

Figure 6. Pronotum of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), dorsal view.
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Hypomera with deep antennal grooves, with a hyaline margin. Metaventrite short, 

covered with hydrophobe pubescence except on medial part, which is covered with a longer 

and more robust pubescence; prosternum and mesoventrite glabrous, with a rugose sur-

face; mesoventrite with a small anterior longitudinal carina, with an acuminate apophysis. 

Legs short, robust; tarsi short, specially protarsi, without natatory setae; with spini-

form setae.

Abdomen. Ventrites 1-5 with short hydrophobe pubescence and longer and re-

curved sparse setae, denser in the medial part (Figure 9); last ventrites without hydrophobe 

pubescene, with short, straight spiniform setae. Surface irregular, with a chagrinated as-

pect. Last ventrite with a row of 7-9 long, explanate setae. 

Figure 7. Details of the elytral disk of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770).

Figure 8. Apex of the elytral of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), dorsal view.
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Aedeagus as in Figure 10, asymmetrical, medial lobe slightly arced; distal piece 

elongated, widest in the middle.

Females 

Pronotum with anterior angles more rounded and lateral margins more arced than 

in males.

Etymology 

Named in reference to the Minoan civilization of Crete. The name is an adjective 

in the nominative singular.

Figure 9. Surface of the abdominal ventrite 2 of Ochthebius (M.) minoicus sp. n. (voucher IBE-
AN770).

Figure 10. Aedeagus of Ochthebius (M.) minoicus sp. n. (paratype), lateral view.
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Distribution

So far only known from the type locality.

Habitat

Specimens were collected at the margins of a rock pool close to the seashore, 

with saline water over rocky substratum with gravel and sand on the margins, with a tuff 

of vegetation (Figure 11). They were dislodged from the shore and the tuff of vegetation 

by splashing water. Species were collected in association with Bledius sp. (Staphylinidae), 

Ochthebius (Cobalius) adriaticus moreanus Pretner, 1929, O. (Cobalius) subinteger Mul-

sant & Rey, 1861 and O. (Calobius) steinbuehleri Reitter, 1886. 

Discussion

Of the characters listed by Jäch (1997) as diagnostic for the genus Micragasma 

based on the two only known species at the time (O. (M.) paradoxus and O. (M.) substri-
gosus), potential synapomorphies are the presence of small tubercles covering most of the 

surface of the body and the presence of a well-developed medial gibbosity on the vertex 

surrounded by more or less impressed foveae. As already noted by Jäch (1997), all other 

characters occur in various species of Ochthebius. In O. (M.) minoicus sp. n., the shape 

of the labrum is more similar to other species of Ochthebius, not as strongly deflexed as 

in O. (M.) paradoxus and less transverse. The head is also less transverse and explanate, 

without the strong lateral elevations present in O. (M.) paradoxus. The pronotum in O. (M.) 
minoicus sp. n. is also less explanate, with the marginal areas less flat and with a more 

rugose surface. Other differences refer to the general shape and size, more elongated in 

O. (M.) minoicus sp. n. (the studied specimen of O. (M.) paradoxus, a female, was 1.58 

mm length and 0.75 mm wide), with a darker body colour, and a more dense and robust 

pubescence, with a more regular appearance on the elytra. The studied specimen of O. (M.) 
paradoxus was brachypterous, with a non-functional small stump only slightly longer than 

the metaventrite, but the elytra are not fused.

The aedeagus of O. (M.) minoicus sp. n. has the same general structure as that 

of other species of the subgenus, but without the strongly deviating features of O. (M.) par-
adoxus, and with a simpler distal piece than O. (M.) substrigosus (see Jäch 1997, Figures 

2 and 3). This results in an aedeagus that is surprisingly similar to those of the species of 

the Cobalius, in particular to that of O. (C.)celatus Jäch, 1989 (see Jäch 1989, Figure 7). 
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Some species of the Cobalius have also very regular elytral striae with strong setae, and 

deep fossae on the head (but without gibbosity) (e.g. O. (C.) subinteger). Although the ecol-

ogy of the species of Micragasma is still poorly known, they are undoubtedly associated to 

coastal saline habitats, with the only know exception of the population of O. (M.) paradoxus 

near Lake Elton (Prokin et al., 2016). They seem to be, however, less linked to water than 

the species of the Cobalius, as suggested also by some morphological features (shorter 

legs, more robust pubescence), and some specimens seem to have been found in a fully 

terrestrial environment (e.g., Shatrovskiy, 2015). When washed into the water, specimens 

of O. (M.) minoicus sp. n. floated upside down with a film of air attached to the ventrites, as 

happens with other species of Ochthebius (including those of the Cobalius), suggesting that 

the ventral pubescence may be hydrophobic. It is interesting to note, however, that the dor-

Figure 11. Type locality of Ochthebius (M.) minoicus sp. n.: rockpool in Elafonisi, Crete. Note the 
edge of the pool with some vegetation, from where specimens were flushed.
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sal surface is extremely hydrophilic: when dry specimens were touched with a wet brush, 

the whole dorsal surface was immediately covered by a film of water, maybe through the 

capillary effect of the tubercles and setae, or perhaps due to a possible strong hydrophilic 

effect of the highly modified expanded setae. The potential function of a hydrophylic dorsal 

surface in combination with a hydrophobic ventral surface is unknown, but it may be related 

with respiration or to avoid dehydration in the sometimes extreme saline and dry environ-

ment in which the species may be found.
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schaft Österreichischer Entomologen, 41, 41–51.

Jäch, M.A. (1997). Synopsis of the genus Micragasma. Annalen des Naturhistorischen Mu-
seums in Wien, Serie B, 99, 313–318. 

Jäch, M.A. and Skale, A. (2015). Hydraenidae, In: Löbl, I. and Löbl D. (Eds.) Catalogue of 
Palaearctic Coleoptera, Volume 2/1- Hydrophiloidea, Staphylinoidea (revised and up-
dated edition), Leiden: Brill, pp. 130-162.

Kuwert, A. (1887). Übersicht der europäischen Ochthebius-Arten, Deutsche Entomolo-
gische Zeitschrift, 32, 113-123.

Leach, W.E. (1815). Entomology, In: Brewster D. (Eds.) The Edinburgh Encyclopaedia (Vol. 
9), Balfour: Edinburgh, pp. 55-172.

Makarov, K.V., Matalin, A.V., and Komarov, E.V. (2009). Fauna of beetles (Coleoptera) 
of Elton Lake vicinities, In: Animals of clayey semidesert in Transvolga region (fauna 
conspecta and ecological characteristics), ed. A.A. Tishkov, pp. 95–134 [In Russian].

Prokin, A.A., Litovkin, S.V., and Jäch, M.A. (2016). New records of Hydraenidae and El-
midae (Coleoptera) from Russia and adjacent countries, Fragmenta Faunistica, 58, 
99–110.

Reitter, E. (1885). Neue Coleopteren aus Europa und den angrenzenden Ländern, mit Be-
merkungen über bekannte Arten. Theil 1, Deutsche Entomologische Zeitschrift, 29, 
353–392.

Reitter, E. (1897). Dreifsig neue Coleopteren aus russisch Asien und der Mongolei, Deut-
sche Entomologische Zeitschrift, 2, 209–228.

Rey, C. (1886). Histoire naturelle des coleopt eres de France (suite), Annales de la Société 
Limnéenne de Lyon, 32, 1–187, pl. 1–2.



Chapter 4

193

Sahlberg, J. (1900). Coleoptera mediterranea et rosso-asiatica nova et minus cognita, 
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Abstract

Specialization to extreme environments is often considered an evolutionary dead-end, lead-

ing to irreversible adaptations and reduced evolvability. There is, however, mixed evidence 

of this macroevolutionary pattern, and limited data from speciose lineages. Here, we tested 

the effect of habitat specialization to hypersaline waters in the diversification rates of aquat-

ic beetles of the genus Ohthebius (Coleoptera, Hydraenidae), using a molecular phylogeny 

with 279 of the 541 recognised species. Phylogenies were built with three mitochondrial and 

two nuclear genes, with the addition of 42 mitochondrial genomes obtained through NGS. 

Using Bayesian methods of character reconstruction we show that hypersaline tolerance 

is an irreversible adaptation that arose multiple times independently. Two lineages had a 

significant increase in diversification rates, one of them inhabiting hypersaline waters, but 

there was no overall correlation with habitat or any significant decrease in diversification 

rates despite the irreversibility of the hypersaline habits.
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Living in extreme environments often requires key innovations that allow organ-

isms to cope with extreme conditions, like anti-freezing proteins in cold-tolerant organisms 

(Duman, 2015), modifications in the life cycle or metabolism in cave beetles (Deleurance, 

1963; Delay, 1978), or the tolerance to hypersaline waters (Arribas et al., 2018). It has 

been hypothesised that these traits concede species the ability to live in new environments, 

representing an ecological opportunity that allow species to diversify swiftly until niches are 

saturated, but producing a decline on diversification rates later on the history of the lineage 

(Rabosky, 2009; Henao-Díaz et al., 2019). Some extreme traits are considered evolutionary 

dead ends: irreversible specializations (Kelley and Farrell, 1998) that affect negatively the 

diversification rate, normally due to an increased extinction (Wright et al., 2013). However, 

recent works have shown that adaptations assumed to be dead-ends, such as those of sub-

terranean organisms, have some potential for diversification due to differentiation of niches 

(Fišer et al., 2012) or differential life-histories (Cieslak et al., 2014). More evidence seems 

thus clearly needed to understand the effect of habitat specialisation on diversification rates. 

During the last years, tolerance to hypersaline water - an extreme ecological spe-

cialization on aquatic Coleoptera - has been the focus of some research (Picazo et al., 
2010; Arribas et al., 2014; Sabatelli et al., 2016; Pallarés et al., 2017; Villastrigo et al., 
2018, Chapter 2). Some species of water beetles can tolerate salt concentrations several 

fold higher than that of the oceans (Picazo et al., 2010; Timms and Hammer, 1988), and 

together with some Diptera and Crustacea are the only macrorganisms able to live in these 

environments. The study of the origin of salinity tolerance in Enochrus Thomson (family 

Hydrophilidae, Arribas et al., 2014; Pallarés et al., 2017) and Hygrotini (family Dytiscidae, 

Villastrigo et al., 2018, Chapter 2) gave similar results: the ecological adaptation to hyper-

saline waters appeared during periods of global aridification, possibly as an exaptation to 

aridity, and it is irreversible. However, the limited number of species in these studies did not 

allow to investigate the possible relationship between salinity tolerance and diversification 

rates.

The aim of this research is to explore the macroevolutionary consequences of the 

origin and evolution of hypersalinity in the genus Ochthebius Leach (family Hydraenidae), 

the most speciose group of water beetles able to live in these environments, with lineages 

living in inland hypersaline streams, coastal rockpools or saltpans (Millán et al., 2014; Vil-

lastrigo et al., 2019, Chapter 3). We hypothesize that this trait evolved independently sev-

eral times as in other aquatic beetles (Arribas et al., 2014; Villastrigo et al., 2018, Chapter 

2), following a pattern of a dead end due to its irreversibility. As the transition to hypersaline 

habitats requires the evolution of traits that allow to cope with very stressful conditions of 

these singular aquatic systems, it may also be expected to play an important role on diver-
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sification rates, with differences among freshwater and salt tolerant lineages.

Results

Molecular phylogeny

We used the dataset based of Villastrigo et al. (2019, Chapter 3) with the addition 

of 66 specimens, complementing the data with 42 new mitogenome sequences (see Meth-

ods). This represents ca. 50% of the recognised species of Ochthebius (Villastrigo et al., 
2019, Chapter 3). The best convergence in the Bayesian analyses was obtained with the 

simplest evolutionary model, HKY+G+I under a strict clock. The consensus topology (Fig. 

1) was similar to previous phylogenies of the group (e.g. Villastrigo et al., 2019 Chapter 3), 

but with higher support values in most nodes. Main differences were the fully supported 

relationships between subgenera (posterior probability [pp] > 0.98), with the clade Aula-
cochthebius plus Asiobates as sister to the rest of Ochthebius, followed by Enicocerus plus 

Hughleechia (Fig. 1). The addition of the newly described Micragasma minoicus (Hernando 

et al., 2017, Chapter 4) resulted in a non-monophyletic Micragasma, recovering M. minoi-
cus as sister to Ochthebius s.str. (with low support, pp= 0.59; Fig. S1) whilst the type spe-

cies of the subgenus, M. paradoxum, was sister to subgenus Cobalius with strong support 

(Figs 1, S1). The monophyly of all subgenera and species groups (as defined in Villastrigo 

et al., 2019, Chapter 3) were strongly supported (pp > 0.99) except for the notabilis group 

of Ochthebius s.str. 

Ochthebius diversification

We used three different phylogenies to estimates diversification rates: A) the con-

sensus tree; B) the consensus tree with the manual inclusion of the missing species of 

Ochthebius; and C) 100 randomly selected post-burnin trees plus the missing species (see 

Methods for details on how we placed missing species in the phylogeny). We ran BAMM 

and MM-estimator on phylogenies B and C. 

The overall diversification rate through time showed a standard pattern of decel-

erated speciation with time (Fig. 2). According to the Bayes factors scores, phylogeny B 

showed evidence of 1 to 3 diversification shifts (Fig. 3; scores 34.26, 29.44 and 21.25 re-

spectively). Shifts were most frequently in subgenus Asiobates (mainly in the bicolon group, 

but also on all Asiobates except the puncticollis group) and the eastern Mediterranean 

species of Cobalius. Phylogenies C had a similar pattern, with 0 to 4 diversification shifts 

(mean number of core shifts= 1.56, mode= 1). Additional diversification shifts detected in 
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Figure 1. Time calibrated majority rule consensus tree obtained in BEAST, with habitat reconstruc-
tion. Number in nodes, posterior probability (circles when pp=1). Top-left corner, marginal frequency 
distribution of the estimated transitions between habitats.
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Figure 2. Speciation rate (green) and habitat transition rate (blue) of Ochthebius through time.
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Figure 3. Left, diversification rate of Ochthebius obtained in Beast (warmer colours indicate a faster 
rate); right, habitat preference of Ochthebius reconstructed by Beast.
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phylogenies B and C were in species groups with a low proportion of species included in the 

phylogeny (e.g. the strigosus group, Table S1). BAMM rates calculated for the main clades 

of phylogenies B and C separately (mean values) were basically the same, with a slightly 

lower rate in phylogeny B for the bicolon group of Asiobates and the eastern Cobalius (Ta-

ble 1). The mean diversification rate for Ochthebius using the MM-estimator was between 

0.044 and 0.062 (high extinction and no extinction fraction scenario respectively), while 

BAMM calculated a mean rate of 0.048, similar to the high extinction scenario (extinction 

fraction = 0.9). Rates of phylogeny B and the mean of diversification rates of Phylogenies 

C were similar, and rates calculated using MM-estimator were also similar to those with 

BAMM results for a mid-extinction scenario (Table 1). The only disagreements between 

BAMM and MM-estimator were for the rates in subgenus Hughleechia and the east Medi-

terranean Cobalius, with MM crown clade rates overestimated and stem clade rates under-

estimated in comparison with BAMM.

Table 1. Diversification rates for main groups (i.e. subgenera plus groups with higher rates) esti-
mated by method of moments (stem and crown ages, ε = extinction fraction) and BAMM.

MM estimator BAMM
crown groups stem groups

ε = 0 ε = 0.5 ε = 0.9 ε = 0 ε = 0.5 ε = 0.9 Mean
Phylogeny C

Consensus
Phylogeny B

Ochthebius genus 0.062 0.059 0.044 NA NA NA 0.048 0.048

Angiochthebius 0.040 0.035 0.012 0.006 0.006 0.002 0.051 0.049

Asiobates 0.050 0.046 0.030 0.045 0.042 0.028 0.062 0.059

Aulacochthebius 0.032 0.029 0.014 0.025 0.022 0.011 0.049 0.047

Cobalius 0.055 0.050 0.025 0.042 0.038 0.019 0.047 0.046

Enicocerus 0.044 0.039 0.018 0.027 0.024 0.011 0.047 0.046

Gymnanthelius 0.056 0.049 0.019 0.019 0.016 0.006 0.046 0.047

Gymnochthebius 0.050 0.046 0.027 0.045 0.042 0.025 0.044 0.046

Hughleechia 0.125 0.109 0.036 0.005 0.004 0.002 0.057 0.054

Ochthebius 0.073 0.069 0.050 0.066 0.063 0.045 0.045 0.045

bicolon group 0.136 0.125 0.076 0.086 0.080 0.048 0.083 0.072

East Cobalius 0.269 0.232 0.089 0.029 0.025 0.010 0.060 0.048

Evolution of salinity tolerance

We reconstructed multiple independent origins of salinity tolerance across the phy-

logeny of Ochthebius using a Bayesian approach in BEAST. Species were divided in three 

categories according to their ecological preferences: freshwater, mesohaline (i.e. tolerant) 

and hypersaline (see Methods). The ancestor of Ochthebius was estimated to have a fresh-

water preference, but the most common recent ancestor of subgenera Ochthebius, Micra-
gasma and Cobalius was undefined, with similar probabilities for mesohaline and freshwa-

ter states (0.57/0.43, 0.59/0.38 and 0.64/0.33 for freshwater and mesohaline respectively). 
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Most transitions where found to be gradual, but there were some direct transitions from 

freshwater to hypersaline waters in old lineages with long branches (e.g. quadricollis group, 

Micragasma minoicus, Cobalius plus Micragasma paradoxum and Hughleechia). The most 

common estimated habitat transition was from mesohaline to freshwater, followed by meso-

haline to hypersaline, freshwater to mesohaline and finally freshwater to hypersaline (Table 

2). The estimated transitions from hypersaline water to mesohaline or freshwater were very 

low (Table 2).

Table 2. Habitat transitions rates obtained in 
Beast v1.10.1.

Transition rate  
(transition / My)

Freshwater to hypersaline 0.438
Freshwater to mesohaline 1.116
Mesohaline to freshwater 2.634
Mesohaline to hypersaline 1.508
Hypersaline to mesohaline 0.165
Hypersaline to freshwater 0.159

The best evolutionary model for habitat preference under the Markov model esti-

mated all transition rates independently (Table 3). All estimated transitions were gradual, 

and there was no reversal from the hypersaline condition. The most common transition was 

again from mesohaline to freshwater, followed by mesohaline to hypersaline and meso-

haline to tolerant (Table 3).

Table 3. AIC weight values of three Mk 
models for discrete trait evolution.

AIC weight
Equal rates model 0.00000

Symmetrical rates model 0.00005
All rates different model 0.99995

The rates calculated for habitat transitions on BAMM were not constant through 

time, with a tendency to increase over the last 30 million years (Fig. 2). An additional, small-

er increase on rate was also identified between 55 to 45 million years ago (Fig. 2).

We further tested the influence of the trait in the diversification rates using Hidden 

State Speciation and Extinction (Herrera-Alsina, 2019). The best performing model using 

the salinity tolerance (the “examined-trait-diversification” or ETD, see methods) included 

four independent transition rates (Table 4), with lineages found exclusively on freshwater 

environments having the lowest speciation rates (λf = 0.045) compared with those that that 

can tolerate some range of salinity (mesohaline) (λt = 0.059) and those found in hypersa-
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line waters (λh = 0.061, Table 4). However, when comparing this model with the constant 

rate (CR) and concealed trait diversification (CTD) models we found a significant effect of 

a concealed trait rather than the examined trait (CTD was most likely than CR and ETD 

models, Table 4), suggesting that despite the heterogeneity of speciation rates across the 

phylogeny there is no significant evidence for salinity being responsible for this speciation 

rate variation. Results were similar when the effect of the incomplete taxon sampling across 

trait states was considered (Table 4).

Table 4. Maximum Likelihood (ML) framework of SecSSE for different models of trait-dependent di-
versification. A) Model comparison for a set of nested examined trait-dependent diversification mo-
dels (ETD) that included different numbers of transition rates (from 1 to 4) between the three exa-
mined trait states. B) Model comparison for different settings of the speciation rates: constant-rate 
(CR); concealed trait-dependent (CTD) and examined trait-dependent diversification (ETD) models 
using four transition rates between the three examined trait states. C) and D) are analogous to A) 
and B) but considering the potential effect of the incomplete taxon sampling across the three diffe-
rent trait states. Models are compared using Akaike weights (AICw), best model in bold.

A) model k ML AICw C) model k ML AICw
ETD_1 5 -1342.2 0.00006 ETD_1 5 -1324.8 0.00432
ETD_2 6 -1342.1 0.00003 ETD_2 6 -1324.8 0.00160
ETD_3 7 -1339.8 0.00010 ETD_3 7 -1322.3 0.00746
ETD_4 8 -1329.5 0.99981 ETD_4 8 -1316.4 0.98662

B) model k ML AICw D) model k ML AICw
CR_4 6 -1330.2 0.00000 CR_4 6 -1319.2 0.00140

CTD_4 8 -1313.9 1.00000 CTD_4 8 -1310.7 0.99531
ETD_4 8 -1329.5 0.00000 ETD_4 8 -1316.4 0.00329

Discussion

Molecular phylogeny

The topology of consensus tree (A) was essentially the same as in Villastrigo et 
al. (2019, Chapter 3). The addition of mitogenome sequences into the core dataset has im-

proved the support values of mostly all basal nodes except for a few fast speciation branch-

es at the origin of Ochthebius subgenus. This unresolved fast diversification splits occurred 

between the end of the Cretaceous and the early Paleocene, a period of global changes 

linked to mass extinction (e.g. Longrich et al., 2012). The inclusion of Micragasma minoicus 

established Micragasma as polyphyletic, something unexpected given the morphological 

resemblance of the two sampled species, but not completely given the complex taxonomic 

history of the genus (Hernando et al., 2017, Chapter 4). The phylogenetic position of Och-
thebius zugmayeri was also unexpected, raising questions about the taxonomical status of 

the andraei, atriceps, corrugatus and notabilis species groups (Jäch, 1991, 1992). Other 

minor unresolved relationships between species groups were likely due to an incomplete 

sampling (andraei, nitidipennis and vandykei groups) or for being part of isolated old line-
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ages (peisonis, rivalis and sumatrensis groups).

Tempo and Mode of the evolution of tolerance to salinity

We found multiple origins of salinity tolerance, in accordance with previous stud-

ies (Arribas et al., 2014; Pallarés et al., 2017; Villastrigo et al., 2018, Chapter 2). The first 

appearance of tolerant ancestors was likely at the end of Campanian (Upper Cretaceous) 

as the most common recent ancestor of subgenera Ochthebius plus Micragasma plus Co-
balius. The BEAST analysis was inconclusive with the reconstruction of that node, with 

almost the same state probability for freshwater and mesosaline but with the exclusion of 

a hypersaline state. However, BEAST and fitMk established mesosaline as the most com-

mon origin of habitat transitions, supporting the idea of an early origin of salinity tolerance. 

Based on our results, hypersalinity tolerance appeared during the Paleocene-Eocene ther-

mal maximum (PETM), a period associated with a decreased precipitation and increased 

temperatures (Barrón et al., 2010; Zachos et al. 2001) which may be linked with a reduction 

of freshwater and the increase of saline habitats.

BAMM found non-constant rate for habitat transitions through time, starting with a 

general decline during Cretaceous, increasing fast at the beginning of PETM but decreas-

ing again after 10 million years, and increasing during early Oligocene in a trend that it is 

currently maintained. The increase in diversification during the PETM may be related to the 

climatic changes of that period, and associated to the increase of the availability of saline 

habitats, as noted above. In agreement with this, the early Oligocene increase is again 

coincident with a period of abrupt climate change, and coincident also with the findings by 

Villastrigo et al. (2018, Chapter 2), who linked the appearance of hypersalinity tolerance in 

Dytiscidae with a global decrease in temperature in the Early Oligocene (Liu et al., 2009).

Tolerance to salinity evolved gradually except for some lineages linked with coast-

al rockpools. Two of these lineages are associated with the likely origin of salinity tolerance 

(see above), one without any extant close relatives (Hughleechia) and another (quadricollis 

group) related to mesosaline taxa. This gradual evolution is in agreement with the recon-

structed evolution of Hygrotini (family Dytiscidae, Villastrigo et al., 2018, Chapter 2), but in 

contrast with the direct transition from freshwater to hypersaline species in the hydrophylid 

genus Enochrus (Arribas et al., 2014; Pallarés et al., 2017). In any case, the origin of toler-

ance to hypersaline in all studied groups seems to be associated with periods of increasing 

aridity, despite the unavoidable uncertainties in the calibration of the trees.
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Diversification rate

Both BAMM and MM-estimator showed similar results when crown ages were 

used. There were some expected differences in clades with a small number of species (4 

or less) such as Angiochthebius or Hughleechia, as rate estimates is an inverse function of 

clade size (Rabosky, 2019). As both analyses were coincident, only BAMM is considered 

below.

BAMM supported at least one shift in diversification rate. The analyses with 100 

post-burnin trees showed 0 to 4 shifts, but some of them were due to artefacts on lineages 

with just a few species or with only one sampled species (e.g. strigosus group). Unsampled 

species were added into the consensus phylogeny randomly within the crown clade, but if 

there was only one species in that clade, the first species was included randomly on the 

stem branch, affecting the estimated diversification rate by altering the rate of speciation 

and detecting an artefactual shift. Without considering those artefacts, BAMM consistently 

detected shifts on subgenus Asiobates (specially on the bicolon group) and the eastern 

Mediterranean species of Cobalius. Asiobates has more than 100 species (Villastrigo et al., 
2019, Chapter 3), almost all included in the bicolon and minimus groups. Both groups are 

mostly linked to freshwater environments, but many of the species are known only by the 

type locality or a few number of isolated records (see Jäch, 1990; Ribera, 2000 or Delgado 

& Jäch, 2007 for examples). The scarcity of records is probably due to their cryptic habitats, 

being likely that some species are linked to semi-aquatic or terrestrial lifestyles.

Most species of subgenus Cobalius live in coastal rockpools. The core shift in 

diversification was detected in a clade comprising species that live in the eastern Mediterra-

nean islands. These islands (like Crete or Cyprus) arose early in the early Miocene - about 

20 million years ago (Ring et al., 2001), opening a vast amount of new coastal areas to be 

colonized. The dispersal ability of species of Cobalius seems to be more limited than usual-

ly assumed, and largely determined by predominant wind currents (personal observations). 

The emergence of hundreds of islands in a reduced area represented an ecological oppor-

tunity that likely increased diversification.

Methods

Dataset and taxon sampling

We compiled ca. 200 Ochthebius species from Villastrigo et al. (2019, Chapter 

3) plus four species as outgroups (genera Meropathus and Tympanogaster). To this data-
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set we added 66 new specimens representing 25 recognised species plus 41 unidentified 

species, for what we extracted their DNA using Qiagen DNeasy Tissue Kit (Hildesheim, 

Germany). New DNA samples and voucher specimens are stored in the collection of Insti-

tute of Evolutionary Biology (IBE, Barcelona, Spain). In total, we include 279 specimens of 

209 recognised species and 6 subspecies plus 68 unidentified species of the known 541 

species and 9 subspecies of Ochthebius sensu lato (s.l.), with examples of all subgenera 

and species groups except for kosiensis (see Villastrigo et al., 2019, Chapter 3) (Table S1). 

We amplified six genes in five sequencing reactions, including mitochondrial and nuclear 

genes – two cytochrome c oxidase subunit I fragments (COI-5’ and COI-3’), 5’ end of rrnL 

RNA plus leucine tRNA transfer (tRNA-L1) plus 5’ end of NADH dehydrogenase subunit 

I (NAD1), and one internal fragment of both larger ribosomal unit (28S RNA) and small 

ribosomal unit (18S RNA) (see Table S4 in Villastrigo et al., 2019, Chapter 3, for details). 

Sequences were edited using Geneious v10.1 (Kearse et al., 2012) and were uploaded in 

the ENA database with accession numbers XXXXX-XXXXX (Table S1).

With the aim to increase the support of some poorly supported basal nodes at Vil-

lastrigo et al. (2019, Chapter 3) we obtained 42 complete or partial mitochondrial genomes 

(mt genomes) plus one outgroup mt genome obtained from Genbank (Meropathus sp., 

accession number KX035131). Mt genomes were obtained with a modified Mitochondrial 

metagenomics protocol based on Crampton-Platt et al. (2016): DNA extractions for species 

with less than 95% pairwise similarities based on the COI gene were equimolarly pooled, 

and libraries were prepared with TruSeq Nano DNA kit. In total, four libraries were run in 

two Illumina MiSeq runs (2 x 300 bp). Libraries were trimmed and filtered with Trimmomatic 

(Bolger et al., 2014) and PrinSEQ (Schmieder & Edwards, 2011) respectively. Non mito-

chondrial reads were excluded with BLAST (Madden et al., 2009) prior to assembly with 

four different approaches: (i) IDBA-UD (Peng et al., 2012), (ii) RAY-meta (Boisvert et al., 
2012), (iii) WGS-assembler (Myers et al., 2000) and (iv) SPAdes (Bankevich et al., 2012). 

Contigs found in at least three assemblers were considered valid and were identified using 

Sanger sequences of COI and rrnL genes. Consensus contigs were annotated with MITOS 

WebServer (Bernt et al., 2013), checking every note by hand using reference sequences 

available of closely related aquatic beetles on Genbank (Clark et al., 2016). Newly obtained 

sequences have been deposited in Genbank (XXXXXXX-XXXXXXX; Table S1), and a list 

of samples per gene and their length can be found in Table S2.

Phylogenetic analyses

Genes and tRNAs sequences extracted from the mt genomes plus Sanger se-

quences were aligned with the MAFFT plugin (Katoh et al., 2009) in Geneious v10.1 with 
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the G-INS-I algorithm. We established seven partitions according to the type of data: (i) 

nuclear genes (28S plus 18S), (ii) tRNA present in both the Sanger sequencing and the mt 

genomes (tRNA-L1), (iii) the remaining tRNAs, (iv) protein coding genes present in both 

the Sanger sequencing and the mt genomes (COI plus NAD1), (v) the remaining 11 pro-

tein coding genes, (vi) rRNAs present in both the Sanger sequencing and the mt genomes 

(16S), (vii) the remaining rRNAs (12S) (see S2 for more information). We tested four dif-

ferent scenarios, combining two evolutionary models (HKY+G+I and GTR+G+I) and two 

clocks models (uncorrelated relaxed lognormal and strict) with Beast v10.0.1 (Suchard et 
al., 2018) under a Yule speciation process as tree prior. For dating the phylogeny, we used 

the crown age of Ochthebiini estimated by Villastrigo et al. (2019, Chapter 3) (93 Ma), as a 

normal prior with SD 0.01. Convergence of all parameters were checked on Tracer v.1.7.1 

(Rambaut et al., 2018) in order to select the best model.

The best model was used to reconstruct different phylogenies in BEAST, in all 

of them without outgroups and constraining the basal node to match the topology with 

outgroups: (A) consensus tree, (B) consensus tree plus unsampled species and (C) 100 

randomly selected post-burnin trees plus unsampled species. We included the remaining 

343 unsampled species and 5 subspecies of Ochthebius s.l. randomly using the phytools 

r-package (Revell, 2012) following current recognised species groups and subgenera (Vil-

lastrigo et al., 2019, Chapter 3). Two incertae sedis species were discarded (Ochthebius 
belucistanicus and Ochthebius eremita), and the species of the kosiensis group of Ochthe-
bius s.l. were clustered together with that of the strigosus group based on their morpholog-

ical similarities (Villastrigo et al., 2019, Chapter 3; Jäch, 2003).

Diversification analyses

We used Bayesian Analysis of Macroevolutionary Mixtures - BAMM (Rabosky, 

2014) to detect shifts in diversification rates for all subgenera except Micragasma, as it was 

not reconstructed as monophyletic. Given the current controversy around BAMM (Moore et 
al., 2016; Rabosky et al., 2017; Meyer et al., 2018; Meyer & Wiens, 2018; Rabosky, 2018), 

we also calculate diversification rates based on the method of moments estimators (MM-es-

timator) (Magallón & Sanderson, 2001) using geiger r-package (Harmon et al., 2008). Both 

methodologies were assessed using the complete phylogenies (i.e. with the inclusion of the 

non-sampled species).

BAMM analyses were run on phylogenies B and C. Priors were calculate using 

setBAMMpriors from BAMMtools r-package (Rabosky et al., 2014) during 10 million gen-

erations unless the effective sample sizes where below 200, in which cases they were run 
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for 20 million generations. MM-estimator were calculated under three extinction fractions, 

(i) low (ε = 0.0), (ii) intermediate (ε = 0.5), and (iii) high (ε = 0.9) for both crown and stem 

subgenera. Additionally, we calculated diversification rates for the lineages where BAMM 

detected diversification shifts.

Evolution of salinity tolerance

Ecological data on habitat preference were obtained for all the species with mo-

lecular data based on bibliography and direct observation on the field (Table S1). As quan-

titative data on environmental salinity were sparse, we reconstructed habitat preference 

using three qualitative states, as in similar previous study (Villastrigo et al., 2018, Chapter 

2): (i) species found exclusively on freshwater environments, (ii) species that can tolerate 

some range of salinity (including freshwater) but never (or only very occasionally) found on 

hypersaline environments, and (iii) species that are mostly restricted to hypersaline waters, 

found regularly on them (> 40 g/L). Analyses were run on the consensus tree after deleting 

the outgroups.

Habitat reconstruction were performed by BEAST using an asymmetrical model 

of trait evolution, and AIC weights (Wagenmakers & Farrell, 2004) was used to compare 

different model of discrete trait evolution under a MK model (fitMK function on phytools 

r-package): model with equal rates, model with symmetrical rates and model with different 

rates among states. BAMM was used to detect shifts in transition rates associated with 

habitat preference.

Trait-dependent diversification was analysed using SecSSE (Herrera-Alsina et al., 
2019), that allows to simultaneously infer state-dependent diversification across multiple 

(observed) trait states while accounting for the role of a possible concealed (hidden) trait. 

Firstly, we compared among a set of nested Examined-Trait-Dependent speciation models 

(ETD, see below) that included different numbers of transition rates between the examined 

trait states. Four models were tested from single to four transition rates that were sequen-

tially constrained according with the results of fitMk (all different rates as best model, see 

details in Table 3). Second, we compared models with different settings for the speciation 

rates: (i) a Constant Rates model (CR) where all species have the same speciation rate 

λ regardless of their trait state; (ii) a Concealed-Trait-Dependent speciation model (CTD) 

where speciation rates are allowed to vary only between concealed (hidden) trait states and 

(iii) the Examined-Trait-Dependent speciation model (ETD) where the speciation rates are 

allowed to vary only between the examined trait states. For all the models the Maximum 

Likelihood search was performed with the simplex algorithm offered by the DDD package, 
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using the best transition rates constraint as tested before and the rest of parameters as 

recommended1. Finally, model selection based on Akaike weights was carried to select the 

best-performing model in each comparison. Additionally, all the analyses were repeated as 

before but considering the potential effect of the incomplete taxon sampling across different 

trait states, i.e. including sampling_fraction = c (0.64, 0.39, 0.36) according with the number 

of species in the phylogeny by the total number of described species for freshwater, tolerant 

and hypersaline states. 
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Supporting Information

Table S1. List of material used in the molecular phylogeny, including voucher num-
bers, accession numbers of the sequences and locality data

Table S2. List of genes used in phylogenetic reconstruction, including samples per 
gene and length of each aligment.

Figure S1. Majority rule consensus tree obtained in Beast. Number in nodes: pos-
terior probability values.
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Table S2. List of genes used in phylogenetic reconstruction, including samples per gene and length of each alignment.

gene partition # terminals # nucleotides

18S nuclear 271 603

28S nuclear 279 644

atp6 CDS mitogenome 42 672

atp8 CDS mitogenome 42 165

cob CDS mitogenome 41 1140

cox1 CDS all data 282 1506

cox2 CDS mitogenome 42 706

cox3 CDS mitogenome 42 789

nad1 CDS all data / CDS mitogenome 231 / 42 104 / 847

nad2 CDS mitogenome 42 1011

nad3 CDS mitogenome 41 357

nad4 CDS mitogenome 41 1336

nad4l CDS mitogenome 41 282

nad5 CDS mitogenome 41 1740

nad6 CDS mitogenome 41 507

rrnL ribosomal all data / ribosomal mitogenome 273 / 41 692 / 723

rrnS ribosomal mitogenome 40 812

trnA trn mitogenome 41 69

trnC trn mitogenome 42 69

trnD trn mitogenome 42 71

trnE trn mitogenome 41 70

trnF trn mitogenome 41 73

trnG trn mitogenome 41 68

trnH trn mitogenome 41 70

trnI trn mitogenome 40 73

trnK trn mitogenome 42 72

trnL1 trn all data 237 69

trnL2 trn mitogenome 42 67

trnM trn mitogenome 40 69

trnN trn mitogenome 41 67

trnP trn mitogenome 41 71

trnQ trn mitogenome 40 69

trnR trn mitogenome 41 68

trnS1 trn mitogenome 41 68

trnS2 trn mitogenome 41 71

trnT trn mitogenome 41 66

trnV trn mitogenome 40 72

trnW trn mitogenome 42 73

trnY trn mitogenome 41 68
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Figure S1. Majority rule consensus tree obtained in Beast. Number in nodes: pos-
terior probability values.

Ochthebius halophilus AN22

Ochthebius lineatus southern RA1129

Ochthebius quadricollis 3 AN609

Ochthebius despoliatus RA736
Ochthebius burjkhalifa RA737

Ochthebius metallescens plato RA1057

Ochthebius lanarotis PA32

Ochthebius foveolatusgr 3 AV163
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Figure S1. (Continued)
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Abstract

The long-term geological stability of aquatic habitats has demonstrated to be determinant in 

the evolution of their macroinvertebrate fauna, with species in running (lotic) waters having 

lower dispersal abilities, smaller ranges and higher gene flow between populations that 

species in standing (lentic) environments. Lotic species have been hypothesized to be more 

specialised, but the diversification dynamics of both habitat types, and the possible con-

straints in morphology, have not been studied in detail. Using a speciose lineage of water 

beetles we test here whether diversification rates and body size are related to the habitat 

preference of the species. We built a comprehensive molecular phylogeny with 473 termi-

nals representing 421 of the 689 known species tribe Hydroporini (Coleoptera, Dytiscidae), 

using a combination of sequences from three mitochondrial and two nuclear genes plus 69 

mitogenomes obtained with NGS. We found a general pattern of gradual acceleration of di-

versification rate with time, with 2 to 3 significant diversification shifts. Habitat diversification 

rates estimated by MuSSE were similar for both lotic and lentic environments, with over-

lapping posterior distribution but a slightly higher rate for lentic. The most recent common 

ancestor of Hydroporini was reconstructed as a lotic species, with multiple shifts to lentic 

environments. Most frequent transitions were estimated from lentic and lotic habitats to the 

category “both” followed by transitions from lotic to lentic and lentic to lotic respectively, al-

though with very similar rates. Body size of species in category ‘Both’ were larger than the 

rest, followed by lentic and then lotic species. Model comparison for body size evolution se-

lected an Ornstein-Uhlenbeck evolutionary model with preference over a Brownian Motion, 

but the variance and range of body size of the species of each of the defined clades were 

not correlated with their main habitat. Changes in body size were not related to habitat tran-

sitions but with evolution within each habitat. Contrary to expectations, we found little evi-

dence for differences in diversification dynamics or body size evolution between habitats, 

with lotic environments clearly not acting as evolutionary dead-ends or strongly constraining 

the body size of the species of Hydroporini.
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Introduction

The unevenness in species richness across the Tree of Life is one of the most 

striking features of biological diversity. Two major hypotheses have been proposed to ex-

plain differences in richness among clades (Wiens, 2017): time as the main diversification 

factor - clade age hypothesis (Li and Wiens, 2019) and / or differential diversification rates 

among clades - rates hypothesis (Hugall and Stuart-Fox, 2012; Baker et al., 2014; McGuire 

et al., 2014; Wiens et al., 2015a; Seeholzer et al., 2017). A possible cause for differential 

speciation or extinction rates between clades is the constraint posed by the habitats to the 

species (Southwood, 1977), tested multiple times in both terrestrial and aquatic environ-

ments, such as the shift from saline to freshwaters in amphibians (Hou et al., 2011), the type 

of nesting of some birds (Irestedt et al., 2009), or the habitat preference in lizards (Collar et 
al., 2010).

In aquatic environments, the main habitat constraint is the one set between run-

ning (lotic) and standing (lentic) waters (e.g. Ribera et al., 2001; 2008; Kalkman et al., 2018; 

Ye et al., 2019). The lower habitat stability in geological times of isolated lentic water bodies 

forces a higher dispersal capability of the species living in them, and in consequence broad-

er geographical ranges for lentic than for lotic species (Ribera and Vogler, 2000, Marten et 
al., 2006; Hof et al., 2006; Sánchez-Fernández et al., 2012). Ribera (2008) hypothesized 

that habitat constraints determine a higher gene flow between populations of lentic species, 

which lead to lower speciation and extinction probabilities compared to lotic species. How-

ever, the net outcome of the balance between speciation and extinction is uncertain, and 

there is no strong evidence that lotic or lentic habitats endorse a higher biodiversity.

Limited efforts have been made to understand whether diversification rates are 

influenced by habitat preference in aquatic environments, perhaps due to the difficulties to 

estimate diversification rates (Rabosky, 2009) and the need of comprehensive phylogenies 

to account for precise rates (Barraclough and Nee, 2001). Letsch et al. (2016) demonstrat-

ed heterogeneous species rates across Odonata, with lentic environments linked to higher 

rates. However, an incomplete sampling effort (c. 17% of recognized anisopteran species) 

and the heterogeneous complex biological traits across species may have affected their 

results. More recently, Désamoré et al. (2018) suggested no differential diversification rates 

between lotic and lentic environments and an uncoupled evolution of morphology and di-

versification in aquatic Coleoptera, but again with an incomplete sampling (c. 4% of dytiscid 

species) that underestimated the number of habitat shifts within genera (e.g. Hydroporus, 

with 189 species, has an heterogeneous habitat, but in Désamoré et al. (2018) only five of 

them were included and it was considered as an homogeneous lentic genus).
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Here we tested whether diversification rates and body size are related with hab-

itat preference, under the main hypothesis that lotic environments are more specialized 

habitats than lentic ones (Ribera, 2008). We specifically tested if diversification rates differ 

between habitats and whether habitat transitions were associated to changes in diversifi-

cation rates. In the case of lotic environments acting as an ecological specialization, we 

tested whether they are an evolutionary dead-end (i.e., what are the probabilities of habitat 

transitions between habitats, and what are their net diversification rates). Additionally, we 

compared the body size of the species in the two main habitats, and if differences were as-

sociated to transitions between habitats or to the evolution of lineages within a habitat. We 

also tested if lotic habitats show evidence of morphological specialization, as reflected in a 

reduced variance, or a directional evolution of body size.

To answer those questions, we studied the tribe Hydroporini of the diving beetle 

family Dytiscidae with a comprehensive dataset including c. 65% of the 688 known species 

(Nilsson and Hájek, 2019). Species of Hydroporini are more homogeneous in morphology 

and general life style than other tribes within Dytiscidae, but they are highly diverse and with 

numerous species both in lotic and lentic environments.

Methods

Molecular data

 Molecular sequences were obtained from 473 Hydroporini specimens, rep-

resentatives of all genera except Amurodytes, Etruscodytes, Siamoporus and Tassilodytes, 

all of them monotypic. We included in the analyses only species of Hydroporini as currently 

understood (Nilsson and Hájek, 2019), following the most recent phylogenies of Dytiscidae 

(Désamore et al., 2018). We compiled available published sequences plus 500 newly ob-

tained sequences. DNA was extracted with a non-destructive protocol using commercial 

kits, mostly Qiagen DNeasy Tissue Kit (Hildesheim, Germany). Voucher specimens and 

DNA samples are kept in the collections of Institute of Evolutionary Biology (IBE, Barcelona, 

Spain) and Museo Nacional de Ciencias Naturales (MNCN, Madrid). DNA was amplified by 

PCR for six gene fragments in five reactions for a set of mitochondrial and nuclear genes: i) 

5’ end of cytochrome c oxidase subunit I (COI-5), ii) 3’ end of cytochrome c oxidase subunit 

I (COI-3), iii) 5’ end of rrnL RNA (16S) plus leucine tRNA (tRNA-L1) plus 5’ end of NADH 

dehydrogenase subunit I (NAD1), iv) an internal fragment of small ribosomal unit (18S) and 

v) an internal fragment of large ribosomal subunit (28S). PCR primers and conditions can 

be found in Table S1.
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Additionally, we sequenced 69 mitochondrial genomes from an equimolar bulk of 

DNA following a Mitochondrial Metagenomic protocol adapted from Crampton-Platt et al. 
(2016). Our pipeline includes preparation of DNA libraries with TruSeq Nano DNA kit, se-

quencing in an Illumina MiSeq (insert size 300 bp) and de novo assemblies with different 

softwares (IDBA-UD (Peng et al., 2012), RAY-meta (Boisvert et al., 2012), WGS-assembler 

(Myers et al., 2000), and SPAdes (Bankevich et al., 2012)) to validate each contigs. To 

assure correct identification of contigs, BLAST (Madden et al., 2009) searches were made 

against a custom database with Sanger sequences of COI and rrnL genes (see Villastrigo 

et al., Chapter 5, for detailed instructions). All sequences were trimmed using Geneious 

v10.2.5 (Kearse et al., 2012) and were uploaded to ENA database with accession numbers 

(XXXXXXX-XXXXXXX) (see Table S2 for a complete list of voucher specimens, mitochon-

drial genomes and accession numbers).

Phylogenetic reconstruction

Sequences from both mitochondrial genomes and sanger sequencing were aligned 

using MAFFT 7.409 (Katoh et al., 2009) with the G-INS-I algorithm. To avoid alignments 

with partitions with very unequal amount of missing data, the partition scheme was based 

on the type and source of the sequence: (i) nuclear genes (18S plus 28S), (ii) leucine tRNA, 

present in both Sanger and mitogenomes sequences, (iii) tRNAs present only in mitoge-

nome sequences, (iv) coding sequences present in both Sanger and mitogenome sequenc-

es (COI plus partial NAD1), (v) coding sequences present only in mitogenome sequences, 

(vi) rRNA present in both Sanger and mitogenome sequences (rrnL) and (vii) rRNA present 

only in mitogenome sequences (rrnS).

We tested four scenarios under a Yule speciation process in Beast v1.10.4 (Such-

ard et al., 2018) for 100 million generations: two complex evolutionary models (HKY+G+I 

and GTR+G+I) in combination with two different clock model (strict and uncorrelated lognor-

mal clocks). Phylogenies were calibrated with the crown age of Hydroporini (103.6 Ma) ob-

tained by the most recent phylogeny of Dytiscidae, obtained using a combination of fossils 

(Désamoré et al. 2018). To reduce computation time, the monophyly of the subtribes was 

constrained based on the results of a separate analysis with RAxML-HPC2 (Stamatakis, 

2006) without any topological constraint in the CIPRES Science Gateway (Miller et al., 
2010) with the same partition scheme under a GTR+G model (Fig. S1). Convergence was 

assessed using Tracer v1.7 (Rambaut et al., 2018).
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Pattern of diversification and its relationship with habitat

Diversification rates were calculated for all genera with more than two sampled 

terminals in BAMM v2.5.0 (Rabosky, 2014). In addition to the consensus tree obtained in 

Beast, we randomly selected a set of 100 trees from the posterior distribution to account for 

phylogenetic uncertainty, considering in both cases the sampled fraction of species follow-

ing BAMM specifications. We also estimated diversification rates of the same clades using 

the method of moments estimator (MM-estimator, Magallón and Sanderson, 2001) using 

the geiger r-package (Harmon et al., 2008) for both crown and stem ages under different ex-

tinction scenarios (no extinction - ε = 0, intermediate - ε = 0.5, and high extinction - ε = 0.9).

To test whether habitat preference states had a different diversification pattern we 

used Multistate Speciation and Extinction model (MuSSE) under the most complex scenar-

io (one speciation rate and one extinction rate for each state, allowing transitions from and 

to all habitats preferences), obtaining diversification rate per habitat association. Estimates 

were calculated in the Diversitree r-package (Fitzjohn, 2012) after running a Markov Chain 

MonteCarlo (MCMC) for 1000 generations.

We also tested the current diversification patterns in each habitat preference state. 

Mean diversification rates of extant species (tip rates) plus its variance were obtained from 

the set of 100 post-burnin trees, and the slouch r-package (Hansen et al., 2008) was used 

to obtain pairwise comparison of each habitat states trends. Tip rates and its variance were 

used and habitat preference reconstructed in Beast was included as a fixed factor. The 

slouch package can integrate a measure of variance within the response, minimizing errors 

attributed to an uneven number of measures across taxa.

Evolution of body size and habitat preference

We compiled average body size values of all species from de data set used by 

Nilsson-Örtman and Nilsson (2010). Beast was used to reconstruct the evolution of body 

size and habitat preference under a simple Brownian Motion evolutionary model and an 

asymmetric substitution model respectively. Alternative evolutionary models were tested 

for body size evolution using fitContinuous function from phytools r-package, selecting the 

best fitting evolutionary model based on AIC weights (Wagenmakers and Farrell, 2004). 

We tested the phylogenetic signal of body size using the phylosignal r-package (Keck et al., 
2016) following three different statistics (Abouheif’s Cmean, Blomberg’s K and Pagel’s λ). 

Phylogenetic signal of habitat was calculated using a likelihood ratio test that compared the 

maximized likelihood of a model with strong signal (λ = 1) and a model without signal (λ = 
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0), and transitions rates between habitat categories were obtained in Beast.

The relationship between body size and habitat was assessed using Phylogenetic 

Generalized Least Squares (PGLS) under a linear model. Analysis of variance (ANOVA) 

was used to test significance.

Specialized habitat as morphological evolutionary drivers

To explore whether habitat transitions affected body size evolution, we used the 

maximum clade credibility tree to calculate the rate at which body size evolved per node 

(i.e. the body size difference between each node and its most recent one divided by the 

branch length between both nodes) and whether a transition has occurred between a node 

and its most recent one (a variable with seven states, one for no transition between nodes, 

and six for different habitat preference transitions). We also extracted the rate of habitat 

evolution and the reconstructed state for habitat at each node. Relations between rate of 

body size evolution and rate of habitat transition, and for each of those variables against 

transitions and habitat at each node were tested with ANOVA.

To explore whether the habitat constrained variation in body size, we tested for 

differences in the variance and absolute range of body size within the most inclusive clades 

with a homogeneous habitat, allowing for isolated transitions of terminal species within the 

clade in some cases to increase the size of the clade (see Fig. S2 for the collapsed phylog-

eny and Table S2 for the delimitation of the clades). Differences in variance and absolute 

range of body size between clades were tested using PGLS.

Results

Molecular phylogeny and taxonomic status

The phylogenetic reconstruction included 473 terminals representing 423 species 

and 41 subspecies, plus unidentified lineages (Table S4), covering c. 65% of the recognized 

species of Hydroporini (688 species plus 27 subspecies, Nilsson and Hájek, 2019). Anal-

yses under uncorrelated lognormal clock did not converge adequately, whilst strict clock 

analyses did, with essentially the same topology (results not shown). The HKY+G+I model 

obtained a higher effective sample size than the GTR+G+I and therefore was selected for 

subsequent analyses.

The consensus phylogeny (Fig. S3) fully resolved the relationships between major 
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clades (posterior probability [pp] > 1 for subtribe relationships) and considered mostly all 

genera as monophyletic, except for Tiporus (which included the monotypic genus Sekali-
porus), a clade including the American genera Neoporus plus Heterosternuta plus Haide-
oporus, and a clade with Hydrocolus plus Hydroporus. The only non-expected result was 

the position of Lioporeus within Siettitiina (Fig. S1, Fig. S3), while it is currently considered 

within Hydroporina (Nilsson and Hájek, 2019). A collapsed phylogeny showing major clades 

is provided in Figure 1.

Pattern of diversification and its relationship with habitat

Estimated diversification rates were similar for most of the major clades analyz-

ed in both analyses, specially comparing BAMM against MM-estimator under a scenario 

with low extinction for crown groups (Fig. 2, Table S3). Main differences between analyses 

occurred only in clades with a low number of species: Barretthydrus, Carabhydrus, Chos-
tonectes, Iberoporus, Megaporus, Mystonectes, Porhydrus and Stictotarsus (Table S4). 
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Figure 1. Collapsed molecular phylogeny of the genera of Hydroporini. Each colour represents one 
of the four subtribes. Circles in nodes when posterior probabilities are equal to 1.
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The net diversification rate of Hydroporini was estimated by BAMM as 0.056 species/line-

age/My, in accordance with the range of estimates obtained by MM-estimator (0.044-0.060 

species/lineage/My). The general pattern of diversification reflects a gradually acceleration 

of diversification rates (Figure 3). BAMM analyses detected 2 to 3 core diversification shifts, 

with a mean number of shifts in the 100 post-burnin trees of 2.19, and a mode of 2. Shifts 

were detected in clades within Boreonectes and Sternopriscus, but also in the clade formed 

by Hydrocolus plus Hydroporus, with higher diversification rates in Sternopriscus (Figure 3).

Habitat diversification rates estimated by MuSSE were similar for both lotic and 

lentic environments, with overlapping posterior distribution but a slightly higher rate for len-

tic (Figure 4). The posterior distribution of category ‘Both’ had a large variance, with a dis-

tribution overlapping that of the other two habitats, although the average was smaller than 

the other categories.

Table 1. Pairwise contrast of expected increase of 
diversification rate of species considering habitat 
categories (in diversification rate/My).

Contrast Standard error
Lentic - Both 0.0007 0.0006
Lotic - Both 0.0002 0.0005
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Lotic - Lentic -0.0004 0.0002

The diversification trends estimated in slouch for the terminals (see tip diversifica-

tion rates in Table S5) were similar to those found in MuSSE (Table 1, Figure 4): species 

living in lentic environments tend to increase their diversification rates in comparison with 

the other categories. Differences between lotic and both categories did not show an evident 

difference due to their broad standard error.

Evolution of body size and habitat preference

Beast reconstructed the most recent common ancestor of Hydroporini as a lotic 

species, with multiple shifts to lentic environments (Fig. 5). Transitions from lentic to lotic 

occurred multiple times and mostly on terminal branches (except in a clade within Hydropo-

Habitat preference

Both

Lentic

Lotic

Figure 5. Reconstruction of the habitat preference in Hydroporini in BEAST using an asymmetrical 
model.
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rus), with a similar pattern for species of category both. The reconstructed body size of the 

most recent common ancestor of Hydroporini was intermediate (3.59 mm), with the biggest 

species occurring in Nebrioporus (7.8 mm) and the smallest ones in the groundwater genus 

Paroster (1 mm).

Model comparison for body size evolution selected an Ornstein-Uhlenbeck evo-

lutionary model with preference over a Brownian Motion based on AIC weights (Table 2). 

Body size also showed a strong support for Ornstein-Uhlenbeck process by all indexes 

(Pagel’s λ = 0.98, p = 0.001; Cmean = 0.74, p = 0.001; Blomberg’s K = 0.63, p = 0.001).

Table 2. AIC weight comparison for body size evolution
Brownian Motion Ornstein- Uhlenbeck Early Bust

AIC weight 0.002 0.997 0.001

Habitat preference showed a solid phylogenetic signal based on the likelihood ratio 

test (p = 1.6 x 10-64). Most frequent transitions were estimated from Lentic to Both and from 

Lotic to Both (1.586 [95% HDP interval 0.42-3.06] and 1.536 [0.43-2.91] t [transitions]/My 

respectively), followed by transitions from Lotic to Lentic (1.130 [0.28-2.20] t/My) and Lentic 

to Lotic (0.835 [0.15-1.67] t/My), with transitions from category Both as the less frequent 

ones (0.490 [0.01-1.24] and 0.371 [0.01-0.90] t/My).

Phylogenetic Generalized Leas Squares provides evidence of body size response 

based on habitat preference (p = 0.0005). Model coefficients for each habitat state were ob-

tained (Table 3), revealing that species for category ‘Both’ are larger than the rest, followed 

by lentic species and lotic species.

Table 3. Model coefficients obtained from the linear model applied in 
PGLS for each habitat state (absolute values)

Both Lentic Lotic
Log(body size) 0.5469 0.5407 0.5288

Specialized habitat as morphological evolutionary drivers

The rate of body size evolution per branch was not correlated with the rate of 

habitat evolution (F value = 0.905, p = 0.72). Similarly, the rate of habitat evolution was 

not related to the reconstructed habitat at each node (F value = 0.015, p = 0.99). However, 

the rate of body size evolution was significantly correlated with the reconstructed habitat at 

each node (F value = 4.30, p = 0.014), with nodes reconstructed as lotic having accelerat-

ed rates of body size evolution (0.016 mm/My) than nodes reconstructed as lentic or both 

(-0.056 and -0.045 mm/My respectively).
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The variance and range of body size of the species of each of the defined clades 

(Fig. S2, Table S2) were not correlated with their main habitat, as measured by PGLS (p = 

0.5 and p = 0.9 respectively).

Discussion

Molecular phylogeny

We found some unexpected phylogenetic relationships, in disagreement with the 

current classification of Hydroporini. Previous authors noticed the morphological resem-

blance of Neoporus and Heterosternuta (e.g. Larson et al., 2000; Miller and Bergsten, 

2016), considering them as closely related genera - also, their distributions are overlapping 

(Larson et al. 2000) and they mostly share their habitat preference (Table S2). The main 

morphological character to distinguish between both genera is the apex of the aedeagus 

(bifid in Heterosternuta), and our samples were identified in base of that character. Our re-

sults shed light of a more complex scenario, with Heterosternuta as mononophyletic within 

a larger clade including both Neoporus and Haideoporus, suggesting the need of a revision 

of both genera. Miller et al. (2013) found a similar result, with a clade including Haideo-
porus, Heterosternuta and Neoporus. Other novel result was the ascription of Lioporeus 

to Siettitiina subtribe, formerly considered to be part of the Hydroporus pulcher-undulatus 

group by Fall (1923) (see also Miller and Bergsten, 2016). However, their morphological 

resemblance to other Siettitiina species, especially in the male genitalia, support this new 

relationship.

The paraphyly of Hydroporus is also not surprising, as Hydrocolus was erected by 

the former Hydroporus oblitus group (Larson et al., 2000). Recent studies considered Hy-
drocolus as closely related to Hydroporus (Ribera et al., 2008; Miller and Bergsten, 2014), 

but further studies with a more complete sampling are needed prior to rearrange their tax-

onomy.

Tiporus is a homogeneous group of species inhabiting lotic environments in north-

ern Australia (Miller and Bergsten, 2016). The low support value of its monophyly (pp = 

0.85) may be due to the inclusion of Sekaliporus in some of the topologies of the Bayesian 

analysis. Toussaint et al. (2015) found the same result, with a supported clade formed by 

both Sekaliporus and Tiporus. 

Another interesting result is the relationship between subtribes. We identified Siet-

titiina as the sister to the rest of Hydroporini, followed by Deronectina and a clade formed 
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by Hydroporina plus Sternopriscina, all of them with very strong support. Désamoré et al. 
(2018) found Hydroporina as sister to the rest, with Siettitiina sister to Deronectina, but with 

a more incomplete sampling and lower support.

Pattern of diversification and its relationship with the habitat

Despite the recent controversy on the accuracy of diversification rates estimated 

by BAMM (Moore et al., 2016; Rabosky et al., 2017; Meyer et al., 2018; Meyer and Wiens, 

2018; Rabosky, 2018; Rabosky, 2019), our results provide useful insights of its power when 

using comprehensive phylogenies. Rabosky (2019) showed how rates were an inverse 

function of clade size and how variance should be taken into account when estimating 

diversification rates. The low number of species and associated higher variances may ex-

plain the differences between the estimates of BAMM and the method of moments in some 

genera (Barretthydrus, Carabhydrus, Chostonectes, Iberoporus, Megaporus, Mystonectes, 

Porhydrus and Stictotarsus).

The general trend of diversification through time is a gradual acceleration, con-

trary to the general trend of a slowdown reported in the literature (McPeek, 2008; Morlon 

et al., 2010; Moen and Morlon, 2014). A recent study (Henao-Díaz et al., 2019) suggested 

differential patterns within clades, with higher rates at their origin resulting in a slow-down 

with time. This patter was not observed in Hydroporini, that have undergone diversification 

events that have maintained or increased the rates of evolution in recent times. Cusima-

no and Renner (2010) considered that the general pattern of slow-down with time may 

be caused by non-random sampling, overestimating diversification events in deep nodes. 

However, some accelerated diversification rates can also be found linked to niche expan-

sions (Nürk et al., 2015). BAMM analyses revealed a heterogeneous diversification rate 

across Hydroporini, with at least two main core shifts for clades within Sternopriscus and 

Boreonectes, and in some trees in the clade formed by Hydrocolus plus Hydroporus. Main 

shifts occurred in clades formed by species linked to lentic environments, although Hydro-
porus plus Hydrocolus has a more heterogeneous habitat preference. However, the amount 

of species of Hydroporus plus Hydrocolus that do not live in lotic environment is outnum-

bered by the others (40 lotic species against 94).

Additionally, the pattern of diversification based on habitat preference showed ev-

idence of a slightly higher diversification rate in lentic environments, no matter whether 

MuSSE or tip rates were considered. The overlapping posterior distribution between lentic 

and lotic diversification rates revealed a similar diversification pattern, but slightly slower 

for species living in lotic environments. Other authors tried to find relationships between 
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these variables: Letsch et al. (2016) discovered a similar pattern in dragonflies comparing 

speciation rates, whereas Désamoré et al. (2018) did not recovered any differential net 

diversification for diving beetles. However, our results can be considered as more robust 

due to the completeness of out sampling in comparison with these previous studies. Other 

studies have also tried to match differential diversification or speciation rates with the habi-

tat of the species, such as fishes living in freshwater having higher diversification rates than 

those in marine habitats (Bloom et al., 2013), the coral reef-associated sharks displaying 

higher speciation rates (Sorenson et al., 2014), grassland and savannah as drivers of accel-

erated diversification rates for falcons (Fuchs et al., 2015), the humid forest in Madagascar 

increasing speciation rates for tenrecs (Everson et al., 2016) or the division between terres-

trial and aquatic environments exhibit differential rates (Wiens, 2015a). Habitat has been 

found to explain between 30 to 37 % of the total variation in diversification rates among 

animal phyla (Wiens, 2015b). 

Evolution of body size and habitat preference

Our analyses showed strong evidence of phylogenetic signal for both body size 

and habitat preference. All tests demonstrated signal for a body size evolution under an 

Ornstein-Uhlenbeck evolutionary model. Although indexes such as Blomberg’s K or Pagel’s 

λ assume a Brownian-Motion model, the estimated values for all indexes were compati-

ble with an Ornstein-Uhlenbeck process with a low alpha value (Diniz-Filho et al., 2012; 

Münkemüller et al., 2012). The Ornstein-Uhlenbeck model is a random walk complex mod-

el based on Brownian Motion that assumes the existence of an optimum trait value than 

influences the direction of trait evolution (Lande, 1976)), Parameter-rich models like the 

Ornstein-Uhlenbeck may be favored by AIC comparison over Brownian Motion (Cooper 

et al., 2016), but our extensive sampling with more than 450 terminals is likely to not to be 

affected by this problem.

According to the habitat reconstruction in Beast, the most common recent ances-

tor of Hydroporini lived in lotic habitats, with most of the basal nodes being also lotic. The 

phylogenetic position of Hydroporini within the wider Hydroporinae is still uncertain (e.g. 

Ribera et al., 2008; Désamore et al., 2018), and in consequence it is not possible to consid-

er the habitat preference of putative sister groups which may influence the reconstruction 

of the ancestral habitat of the tribe. The expected outcome of habitat transitions suggested 

by Ribera (2008) was that the more specialized habitats should have a lower frequency of 

transitions to other habitats, therefore, transitions from lotic habitats should be lower than 

those from lentic habitats. Contrary to this expectation, we found similar transition rates be-

tween lotic and lentic habitats, demonstrating that lotic habitats are not evolutionary dead-



Habitat preferences, body size and diversification in a speciose lineage of diving beetles

244

ends (Kelley and Farrel, 1998). The diversification of strictly lotic lineages of water beetles 

has been related to cycles of rapid expansion in temporal windows of favorable conditions 

followed by diversification by isolation when these conditions change, as for example during 

the interglaciars (Ribera et al., 2011; García-Vázquez et al., 2017). Other studies also found 

that habitat specialization does not imply an evolutionary dead-end, such as the adaptation 

to the subterranean environment in both beetles (Cieslak et al., 2014) and crayfishes (Stern 

et al., (2017), and in pollinator-specific plants and host-specific plants (Day et al., 2016).

Specialized habitat as morphological evolutionary drivers

Our analysis determined that body size evolution is linked to habitat preference, 

with a strong correlation as measured with PGLS. Mean body sizes were larger for species 

living in category “Both”, followed by lentic species and lotic species as the smallest ones. 

In agreement with our results, Gaston et al. (2012) found different body sizes in fishes de-

pending on their microhabitats, with species living in pools being larger than species living 

in riffles. Haad et al. (2011) also found differential sizes in tadpoles, with larger species in 

lentic environments. Ribera and Nilsson (1995) hypothesized that the general absence of 

large-bodied Dytiscidae in lotic environments was due to the difficulties of overcoming the 

drag even for the best swimmers, but this referred to the largest species in subfamilies Dy-

tiscinae and Cybistrinae, well over the size of the largest Hydroporini (Nebrioporu kilimand-
jarensis, with 7.8 mm, Table S5). 

The mode of body size evolution showed a correlation with the habitat preference 

of the species but was not associated to the transitions between habitats. Changes in body 

size were thus related not to changes in main habitat type, but to the evolution of lineages 

within each type. Some authors have found previously the influence of habitat in morpho-

logical aspects, e.g. the relationship of the habitat of the agamid lizards and the evolution of 

their limbs and body form were found in Collar et al., (2010), or the body shapes in different 

habitats found in threespine stickleback (Aguirre, 2009) and Mus musculus (West and King, 

2018). These evidences reflect that differential body shape and size are a consequence 

of evolution within the habitat, as it is usually found no correlation between body size and 

diversification rates (e.g. Thomas et al., 2006; Adams et al., 2009; Crouch and Ricklefs, 

2019).

If specialized habitats constraint the body size of the species it would be expected 

that they had less interspecific variation than species living in habitat with less stringent 

constrains. However, we did not find any evidence of different variance or range of body 

size between habitats, supporting that body size has been evolving directionally to optimum 
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values within each habitat, as expected under an Ornstein-Uhlenbeck evolutionary model 

(Lande, 1976).

In conclusion, we found differential diversification rates related to habitat prefer-

ence in Hydroporini species, added to the influence of the habitats in species’ body sizes. 

In addition, body sizes are not influenced by constrains posed by the habitats, but they are 

evolving towards optimum values, reflecting that more specialized habitats do not imply an 

irreversibility similar to an evolutionary dead-end.
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Supporting Information

Table S1. List of PCR primers (A) and PCR conditions (B).

Table S2. List of material used in the study, including voucher number, locatity data 
and accesion numbers of mitogenomes and sequences. In bold, newly obtained 
sequences.

Table S3. Mean diversification rates and standard deviations obtained in BAMM and 
MM-estimator (3 different ε scenarios).

Table S4. Number of species per genera currently recognized in Hydroporini and 
number of samples per genera.

Table S5. Rates estimated for extant taxa (speciation, extinction, diversification and 
its standard deviation - sd).

Figure S1. Phylogeny obtained with RAxML. Numbers in nodes, bootstrap support 
values.

Figure S2. Collapsed phylogeny for clades with homogeneous habitat.

Figure S3. Consensus topology obtained in Beast, including genera and tribes 
names. Numbers in nodes, posterior probability
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Table S1. List of PCR primers (A) and PCR conditions (B)

(A) PCR primers

gene primer sequence ref.

COI-3’

Jerry (5’) CAACATTTATTTTGATTTTTTGG 5

Pat (3’) TCCAATGCACTAATCTGCCATATTA 5

Chy (5’) T(A/T)GTAGCCCA(T/C)TTTCATTA(T/C)GT 3

Tom (3’) AC(A/G)TAATGAAA(A/G)TGGGCTAC(T/A)A 3

COI-5’
Uni LepF1b TAATACGACTCACTATAGGGATTCAACCAATCATAAAGATATTGGAAC 2

Uni LepR1 ATTAACCCTCACTAAAGTAAACTTCTGGATGTCCAAAAAATCA 2

16S+trnL+nad1

16S

16SaR (5’) CGCCTGTTTAACAAAAACAT 5

ND1 (3’) GGTCCCTTACGAATTTGAATATATCCT 5

16Sb CCGGTCTGAACTCAGATCATGT 5

18S
18S 5’ GACAACCTGGTTGATCCTGCCAGT(1) 4

18S b5.0 TAACCGCAACAACTTTAAT(1) 4

H3
H3aF (5’) ATGGCTCGTACCAAGCAGACRCG 1

H3aR (3’) ATATCCTTRGGCATRATRGTGAC 1

(B) PCR conditions

COI-3’ / 18S
step time temperature
1 3’ 96°
2 30” 94°
3 30” 50°
4 1’ 72°
5 Go to setp 2 and repeat 39 x
6 10’ 72°

16S / 28S
step time temperature
1 3’ 96°
2 30” 94°
3 1’ 48°
4 1’ 72°
5 Go to setp 2 and repeat 34 x
6 10’ 72°
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COI-5’
step time temperature
1 3’ 96°
2 40” 94°
3 40” 48°
4 1’ 72°
5 Go to setp 2 and repeat 4 x
6 40” 94°
7 40” 51°
8 1’ 72°
9 Go to setp 6 and repeat 29 x
10 10’ 72°
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Table S4. Number of species per genera currently recognized in Hydroporini and number of samples per genera.

id subtribe genus
Catalogue Samples

sp spp sp spp unknown 
lineages

1 Deronectina Amurodytes 1 0
2 Deronectina Boreonectes 10 1 7 1 4
3 Deronectina Clarkhydrus 10 4
4 Deronectina Deronectes 59 4 32 3
5 Deronectina Deuteronectes 2 1
6 Deronectina Hornectes 1 1
7 Deronectina Iberonectes 1 1
8 Deronectina Larsonectes 1 1
9 Deronectina Leconectes 1 1
10 Deronectina Mystonectes 5 3
11 Deronectina Nebrioporus 57 2 34 2
12 Deronectina Nectoboreus 3 2
13 Deronectina Nectomimus 1 1
14 Deronectina Nectoporus 9 2 7 2
15 Deronectina Neonectes 3 1
16 Deronectina Oreodytes 14 2 7 2
17 Deronectina Scarodytes 11 1 9 1 7
18 Deronectina Stictotarsus 3 3
19 Deronectina Trichonectes 1 1
20 Deronectina Zaitzevhydrus 1 1 1 1
21 Hydroporina Haideoporus 1 1
22 Hydroporina Heterosternuta 14 3
23 Hydroporina Hydrocolus 12 5
24 Hydroporina Hydroporus 189 12 111 7 11
25 Hydroporina Neoporus 39 7 4
26 Hydroporina Sanfilippodytes 25 9 4
27 Siettitiina Ereboporus 1 1
28 Siettitiina Etruscodytes 1 0
29 Siettitiina Graptodytes 22 2 18 2
30 Siettitiina Iberoporus 4 4
31 Siettitiina Lioporeus 2 2
32 Siettitiina Metaporus 2 1
33 Siettitiina Porhydrus 4 4
34 Siettitiina Psychopomporus 1 1
35 Siettitiina Rhithrodytes 6 4
36 Siettitiina Siettitia 2 1
37 Siettitiina Stictonectes 12 12 1
38 Siettitiina Stygoporus 1 1
39 Sternopriscina Antiporus 15 9
40 Sternopriscina Barretthydrus 3 3
41 Sternopriscina Brancuporus 2 1
42 Sternopriscina Carabhydrus 10 4
43 Sternopriscina Chostonectes 6 5
44 Sternopriscina Megaporus 11 10
45 Sternopriscina Necterosoma 12 11
46 Sternopriscina Paroster 52 40
47 Sternopriscina Sekaliporus 2 1
48 Sternopriscina Sternopriscus 29 26
49 Sternopriscina Tiporus 13 9
50 Unknown Siamoporus 1 0
51 Unknown Tassilodytes 1 0
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Table S5. Rates estimated for extant taxa (speciation, extinction, diversification and its standard deviation - sd).
Speciation Extinction Diversification sd

Antiporus bakewellii GBK 0.060 0.003 0.058 0.007
Antiporus blakeii GBK 0.060 0.003 0.058 0.007
Antiporus femoralis IR97 0.060 0.003 0.057 0.007
Antiporus gilbertii GBK 0.060 0.003 0.058 0.007
Antiporus hollingsworthi GBK 0.060 0.003 0.057 0.007
Antiporus interrogationis GBK 0.060 0.003 0.057 0.007
Antiporus jenniferae GBK 0.060 0.003 0.057 0.007
Antiporus uncifer IR633 0.060 0.003 0.058 0.007
Antiporus wilsoni GBK 0.060 0.003 0.058 0.007
Barretthydrus geminatus GBK 0.060 0.003 0.057 0.007
Barretthydrus stepheni GBK 0.060 0.003 0.057 0.007
Barretthydrus tibialis IR555 0.060 0.003 0.057 0.007
Boreonectes alpestris RA263 0.146 0.034 0.111 0.028
Boreonectes emmerichi RA891 0.073 0.011 0.062 0.007
Boreonectes griseostriatus griseostriatus AI952 0.146 0.034 0.111 0.028
Boreonectes griseostriatus nr1 IR342 0.082 0.015 0.067 0.010
Boreonectes griseostriatus nr2 AI1160 0.076 0.013 0.064 0.008
Boreonectes griseostriatus nr3 AI1150 0.068 0.009 0.060 0.007
Boreonectes griseostriatus nr4 RA483 0.076 0.013 0.064 0.008
Boreonectes griseostriatus strandi AI1082 0.146 0.034 0.111 0.028
Boreonectes ibericus IR22 0.146 0.034 0.111 0.028
Boreonectes macedonicus AI1120 0.144 0.034 0.110 0.028
Boreonectes multilineatus RA255 0.145 0.034 0.111 0.028
Boreonectes riberae AI829 0.144 0.034 0.110 0.028
Brancuporus gottwaldi GBK 0.060 0.004 0.057 0.007
Carabhydrus andreas GBK 0.060 0.003 0.057 0.007
Carabhydrus niger IR563 0.060 0.003 0.057 0.007
Carabhydrus plicatus GBK 0.060 0.003 0.057 0.007
Carabhydrus stephanieae GBK 0.060 0.004 0.057 0.006
Chostonectes gigas GBK 0.060 0.003 0.057 0.007
Chostonectes johnsoni GBK 0.060 0.003 0.057 0.007
Chostonectes maai GBK 0.060 0.003 0.057 0.007
Chostonectes nebulosus GBK 0.060 0.003 0.057 0.007
Chostonectes sharpi IR582 0.060 0.003 0.057 0.007
Clarkhydrus corvinus GBK 0.060 0.003 0.058 0.007
Clarkhydrus deceptus AV27 0.061 0.003 0.058 0.007
Clarkhydrus falli IR334 0.060 0.003 0.058 0.007
Clarkhydrus roffii IR335 0.061 0.003 0.058 0.007
Deronectes abnormicollis AI120 0.060 0.003 0.058 0.007
Deronectes adanensis DV84 0.060 0.003 0.058 0.007
Deronectes algibensis IR76 0.061 0.003 0.058 0.007
Deronectes angelinii RA234 0.073 0.014 0.060 0.007
Deronectes angusi DV67 0.074 0.014 0.060 0.007
Deronectes aubei aubei DV150 0.066 0.006 0.060 0.007
Deronectes aubei sanfilippoi DV149 0.066 0.006 0.060 0.007
Deronectes bicostatus AI639 0.061 0.003 0.058 0.007
Deronectes brannanii AI178 0.061 0.003 0.058 0.007
Deronectes costipennis costipennis AI183 0.062 0.004 0.058 0.007
Deronectes costipennis gignouxi DV19 0.062 0.004 0.058 0.007
Deronectes delarouzei DV1 0.066 0.006 0.060 0.007
Deronectes depressicollis AI1023 0.061 0.003 0.058 0.007
Deronectes doriae AI775 0.061 0.003 0.058 0.007
Deronectes evelynae AV155 0.061 0.003 0.058 0.007
Deronectes fairmairei AI855 0.061 0.003 0.058 0.007
Deronectes ferrugineus AI731 0.061 0.004 0.058 0.007
Deronectes fosteri IR77 0.061 0.003 0.058 0.007

...continued on the next page
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Table S5. (continued)
Speciation Extinction Diversification sd

Deronectes hispanicus DV49 0.061 0.003 0.058 0.007
Deronectes lareynii IR165 0.061 0.004 0.058 0.007
Deronectes latus DV80 0.074 0.014 0.060 0.007
Deronectes moestus insconspectus AI937 0.061 0.003 0.058 0.007
Deronectes moestus moestus DV69 0.061 0.003 0.058 0.007
Deronectes nilssoni AF104 0.060 0.003 0.058 0.007
Deronectes opatrinus AI629 0.061 0.003 0.058 0.007
Deronectes parvicollis AI776 0.060 0.003 0.058 0.007
Deronectes persicus IR45 0.060 0.003 0.058 0.007
Deronectes platynotus AI1039 0.061 0.004 0.058 0.007
Deronectes sahlbergi AI1002 0.061 0.004 0.058 0.007
Deronectes semirufus DV59 0.066 0.006 0.060 0.007
Deronectes taron AV157 0.060 0.003 0.058 0.007
Deronectes theryi RA37 0.061 0.004 0.058 0.007
Deronectes toledoi DV6 0.073 0.014 0.060 0.007
Deronectes wewalkai AI725 0.061 0.004 0.058 0.007
Deronectes youngi IR182 0.060 0.003 0.058 0.007
Deuteronectes picturatus IR369 0.060 0.004 0.057 0.007
Ereboporus naturaconservatus GBK 0.060 0.004 0.057 0.007
Graptodytes aequalis IR206 0.084 0.020 0.064 0.008
Graptodytes atlantis AI921 0.075 0.016 0.059 0.007
Graptodytes bilineatus AI608 0.066 0.009 0.057 0.007
Graptodytes castilianus AI1316 0.084 0.020 0.064 0.008
Graptodytes delectus AI1092 0.086 0.021 0.065 0.009
Graptodytes eremitus AF33 0.078 0.018 0.061 0.007
Graptodytes flavipes IR40 0.063 0.006 0.057 0.007
Graptodytes fractus AI627 0.099 0.025 0.074 0.011
Graptodytes granularis AI609 0.066 0.009 0.058 0.007
Graptodytes ignotus IR531 0.099 0.025 0.074 0.011
Graptodytes kuchtai AI177 0.099 0.025 0.074 0.011
Graptodytes laeticulus HI16 0.099 0.025 0.074 0.011
Graptodytes pictus AI660 0.066 0.009 0.058 0.007
Graptodytes pietrii DM37 0.084 0.020 0.064 0.008
Graptodytes sedilloti phrygius AI111 0.066 0.009 0.058 0.007
Graptodytes sedilloti sedilloti IR585 0.066 0.009 0.058 0.007
Graptodytes siculus AH162 0.084 0.020 0.064 0.008
Graptodytes varius AH160 0.099 0.025 0.074 0.011
Graptodytes veterator behningi AI774 0.066 0.009 0.058 0.007
Graptodytes veterator veterator AH161 0.066 0.009 0.058 0.007
Haideoporus texanus GBK2 0.072 0.009 0.063 0.007
Heterosternuta allegheniana AV2 0.072 0.008 0.065 0.008
Heterosternuta pulchra AV4 0.072 0.008 0.065 0.008
Heterosternuta wickhami IR330 0.072 0.008 0.065 0.008
Hornectes quadrimaculatus IR366 0.060 0.004 0.057 0.007
Hydrocolus paugus AC43 0.121 0.035 0.087 0.010
Hydrocolus persimilis AV5 0.121 0.035 0.087 0.010
Hydrocolus rubyi GBK 0.121 0.035 0.086 0.010
Hydrocolus sahlbergi ER21 0.121 0.035 0.086 0.010
Hydrocolus stagnalis AV6 0.121 0.035 0.086 0.010
Hydroporus acutangulus ER1 0.135 0.045 0.091 0.011
Hydroporus analis AV9 0.135 0.045 0.091 0.011
Hydroporus angustatus GR16 0.122 0.036 0.087 0.010
Hydroporus apenninus AF60 0.156 0.057 0.099 0.012
Hydroporus appalachius GBK 0.122 0.035 0.087 0.010
Hydroporus axillaris DM32 0.121 0.035 0.087 0.010
Hydroporus basinotatus AH112 0.136 0.045 0.091 0.011
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Hydroporus bithynicus AI782 0.142 0.049 0.093 0.011
Hydroporus bodemeyeri bodemeyeri AI110 0.154 0.056 0.098 0.012
Hydroporus bodemeyeri guignoti RA216 0.154 0.056 0.098 0.012
Hydroporus brancoi brancoi AI228 0.154 0.056 0.098 0.012
Hydroporus brancoi gredensis AC9 0.154 0.056 0.098 0.012
Hydroporus brancuccii AI180 0.136 0.045 0.091 0.011
Hydroporus brevis DM23 0.131 0.042 0.089 0.010
Hydroporus brucki AN4 0.135 0.045 0.091 0.011
Hydroporus cagrankaya AI62 0.156 0.057 0.099 0.012
Hydroporus cantabricus AI122 0.154 0.056 0.098 0.012
Hydroporus carri GBK 0.122 0.035 0.087 0.010
Hydroporus columbianus GBK 0.122 0.035 0.087 0.010
Hydroporus compunctus IR181 0.135 0.045 0.091 0.011
Hydroporus constantini AI285 0.155 0.057 0.099 0.012
Hydroporus cuprescens IR647 0.154 0.056 0.098 0.012
Hydroporus decipiens DM31 0.135 0.045 0.091 0.011
Hydroporus dentellus IR575 0.121 0.035 0.087 0.010
Hydroporus despectus IR483 0.121 0.035 0.087 0.010
Hydroporus discretus cplx1 AI651 0.135 0.045 0.091 0.011
Hydroporus discretus cplx2 AV45 0.135 0.045 0.091 0.011
Hydroporus discretus cplx3 RA142 0.135 0.045 0.091 0.011
Hydroporus discretus AI641 0.136 0.045 0.091 0.011
Hydroporus distinguendus HI15 0.130 0.041 0.089 0.010
Hydroporus dobrogeanus cplx AV49 0.156 0.057 0.099 0.012
Hydroporus dobrogeanus DM85 0.156 0.057 0.099 0.012
Hydroporus dorsalis RA939 0.121 0.035 0.086 0.010
Hydroporus elongatulus DM18 0.121 0.035 0.087 0.010
Hydroporus errans AI638 0.135 0.045 0.091 0.011
Hydroporus erythrocephalus RA710 0.121 0.035 0.087 0.010
Hydroporus ferrugineus AI929 0.142 0.049 0.093 0.011
Hydroporus feryi DM33 0.135 0.045 0.091 0.011
Hydroporus figuratus IR67 0.121 0.035 0.086 0.010
Hydroporus fortis IR353 0.121 0.035 0.087 0.010
Hydroporus foveolatus DM8 0.136 0.045 0.091 0.011
Hydroporus foveolatus nr DM14 0.136 0.045 0.091 0.011
Hydroporus fuscipennis IR491 0.135 0.045 0.091 0.011
Hydroporus galloprovincialis RA289 0.155 0.056 0.099 0.012
Hydroporus geniculatus ER3 0.122 0.035 0.087 0.010
Hydroporus glabriusculus GR33 0.131 0.042 0.090 0.010
Hydroporus glasunovi dolini RA1204 0.135 0.045 0.091 0.011
Hydroporus goldschmidti AI118 0.135 0.045 0.091 0.010
Hydroporus gueorguievi DM20 0.156 0.057 0.099 0.012
Hydroporus guernei RA911 0.135 0.045 0.091 0.011
Hydroporus gyllenhalii GR12 0.130 0.041 0.090 0.010
Hydroporus hebaueri DM86 0.154 0.056 0.098 0.012
Hydroporus incognitus RA691 0.130 0.041 0.090 0.010
Hydroporus incommodus AI382 0.130 0.041 0.090 0.010
Hydroporus jonicus AI1233 0.130 0.041 0.089 0.010
Hydroporus kabakovi AI91 0.135 0.045 0.091 0.011
Hydroporus kasyi AV42 0.130 0.041 0.089 0.010
Hydroporus kozlovskii AI1264 0.137 0.045 0.092 0.011
Hydroporus kraatzi AI602 0.156 0.057 0.099 0.012
Hydroporus lapponum GBK 0.121 0.035 0.087 0.010
Hydroporus larsoni GBK 0.131 0.042 0.090 0.010
Hydroporus limbatus AI736 0.135 0.045 0.091 0.011
Hydroporus lluci RA368 0.155 0.056 0.099 0.012
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Hydroporus longicornis DM22 0.153 0.055 0.098 0.012
Hydroporus longiusculus IR345 0.122 0.035 0.087 0.010
Hydroporus longulus AI300 0.155 0.057 0.099 0.012
Hydroporus lucasi AI630 0.135 0.045 0.091 0.011
Hydroporus lundbladi IR664 0.135 0.045 0.091 0.011
Hydroporus macedonicus AI1265 0.136 0.045 0.091 0.011
Hydroporus mannerheimi IR485 0.122 0.035 0.087 0.010
Hydroporus mannerheimi nr IR526 0.122 0.035 0.087 0.010
Hydroporus marginatus AI61 0.135 0.045 0.091 0.010
Hydroporus melanarius RA636 0.154 0.056 0.098 0.012
Hydroporus memnonius gr AI764 0.153 0.055 0.098 0.012
Hydroporus memnonius IR315 0.154 0.056 0.098 0.012
Hydroporus morio ER22 0.121 0.035 0.086 0.010
Hydroporus necopinatus robertorum GBK 0.154 0.056 0.098 0.012
Hydroporus necopinatus roni GBK 0.154 0.056 0.098 0.012
Hydroporus necopinatus necopinatus AI1130 0.154 0.056 0.098 0.012
Hydroporus neglectus GR15 0.122 0.036 0.087 0.010
Hydroporus nevadensis AI640 0.155 0.057 0.099 0.012
Hydroporus nigellus IR506 0.122 0.035 0.087 0.010
Hydroporus niger gr1 AV7 0.121 0.035 0.086 0.010
Hydroporus signatus RA682 0.122 0.035 0.087 0.010
Hydroporus niger IR124 0.121 0.035 0.087 0.010
Hydroporus nigrita RA334 0.137 0.045 0.092 0.011
Hydroporus normandi alhambrae RA461 0.155 0.056 0.099 0.012
Hydroporus normandi ifnii GR13 0.154 0.056 0.098 0.012
Hydroporus normandi normandi AH105 0.155 0.056 0.099 0.012
Hydroporus notabilis AI92 0.121 0.035 0.087 0.010
Hydroporus obscurus ER4 0.121 0.035 0.087 0.010
Hydroporus obsoletus RA206 0.135 0.045 0.090 0.010
Hydroporus occidentalis IR517 0.122 0.035 0.087 0.010
Hydroporus paganettianus IR145 0.121 0.035 0.087 0.010
Hydroporus palustris AI19 0.130 0.041 0.090 0.010
Hydroporus pervicinus IR359 0.122 0.035 0.087 0.010
Hydroporus pfefferi RA1060 0.153 0.055 0.098 0.012
Hydroporus pilosus IR37 0.135 0.045 0.091 0.011
Hydroporus planus AN82 0.135 0.045 0.091 0.011
Hydroporus puberulus ER2 0.131 0.042 0.090 0.010
Hydroporus pubescens AN383 0.135 0.045 0.091 0.011
Hydroporus regularis IR166 0.155 0.057 0.099 0.012
Hydroporus rifensis AV218 0.130 0.041 0.090 0.010
Hydroporus rufifrons ER19 0.121 0.035 0.087 0.010
Hydroporus rufinasus GBK 0.121 0.035 0.087 0.010
Hydroporus sabaudus sabaudus DM16 0.137 0.045 0.092 0.011
Hydroporus sabaudus sierranevadensis PA262 0.137 0.045 0.092 0.011
Hydroporus sanfilippoi AH189 0.142 0.049 0.093 0.011
Hydroporus sardomontanus DM62 0.156 0.057 0.099 0.012
Hydroporus scalesianus IR38 0.122 0.036 0.086 0.010
Hydroporus semenowi DM24 0.121 0.035 0.087 0.010
Hydroporus signatus signatus GBK 0.122 0.035 0.087 0.010
Hydroporus sinuatipes GBK 0.121 0.035 0.087 0.010
Hydroporus springeri IR632 0.130 0.041 0.090 0.010
Hydroporus striola IR484 0.130 0.041 0.090 0.010
Hydroporus submuticus ER23 0.121 0.035 0.087 0.010
Hydroporus subpubescens AC46 0.122 0.035 0.087 0.010
Hydroporus tenebrosus GBK 0.122 0.035 0.087 0.010
Hydroporus tessellatus AI770 0.136 0.045 0.091 0.011
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Hydroporus tessellatus nr AN585 0.136 0.045 0.091 0.011
Hydroporus thracicus AI336 0.137 0.045 0.092 0.011
Hydroporus transgrediens RA217 0.135 0.045 0.091 0.011
Hydroporus transpunctatus IR341 0.121 0.035 0.087 0.010
Hydroporus tristis ER5 0.130 0.041 0.090 0.010
Hydroporus tristis nr IR521 0.130 0.041 0.090 0.010
Hydroporus umbrosus IR152 0.131 0.042 0.090 0.010
Hydroporus vagepictus IR28 0.130 0.041 0.090 0.010
Hydroporus vespertinus IR144 0.121 0.035 0.087 0.010
Hydroporus zimmermanni AH123 0.136 0.045 0.091 0.011
Iberonectes bertrandi IR30 0.061 0.003 0.057 0.007
Iberoporus agnus AI1007 0.060 0.003 0.058 0.007
Iberoporus argaensis AI179 0.060 0.003 0.058 0.007
Iberoporus cermenius IR276 0.060 0.003 0.058 0.007
Iberoporus pluto AN151 0.060 0.003 0.058 0.007
Larsonectes minipi AN861 0.061 0.004 0.057 0.007
Leconectes striatellus RA327 0.060 0.004 0.057 0.006
Lioporeus pilatei AN699 0.061 0.004 0.057 0.007
Lioporeus triangularis AN698 0.061 0.004 0.057 0.007
Megaporus feryi GBK 0.060 0.003 0.057 0.007
Megaporus fischeri GBK 0.060 0.003 0.058 0.007
Megaporus gardneri GBK 0.062 0.004 0.058 0.007
Megaporus hamatus GBK 0.062 0.004 0.058 0.007
Megaporus howittii GBK 0.061 0.004 0.058 0.007
Megaporus natvigi GBK 0.060 0.003 0.057 0.007
Megaporus rufipes IR64 0.060 0.003 0.057 0.007
Megaporus solidus GBK 0.061 0.003 0.058 0.007
Megaporus tristis GBK 0.060 0.003 0.057 0.007
Megaporus wilsoni GBK 0.060 0.003 0.057 0.007
Metaporus meridionalis IR34 0.062 0.005 0.057 0.007
Mystonectes coelamboides PB35 0.061 0.003 0.058 0.007
Mystonectes neomexicanus RA775 0.060 0.003 0.058 0.007
Mystonectes panaminti RA1086 0.061 0.003 0.058 0.007
Nebrioporus abyssinicus AI1227 0.061 0.004 0.058 0.007
Nebrioporus airumlus AI1179 0.061 0.004 0.058 0.007
Nebrioporus amicorum AF140 0.061 0.003 0.058 0.007
Nebrioporus assimilis AI607 0.063 0.006 0.058 0.007
Nebrioporus baeticus IR10 0.062 0.004 0.058 0.007
Nebrioporus bucheti cazorlensis AI926 0.063 0.005 0.058 0.007
Nebrioporus canaliculatus AI1044 0.061 0.004 0.057 0.007
Nebrioporus canariensis AI1091 0.061 0.004 0.058 0.007
Nebrioporus capensis RA850 0.061 0.004 0.057 0.007
Nebrioporus carinatus IR17 0.070 0.009 0.061 0.007
Nebrioporus ceresyi AI57 0.061 0.004 0.058 0.007
Nebrioporus clarkii IR46 0.063 0.005 0.058 0.007
Nebrioporus cooperi AN21 0.061 0.004 0.058 0.007
Nebrioporus croceus AI82 0.070 0.009 0.061 0.007
Nebrioporus depressus AI331 0.068 0.008 0.060 0.007
Nebrioporus dubius AI83 0.061 0.004 0.058 0.007
Nebrioporus elegans AI606 0.068 0.008 0.060 0.007
Nebrioporus fabressei IR169 0.070 0.009 0.061 0.007
Nebrioporus fenestratus AH175 0.062 0.005 0.058 0.007
Nebrioporus kilimandjarensis AN690 0.061 0.004 0.058 0.007
Nebrioporus lanceolatus IR650 0.061 0.003 0.058 0.007
Nebrioporus luctuosus RA724 0.062 0.004 0.058 0.007
Nebrioporus macronychus GBK 0.068 0.008 0.060 0.007
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Nebrioporus martinii AI702 0.063 0.005 0.058 0.007
Nebrioporus mascatensis RA107 0.061 0.003 0.058 0.007
Nebrioporus millingeni RA607 0.061 0.004 0.057 0.007
Nebrioporus nemethi AI307 0.062 0.004 0.058 0.007
Nebrioporus nipponicus IR610 0.061 0.004 0.058 0.007
Nebrioporus rotundatus AC41 0.068 0.008 0.060 0.007
Nebrioporus sansii RA725 0.063 0.005 0.058 0.007
Nebrioporus sardus RA17 0.063 0.005 0.058 0.007
Nebrioporus scotti AI1225 0.061 0.004 0.058 0.007
Nebrioporus seriatus RA613 0.061 0.004 0.058 0.007
Nebrioporus stearinus stearinus IR134 0.061 0.003 0.058 0.007
Nebrioporus stearinus suavis AI109 0.061 0.003 0.058 0.007
Nebrioporus vagrans RA588 0.061 0.004 0.057 0.007
Necterosoma aphrodite GBK 0.100 0.019 0.081 0.017
Necterosoma darwini GBK 0.099 0.019 0.081 0.017
Necterosoma dispar GBK 0.100 0.019 0.081 0.017
Necterosoma novaecaledoniae GBK 0.060 0.003 0.057 0.007
Necterosoma penicillatum IR699 0.062 0.005 0.058 0.007
Necterosoma regulare GBK 0.060 0.003 0.057 0.007
Necterosoma schmeltzi GBK 0.100 0.019 0.081 0.017
Necterosoma schoelleri GBK 0.060 0.003 0.057 0.007
Necterosoma susanna GBK 0.060 0.003 0.057 0.007
Necterosoma theonathani GBK 0.060 0.003 0.057 0.007
Necterosoma undecimlineatum GBK 0.100 0.019 0.081 0.017
Nectoboreus dolerosus AN128 0.060 0.003 0.058 0.007
Nectoboreus funereus AI1208 0.060 0.003 0.058 0.007
Nectomimus okulovi RA1218 0.060 0.004 0.057 0.007
Nectoporus abbreviatus AI932 0.061 0.003 0.058 0.007
Nectoporus congruus IR440 0.060 0.003 0.058 0.007
Nectoporus crassulus IR451 0.060 0.003 0.058 0.007
Nectoporus obesus cordillerensis IR452 0.060 0.003 0.058 0.007
Nectoporus obesus obesus IR399 0.060 0.003 0.058 0.007
Nectoporus rhyacophilus IR367 0.061 0.003 0.058 0.007
Nectoporus sanmarkii alienus AI1134 0.060 0.003 0.058 0.007
Nectoporus sanmarkii sanmarkii AI973 0.060 0.003 0.058 0.007
Nectoporus subrotundus RA485 0.060 0.003 0.057 0.007
Neonectes natrix IR611 0.060 0.004 0.057 0.007
Neoporus arizonicus IR331 0.075 0.010 0.066 0.008
Neoporus clypealis AC48 0.072 0.008 0.065 0.008
Neoporus dilatatus AC49 0.075 0.010 0.066 0.008
Neoporus dimidiatus IR486 0.075 0.010 0.066 0.008
Neoporus mellitus GBK9 0.072 0.010 0.063 0.007
Neoporus sp1 IR598 0.072 0.008 0.064 0.008
Neoporus sp2 IR597 0.072 0.008 0.064 0.007
Neoporus sp3 AC47 0.072 0.008 0.065 0.008
Neoporus sp4 IR594 0.072 0.008 0.065 0.008
Neoporus superioris DM28 0.072 0.008 0.065 0.007
Neoporus undulatus IR75 0.072 0.008 0.065 0.008
Oreodytes alpinus AI977 0.073 0.008 0.065 0.008
Oreodytes davisii davisii AI1127 0.073 0.008 0.065 0.008
Oreodytes davisii rhianae ER33 0.073 0.008 0.065 0.008
Oreodytes mongolicus AI972 0.073 0.008 0.065 0.008
Oreodytes scitulus scitulus AV1 0.060 0.003 0.058 0.007
Oreodytes scitulus bisulcatus AN613 0.060 0.003 0.058 0.007
Oreodytes septentrionalis AI974 0.060 0.003 0.058 0.007
Oreodytes shorti AI965 0.060 0.003 0.058 0.007
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Oreodytes snoqualmie IR447 0.061 0.003 0.058 0.007
Paroster angustus GBK 0.060 0.003 0.057 0.007
Paroster arachnoides GBK 0.060 0.003 0.057 0.007
Paroster baylyi GBK 0.062 0.004 0.059 0.007
Paroster bulbus GBK 0.060 0.003 0.057 0.007
Paroster byroensis GBK 0.060 0.003 0.057 0.007
Paroster copidotibiae GBK 0.060 0.003 0.057 0.007
Paroster couragei GBK 0.060 0.003 0.058 0.007
Paroster darlotensis GBK 0.060 0.003 0.057 0.007
Paroster dingbatensis GBK 0.060 0.003 0.058 0.007
Paroster eurypleuron GBK 0.060 0.003 0.057 0.007
Paroster extraordinarius GBK 0.060 0.003 0.057 0.007
Paroster fortispina GBK 0.060 0.003 0.057 0.007
Paroster gibbi IR92 0.060 0.003 0.057 0.007
Paroster hamoni GBK 0.060 0.003 0.057 0.007
Paroster hinzeae GBK 0.060 0.003 0.057 0.007
Paroster innoendyensis GBK 0.060 0.003 0.057 0.007
Paroster insculptilis GBK 0.060 0.003 0.057 0.007
Paroster killaraensis GBK 0.060 0.003 0.057 0.007
Paroster macrocephalus GBK 0.060 0.003 0.057 0.007
Paroster macrosturtensis MG912995 0.060 0.003 0.057 0.007
Paroster megamacrocephalus GBK 0.060 0.003 0.057 0.007
Paroster melroseensis GBK 0.060 0.003 0.057 0.007
Paroster mesosturtensis GBK 0.060 0.003 0.057 0.007
Paroster michaelseni GBK 0.060 0.003 0.058 0.007
Paroster microsturtensis GBK 0.060 0.003 0.057 0.007
Paroster milgunensis GBK 0.060 0.003 0.057 0.007
Paroster napperbyensis GBK 0.060 0.003 0.057 0.007
Paroster newhavenensis GBK 0.060 0.003 0.057 0.007
Paroster niger GBK 0.060 0.003 0.057 0.007
Paroster nigroadumbratus GBK 0.060 0.003 0.058 0.007
Paroster pallescens GBK 0.062 0.004 0.059 0.007
Paroster peelensis GBK 0.060 0.003 0.057 0.007
Paroster pentameres GBK 0.060 0.003 0.057 0.007
Paroster plutonicensis GBK 0.060 0.003 0.057 0.007
Paroster skaphites GBK 0.060 0.003 0.057 0.007
Paroster stegastos GBK 0.060 0.003 0.057 0.007
Paroster tetrameres GBK 0.060 0.003 0.057 0.007
Paroster ursulae GBK 0.062 0.004 0.059 0.007
Paroster verrucosus GBK 0.060 0.003 0.057 0.007
Paroster wedgeensis GBK 0.060 0.003 0.057 0.007
Porhydrus genei RA86 0.060 0.003 0.058 0.007
Porhydrus lineatus IR24 0.060 0.003 0.057 0.007
Porhydrus obliquesignatus RA147 0.060 0.003 0.058 0.007
Porhydrus vicinus AH113 0.060 0.003 0.058 0.007
Psychopomporus felipi GBK14 0.061 0.008 0.053 0.006
Rhithrodytes bimaculatus RA727 0.060 0.003 0.058 0.007
Rhithrodytes crux AI302 0.060 0.003 0.058 0.007
Rhithrodytes numidicus DM34 0.060 0.003 0.058 0.007
Rhithrodytes sexguttatus IR183 0.060 0.003 0.058 0.007
Sanfilippodytes adelardi RA487 0.100 0.023 0.077 0.009
Sanfilippodytes bidessoides RA488 0.100 0.023 0.077 0.009
Sanfilippodytes compertus GBK 0.103 0.024 0.079 0.009
Sanfilippodytes edwardsi DM42 0.103 0.024 0.079 0.009
Sanfilippodytes edwardsi nr AV20 0.103 0.024 0.079 0.009
Sanfilippodytes hardyi AI1279 0.101 0.023 0.078 0.009
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Sanfilippodytes malkini IR372 0.101 0.023 0.078 0.009
Sanfilippodytes setifer RA489 0.100 0.023 0.078 0.009
Sanfilippodytes sp1 IR375 0.100 0.023 0.078 0.009
Sanfilippodytes sp2 DM40 0.101 0.023 0.078 0.009
Sanfilippodytes sp3 IR441 0.103 0.024 0.079 0.009
Sanfilippodytes terminalis IR412 0.100 0.023 0.077 0.009
Sanfilippodytes vilis DM26 0.103 0.024 0.079 0.009
Scarodytes antoni AC6 0.064 0.006 0.059 0.007
Scarodytes fuscitarsis RA4 0.062 0.005 0.058 0.007
Scarodytes halensis nr1 AH121 0.063 0.005 0.058 0.007
Scarodytes halensis nr2 ER35 0.063 0.005 0.059 0.007
Scarodytes sp3 AH167 0.063 0.005 0.058 0.007
Scarodytes halensis AI773 0.063 0.005 0.059 0.007
Scarodytes sp4 AC15 0.062 0.004 0.058 0.007
Scarodytes sp5 AI893 0.062 0.004 0.058 0.007
Scarodytes malickyi AF139 0.063 0.005 0.058 0.007
Scarodytes nigriventris IR157 0.062 0.005 0.058 0.007
Scarodytes pederzanii AH168 0.062 0.004 0.058 0.007
Scarodytes roberti RA204 0.065 0.006 0.059 0.007
Scarodytes ruffoi AF62 0.062 0.004 0.058 0.007
Scarodytes savinensis cercyrae RA219 0.065 0.006 0.060 0.007
Scarodytes savinensis savinensis AI135 0.065 0.006 0.060 0.007
Scarodytes sp1 AI304 0.063 0.005 0.059 0.007
Scarodytes sp2 IR653 0.063 0.005 0.058 0.007
Sekaliporus kriegi GBK 0.060 0.003 0.057 0.007
Siettitia avenionensis AI897 0.060 0.003 0.058 0.007
Sternopriscus alligatorensis GBK 0.061 0.004 0.058 0.007
Sternopriscus alpinus GBK 0.348 0.104 0.238 0.056
Sternopriscus aquilonaris GBK 0.061 0.004 0.058 0.007
Sternopriscus balkei GBK 0.061 0.004 0.058 0.007
Sternopriscus barbarae GBK 0.348 0.104 0.238 0.056
Sternopriscus browni GBK 0.060 0.003 0.057 0.007
Sternopriscus clavatus IR698 0.061 0.003 0.058 0.007
Sternopriscus eikei GBK 0.060 0.003 0.057 0.007
Sternopriscus emmae GBK 0.061 0.003 0.058 0.007
Sternopriscus goldbergi GBK 0.061 0.004 0.058 0.007
Sternopriscus hansardii IR698 0.061 0.003 0.058 0.007
Sternopriscus marginatus GBK 0.060 0.003 0.057 0.007
Sternopriscus meadfootii GBK 0.348 0.104 0.238 0.056
Sternopriscus minimus GBK 0.063 0.005 0.058 0.007
Sternopriscus montanus GBK 0.348 0.104 0.238 0.056
Sternopriscus multimaculatus GBK 0.061 0.004 0.057 0.007
Sternopriscus mundanus GBK 0.348 0.104 0.238 0.056
Sternopriscus storeyi GBK 0.060 0.003 0.057 0.007
Sternopriscus tarsalis GBK 0.348 0.104 0.238 0.056
Sternopriscus tasmanicus GBK 0.348 0.104 0.238 0.056
Sternopriscus wallumphilia GBK 0.061 0.003 0.058 0.007
Sternopriscus wattsi GBK 0.060 0.003 0.057 0.007
Sternopriscus weckwerthi GBK 0.348 0.104 0.238 0.056
Sternopriscus wehnckei GBK 0.305 0.093 0.205 0.050
Sternopriscus weiri GBK 0.061 0.003 0.058 0.007
Sternopriscus williamsi GBK 0.348 0.104 0.238 0.056
Stictonectes abellani PA312 0.060 0.003 0.058 0.007
Stictonectes azruensis IR661 0.062 0.004 0.059 0.007
Stictonectes canariensis AF114 0.061 0.003 0.058 0.007
Stictonectes epipleuricus AH73 0.063 0.004 0.059 0.007

...continued on the next page



Chapter 6

289

Table S5. (continued)
Speciation Extinction Diversification sd

Stictonectes escheri AH107 0.060 0.003 0.058 0.007
Stictonectes formosus AH108 0.060 0.003 0.058 0.007
Stictonectes lepidus AI632 0.060 0.003 0.058 0.007
Stictonectes occidentalis IR529 0.063 0.004 0.059 0.007
Stictonectes sp MsCC 0.062 0.004 0.059 0.007
Stictonectes optatus AI1089 0.063 0.004 0.059 0.007
Stictonectes rebeccae AH72 0.063 0.004 0.059 0.007
Stictonectes rufulus AI1299 0.060 0.003 0.058 0.007
Stictonectes samai AF142 0.060 0.003 0.058 0.007
Stictotarsus duodecimpustulatus IR42 0.060 0.003 0.058 0.007
Stictotarsus maghrebinus IR236 0.060 0.003 0.058 0.007
Stictotarsus procerus AI1116 0.060 0.003 0.058 0.007
Stygoporus oregonensis GBK 0.060 0.004 0.057 0.006
Tiporus alastairi GBK 0.060 0.003 0.057 0.007
Tiporus centralis GBK 0.060 0.003 0.057 0.007
Tiporus collaris GBK 0.060 0.003 0.057 0.007
Tiporus emmae GBK 0.060 0.003 0.057 0.007
Tiporus giuliani GBK 0.060 0.003 0.057 0.007
Tiporus josepheni  IR550 0.060 0.003 0.057 0.007
Tiporus lachlani GBK 0.060 0.003 0.057 0.007
Tiporus tambreyi GBK 0.060 0.003 0.057 0.007
Tiporus undecimmaculatus GBK 0.060 0.003 0.057 0.007
Trichonectes otini IR29 0.061 0.005 0.055 0.006
Zaitzevhydrus formaster formaster AI1102 0.060 0.003 0.057 0.007
Zaitzevhydrus formaster ulanulana RA1170 0.060 0.003 0.057 0.007
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Figure S1. Phylogeny obtained with RAxML. Numbers in nodes, bootstrap support 
values.
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Figure S1. (continued)
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Figure S1. (continued)
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Figure S2. Collapsed phylogeny for clades with homogeneous habitat.
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Figure S3. Consensus topology obtained in Beast, including genera and tribes 
names. Numbers in nodes, posterior probability.
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Figure S3. (Continued)
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Figure S3. (Continued)
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Figure S3. (Continued)
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Figure S3. (Continued)
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General discussion

Through the six chapters of this thesis we examined how habitats guided the histo-

ry of some lineages of aquatic beetles, and how saline environments are more diverse than 

expected. Most of our results matched our prior hypotheses, but others shed light on novel 

findings that will be the basis of future research.

Molecular phylogenies to understand relationships between taxa

As noted in the general introduction, molecular phylogenies are useful tools to 

disentangling evolutionary histories and to provide an appropriate understanding of the 

relationships between taxa. The main example of the advantageous of these tools can be 

found on Chapter 1, where the choice of unreliable complex morphological characters has 

led to conflicts between the extant systematics of Hygrotini tribe and its true history. The 

new classification of Hygrotini agrees with some simple morphological aspects, as the gen-

eral body shape, and recognised relationships previously ignored, as the highly modified 

Hygrotus descarpentriesi being considered as a member of the genus Hygrotus and not a 

monotypic genus (Heroceras), as in previous classifications. Other disagreements can be 

found in Chapter 6, where previously related genera were found to not being monophyletic, 

such as Hydroporus (paraphyletic with Hydrocolus) and Neoporus (paraphyletic with Het-
erosternuta and Haideoporus). Several examples can be found of disagreements between 

morphological and molecular classifications in the literature, not only within insects (Mugle-

ston et al., 2013) but also in other lineages, like birds (Sweet et al., 2017).

But molecular phylogenies are also useful in combination with morphological anal-

yses, as demonstrated in Chapter 3. Prior beliefs suggested more species groups with-

in Ochthebiini based on morphological similarities, and the molecular analysis reinforces 

those ideas, leading to the establishment of new species groups. However, discordance 

between molecular and morphological information can also be found, for example, within 

Micragasma subgenus (Chapter 4 and 5). While two previously described species seem to 

form a monophyletic clade, and despite the morphological resemblance of O. (M.) minoicus 

with O. (M.) paradoxum, our results question the monophyly of the subgenus. One likely 

explanation of this issue is the morphological convergence due to similar habitats (Losos et 
al., 1998; Harmon et al., 2005), a common phenomenon affecting species under selection 

pressures - like the one for species associated with coastal environments affected by saline 

water or other still unknown ecological factors.

A novel approach addressed by this thesis was the combination of sequences 
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obtained by classical Sanger sequencing with others obtained by Metagenomic tools. 

Metagenomic tools make use of Next Generation Sequencing technologies to produce 

high number of short sequences that can be easily assembled with bioinformatic tools at 

a reduced cost (Goodwin et al., 2016). A direct comparison of classical analysis and this 

new approach can be found in the Ochthebiini/Ochthebius phylogenies (Chapters 3 and 

5 respectively), where the addition of 42 partial or complete mitogenomes increased the 

support of most of the basal nodes like the position of the clade formed by Enicocerus plus 

Hughleechia or Aulacochthebius as sister to Asiobates. This approach was also used for 

Chapter 6, leading again to a fully supported backbone of the tree.

Evolution of saline environments and their long-term consequences

Following with environments linked to saline waters, one of the main goals of this 

thesis was to increase the knowledge about these environments. Until last decades, eco-

systems affected by saline waters did not receive the deserved attention, but this trend is 

gradually changing. More research related with specimens living in saline environments 

is being published, like the description of new species, e.g. Ochthebius lanthanus (Ribera 

and Foster, 2018), the physiological aspects that make possible to tolerate saline water 

(Pallarés et al., 2016; 2017b), the fundamental capabilities of saline water species (Arribas 

et al., 2018) and how diversification takes places in saline environments (Mitterboeck et al., 
2016).

The research accomplished by this thesis for Dytiscidae and Hydraenidae families 

(Hygrotini and Ochthebiini, Chapters 2 and 5 respectively) complements the findings about 

the origin and evolution of tolerance to saline waters in family Hydrophilidae (Arribas et 
al., 2014; Pallarés et al., 2017a), and fulfils comprehensive understanding of salinity toler-

ance in the three most speciose families. In all cases, tolerance to saline waters had been 

acquired multiple times, but with slightly different evolutionary trends: Dytiscidae evolved 

the traits gradually, whilst Hydraenidae and specially Hydrophilidae (Arribas et al., 2014) 

present some direct transitions from freshwater to hypersaline waters. However, a more 

recent study on Hydrophilidae (Pallarés et al., 2017a) reconstructed tolerance to saline 

waters using a continuous variable under a Brownian Motion evolutionary model, finding a 

more gradual evolution of this trait in Enochrus bicolor group. Furthermore, direct transitions 

in Ochthebiini are always found in fairly isolated clades associated with coastal rockpools 

(Chapter 5).

Extreme specialization to saline waters (i.e. tolerance to hypersaline waters) was 
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found to be irreversible in all cases. Results in chapter 5 shown that tolerance to slightly 

saline waters may be a synapomorphic trait in Ochthebius, which is in agreement with 

the most recent comprehensive review by Arribas et al. (2018). Arribas et al. discovered 

that tolerance to salinity does not act as a trade-off as was though by others authors (e.g. 

Herbst, 2001; Latta et al., 2012), so species inhabiting saline waters are generalist in their 

fundamental niches with similar fitness than freshwater species in freshwater environments, 

even if they only inhabit saline waters. These results may open a scenario where tolerance 

to some degree of salinity remained in most of the taxa within our study groups, so freshwa-

ter species may be able to persist in brackish waters (i.e. fundamental niches being larger 

than their realized niches, see Soberón and Arroyo-Peña, 2017 for a review on this hypoth-

esis) in a similar mode than species currently living there.

Even if tolerance to hypersaline waters was irreversible - as expected for an evolu-

tionary dead-end (Kelley and Farrel, 1998), we did not find evidence of differential diversifi-

cation associated with freshwater, mesosaline or hypersaline species. Similar diversification 

patterns can be found for other expected dead-ends like cave adaptations, both in aquatic 

environments (Stern et al., 2017) or in terrestrial ones (Cieslak et al., 2014). These results 

confirm that extreme ecological adaptations may operate as diversification boost, such as 

the one found within Cobalius subgenus. This subgenus is well-adapted to hypersaline 

waters, and a core diversification shift (accelerating its diversification rate) was detected in 

Chapter 5 for species living in the eastern Mediterranean islands during the last five million 

years. We proposed that the increased habitat availability after the emergence of those 

islands may represent an ecological opportunity to diversification, even for this extremely 

adapted species (Stroud and Losos, 2016).

Moreover, all studied groups displayed a likely connection between periods of 

global aridification and the origin of tolerance to saline/hypersaline waters. The aridification 

events may accelerate diversification of lineages (Pepper et al., 2011; Deepak and Karanth, 

2018; Gutiérrez-Ortega et al., 2018), but most of the lineages exhibit a pattern of gradual 

evolution through time with limited direct transitions to hypersaline waters. 

Evolutionary patterns of habitat transitions between standing and running 
waters

Our prior hypotheses about diversification patterns across standing and running 

waters were eminently influenced by the habitat specialization hypothesis reviewed by Rib-

era (2008). In this work, several inferences were made about the expected evolutionary 
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outcomes, but the ones linked to differential diversification between habitats were not well 

defined. This thesis tried to fill the gaps in that hypothesis, finding whether diversification 

rates are determined by species habitats or habitat transitions. Some of the consequences 

of habitat stability on diversification were studied by Letsch et al. (2016) and Désamoré 

et al. (2018) with Odonata and Dytiscidae respectively, but their conclusions are limited 

because of their very incomplete sampling (as detailed in Chapter 6). We found similar 

diversificarion patterns among habitats, with overlapping posterior distributions. These pos-

terior distributions were found to be slightly higher for species living in standing waters, in 

agreement with the findginds in Letsch et al. (2016). We also recovered similar results in 

the state speciation and extinction analyses (SSE). Additionally, diversification core shifts 

were detected in clades living in lentic environments (Sternopriscus and Boreonectes) or in 

heterogeneous clades were lotic species were outnumbered by the other habitat preference 

categories (Hydroporus plus Hydrocolus). Based on the habitat specialization hypothesis, 

speciation and extinction rates should be higher for lotic species, but there was not predic-

tion about net diversification rates. Based on these result, we did not find clear evidence of 

differential net diversification rate, but slight differencias may indicate a positive role of lentic 

environments in the diversification in aquatic Coleoptera (although not conclusive). The ab-

sence of reliable methodologies to decouple speciation and extinction rates did not allow us 

to test the hypothesized higher speciation and extinction rates of lotic species.

We also analysed the relationship between habitat preference and body size evo-

lution, with smaller species in more specialized habitat (lotic) and larger species in the less 

specialized habitat (those of category ‘Both’). This gradient matched the habitat constraint 

on size predicted by Ribera and Nilsson (1995), and confirmed also by Pallarés et al. (2018) 

for Hydroporus and Graptodytes as well when they tested the Bergmann’s rule in water 

beetles. The novelty of our approach allowed us to identify that body size evolution was 

directional to optimum values (i.e. an Ornstein-Uhlenbeck model), and that it was mostly 

associated to the evolution of lineages in a particular habitat and not in the transitions to a 

different one.

The reconstruction of ancestral habitat preference estimated the most common 

recent ancestor of Hydroporini as lotic, but the absence of outgroups may compromise this 

finding. In any case, transitions from lotic environments had a similar probability than those 

from lentic environments, demonstrating that lotic environments, a more specialized habitat 

according to Ribera (2008), are not displaying the irreversibility expected if they were acting 

as an evolutionary dead-end (Kelley and Farrel, 1998).
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General highlights of diversification patterns for water beetles

In addition to the results about the diversification estimates discussed previous-

ly, more general patterns can be extracted from this thesis. A recent review (Bilton et al., 
2019) considered the research of diversification patterns a future issue to be address in wa-

ter beetles due to the limiting sampling available to reconstruct comprehensive molecular 

phylogenies. Bloom et al. (2014) and Désamoré et al. (2018) tried to identify diversification 

patterns on Hydrophilidae and Dytiscidae respectively, but could not provide general con-

clusions due to their incomplete sampling (less than 4 % of the species were included in 

the phylogenies). As we showed during the introduction, the use of limited sampling during 

phylogenetic reconstruction affect the number of speciation events and the topology of phy-

logenies (Barraclough and Nee, 2001).

The use of comprehensive phylogenies in this thesis provide novel knowledge that 

shed light about how diversification rates have been evolving, and which methodologies 

are useful for that studies. One of the most criticized methodologies for estimate diversifica-

tion rates is Bayesian Analysis of Macroevolutionary Mixtures (BAMM, Rabosky, 2014; see 

Chapter 6 for more information), but our results suggest similar rates estimates than anoth-

er methodology widely used (Methods of Moments - Magallón and Sanderson, 2001). Most 

of the differences obtained between analyses were due to incompletely sampled clades or 

to isolated clades with small number of species, just as predicted by Rabosky (2019) in his 

defence of BAMM.
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Conclusions

Chapter 1

• The tribe Hygrotini is monophyletic based on molecular data. The former five 

genera classification (sensu Miller & Bergsten, 2016) was not supported, revealing 

para- or polyphyly in all genera except for Hyphoporus Sharp.

• The definition of Hygrotini did not truly rely on unambiguous synapomorphic 

characters. A new character was presented with the intention to serve that role: 

the second carina at the base of the scape where it is articulated.

• Hygrotini is currently divided into two monophyletic genera: Clemnius Villastrigo 

et al. and Hygrotus Stephens, the former newly erected.

• Clemnius is a morphological heterogeneous genus distributed mainly in the 

Nearctic regions except for Clemnius decoratus Gyllenhal. Clemnius is divided 

into two subgenera: Cyclopius Villastrigo et al. and Clemnius s.str. Cyclopius is a 

well delimited subgenus whereas Clemnius s.str. is in turn divided into two groups 

based on morphological resemblance but not supported by molecular data.

• Hygrotus is widely distributed and comprise 4 subgenera: Coelambus Thom-

son, Hygrotus s.str., Hyphoporus and Leptolambus Villastrigo et al. Hygrotus s.str. 

is assembled by a combination of species from the former genera Herophydrus 

Guignot, Heroceras Guignot and Hygrotus.

Chapter 2

• The origin of Hygrotini is dated in the Paleocene, with primary splits that defined 

current taxonomic ranks during the first half of the Eocene.

• Multiple origins of tolerance to saline waters appeared in independent lineages 

in Hygrotini, whilst species able to tolerate hypersaline waters are concentrated in 

two clades, one in the Palaearctic and another in the Nearctic regions.

• The mode of evolution of tolerance to saline waters in Hygrotini was gradual, 

without direct transitions from freshwater to hypersaline habitats. There were re-

versal transitions from slightly saline waters to freshwater habitats, but hypersaline 

specialization is not reversible.

• There is not a clear link between aridification and tolerance to saline waters in 
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Hygrotini. However, the oldest transitions to saline waters that lead to the highest 

number of hypersaline species took place at the same period as a global decrease 

in temperature and precipitations, which can imply a connection between aridifica-

tion and tolerance to saline waters.

Chapter 3

• The tribe Ochthebiini is monophyletic. It includes six genera: Meropathus En-

derlein, Ochthebius Leach, Protochthebius Perkins, Prototympanogaster Perkins, 

Tympallopatrum Perkins and Tympanogaster Perkins. The genus Ochthebius 

comprise nine subgenera in addition to the nominal subgenus: Angiochthebius 

Jäch & Ribera, Asiobates Thomson, Aulacochthebius Kuwert, Cobalius Rey, En-
icocerus Stephens, Gymnanthelius Perkins stat.n., Gymnochthebius Orchymont, 

Hughleechia Perkins stat.n., and Micragasma Sahlberg.

• New relationships between subgenera were discovered: Aulacochthebius as 

closely related to Asiobates, Gymnochthebius as closely related to Gymnanthelius, 

and a possible relationship between Hughleechia and Enicocerus. Surprisingly, 

Micragasma was not a basal lineage within Ochthebius, and the two rockpool line-

ages (quadricollis group and Cobalius subgenera) living mainly in the Mediterrane-

an basin plus the Macaronesia were not related between them.

• We identified 17 species groups within Ochthebius s.str., four of them newly 

described (corrugatus, nitidipennis, peisonis and sumatrensis groups) and two of 

them (atriceps and rivalis groups) were created from the division of other species 

groups (foveolatus and metallescens groups respectively).

• Two subspecies of Ochthebius were elevated to species rank: O. fallaciosus 

Ganglbauer stat.n. and O. deletus Rey stat.rest.

Chapter 4

• Ochthebius (Micragasma) minoicus from Crete is described as a new species.

• Micragasma is a poorly known subgenus with only 3 species recorded in 7 local-

ities.

• Although the habitat of Micragasma species is unknown, mostly all localities are 

placed in the coast. In the case of O. (M.) minoicus, it was found to be linked to 

coastal rockpools.
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Chapter 5

• The most frequent transitions among habitat salinity in Ochthebiini are found 

from mesosaline species. Despite the reconstructed freshwater ancestor of Och-

thebiini, the high frequency of transition may support an early origin of tolerance to 

saline waters.

• Tolerance to hypersaline waters is an irreversible trait in Ochthebiini and it was 

originated multiple independent times. Hypersalinity tolerance appeared during the 

Paleocene-Eocene thermal maximum (PETM), a period associated with increased 

temperatures and decreased precipitation likely linked with a reduction of freshwa-

ter habitat availability.

• Two core shifts were detected on diversification rates linked with Asiobates and 

the species of Cobalius inhabiting eastern Mediterranean islands that arose 20 

million years ago. This increased habitat availability likely promote diversification 

in Cobalius.

• Hypersalinity tolerance was not correlated with a decrease in diversification 

rates, implying that extreme habitat specialization is not an evolutionary dead-end. 

Despite the likely influence of tolerance to saline waters on diversification rates, 

there is no evidence of it being the main factor promoting diversification.

Chapter 6

• Hydroporini exhibit heterogeneous diversification rates across lineages, with two 

to three core diversification shifts. Diversification shifts were detected within Bore-
onectes, Sternopriscus and the clade formed by Hydrocolus plus Hydroporus, all 

of them with a majority the species linked to lentic environments.

• We found similar diversification pattern between lotic and lentic habitats. The 

overlapping posterior distributions of both habitats showed a slightly higher rate for 

species living in lentic habitats. In any case, lotic environments did not follow an 

evolutionary dead-end pattern, as they showed similar transitions rates than lentic 

species.

• Body size evolution showed strong phylogenetic signal following an Orn-

stein-Uhlenbeck evolutionary model. Species living in lotic environments have the 

smallest body sizes, followed by lentic species and species in category ‘both’. This 

trend implies a negative correlation between body size and habitat specialization.
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• Evolution of body size take place during the evolution of lineages within a habitat 

and it was not linked to habitat transitions.
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Abstract

The tribe Hygrotini Portevin, 1929 is currently composed of four genera, Heroceras Guignot, 1950, Herophydrus Sharp, 

1880, Hygrotus Stephens, 1828 (with two subgenera, Coelambus Thomson, 1860, and Hygrotus s. str.), and Hyphoporus

Sharp, 1880. A recent molecular phylogeny of the tribe with ca. 45% of the 137 described species of Hygrotini, including 

the type species of all genus-level taxa, revealed extended para- or polyphyly of the current genera and subgenera (Villas-

trigo et al., Zoologica Scripta, in press), for which reason a new classification of the tribe Hygrotini is proposed. Within 

Hygrotini only two genera are recognised: Clemnius n. gen. (with two subgenera: Clemnius s. str. with type species Hy-

phydrus decoratus Gyllenhal, 1810, and Cyclopius n. subgen. with type species Hydroporus acaroides LeConte, 1855) 

and Hygrotus (with four subgenera: Coelambus, Hygrotus s. str., Hyphoporus n. stat. and Leptolambus n. subgen. with 

type species Dytiscus impressopunctatus Schaller, 1783). Two genera are synonymised under Hygrotus s. str., Herophyd-

rus n. syn. and Heroceras n. syn. The following 67 new combinations, for species thus far treated under the genera He-

roceras, Herophydrus, Hygrotus and Hyphoporus, result from the new classification: Clemnius (s. str.) berneri (Young & 

Wolfe, 1984) n. comb., Clemnius (s. str.) decoratus (Gyllenhal, 1810) n. comb., Clemnius (s. str.) hydropicus (LeConte, 

1852) n. comb., Clemnius (s. str.) laccophilinus (LeConte, 1878) n. comb., Clemnius (s. str.) sylvanus (Fall, 1917) n. 

comb., Clemnius (Cyclopius) acaroides (LeConte, 1855) n. comb., Clemnius (Cyclopius) farctus (LeConte, 1855) n. 

comb., Clemnius (Cyclopius) marginipennis (Blatchley, 1912) n. comb., Hygrotus (s. str.) assimilis (Régimbart, 1895) n. 

comb., H. (s. str.) bilardoi (Biström & Nilsson, 2002) n. comb., H. (s. str.) capensis (Régimbart, 1895) n. comb., H. (s. 

str.) confusus (Régimbart, 1895) n. comb., H. (s. str.) descarpentriesi (Peschet, 1923) n. comb., H. (s. str.) discrepatus 

(Guignot, 1954) n. comb., H. (s. str.) endroedyi (Biström & Nilsson, 2002) n. comb., H. (s. str.) gigantoides (Biström & 

Nilsson, 2002) n. comb., H. (s. str.) gigas (Régimbart, 1895) n. comb., H. (s. str.) goldschmidti (Pederzani & Rocchi, 

2009) n. comb., H. (s. str.) gschwendtneri (Omer-Cooper, 1957) n. comb., H. (s. str.) hyphoporoides (Régimbart, 1895) 

n. comb., H. (s. str.) ignoratus (Gschwendtner, 1933) n. comb., H. (s. str.) inquinatus (Boheman, 1848) n. comb., H. (s. 

str.) janssensi (Guignot, 1952) n. comb., H. (s. str.) kalaharii (Gschwendtner, 1935) n. comb., H. (s. str.) morandi (Guig-

not, 1952) n. comb., H. (s. str.) muticus (Sharp, 1882) n. comb., H. (s. str.) natator (Biström & Nilsson, 2002) n. comb., 

H. (s. str.) nigrescens (Biström & Nilsson, 2002) n. comb., H. (s. str.) nodieri (Régimbart, 1895) n. comb., H. (s. str.) ob-

scurus (Sharp, 1882) n. comb., H. (s. str.) obsoletus (Régimbart, 1895) n. comb., H. (s. str.) ovalis (Gschwendtner, 1932) 

n. comb., H. (s. str.) pallidus (Omer-Cooper, 1931) n. comb., H. (s. str.) pauliani (Guignot, 1950) n. comb., H. (s. str.)

quadrilineatus (Régimbart, 1895) n. comb., H. (s. str.) reticulatus (Pederzani & Rocchi, 2009) n. comb., H. (s. str.) ritse-

mae (Régimbart, 1889) n. comb., H. (s. str.) rohani (Peschet, 1924) n. comb., H. (s. str.) rufus (Clark, 1863) n. comb., H. 

(s. str.) sjostedti (Régimbart, 1908) n. comb., H. (s. str.) spadiceus (Sharp, 1882) n. comb., H. (s. str.) sudanensis (Guignot, 

1952) n. comb., H. (s. str.) travniceki (Šťastný, 2012) n. comb., H. (s. str.) tribolus (Guignot, 1953) n. comb., H. (s. str.)

variabilis secundus (Régimbart, 1906) n. comb., H. (s. str.) variabilis variabilis (Guignot, 1954) n. comb., H. (s. str.) ver-

ticalis (Sharp, 1882) n. comb., H. (s. str.) vittatus (Régimbart, 1895) n. comb., H. (s. str.) wewalkai (Biström & Nilsson, 

2002) n. comb., Hygrotus (Hyphoporus) anitae (Vazirani, 1969) n. comb., H. (Hyphoporus) aper (Sharp, 1882) n. comb., 

H. (Hyphoporus) bengalensis (Severin, 1890) n. comb., H. (Hyphoporus) bertrandi (Vazirani, 1969) n. comb., H. (Hyph-

oporus) caliginosus (Régimbart, 1899) n. comb., H. (Hyphoporus) dehraduni (Vazirani, 1969) n. comb., H. (Hyphopo-

rus) elevatus (Sharp, 1882) n. comb., H. (Hyphoporus) geetae (Vazirani, 1969) n. comb., H. (Hyphoporus) josephi 

(Vazirani, 1969) n. comb., H. (Hyphoporus) kempi (Gschwendtner, 1936) n. comb., H. (Hyphoporus) montanus (Régim-
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bart, 1899) n. comb., H. (Hyphoporus) nilghiricus (Régimbart, 1903) n. comb., H. (Hyphoporus) oudomxai (Brancucci 

& Biström, 2013) n. comb., H. (Hyphoporus) pacistanus (Guignot, 1959) n. comb., H. (Hyphoporus) pugnator (Sharp, 

1890) n. comb., H. (Hyphoporus) severini (Régimbart, 1892) n. comb., H. (Hyphoporus) subaequalis (Vazirani, 1969) n. 

comb., H. (Hyphoporus) tonkinensis (Régimbart, 1899) n. comb.

Key words: Coleoptera, Dytiscidae, Hydroporinae, Hygrotini, phylogeny, new classification, new genus, new subgenera, 

new combinations, new synonyms

Introduction

The diving beetle tribe Hygrotini (Dytiscidae: Hydroporinae) is a relatively small and homogeneous lineage, with 

137 species currently included in four genera: Heroceras Guignot, 1950, Herophydrus Sharp, 1880, Hyphoporus

Sharp, 1880, and Hygrotus Stephens, 1828, the latter with two subgenera, Hygrotus s. str. and Coelambus

Thomson, 1860 (Nilsson & Hájek 2017a). They have a predominantly Holarctic and Ethiopian distribution, with 

some species reaching the Oriental and the north of the Neotropical regions (Nilsson & Hájek 2017a).

The taxonomic history of Hygrotini has experienced several modifications since the original description of the 

tribe by Portevin (1929). Previous to this author, Sharp (1882: 389) listed Coelambus (in which he included species 

currently in Hygrotus and Herophydrus) as well as Herophydrus and Hyphoporus (both erected two years earlier) 

as the three first genera in his "Group Hydroporini". Portevin (1929: 180) excluded from Hydroporini the genera 

Oxynoptilus Schaum, 1867 (junior ojective synonym of Hydrovatus Motschulsky, 1853), Hyphydrus Illiger, 1802, 

and Hygrotus, and erected for these three genera the tribe Hygrotini, based on the common presence of an oblique 

epipleural carina near the elytral shoulders which separates the smaller anterior part (the genicular area or fossa, 

which receives the front- and midleg knees when the legs are folded; cf. Sharp 1882: 242) from the longer posterior 

part of the elytral epipleura. However, most authors continued to include Hygrotus and allied genera within the 

wider tribe Hydroporini as defined by Sharp (1882). Nilsson & Holmen (1995: 30) reinstated the tribe Hygrotini, 

excluding the genera Hyphydrus and Hydrovatus (which were already in their own tribes Hyphydrini and 

Hydrovatini respectively), but including the genus Pseudhydrovatus Peschet, 1924, which subsequently was shown 

to be a junior synonym of Hydrovatus (see Biström 2002).

The generic concepts within Hygrotini also suffered multiple changes. Thomson (1860) realised that Hygrotus

sensu Stephens (1828) comprised two different morphological groups according to the aspect of the anterior 

margin of clypeus, establishing the genus Coelambus for the species without clypeal rim. The status of both 

Coelambus and Hygrotus has generated controversy among different authors, as the character of the clypeal rim in 

fact shows considerable variation (see Falkenström 1933, Balfour-Browne 1934, Anderson 1971, or Biström & 

Nilsson 2002, and the Appendix for a detailed discussion). Sharp (1882) considered Coelambus as a genus divided 

into different groups according to the morphology of the anterior part of the head and the clypeus, with Dytiscus 

inaequalis Fabricius, 1777 (the type species of the genus Hygrotus) included in his Group I. Other authors followed 

his criterion (e.g. Fall 1919), but Balfour-Browne (1940) and Hatch (1953) (among others) considered again 

Coelambus as a subgenus of Hygrotus, a treatment that has prevailed since then (although Miller & Bergsten 2016 

recently re-established Coelambus as a valid genus, but without detailed discussion).

As for the other genera currently included in Hygrotini, Sharp (1880: cxlviii) erected within Hydroporini the 

new genus Herophydrus for what was known as Hydroporus hyphydroides Perris, 1864 (= Hyphydrus guineensis

Aubé, 1838), plus five undescribed species from Africa and Madagascar, and the new genus Hyphoporus for 

Hydroporus solieri Aubé, 1838, and two other undescribed species. Two years later, Sharp (1882: 997; nec 

Branden 1885: 39) synonymised H. hyphydroides with H. guineensis and described the species mentioned in Sharp 

(1880) as new, five in Herophydrus and two in Hyphoporus. It is notable that in Sharp (1882) the current 

Herophydrus musicus (Klug, 1834) was maintained in the genus Coelambus.

The identity of the genera of Hygrotini has been problematic ever since. Guignot (1950) was the first author 

who characterised Hyphoporus and Herophydrus by using as main character the morphology of the male genitalia, 

asymmetric in the first and symmetric in the second. Finally, Heroceras was erected by Guignot (1950) for a 

species from Madagascar (Herophydrus descarpentriesi Peschet, 1923) with some peculiar characters (such as e.g. 

dilated antennae, see below).

Until recently the internal phylogeny of Hygrotini has only been addressed as part of wider studies on the 
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phylogeny of Dytiscidae, or the revision of particular genera. Remarkably, all published studies failed to recover 

the respective monophyly of Hygrotus and Herophydrus, either using molecular (Ribera et al. 2002, 2008; Abellán 

et al. 2013; Miller & Bergsten 2014) or morphological data, both of larvae (Alarie & Michat 2007) and adults 

(Miller 2001; Biström & Nilsson 2002). The phylogenetic position of the genera Hyphoporus and Heroceras has 

only been addressed using morphological data by Biström & Nilsson (2002), who found Hyphoporus as sister to 

the studied species of Coelambus, and Heroceras as sister to the species of Herophydrus plus Hygrotus.

In a previous work by the same authors (Villastrigo et al., in press) we reconstructed the evolution of the 

tolerance to salinity within tribe Hygrotini, which includes some of the few diving beetles able to live at salt 

concentrations more than double that of seawater (e.g. Hygrotus salinarius (Wallis, 1924) or H. pallidulus (Aubé, 

1850); Timms & Hammer 1988, Picazo et al. 2010). With that purpose, a molecular phylogeny of the tribe was 

estimated, including ca. 45% of the described species. Results revealed that two of the four currently recognised 

genera of Hygrotini and one subgenus were para- or polyphyletic (Hygrotus, Herophydrus and subgenus 

Coelambus), and the monotypic Heroceras was deeply nested within a clade of Madagascan Herophydrus. The 

need of a new classification of Hygrotini in order to reconcile the taxonomic ordination of the tribe with its 

phylogeny was clear, but it was considered more appropriate to present the corresponding taxonomic changes in a 

separate work.

Material and methods

Phylogenetic data. We used the phylogeny of Hygrotini obtained in Villastrigo et al. (in press), which included 

sequence data from 99 specimens of 61 species representing all four currently recognised genera of Hygrotini 

(Table 1). Most importantly, the phylogeny included the type species of all nine genus-group names within 

Hygrotini (Nilsson & Hájek 2017a). Outgroups included a selection of species of Hydroporini, and trees were 

rooted on Laccornis Gozis, 1914, considered to be outside Hydroporini and Hygrotini and in a basal position 

within Hydroporinae (Ribera et al. 2008; Miller & Bergsten 2014).

For a detailed explanation of the methods used to obtain the molecular data and the phylogeny see Villastrigo 

et al. (in press). In summary, the phylogeny was built using fragments of seven genes in six sequencing reactions, 

three mitochondrial: (1) 5' end of cytochrome c oxidase subunit 1 (COI-5, the "barcode" fragment, Hebert et al.

2003), (2) 3' end of cytochrome c oxidase subunit 1 (COI-3), (3) 5' end of 16S RNA plus the Leucine tRNA plus 5' 

end of NADH dehydrogenase subunit I (16S); and three nuclear: (4) an internal fragment of the large ribosomal 

unit 28S RNA (28S), (5) an internal fragment of the small ribosomal unit, 18S RNA (18S) and (6) an internal 

fragment of Histone 3 (H3). Vouchers and DNA samples of all specimens used in the phylogeny are kept in the 

collections of the Institute of Evolutionary Biology (IBE, Barcelona) and Museo Nacional de Ciencias Naturales 

(MNCN, Madrid).

To reconstruct the phylogeny, sequences were aligned using the online version of MAFFT 7 with the G-INS-I 

algorithm (Katoh et al. 2009) and a fast Maximum Likelihood (ML) heuristic algorithm in RAxML-HPC2 

(Stamatakis 2006) in the CIPRES Science Gateway (Miller et al. 2010), using a partition by genes with a GTR+G 

evolutionary model independently estimated for each partition and assessing node support with 100 pseudoreplicas 

with a rapid bootstrapping algorithm (Stamatakis et al. 2008).

Morphological data. Specimens were studied with an Olympus SZX16 stereomicroscope. For the figures, 

stacks of micrographs were made with a Canon EOS 650D camera attached to the stereomicroscope. These stacks 

were subsequently treated with the image stacking software Helicon Focus Pro version 6.4.1. For the SEM-

micrographs, specimens were placed on stubs and coated with gold (Sputter Coater, Quorum Technologies Ltd., 

Ashford, England). Micrographs were taken with an ESEM XL30 (Philips, Amsterdam, The Netherlands) and 

Scandium FIVE software (Olympus, Münster, Germany) in the Phyletisches Museum (Jena, Germany). Adobe 

Photoshop CS5 software was used to retouch micrographs and ink drawings. Most ink drawings are reproduced 

from Fery (2003) with the permission of M.A. Jäch (Vienna, Austria); this is not mentioned in the legends of the 

figures. 

To estimate the likely phylogenetic relationships of the species for which no molecular data could be obtained, 

and to complete the taxonomic rearrangement of the tribe Hygrotini (see below), we studied all described species 

of the subgenera Hygrotus and Coelambus with the only exceptions of H. (Coelambus) artus (Fall, 1919), known 
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only from the holotype and considered to be possibly extinct (see Anderson 1983), and H. (Coelambus) femoratus

(Fall, 1901), which is likely a junior synonym of H. (Coelambus) nubilus (LeConte, 1855) (see Anderson 1983). 

Additionally, we have studied a selection of species of Herophydrus and Hyphoporus (see Table 1 for the studied 

material).

Species for which no molecular data were available were considered to be closely related to those showing a 

high morphological similarity, based both on external characters and on the female and male genitalia. For species 

without obvious close relatives we identified diagnostic characters or character combinations for the main clades in 

the phylogeny, and placed these species according to the presence or absence of these characters. We used 

Mesquite v3.20 (Maddison & Maddison 2017) to manually place all species in their estimated position in the 

phylogenetic tree (used as a backbone tree), and collapsed uncertain nodes to create polytomies.

Throughout the text of the present work, we follow the classification and nomenclature of Nilsson & Hájek 

(2017a, b) until we introduce our new classification. The following abbreviations are used in the text: TL (total 

length) and MW (maximum width); MNHN is used for "Muséum National d'Histoire Naturelle, Paris, France" and 

FSCA for "Florida State Collection of Arthropods, Gainesville, Florida, USA".

A new classification of the tribe Hygrotini

According to the phylogenetic results of Villastrigo et al. (in press) the monophyly of Hygrotini is recovered with 

strong support, as well as the division of Hygrotini into two clades (see Fig. 1, in which the former generic and 

subgeneric names are still used): (A) three Nearctic and one Palaearctic species of subgenera Hygrotus and 

Coelambus and (B) the remaining species of the tribe. The latter was in turn divided into four further clades: (B1) a 

group of Palaearctic species of Coelambus including Hygrotus (Coelambus) confluens (Fabricius, 1787) (the type 

species of Coelambus), (B2) the two sampled species of Hyphoporus (including its type species, H. solieri), (B3) a 

large group of species including Heroceras, all sampled Herophydrus (including its type species H. guineensis) and 

most species of Hygrotus s. str. (including its type species H. inaequalis) and (B4) the remaining species of 

Coelambus, in turn divided into two sister clades, one with mostly Palaearctic species and a second with mostly 

Nearctic species. The internal phylogeny of the main clades was in general in good agreement with the recognised 

species groups among Hygrotus and Coelambus based on morphology (see e.g. Anderson 1971, 1976, 1983; Fery 

1992, 1995, 2003). 

Given the para- or polyphyly of the genera Hygrotus and Herophydrus and of the subgenus Coelambus in their 

current concepts, we provide here a new classification of the tribe with the aim to avoid para- or polyphyletic 

genera and subgenera. This section includes brief descriptions of the principal diagnostic characters of the newly 

classified taxa, which were delimited according to the main clades of the phylogeny (see Table 1 for a complete 

checklist of the species of the tribe, and Fig. 2 for a dendrogram representing graphically the new classification).

Tribe Hygrotini Portevin, 1929: 180, as tribe of subfamily Hydroporinae.

Type genus: Hygrotus Stephens, 1828: 38. 

Diagnosis. Within Hydroporinae, species of Hygrotini are usually characterised by the following combination of 

characters: 

- metepisternum (metepiventrite in Miller & Bergsten 2016: 139) reaching mesocoxal cavities, not separated by 

mesepimeron (in contrast to members of Vatellini);

- apices of elytra and last abdominal ventrite not acuminate (in contrast to members of Methlini);

- prosternal process elongate with apex narrowly pointed or rounded (in contrast to members of Hydrovatini);

- dorsal (anterior) margin of metafemur separated from metacoxal lobe by metatrochanter (in contrast to 

members of Laccornellini and Laccornini);

- humeral portion of epipleuron with oblique carina delimiting genicular fossa (character shared with members 

of Hydrovatini, Hyphydrini and genus Rhithrodytes Bameul, 1989 in Hydroporini; cf. Fery 2013, 2016; see 

Fig. 53 for Rhithrodytes agnus Foster, 1992, and Figs 49–52 for some Hygrotus species).
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- metatarsal claws equal in length, with exception of members of C. saginatus-group (see Fery 1992, 1995, 

2003) and in contrast to members of Hyphydrini and Pachydrini (see e.g. Pederzani 1995; Miller & Bergsten 

2016).

None of these characters is, however, an unambiguous synapomorphy of the group. We introduce here a 

potentially unambiguous synapomorphy of tribe Hygrotini, recognised by one of us (H.F.). In many members of 

Hydroporinae the antennal cavities in the fronto-lateral part of the head are rather deep and more or less conical 

(much flatter e.g. in Hyphydrini), allowing the movement of the first antennomere (the scape). These cavities are 

delimited dorsally by the anterior border of the clypeus ("b" in Figs 3–6). Inside each cavity there is a capsule in 

which the base of the scape (the condyle) is articulated. This capsule is delimited by a distinct more or less circular 

carina ("a" in Figs 3–6). In all studied species of Hygrotini there is an additional–more or less semicircular–carina 

("c" in Figs 4–6) which is closer to the border of the clypeus and surrounds in part the other carina. In the species of 

Hydroporini this additional carina is not present (see Fig. 3 for Hydroporus dorsalis (Fabricius, 1787) or fig. 33 in 

Fery & Bouzid 2016 for Tassilodytes parisii (Gridelli, 1939)). In a few species of Hygrotini the second carina is 

difficult to observe or is very narrow (as in e.g. Heroceras descarpentriesi and Hygrotus (Coelambus) salinarius), 

but is nevertheless clearly perceptible when the specimens are properly illuminated and orientated. However, in 

most specimens studied of Hygrotus (Coelambus) masculinus (Crotch, 1874), the second carina is reduced to a 

short piece near the mandible.

According to the phylogeny reconstructed in Villastrigo et al. (in press) the tribe Hygrotini is divided into two 

well supported monophyletic lineages, which are considered here with generic rank. Each of these two lineages is 

in turn divided into generally well supported clades, which are treated as subgenera. In some cases these clades 

have lower support in the molecular phylogeny, and are also not well defined morphologically (see below and 

Appendix for a discussion on the clypeal bead, the main character used so far to differentiate genera and subgenera 

within Hygrotini), so we opted for a subgeneric rather than a generic rank.

Due to the new classification 67 species are for the first time included in the genus Clemnius n. gen. or in 

Hygrotus, thus their names becoming new combinations. We have listed all these species in Table 1 marked with 

"n. comb." These changes have also generated some homonymies which will be resolved in a separate work (H. 

Fery, manuscript in preparation).

The genera and subgenera are treated below in the same order as in Fig. 2, starting from the lower part of the 

figure.

Genus Clemnius n. gen.

Type species: Hyphydrus decoratus Gyllenhal, 1810: XVI, by present designation.

The new genus Clemnius n. gen. includes eight described species distributed in the Nearctic (including the north of 

Mexico, sometimes treated as Neotropical) and in the Palaearctic zoogeographical region (Fig. 2 and Table 1). 

Diagnosis. In the new classification Clemnius n. gen. is one of two genera of the tribe Hygrotini. All species of 

this and the second genus Hygrotus have two carinae in each antennal cavity (see Figs 4–6), a unique character 

among the entire subfamily Hydroporinae. The new genus—which corresponds to clade A in Fig. 1—is a 

heterogeneous assembly of relatively small species with different morphological characters. It is subdivided into 

two sister-clades each treated as a subgenus: Cyclopius n. subgen. and Clemnius s. str. n. subgen. (see Fig. 2). 

Subgenus Cyclopius n. subgen.

Type species: Hydroporus acaroides LeConte, 1855: 294, by present designation.

The subgenus Cyclopius n. subgen. contains three species of the former subgenus Hygrotus (see Fig. 2 and Table 

1).
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FIGURE 1. Phylogeny of Hygrotini, modified from Villastrigo et al. (in press). Numbers above nodes are bootstrap support 

values. Note that here the former generic and subgeneric names are still used.
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FIGURE 2. Dendrogram showing the new classification of Hygrotini. A number of species without molecular data (no 

voucher number) have been inserted near morphologically similar species with molecular data. Acronyms refer to 

biogeographical regions.
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FIGURES 3–4. Antennal cavities of: (3) Hydroporus dorsalis (Hydroporini) and (4) Hygrotus (Leptolambus) lagari (Fery, 

1992) (a: carina delimiting capsule for scape; b: fronto-lateral border of clypeus; c: second carina).

Diagnosis. Body shape subglobose (TL/MW ca. 1.35–1.6); body size small (TL 2.1–2.6 mm) (cf. Fig. 7 for 

Clemnius (Cyclopius) acaroides). Head with anterior clypeal margin truncate and slightly emarginated, border not 

produced forwards; bead broadly interrupted medially (C. (Cyclopius) acaroides and C. (Cyclopius) marginipennis

(Blatchley, 1912)) or absent (C. (Cyclopius) farctus (LeConte, 1855)); antennomeres simple, not broadened. Elytra 

with margin in lateral view rather strongly ascending to shoulder (similar to Fig. 54); epipleuron comparably broad, 

broader than mesotibia distally; carina meeting inner margin of epipleuron forming a comparably small angle (< ca. 

135°; similar to Fig. 49). Colour pattern of elytra variable, from yellowish with dark vittae to more or less 

uniformly dark brownish or blackish; venter brownish to dark brownish, partly paler.
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Males with last abdominal ventrite with deep medial depression, its anterior margin with two long spines 

projecting backwards and more posteriorly with two rather short ones directed perpendicular to surface (see fig. 

24B in Larson et al. 2000), a unique character in Hygrotini and also in Dytiscidae. Median lobe symmetric, robust 

in C. (Cyclopius) acaroides (Fig. 19) and C. (Cyclopius) marginipennis, but very thin in C. (Cyclopius) farctus. 

Parameres with condylar process short, forming an obtuse angle with distal part (see Fig. 29; cf. figs. 10–12 in 

Anderson 1971). Male metatarsal claws of equal length.

FIGURES 5–6. SEM micrographs with details of head and antennal cavities of: (5) Hygrotus (Leptolambus) 

impressopunctatus (frontal view) and (6) Hygrotus (s. str.) inaequalis (oblique ventral view) (a, b and c as in Figs 3–4; d: 

clypeal stripe; e: labrum).
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FIGURES 7–12. Habitus of: (7) Clemnius (Cyclopius) acaroides, (8) Hygrotus (s. str.) inaequalis, (9) Hygrotus (Coelambus) 

confluens, (10) Clemnius. (s. str.) decoratus, (11) Clemnius (s. str.) laccophilinus and (12) Clemnius (s. str.) berneri (male 

holotype and labels).
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FIGURES 13–18. Habitus of: (13) Hygrotus (Leptolambus) impressopunctatus, (14) H. (Leptolambus) orthogrammus, (15) H. 

(Leptolambus) obscureplagiatus, (16) H. (s. str.) guineensis, (17) H. (s. str.) descarpentriesi (male syntype and labels) and (18) 

H. (Hyphoporus) solieri (Figs 14 and 18 are reproduced from Fery et al. 2012 with the permission of F. Gusenleitner, Linz, 

Austria).
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FIGURES 19–28. Median lobe in ventral and lateral view of: (19) Clemnius (Cyclopius) acaroides, (20) Clemnius (s. str.) 

berneri, (21) Clemnius (s. str.) decoratus, (22) Hygrotus (s. str.) inaequalis, (23) H. (Coelambus) enneagrammus, (24) H. 

(Coelambus) confluens, (25) H. (Leptolambus) parallellogrammus, (26) H. (Leptolambus) impressopunctatus, (27) H. (s. str.) 

guineensis and (28) H. (Hyphoporus) tonkinensis (Fig. 28 is a modified reproduction of figs 3 and 4 in Brancucci & Biström 

2013).

Etymology. From the Greek χύκλος (kyklos = circle), referring to the semicircular shape of the clypeus of the 

species of the subgenus. The gender of the name is masculine.

Distribution. Nearctic: Canada and USA.

Main habitat types. Species of this subgenus are typically known from lentic freshwater habitats; Blatchley 

(1912: 330) reported C. (Cyclopius) marginipennis from "shallow brackish ponds".
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FIGURES 29–40. Left paramere of: (29) Clemnius (Cyclopius) acaroides, (30) Clemnius (s. str.) berneri, (31) Clemnius (s. 

str.) decoratus, (32) Hygrotus (s. str.) inaequalis, (33) H. (Leptolambus) fresnedai, (34) H. (Leptolambus) impressopunctatus, 

(35) H. (Leptolambus) parallellogrammus, (36) H. (Leptolambus) nubilus, (37) H. (Coelambus) enneagrammus, (38) H. 

(Coelambus) confluens, (39) H. (s. str.) guineensis and (40) H. (Hyphoporus) tonkinensis (Fig. 40 is a modified reproduction of 

fig. 5 in Brancucci & Biström 2013).

Subgenus Clemnius s. str. n. subgen.

Type species: Hyphydrus decoratus Gyllenhal, 1810: XVI, by present designation.
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The subgenus Clemnius n. subgen. contains five species of the former genus Hygrotus, subgenera Hygrotus and 

Coelambus (see Fig. 2 and Table 1).

Diagnosis. Body shape oval, either almost globose (TL/MW ca. 1.6) (see Fig. 10 for C. (s. str.) decoratus) or 

more elongated, "navicular" (TL/MW 1.7–1.8) (see Fig. 11 for C. (s. str.) laccophilinus (LeConte, 1878)), with 

MW short behind pronotum and distinctly before mid-length (still somewhat more elongated in C. (s. str.) berneri 

Young & Wolfe, 1984, with TL/MW ca. 2.05; see Fig. 12 for holotype and its labels; FSCA); body size small (TL 

2.1–3.3 mm). Clemnius (s. str.) decoratus and C. (s. str.) hydropicus (LeConte, 1852) with anterior clypeal margin 

evenly and semicircularly rounded, with border produced forwards and bead complete as in subgenus Hygrotus s. 

str. In contrast Clemnius (s. str.) laccophilinus, C. (s. str.) berneri and C. (s. str.) sylvanus (Fall, 1917) with anterior 

clypeal margin truncate and slightly emarginated, with border not produced forwards and bead absent. 

Antennomeres simple, not broadened. Elytra with margin in lateral view moderately ascending to shoulder (similar 

to Fig. 55); epipleuron comparably broad, broader than mesotibia distally; carina meeting inner margin of 

epipleuron forming a comparably small angle (< ca. 135°; similar to Fig. 49). Elytra either dark, uniformly 

testaceous or with yellowish-brown dots, but not vittate; venter brown or testaceous. Last abdominal ventrite 

without deep depression.

Aedeagus with median lobe symmetric, robust in C. (s. str.) decoratus (Fig. 21) and C. (s. str.) hydropicus (cf. 

fig. 13 in Anderson 1971) or distally very narrow in C. (s. str.) berneri (Fig. 20), C. (s. str.) laccophilinus and C. (s. 

str.) sylvanus (cf. also figs 1A and 2A in Anderson 1976). Parameres with condylar process rather short and 

forming an obtuse angle with distal part (Figs 30 and 31; cf. also figs 1B and 2B in Anderson 1976). Male 

metatarsal claws of equal length.

Etymology. From the Greek χλεμμύϛ (klemmys = tortoise); referring to the almost hemispherical body shape 

of most species. The gender of the generic name is masculine.

Distribution. Palaearctic (Europe, Russia and Kazakhstan), Nearctic and Neotropical (northern part of 

Mexico).

Main habitat types. The subgenus includes species typical of lentic freshwater environments.

Notes: Within the subgenus there are two clear groups of species according to body shape and genital 

morphology, one formed by C. (s. str.) decoratus and C. (s. str.) hydropicus (body shape more globular, aedeagus 

robust with short medial lobe), and the other by C. (s. str.) berneri, C. (s. str.) laccophilinus and C. (s. str.) sylvanus

(body shape more elongated, "navicular", aedeagus slender with elongated median lobe). The phylogenetic 

relationships of the species for which molecular data were available are poorly supported (Fig. 1), but in any case 

we never recovered these two groups as respectively monophyletic. We thus refrain from splitting Clemnius n. 

subgen. into two taxa corresponding to these two groups, at least until more evidence becomes available.

Genus Hygrotus Stephens, 1828

Type species: Dytiscus inaequalis Fabricius, 1777: 239, by subsequent designation of Curtis (1835: pl. 531).

The genus Hygrotus as here defined includes 129 described species (two of them bitypic) distributed in the 

Nearctic (including the north of Mexico), Palaearctic, Afrotropical and Oriental zoogeographical regions (Fig. 2 

and Table 1). One Nearctic species was introduced to Hawaii (see below), which belongs to the Pacific region. 

Diagnosis. In the new classification Hygrotus is the second of two genera of the tribe Hygrotini. As in 

Clemnius n. gen. all species of the genus have two carinae in each antennal cavity (see Figs 4–6).

According to the two main clades in the phylogeny of Hygrotini and several morphological characters, the 

genus (which corresponds to Clade B in Fig. 1) is subdivided into four clades corresponding to the following four 

subgenera: clade B1 = subgenus Coelambus, clade B2 = subgenus Hyphoporus, clade B3 = subgenus Hygrotus s. 

str. and clade B4 = Leptolambus n. subgen.

Subgenus Coelambus Thomson, 1860

Type species: Dytiscus confluens Fabricius, 1787: 193, by subsequent designation of Zaitzev (1953: 129).
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FIGURES 41–48. Head with details of clypeal rim of (41) Hygrotus (Leptolambus) impressopunctatus, (42) H. (Hyphoporus) 

solieri, (43) H. (s. str.) guineensis, (44) H. (s. str.) inaequalis, (45) idem in lateral view, (46) H. (Coelambus) confluens (the 

lighter area before the anterior border of the clypeus is the "clypeal stripe"; see Appendix), (47) H. (Leptolambus) masculinus

and (48) idem in lateral view.
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FIGURES 49–55. (49–53): Epipleuron with oblique epipleural carina and genicular fossa of: (49) Clemnius (s. str.) berneri, 

(50) Hygrotus (Leptolambus) polonicus polonicus, (51) H. (Coelambus) caspius, (52) H. (Leptolambus) impressopunctatus and 

(53) Rhithrodytes agnus; epipleural carina (c) and inner margin of epipleuron (m) including angle mentioned in diagnoses of 

subgenera. (54–55): Elytral margin in lateral view of: (54) H. (Coelambus) caspius (strongly ascending to shoulder) and (55)

Clemnius (s. str.) berneri (moderately ascending to shoulder) (Figs 52 and 53 are reproduced from Fery 2013 and from Fery 

2016 with the permissions of F. Gusenleitner, Linz, Austria, and G. Foster, Ayr, UK, respectively).

The subgenus Coelambus contains eight Palaearctic and one Nearctic species (Hygrotus (C.) punctilineatus (Fall, 

1919)).

Diagnosis. Body shape moderately to elongate oval (TL/MW ca. 1.7–2.0); small to medium sized species (TL 

3.0–4.5 mm) (see Fig. 9 for H. (Coelambus) confluens). Head with anterior clypeal margin truncate and slightly 

emarginated, border not produced forwards; bead absent. Antennomeres simple, not broadened. Elytra with margin 

in lateral view strongly ascending to shoulder (see Fig. 54 for H. (Coelambus) caspius (Wehncke, 1875)); 

epipleuron comparably narrow, narrower than mesotibia distally; carina meeting inner margin of epipleuron 

forming a comparably wide angle (< ca. 150°; similar to Fig. 51). Elytra light yellowish (more yellowish brown in

H. (Coelambus) ahmeti Hájek, Fery & Erman, 2005), distinctly vittate (in some species/individuals vittae strongly 

reduced in anterior half). Venter usually black, but females of some species (e.g. H. (Coelambus) pallidulus) with 

abdomen at least in part yellow or brownish. Last abdominal ventrite without deep depression.

Aedeagus with median lobe elongate, very slender (distal half very thin in lateral view), symmetric or almost 

symmetric (e.g. in H. (Coelambus) enneagrammus (Ahrens, 1833), and H. (Coelambus) confluens; see Figs 23 and 
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24). Parameres with condylar process rather long and forming an almost right angle with distal part (Figs. 37 and 

38 for H. (Coelambus) enneagrammus and H. (Coelambus) confluens, respectively). Male metatarsal claws of 

equal length.

Distribution. Mainly Palaearctic, with one species in Canada and northern USA (Hygrotus (Coelambus) 

punctilineatus).

Main habitat types. The subgenus includes species typical of both lentic and lotic habitats, with varied 

salinity tolerance going from freshwater to hypersaline.

Subgenus Hyphoporus Sharp, 1880 n. stat.

Type species: Hydroporus solieri Aubé, 1838: 554, by monotypy.

The subgenus Hyphoporus contains 19 species distributed in the Oriental and Palaearctic regions (see Fig. 2 and 

Table 1).

Diagnosis. Body shape short oval (TL/MW ca. 1.6–1.7), rather globose; small to medium sized species (TL 

3.5–5.6 mm) (see Fig. 18 for H. (Hyphoporus) solieri). Head with anterior clypeal margin truncate, straight or 

slightly emarginated, border not produced forwards; bead continuous, middle part narrowed in most species (see 

Fig. 42 for H. (Hyphoporus) solieri); (except H. (Hyphoporus) bengalensis (Severin, 1890) with continuous bead). 

Antennomeres simple, not broadened. Elytra with margin in lateral view moderately ascending to shoulder (similar 

to Fig. 55); epipleuron comparably broad, broader than mesotibia distally; carina meeting inner margin of 

epipleuron forming a comparably small angle (< ca. 135°; similar to Fig. 50). Elytra with interrupted vittae or 

dotted (in some species very darkened); venter black or brown. Last abdominal ventrite without deep depression.

Aedeagus with median lobe robust, asymmetric (see Fig. 28 for Hygrotus (Hyphoporus) tonkinensis (Régimbart, 

1899); in H. bengalensis median lobe more or less symmetric; see Vazirani 1969 for several further figures); 

parameres with condylar process of diverse length, forming an obtuse angle with distal part (see Fig. 40 for H.

(Hyphoporus) tonkinensis). Male metatarsal claws of equal length.

Distribution. Palaearctic and Oriental, from Iran to India and south-east Asia; one species–H. (Hyphoporus)

solieri–from Iran to the Arabian Peninsula and Egypt.

Main habitat types. There is no information on the habitat of most of the species of the subgenus, although 

they are likely to be mostly associated with freshwater environments. However, it shall be mentioned that Hájek 

(2006: 48) illustrated a rest-pool in a wadi (Pir Sohrab, Iran) where he has collected H. (Hyphoporus) aper (Sharp, 

1882) together with Neptosternus circumductus Régimbart, 1899.

Subgenus Hygrotus Stephens, 1828

Type species: Dytiscus inaequalis Fabricius, 1777: 239, by subsequent designation of Curtis (1835: pl. 531).

Herophydrus Sharp, 1880: cxlviii; type species: Hydroporus hyphydroides Perris, 1864: 277 (= Herophydrus guineensis (Aubé 

1838: 455)), by monotypy. n. syn.

Dryephorus Guignot, 1950: 150; type species: Coelambus nodieri Régimbart, 1895: 37, by original designation of Guignot 

(1950: 150). n. syn.

Heroceras Guignot, 1950: 150; type species: Herophydrus descarpentriesi Peschet, 1923: 176, by original designation of 

Guignot (1950: 150). n. syn.

The newly defined subgenus Hygrotus s. str. includes six species previously included in the former subgenus 

Hygrotus s. str., the single species of former genus Heroceras (H. descarpentriesi) and all 44 species (one of them 

bitypic) of the former genus Herophydrus (see Fig. 2 and Table 1).

Diagnosis. Body shape short oval to moderately elongate oval (TL/MW ca. 1.7–1.8); species of former 

Hygrotus s. str. and Heroceras small (TL 2.8–3.6 mm) (see Fig. 8 for H. (s. str.) inaequalis and Fig. 17 for H. (s. 

str.) descarpentriesi) and species of former Herophydrus small to large (TL 2.6–7.4 mm) (see Fig. 16 for H. (s. str.) 

guineensis). Head of species of former Hygrotus with anterior clypeal margin evenly and semicircularly rounded, 

border produced forwards and with complete bead (see Figs 44 and 45 for H. (s. str.) inaequalis); species of former 
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Herophydrus and Heroceras with anterior clypeal margin truncate, straight or slightly emarginated, border not 

produced forwards; bead present, but in many species narrowed in medial part (see Fig. 43 for H. (s. str.) 

guineensis), in others medially obsolete or widely reduced except before eyes (cf. Appendix). Antennomeres 

simple, not broadened except in H. (s. str.) descarpentriesi, with antennomeres of both sexes, but especially males, 

strongly dilated (Fig. 17). Elytra with margin in lateral view rather strongly ascending to shoulder (similar to Fig. 

54); epipleuron comparably broad, broader than mesotibia distally; carina meeting inner margin of epipleuron 

forming a comparably small angle (< ca. 135°; similar to Fig. 49). Elytral pattern diverse (vittate, dotted or 

uniform); venter black or brown. Last abdominal ventrite without deep depression.

Aedeagus with median lobe robust, distal part very diverse in ventral view, more or less symmetric (see Figs 

22 and 27 for H. (s. str.) inaequalis and H. (s. str.) guineensis) or at most slightly asymmetric in some former 

Herophydrus (see figures in Biström & Nilsson 2002); parameres with condylar process generally short, forming 

an obtuse angle with distal part (see Fig. 32 and 39 for H. (s. str.) inaequalis and H. (s. str.) guineensis). Male 

metatarsal claws of equal length.

Distribution. Palaearctic, Nearctic, Ethiopian and Oriental. Species of the former subgenus Hygrotus (the H. 

(Hygrotus) inaequalis-group in Fig. 2) are distributed in Europe, northern Africa, Asia and northern America 

(reaching northern Mexico); species of former Herophydrus occur mainly in Africa, with five species in the 

Palaearctic, one (H. (s. str.) musicus) reaching the Oriental region and H. (s. str.) morandi (Guignot, 1952) known 

from Cambodia only; H. (s. str.) descarpentriesi is endemic to mountainous regions in south-eastern Madagascar.

Main habitat types. The subgenus includes species typical of lentic and lotic freshwater environments; some 

species can be found in inland mineralised or coastal brackish waters, such as for example H. (s. str.) musicus

(Millán et al. 2006). The latter species can also be found in mineral and thermal spring-pools (pers. communication 

by J. Hájek, Prague, Czech Republic). The habitat of most African species of the subgenus is poorly known.

Subgenus Leptolambus n. subgen. 

Type species: Dytiscus impressopunctatus Schaller, 1783: 312, by present designation.

The subgenus includes 51 species (one of them bitypic), all previously included in the former subgenus Coelambus

(see Fig. 2 and Table 1). Notes: Coelambus hudsonicus Fall, 1919 is treated by us as junior subjective synonym of 

Hygrotus (Leptolambus) novemlineatus (Stephens, 1829) (according to Nilsson & Hájek 2017a). We are aware that 

some authors (e.g. Foster et al. 2016) accepted subspecific rank for this taxon and others (e.g. Alarie et al. 1999) 

specific rank, but all without giving any justification for their proceeding.

Diagnosis. Body shape moderately to elongate oval (TL/MW ca. 1.75–2.05); small to medium sized species 

(TL 2.7–5.8 mm) (see Figs 13–15 for H. (Leptolambus) impressopunctatus, H. (Leptolambus) orthogrammus

(Sharp, 1882) and H. (Leptolambus) obscureplagiatus (Fall, 1919)). Head with anterior clypeal margin truncate 

and emarginated (see Fig. 41 for H. (Leptolambus) impressopunctatus); in some species medially at least less 

curved than near eyes (see Fig. 47 for H. (Leptolambus) masculinus); border not produced forwards and bead 

absent (except in H. (Leptolambus) masculinus and H. (Leptolambus) salinarius; cf. Appendix). Antennomeres 

simple, not broadened. In most species elytral margin in lateral view somewhat less ascending to shoulder than in 

Fig. 54; in species of Anderson's (1976) group III (H. (Leptolambus) bruesi (Fall, 1928), H. (Leptolambus) compar 

(Fall, 1919), H. (Leptolambus) nigrescens (Fall, 1919), H. (Leptolambus) dissimilis (Gemminger & Harold, 1868), 

and H. (Leptolambus) turbidus (LeConte, 1855)) margin only moderately ascending (similar to Fig. 55); in most 

species epipleuron comparably broad, broader than mesotibia distally; carina meeting inner margin of epipleuron 

forming a comparably small angle (ca. 135°; similar to Fig. 50 or Fig. 52). In four species of Anderson's (1983) 

group IV (H. (Leptolambus) diversipes (Leech, 1966), H. (Leptolambus) fontinalis Leech, 1966, H. (Leptolambus)

pedalis (Fall, 1901), and H. (Leptolambus) thermarum (Darlington, 1928)) epipleuron narrower and carina meeting 

inner margin of epipleuron forming a comparably wide angle (> ca. 150°; similar to Fig. 51). In H. (Leptolambus)

curvipes (Leech, 1938) (belonging also to group IV in Anderson 1983) epipleuron slightly broader and carina 

meeting inner margin of epipleuron forming an angle of ca. 140°; however, in these five species of Anderson's 

(1983) group IV elytral margin not as strongly ascending as in species of newly defined subgenus Coelambus (see 

Fig. 54 for H. (Coelambus) caspius). Elytra pattern diverse (vittate, diffuse-vittate or "cloudlike") (see Anderson 
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1983; see also Fig. 15 of H. (Leptolambus) obscureplagiatus as an example for diffuse-vittate or "cloudlike" elytral 

pattern); venter black. Last abdominal ventrite without deep depression.

Aedeagus with shape of median lobe diverse, from robust to very slender; symmetric in ventral view (see Figs 

25 and 26 for H. (Leptolambus) parallellogrammus (Ahrens, 1812), and H. (Leptolambus) impressopunctatus). 

Species of H. (Leptolambus) saginatus-group (see Fig. 2) with distal part of parameres strap-like and condylar 

process also forming an almost right angle with distal part (see Fig. 33 for H. (Leptolambus) fresnedai (Fery, 

1992)). Species of H. (Leptolambus) parallellogrammus-group (see Fig. 2) with parameres more or less triangular 

and condylar process indistinct and not forming an angle with distal part (see Fig. 35 for H. (Leptolambus)

parallellogrammus). Other species with distal part of parameres triangular or broadly strap-like and condylar 

process forming an almost right angle with distal part (see Fig 34 for H. (Leptolambus) impressopunctatus) or with 

very unusually shaped parameres (see Fig. 36 for H. (Leptolambus) nubilus; cf. also fig. 7B in Anderson 1976 for 

H. (Leptolambus) dissimilis). Male metatarsal claws of equal length except in species of H. (Leptolambus)

saginatus-group (only four species of all Hygrotini with metatarsal claws of unequal length).

Etymology. From Greek λεπτός (= leptos = narrow) and "lambus" in reference to Coelambus. The gender of 

the generic name is masculine.

Distribution. The subgenus is divided into two main clades, one with mostly Palaearctic distribution except 

for the Holarctic H. (Leptolambus) impressopunctatus and the Nearctic H. (Leptolambus) picatus (Kirby, 1837), 

and a second with mostly Nearctic species, except for H. (Leptolambus) marklini (Gyllenhal, 1813), H.

(Leptolambus) novemlineatus, and H. (Leptolambus) unguicularis (Crotch, 1874) which are Holarctic. Some 

species of the Nearctic clade reach northern Mexico: H. (Leptolambus) fraternus (LeConte, 1852), H.

(Leptolambus) lutescens (LeConte, 1852), H. (Leptolambus) nubilus, and H. (Leptolambus) wardii (Clark, 1862). 

Hygrotus (Leptolambus) nubilus was recently recorded from Hawaii, where it has likely been introduced (see Fery 

& Challet 2015).

Main habitat types. Many species of this subgenus are found in mostly lentic freshwaters, but several in the 

Nearctic clade, as well as the species of the H. (Leptolambus) parallellogrammus-group, can tolerate from slightly 

saline to hypersaline waters (Villastrigo et al., in press). The subgenus includes the most salt-tolerant species of the 

tribe, H. (Leptolambus) salinarius and H. (Leptolambus) masculinus.

Discussion

The phylogenetic results of Villastrigo et al. (in press) revealed the need of a thorough systematic rearrangement of 

the tribe Hygrotini. The close relationships between the former Hygrotus, Herophydrus and Heroceras had already 

been previously noted by several authors (see the Introduction and the Appendix), and suggested by the incomplete 

molecular and morphological phylogenies available prior to our study (Miller 2001; Biström & Nilsson 2002; 

Ribera et al. 2002, 2008; Alarie & Michat 2007; Abellán et al. 2013; Miller & Bergsten 2014). 

Species of Hyphoporus have always been considered to be related to species of Herophydrus, from which they 

differ mainly by the male genital shape (e.g. Biström & Nilsson 2002; Miller & Bergsten 2016). We opted for 

maintaining Hyphoporus as a valid subgenus, not only based on our phylogenetic results, but also due to the 

distinctiveness of their male genitalia. It is, however, possible that in further analyses with a more complete 

sampling Hyphoporus proves to be a derived clade within the wider subgenus Hygrotus s. str.

Hygrotus descarpentriesi, formerly considered in its own genus Heroceras, is a morphologically very 

deviating species when compared with its closest relatives from Madagascar as resolved in the molecular 

phylogeny (Fig. 1). The habitus is more elongated, the elytral surface is smooth in the male and reticulated 

(although not matt) in the female (a character not found in any other Malagasy species of Hygrotus), the clypeal 

bead is almost absent (see the Appendix), and–the most apparent character–both sexes, but especially the males, 

have strongly dilated antennae. The latter character is present occasionally in other groups of Dytiscidae (e.g. in the 

genera Agabus Leach, 1817, Limbodessus Guignot, 1939, Hydrovatus, Rhithrodytes, Exocelina Broun, 1886, 

Lioporeus Guignot, 1950, and others; see e.g. Miller & Bergsten 2016 for some examples and Fig. 17), but still 

exceptional within Hygrotini. Despite all these peculiarities, H. (s. str.) descarpentriesi was originally described in 

Herophydrus, and found at least to be related to this genus by the morphological phylogenetic analysis of Biström 

& Nilsson (2002).
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The most unexpected result of the phylogeny was the division of Hygrotini into two clades (A and B in Fig. 1), 

the former (our Clemnius n. gen.) including a small number of species previously considered belonging in part to 

former subgenus Hygrotus s. str. and in part to former subgenus Coelambus. The species of Clemnius n. gen. had 

never been suggested to be closely related to each other within Hygrotini. They all share some likely plesiomorphic 

characters of body shape and colouration. Most of them are also similar in terms of male genitalia shape, which is 

in general simpler and more similar to those of other related tribes of Hydroporinae.

Of the two subgenera recognised within Clemnius n. gen., Cyclopius n. subgen. is well characterised by the 

special morphology of the male last abdominal ventrite, but we could not recognise any clear unambiguous 

synapomorphy for Clemnius n. subgen. The relationships within the latter are still poorly defined, and need further 

morphological and molecular studies to be clarified. 

Although a formal biogeographic analysis is out of the scope of our paper, it is interesting to note that most of 

the recognised clades have a well-defined distribution within one of the main biogeographic regions:

- Clemnius n. gen. is Nearctic with the only exception of one species, the widespread Palaearctic Clemnius (s. 

str.) decoratus (see Nilsson & Hájek 2017a, b). 

- Subgenus Coelambus is almost exclusively Palaearctic, with only one exception, the Nearctic C. 

punctilineatus. However, this species is extremely similar to the Palaearctic species C. nigrolineatus (Steven, 

1808) (this has not been recognised before), including the shape of the male protarsal claws. Their male and 

female genitalia show only some slight differences and their general shape could be considered virtually 

identical. Additionally, females of both species have the upper side dull. It is thus most likely that C. 

punctilineatus has very recently colonised the Nearctic region from a Palaearctic ancestor. 

- Subgenus Hygrotus s. str., as here defined, is largely of Afrotropical distribution (and likely origin), with only 

some species reaching the southern Palaearctic region and a small clade–the H. (s. str.) inaequalis-group–in the 

Palaearctic and Nearctic regions (Fig. 2). 

- Subgenus Hyphoporus is mostly Oriental, with some species reaching the Palaearctic region in China 

(Yunnan), Afghanistan, northern India (Uttar Pradesh), Pakistan and in the west until Iran and Egypt. 

- Subgenus Leptolambus n. subgen. is divided into two clades, one mostly Palaearctic and one mostly Nearctic 

(see above and Fig. 2). Only some northern species of Leptolambus n. subgen. have likely recently expanded 

their geographic range to the whole Holarctic, and three species have a discordant distribution: H. 

(Leptolambus) picatus is a Nearctic species in the Palaearctic clade, and H. (Leptolambus) polonicus (Aubé, 

1842) and H. (Leptolambus) zigetangco Fery, 2003 are Palaearctic species likely to be in the Nearctic clade 

(see Fig. 2), although for the last two species there are no molecular data and thus their phylogenetic position is 

uncertain.
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APPENDIX

Note: The generic and subgeneric names cited in the Appendix are those of the new classification unless stated otherwise.

Detailed description of the clypeus in Hygrotini.

The presence and the shape of the clypeal bead (often also called "clypeal rim" or "raised clypeal margin") are used by many 

authors to separate genera or subgenera within the tribe Hygrotini, mainly the former subgenus Hygrotus from former subgenus 

Coelambus and both from the former genera Herophydrus and Hyphoporus (see Table 1 for the authors and dates of all taxa 

mentioned here, as well as their past and new classification). Unfortunately, a determination is not always reliable or even 

impossible because the respective character states are not well recognisable in several species or are present in species which 

due to other characters, both morphological and molecular, should better be included in another genus or subgenus. Thus, the 

usefulness of the "clypeal bead" has been debated since long time. This clypeal bead is present in more than half of all members 

of Hygrotini, and varies considerably in shape. Although in the light of the results of the molecular phylogeny it is clear that the 

clypeal bead is a highly labile character, without much phylogenetic significance, a detailed description of its structure is 

necessary to understand the historical classification of Hygrotini, and it can nevertheless have some usefulness to identify some 

groups of species.

Former subgenera Hygrotus and Coelambus

The more common character state in members of the former subgenus Coelambus as recognised prior to this study 

(Nilsson & Hájek 2017a, b) is the absence of a clypeal bead (as in e.g. H. (Coelambus) confluens, Fig. 46, and H. 

(Leptolambus) impressopunctatus, Fig. 41). The anterior part of the clypeus descends anteriad more or less evenly or in a 

slightly convex shape to the labrum (see Figs 5e and 6e). In almost all species of former Coelambus the anterior margin of the 

clypeus is bordered (directly before reaching/contacting the labrum) with a very narrow rim, which we here call the "clypeal 

line" (see Fig. 5d for H. (Leptolambus) impressopunctatus and Fig. 6d for H. (s. str.) inaequalis; see also below for more 

details). A rather broad transverse band posterior to this line (reaching more or less until the clypeal grooves) is often somewhat 

less reticulate (and thus more shiny) and more sparsely and finely punctured than the rest of the clypeus posterior to this band 

(e.g. recognisable "under the arrows" in Fig. 5 for H. (Leptolambus) impressopunctatus). Thus, this band might be interpreted 

as a separate part of the clypeus and—also due to the depressed clypeal grooves posterior to the band—can appear as if it was 

somewhat vaulted (although it is not), which might be interpreted as a (flat) bead. The structure of this band can vary 

considerably even among specimens of the same population of a species—in one specimen the band can appear as a flat bead, 

in another one found at the same locality the illusion of a bead is lacking. In all these typical members of the former subgenus 

Coelambus the anterior border of the clypeus (where it reaches/contacts the labrum) and that "clypeal line" (if present) can be 

recognised when the clypeus is viewed perpendicularly. Additionally, in this view it can be recognised that the anterior border 

of the clypeus of all these species of former subgenus Coelambus is not evenly rounded, but truncate and somewhat 

emarginated.
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In members of the former subgenus Hygrotus the anterior border of the clypeus is evenly rounded in perpendicular view 

(see Fig. 44 for H. (s. str.) inaequalis). Additionally, the clypeus does not descend directly to the labrum, but is strongly and 

almost sharply produced forwards (see Figs. 6 and 45 for H. (s. str.) inaequalis), so that it reaches so far over the labrum that the 

real anterior border of the clypeus (where it reaches/contacts the labrum) cannot be recognised when the clypeus is viewed 

perpendicularly, as the anteriorly produced part of the clypeus covers most of the labrum and in particular the "clypeal line" (if 

that line is present at all). This is the reason why in species of the former subgenus Hygrotus it is necessary to differentiate 

between the anterior border of the clypeus and its anterior end, the latter being situated posterior (!) to the former. Short behind 

and parallel to its evenly curved anterior border the clypeus is depressed over the entire distance between the eyes; this 

depression is anteriorly delimited by a more or less sharp line (see Fig. 44 for H. (s. str.) inaequalis). That is why between this 

line and the anterior border an evenly curved "clypeal" bead is formed which has more or less the same width over its entire 

length.

There are two species of the former subgenus Coelambus that have a clypeus with almost exactly the same structure as the 

species of former subgenus Hygrotus, something that has confused generations of dytiscid specialists: Hygrotus (Leptolambus)

salinarius and H. (L.) masculinus (see Figs 47 and 48 for H. (L.) masculinus). However, in contrast to members of the former 

subgenus Hygrotus, these two species have the anterior border of the clypeus truncate (in several specimens of H. (L.)

masculinus at least less curved centrally than near the eyes) and also somewhat emarginated in H. (L.) salinarius—being in this 

respect typical Hygrotus (Coelambus) and not Hygrotus s. str. 

Former genera Hyphoporus and Herophydrus

Members of former genera Herophydrus and Hyphoporus have a different structure of the anterior part of the clypeus. 

Whilst all former Hyphoporus have a complete clypeal bead which is mostly narrowed medially (see Fig. 42 for Hygrotus

(Hyphoporus) solieri), in former Herophydrus some species have a complete bead, some a medially shortly interrupted bead 

(see Fig. 43 for Hygrotus (s. str.) guineensis) as well as others with a medially broadly interrupted bead and Hygrotus (s. str.)

rohani (Peschet, 1924) with a hardly delimited bead (cf. Biström & Nilsson 2002). In those species with incomplete bead, the 

situation in the middle of the clypeal border is similar to that in typical Hygrotus (Leptolambus)—the anterior part of the 

clypeus descends anteriad more or less evenly or in a slightly convex shape to the labrum and the labrum as well as an eventual 

"clypeal line" are not hidden by the anterior part of the clypeus. Left and right of the bead interruption, the clypeus is widely 

vaulted and sometimes slightly produced forwards, however never as strongly produced as in former subgenus Hygrotus. The 

two parts of the bead are backwards either delimited by a more or less distinct line or by an anteriorly rather sharply delimited 

depression (as in the inaequalis-group of Hygrotus s. str.).

In members of subgenus Hyphoporus and those of former genus Herophydrus with complete bead, the anterior border of 

the clypeus is medially also widely vaulted and thus a little produced anteriorly. This is why in perpendicular view an 

eventually existing "clypeal line" and a very small posterior part of the labrum are covered by the vaulted anterior border of the 

clypeus. It must, however, be emphasised that these structures are totally different from those in members of former subgenus 

Hygrotus—in all these species the clypeus is by far not as strongly and not as sharply produced forwards as in the latter. 

Additionally, the bead or its two lateral parts are considerably broader left and right of the middle, whilst it is of more or less of 

equal width over its entire length in members of the former subgenus Hygrotus.

Species of former Herophydrus and Hyphoporus have the anterior margin of the clypeus truncate and emarginated in 

perpendicular view (see Fig. 43 for guineensis; in some species, however, this emargination is only rather indistinct), but we 

must concede that we have not been able to study all species and must rely in part on the figures given in Biström & Nilsson 

(2002).

The separation of former Herophydrus from Hyphoporus by morphological characters has been debated since long time 

(see e.g. Guignot 1950: 149, Vazirani 1969: 203–205, Biström & Nilsson 2002: 20–21). We did not find any satisfying solution 

for this problem and believe that a final classification can only be given once the molecular data of all species of these two 

genera are known. So far we must refer on what was given by Vazirani (1969: 204) in his key to these two genera, but add some 

exceptions.

According to Guignot (1950: 149; more or less repeated by Vazirani 1969: 204) in former genus Herophydrus the 

punctation of the head reaches an imaginary line connecting the hind margins of the eyes, but on a small band posterior to this 

line (on the vertex) this punctation is absent or at most replaced by a few much smaller punctures. In former genus Hyphoporus

the punctation of the head reaches distinctly beyond this imaginary line and is not replaced by finer punctation. Additionally, 

both authors note that in Herophydrus the median lobe is (more or less) symmetric and in Hyphoporus it is not. On the other 

hand, Guignot (1959: 339) himself conceded that "lack of punctation in that band on the vertex" [our translation from French] 

does not really hold in H. (s. str.) musicus and H. (s. str.) rufus, and we must concede that we were not able to use this character 

for reliable identifications.

In what refers to the symmetry of the median lobe we want to underline that Hygrotus (Hyphoporus) bengalensis has a 

more or less symmetric median lobe, and on the other hand that many former Herophydrus have a median lobe which is at least 

not strictly symmetric (as can be appreciated e.g. in some figures in Biström & Nilsson 2002).

Former genus Heroceras

Hygrotus (s. str.) descarpentriesi is a species not well represented in collections; thus, some of the very few descriptions in 

the literature may not rely on careful studies of specimens. It is more or less known as a "Herophydrus with widened antennae" 
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(cf. Guignot 1950: 150 and Pederzani 1995: 35). Guignot (1959: 372) provided for this species: "Tête  bourrelet clypéal 

ininterrompu, ..." [= head with clypeal bead not interrupted ...] and "... bourrelet clypéal peu marqué ..." [= ... clypeal bead not 

well marked ...]. Miller & Bergsten (2016: 204) gave "... having the anterior clypeal margin broadly bordered."

We have studied one male and one female syntype of this species (coll. Peschet, MNHN; see Fig. 17), one additional 

female from the coll. Guignot (MNHN), and several further specimens collected recently by one of us (M.M.). To our great 

surprise, at first glance we were not able to detect any distinct clypeal bead. Only when adequately illuminated it was possible 

to see that in the female syntype the clypeus is very slightly vaulted before the anterior margin. In the male syntype a few 

transversely stretched punctures indicate a posterior margin of a bead—however, only on the right side of the clypeus. In 

particular, there are absolutely no traces of a bead recognisable before the eyes. The latter observation is surprising, because 

even H. (s. str.) nodieri, with a very broadly interrupted clypeal bead, shows laterally distinct rests of a bead next to the eyes. 

Similar observations were made with the recently collected material. Additionally, we want to state that only a small posterior 

part of the labrum is covered by the vaulted anterior border of the clypeus—this being in contrast to Biström & Nilsson (2002: 

18, 19) who stated labrum "not visible from above". On the other hand, our observation that the clypeal bead is practically 

lacking in former Heroceras is supported by Biström & Nilsson (2002: 18, 19, table 1) who gave the anterior margin of the 

clypeus (character 1 on p. 18) with state 0 (= without bead). These authors, however, did not comment this feature.

It shall be mentioned here that the almost total lack of a medial clypeal bead was the reason for Guignot (1950) to create 

his subgenus Dryephorus of genus Herophydrus. Similarly, other species of former Herophydrus show only rests of a bead 

before each eye, such as Hygrotus (s. str.) heros (Sharp, 1882) (cf. Zimmermann 1919: 150). Although in a different subgenus, 

Hygrotus (Leptolambus) polonicus polonicus (Aub, 1842) and its subspecies sahlbergi (Sharp, 1882) have the clypeus 

anteriorly somewhat vaulted (cf. Zimmermann 1930: 96). Zimmermann (1919: 150) claimed that also Hygrotus (Leptolambus) 

unguicularis might be ranged under Hygrotus s. str. "... wegen der feinen, aber wenigstens in der Mitte deutlichen 

Clypeusrandung ..." [= because of the fine, but at least medially distinct beading]. We have studied numerous specimens of H. 

unguicularis and can state that Zimmermann (1919) must have been misguided: most probably he mixed up what in Hygrotini 

is usually called clypeal "bead" (and which is rather broad) with what we call here "clypeal line".

Falkenström (1933: 12) noted that on the one hand Hygrotus (s. str.) versicolor (Schaller, 1783) should be ranged in 

Herophydrus due to the shape of the clypeal border (meaning a medially reduced width of the clypeal bead), but on the other 

hand refused this classification. 

The "clypeal stripe"

As mentioned above, in many species of Hygrotini, and in particular in species of former subgenus Coelambus, the anterior 

border of the clypeus is provided with a "clypeal line". This line is in some species rather distinct, in others irregularly 

interrupted and in some not recognisable or absent. The distinctness of this line seems to show also some individual variation 

within a species. Balfour-Browne (1934: 150) pointed to a special feature of Hygrotus (Coelambus) confluens: at the base of the 

labrum, before the anterior border of the clypeus there is a flat, transverse stripe which is rather shiny, not reticulate, provided 

with only a very few punctures, broadest in middle and evenly tapering to the sides (Fig. 46). We interpret this "clypeal stripe" 

as a broadened "clypeal line". Such stripe can be also found in H. (C.) pallidulus, H. (C.) caspius, H. (C.) pectoralis

(Motschulsky, 1860) (stripe very thin), H. (C.) nigrolineatus, H. (C.) punctilineatus, H. (C.) enneagrammus and in H. (C.)

flaviventris (Motschulsky, 1860), but in all latter species this stripe is by far not as broad as in H. (C.) confluens and often 

difficult to observe, as it is strongly reduced to almost a simple line slightly broader medially than laterally. In H. (C.) ahmeti

this "clypeal stripe" is in fact reduced to a line of more or less even width. We have found such medially very slightly 

broadened stripe/line also in a few other species, such as H. (Leptolambus) marklini, H. (L.). fraternus, H. (L.). patruelis

(LeConte, 1855), and H. (L.). pedalis. 

Finally, we want to emphasise, that this "clypeal stripe" is by no means homologous to the "clypeal bead" found in species 

of former Herophydrus, Hyphoporus and subgenus Hygrotus.
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Some species of the diving beetle tribe Hygrotini (subfamily Hydroporinae) are 
among the few insects able to tolerate saline concentrations more than twice that of 
seawater. However, the phylogenetic relationships of the species of Hygrotini, and 
the origin and evolution of tolerance to salinity in this lineage, are unknown. In this 
work, we aim to reconstruct how many times salinity tolerance did evolve in 
Hygrotini, whether this evolution was gradual or if tolerance to hypersalinity could 
evolve directly from strictly freshwater (FW) species, and to estimate the probabili-
ties of transition between habitats. We build a phylogeny with ca. 45% of the 137 
species of Hygrotini, including all major lineages and almost all of the known halo-
phile or tolerant species. We used sequence data of four mitochondrial (COI- 5′, COI- 
3′, 16S + tRNA and NADH1) and three nuclear (28S, 18S and H3) gene fragments, 
plus ecological data to reconstruct the history of the salinity tolerance using Bayesian 
inference. Our results demonstrate multiple origins of the tolerance to salinity, al-
though most saline and hypersaline species were concentrated in two lineages. The 
evolution of salinity was gradual, with no direct transitions from FW to hypersaline 
habitats, but with some reversals from tolerant to FW species. The oldest transition 
to saline tolerance, at the base of the clade with the highest number of saline species, 
was dated in the late Eocene- early Oligocene, a period with decreasing temperature 
and precipitation. This temporal coincidence suggests a link between increased arid-
ity and the development of tolerance to saline waters, in agreement with recent re-
search in other groups of aquatic Coleoptera.

1 |  INTRODUCTION

Hydroporinae is the most diverse of the subfamilies of diving 
beetles (Dytiscidae) (Nilsson & Hájek, 2017a) and its species 
also display a large variety of ecologies and life habits (Miller 
& Bergsten, 2016). Many species of Hydroporinae live in 
extreme or unusual environments for diving beetles, such 
as subterranean aquifers, forest litter or hypersaline waters. 
While the origin and evolution of subterranean and terrestrial 
lifestyles have received recent attention (e.g., Leys & Watts, 
2008; Tierney et al., 2015; Toussaint, Hendrich, Escalona, 
Porch, & Balke, 2016), the origin of the species of diving 
beetles able to sustain extreme salt concentration has never 

been addressed in a phylogenetic context, whereas for other 
families of aquatic Coleoptera, such as Hydrophilidae or 
Hydraenidae, comparative studies on the evolution of saline 
tolerance are already available (Arribas et al., 2014; Sabatelli 
et al., 2016).

Within Hydroporinae, species which are exclusively halo-
phile or which can tolerate saline or hypersaline waters have 
independently evolved in three tribes, Bidessini, Hydroporini 
and Hygrotini (Miller & Bergsten, 2016). The latter includes 
some of the most extreme examples of saline tolerance, with 
some species able to sustain concentrations above 70 g/L, 
twice that of seawater (Picazo, Moreno, & Millán, 2010; 
Timms & Hammer, 1988). The physiological mechanism of 
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salt tolerance of Hygrotus (Coelambus) salinarius (Wallis, 
1924) has been studied by Tones (1978). However, the spe-
cies’ phylogenetic relationships are unknown, and in con-
sequence whether it may be related to other saline tolerant 
species of Hygrotus Stephens, 1828 or what could have been 
the origin of its saline tolerance.

With this work we aim to investigate the phylogenetic re-
lationships among salt tolerant species of Hygrotini, and their 
relationships with the rest of the species of the tribe. This will 
allow to answer some basic questions such as: (i) how many 
times did salinity tolerance evolve in Hygrotini? (ii) was 
this evolution gradual (i.e., from FW to intermediate salini-
ties to hypersaline), or could tolerance to hypersalinity have 
evolved directly from strictly FW species? (iii) which were 
the probabilities of transitions between habitats in the evolu-
tion of Hygrotini? and (iv) are there any general patterns in 
the geographic and temporal origin of salinity tolerance in 
Hygrotini?

To answer these questions we built a molecular phylogeny 
with almost half of the 137 known species of the tribe, includ-
ing all genera and recognised main species groups (Nilsson 
& Hájek, 2017a,b), and compiled data on the ecological tol-
erances of all described species from the literature and our 
own observations. In addition, our results demonstrated that 
two of the four currently recognised genera of Hygrotini and 
one subgenus are para-  or polyphyletic, revealing the need of 
a new classification of the tribe, which will be presented in a 
separate paper (Villastrigo, Ribera, Manuel, Millán, & Fery, 
2017).

2 |  MATERIALS AND METHODS

2.1 | Molecular data
We obtained molecular data from 101 specimens of 64 species, 
including all four currently recognised genera of Hygrotini: 
Heroceras Guignot, 1950, Herophydrus Sharp, 1880, 
Hygrotus (with two subgenera, Hygrotus and Coelambus 
Thompson, 1860) and Hyphoporus Sharp, 1880 (Nilsson & 
Hájek, 2017a,b; see Table S1). We used as outgroups a selec-
tion of 12 species from four genera belonging to Hydroporini, 
shown to be related to Hygrotini (Ribera, Vogler, & Balke, 
2008). Trees were rooted on Laccornis Gozis, 1914, consid-
ered to be outside Hydroporini and Hygrotini and in a basal 
position within Hydroporinae (Miller & Bergsten, 2014; 
Ribera et al., 2008).

2.2 | DNA extraction and sequencing
Specimens were collected in the field and preserved in ab-
solute ethanol. DNA was extracted using commercial kits 
(mostly DNeasy Tissue Kit, Qiagen, Hilden, Germany) fol-
lowing the instructions of the manufacturers. Vouchers and 

DNA samples are kept in the collections of the Institute of 
Evolutionary Biology (IBE, Barcelona) and Museo Nacional 
de Ciencias Naturales (MNCN, Madrid). We sequenced 
fragments of seven genes in six sequencing reactions, three 
mitochondrial: (i) 5′ end of cytochrome c oxidase subunit 1 
(COI- 5, “barcode” fragment of Hebert, Ratnasingham, & De 
Waard, 2003), (ii) 3′ end of cytochrome c oxidase subunit 
1 (COI- 3), (iii) 5′ end of 16S RNA plus the Leucine tRNA 
plus 5′ end of NADH dehydrogenase subunit I (16S); three 
nuclear fragments: (iv) an internal fragment of the large ri-
bosomal unit 28S RNA (28S), (v) an internal fragment of the 
small ribosomal unit, 18S RNA (18S) and (vi) an internal 
fragment of Histone 3 (H3). Details on primers used and typi-
cal polymerase chain reaction (PCR) conditions are provided 
in Table S2. Sequences were assembled and edited with 
Geneious v6.0.6 (Kearse et al., 2012); new sequences have 
been submitted to the EMBL database with accession num-
bers LT882773-LT883126 (Table S1).

2.3 | Phylogenetic analyses
Edited sequences were aligned using the online version of 
MAFFT 7 with the G- INS- I algorithm (Katoh, Asimenos, & 
Toh, 2009). For one species (Hygrotus (Coelambus) peda-
lis (Fall, 1901)) we pooled sequences of two specimens in 
a chimera to complete the data set (Table S1), after testing 
their monophyly with COI- 3. We used PartitionFinder v1.1.1 
(Lanfear, Calcott, Ho, & Guindon, 2012) to estimate the best 
fitting evolutionary model initially using one partition for 
each gene fragment except for COI (split in COI- 5 and COI- 
3) and 16S and tRNA (pooled in a single partition), and ap-
plied Akaike Information Criterion (AIC) scores as selected 
criteria.

We used BEAST 1.8 (Drummond & Rambaut, 2007) 
for Bayesian phylogenetic analyses, using the partition 
and evolutionary models selected by PartitionFinder and a 
molecular- clock approach for estimating divergence times. 
We applied an uncorrelated lognormal relaxed clock to es-
timate substitution rates and a Yule speciation process as 
the tree prior. We calibrated the tree using rates estimated 
in Andújar, Serrano, and Gómez- Zurita (2012) for a genus 
of Carabidae (Carabus), in the same suborder Adephaga 
(rate of 0.0113 [95% confidence interval 0.0081–0.0147] 
substitutions per site per million years (subst/s/Ma) for COI- 
5; 0.0145 [0.01–0.0198] subst/s/Ma for COI- 3 and 0.0016 
[0.001–0.0022] subst/s/Ma for 16S + tRNA). Analyses were 
run for 100 million generations, assessing that convergence 
was correct and estimating the burn- in fraction with Tracer 
v1.6 (Drummond & Rambaut, 2007). We also used a fast 
maximum likelihood (ML) heuristic algorithm in RAxML- 
HPC2 (Stamatakis, 2006) in the CIPRES Science Gateway 
(Miller, Pfeiffer, & Schwartz, 2010), using the same partition 
scheme as in BEAST with a GTR + G evolutionary model 
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independently estimated for each partition and assessing 
node support with 100 pseudoreplicas with a rapid bootstrap-
ping algorithm (Stamatakis, Hoover, & Rougemont, 2008).

2.4 | Morphological data
To estimate the likely phylogenetic relationships of the 
species for which no molecular data could be obtained, we 
studied all described species of subgenera Hygrotus and 
Coelambus with the only exceptions of H. (C.) artus (Fall, 
1919), known only from the holotype and considered to be 
possibly extinct (see Anderson, 1983), and H. (C.) femoratus 
(Fall, 1901), which is likely a junior synonym of H. (C.) nubi-
lus (LeConte, 1855) (Anderson, 1983). We have also studied 
a large selection of species of Herophydrus and Hyphoporus 
(see Table S3 for the studied material).

The taxonomic classification of Hygrotini has suffered 
multiple changes, and some of the characters used to define 
genera (such as e.g., the morphology of the clypeus) are 
difficult to interpret and characterise (see e.g., Anderson, 
1971; Balfour- Browne, 1934; Biström & Nilsson, 2002; 
Falkenström, 1933; Villastrigo et al., 2017). Species for 
which no molecular data were available were thus considered 
to be closely related to those showing a high morphological 
similarity, based both on external characters and on the fe-
male and male genitalia. We also recognised diagnostic char-
acters or character combinations of the different clades of the 
molecular phylogeny and tested their presence in the species 
without molecular data (see Villastrigo et al., 2017 for more 
details). We used Mesquite v3.20 (Maddison & Maddison, 
2017) to manually place all species in their most likely posi-
tion in the phylogenetic tree, and collapsed uncertain nodes 
to create polytomies.

2.5 | Salinity tolerance data
We compiled ecological data on habitat preferences of all 
species of Hygrotini from bibliography and from our own 
observations (Table S3). Recent work on salinity tolerance 
in aquatic Coleoptera has recognised six different categories 
of habitat preferences: (i) FW (<0.5 g/L); (ii) mineralised 
(0.5–5 g/L); (iii) hyposaline (≥5–20 g/L); (iv) mesosaline 
(≥20–40 g/L); (v) hypersaline (≥40–80 g/L); (vi) extreme 

hypersaline (>80 g/L) (Arribas et al., 2014). As quantitative 
observations in species of Hygrotini were very scarce we re-
duced these categories to three: (i) species strictly bounded 
to FW environments (approximately <0.5 g/L), correspond-
ing to category (i) above; (ii) species that can tolerate a wide 
range of salinities (approximately 0.5–40 g/L), correspond-
ing to categories (ii–iv) above; and (iii) hypersaline species 
(approximately >40 g/L), corresponding to categories (v) 
and (vi) above. To reconstruct the evolution of saline toler-
ance we pruned the data set to one specimen per species and 
deleted the outgroups, using salinity tolerance as a qualita-
tive trait. This reduced matrix was analysed in BEAST using 
the same settings as for the phylogenetic reconstruction, with 
an asymmetric substitution model for the trait reconstruction 
and dating the ancestral node according to the results of the 
previous analysis (with a Gamma distribution with shape 30 
and scale 2.227). We also reconstructed the evolution of sa-
line tolerance in the extended phylogeny, including species 
for which no molecular data were available, using parsimony 
in Mesquite.

3 |  RESULTS

3.1 | Molecular phylogeny
The best partition schemes selected by PartitionFinder 
pooled the two fragments of COI and several of the nuclear 
genes, and favoured the most complex evolutionary models 
for most partitions (Table 1). The topological differences be-
tween the Bayesian analysis and the ML searches were mini-
mal and always affected poorly supported nodes (Figures 1, 
S1), associated with the position of three species: Hygrotus 
(Coelambus) fumatus (Sharp, 1882), Hygrotus (Coelambus) 
urgensis (Jakovlev, 1899) and Hygrotus (Hygrotus) hy-
dropicus (LeConte, 1852). In all cases, the monophyly of 
Hygrotini was recovered with strong support, as were most 
of the internal nodes (Figures 1, S1).

In all analyses, Hygrotini was divided into two lineages 
(posterior probability [pp] = 1; bootstrap support [BS] = 98): 
(A) three Nearctic and one Palaearctic species of subgenera 
Hygrotus and Coelambus and (B) the remaining species of 
the tribe (Fig. 1). The latter was in turn divided into four 
clades: (B1) a group of Palaearctic species of subgenus 

Complete data set Reduced data set

P Genes Model P Genes Model

#1 COI- 5 + COI- 3 GTR + I + G #1 COI- 5 + COI- 3 GTR + I + G

#2 16S + NAD1 GTR + I + G #2 16S + NADH GTR + I + G

#3 18S + 28S + H3 GTR + I + G #3 18S + 28S GTR + I

#4 H3 GTR + I + G

P, partition.

T A B L E  1  Best partition schemes and 
optimal evolutionary models as estimated 
with PartitionFinder
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Boreonectes ibericus IR22
Boreonectes riberae AI829

Herophydrus obscurus IR622

Herophydrus tribolus RA703

Hygrotus acaroides GBK

Coelambus unguicularis IR479

Coelambus impressopunctatus RA270

Coelambus flaviventris IR685

Coelambus pedalis AV55+AV57

Herophydrus sp AV59

Hygrotus quinquelineatus AI979

Coelambus nigrolineatus AI970

Coelambus nigrescens RA878
Coelambus nigrescens AI1152

Hydroporus basinotatus AH112

Coelambus caspius AI963

Coelambus armeniacus RA544

Laccornis oblongus IR55

Hygrotus decoratus IR711

Coelambus lutescens IR519

Coelambus saginatus nr AV43

Nebrioporus amicorum AF140

Coelambus impressopunctatus AI1162

Coelambus tumidiventris AV22

Coelambus picatus IR481

Coelambus orthogrammus RA701

Herophydrus n. sp AV61

Coelambus urgensis AI962

Herophydrus musicus AV10

Hygrotus sayi AV52

Coelambus impressopunctatus IR489

Herophydrus muticus RA704

Hyphoporus solieri RA700

Coelambus corpulentus IR687

Coelambus laccophilinus IR473

Herophydrus assimilis GBK

Hygrotus sayi AI1149

Herophydrus muticus AI1220

Coelambus masculinus IR290

Coelambus parallellogrammus AI145

Herophydrus reticulatus AV60

Laccornis kocae IR681

Coelambus confluens IR59

Coelambus fontinalis AI982

Coelambus pallidulus AI216

Coelambus fontinalis AV64

Coelambus novemlineatus IR714

Herophydrus inquinatus DM44

Herophydrus rohani GBK

Laccornis difformis GBK

Hydroporus tessellatus AI770

Nebrioporus martinii AI702

Coelambus pedalis AI985

Herophydrus guineensis HI10

Deronectes opatrinus AI629

Coelambus patruelis AI1163

Coelambus saginatus nr AN67

Hygrotus decoratus AI841

Coelambus compar GBK

Coelambus saginatus IR684

Herophydrus musicus IR638

Deronectes ferrugineus AI731

Hygrotus hydropicus AV51

Coelambus turbidus IR346

Coelambus fumatus AV23

Herophydrus guineensis AV62

Coelambus bruesi AI983

Coelambus parallellogrammus IR683

Herophydrus nodieri IR242

Boreonectes funereus AI1208

Coelambus turbidus AV56

Coelambus flaviventris AI964

Coelambus laccophilinus AI1125

Hygrotus versicolor IR691

Deronectes sahlbergi AI1002

Herophydrus musicus AI815

Coelambus salinarius GBK

Coelambus lagari AI85

Coelambus pectoralis AI1101

Coelambus suturalis AV54

Coelambus patruelis AV53

Coelambus masculinus AV24

Herophydrus inquinatus IR620

Coelambus confluens RA914

Coelambus diversipes GBK

Coelambus semivittatus GBK

Coelambus marklini IR682

Coelambus diversipes AV25

Coelambus picatus IR474

Coelambus lagari AI490

Coelambus suturalis IR482

Coelambus armeniacus IR540

Hygrotus quinquelineatus DM4

Herophydrus spadiceus GBK

Hygrotus inaequalis IR19

Coelambus lernaeus AN68

Hyphoporus tonkinensis RA769

Hydroporus obsoletus RA206

Coelambus tumidiventris AI984

Herophydrus nigrescens AV32

Herophydrus musicus IR36

Herophydrus verticalis GBK

Coelambus unguicularis AI968

Coelambus fresnedai AC19

Coelambus ahmeti AV33

Coelambus sanfilippoi AF204

Coelambus marklini AI89

Coelambus impressopunctatus IR603

Coelambus caspius IR688

Hydroporus kasyi AV42

Coelambus fresnedai AN36

Coelambus impressopunctatus RA1205

Hygrotus inaequalis RA208

Heroceras descarpentriesi AV58
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Coelambus, (B2) the two sampled species of Hyphoporus, 
(B3) a large group of species including Heroceras, all sam-
pled Herophydrus and most species of Hygrotus s. str., and 
(B4) the remaining species of subgenus Coelambus, in turn 
divided into two sister clades, one with mostly Palaearctic 
species and a second with mostly Nearctic species.

The monophyly of all clades had strong support in both 
Bayesian and ML analyses except for clade B3 (Fig. 1). 
This clade included the genus Herophydrus as paraphyletic 
with respect to Heroceras and most species of the subge-
nus Hygrotus, the latter grouped in a monophyletic lineage. 
Heroceras and the sampled species of Herophydrus from 
Madagascar with the exception of H. spadiceus Sharp, 1882 
formed a strongly supported clade (pp = 1, BS = 100), in 
turn placed (with lower support) inside a lineage with most 
of the remaining sampled African Herophydrus (Fig. 1).

The internal phylogeny of the main clades was generally 
in good agreement with the recognised species groups among 
subgenera Hygrotus and Coelambus based on morphology 
(see e.g., Anderson, 1971, 1976, 1983; Fery, 1992, 1995, 
2003), although not with the phylogeny of Herophydrus ob-
tained by Biström and Nilsson (2002).

3.2 | Evolution of tolerance to salinity
Differences between the analyses of the complete and re-
duced data set referred mostly to the position of Hyphoporus 
(clade B2). In the complete data set it was placed as sister to 
clade B3, and both sister to clade B1, with very strong sup-
port (Fig. 1). In the reduced data set, without outgroups and 
with only one terminal per species, it was placed as sister to 
clade B4, but with low support (Fig. 2). However, the un-
certainty in the phylogenetic position of Hyphoporus (clade 
B2) did not have any effect on the reconstruction, as the two 
possible sister clades, B3 (Fig. 1) or B4 (Figures 2, S2), were 
reconstructed to have a FW ancestor, and thus, their common 
ancestor was also reconstructed as living in FW habitats.

According to the Bayesian reconstruction in the reduced 
data set, tolerance to salinity emerged independently from a 
FW ancestor at least ten times within three of the main lin-
eages of Hygrotini: B1, B3 and B4 (Fig. 2). There were five 
subsequent independent transitions from tolerant to hypersa-
line (mainly in the Nearctic lineage of clade B4), although 
in some cases these transitions affected only the terminal 
branches in our phylogeny. Four of the transitions from FW to 
salinity tolerant and one of the transitions to hypersalinity led 
to clades with more than one species, and in only one clade 

(B4) there have been three reversal transitions from tolerant 
to FW. No direct transitions from FW to hypersaline habitats 
were found in the reconstruction (Fig. 2).

The oldest transition to salinity tolerance, at the base of 
the clade with the highest number of saline species, was dated 
to the late Eocene- early Oligocene. Three of the transitions 
to hypersalinity tolerance were estimated to have occurred 
during the Oligocene, one of them with a further diversifi-
cation in the early Pleistocene, including H. (C.) salinar-
ius and Hygrotus (Coelambus) masculinus (Crotch, 1874; 
Fig. 2). Other transitions to hypersalinity tolerance affecting 
single species occurred in the middle Miocene (Hygrotus 
(Coelambus) diversipes Leech, 1966) and the Pleistocene 
(Hygrotus (Coelambus) fontinalis Leech, 1966; see Fig. 2).

The highest estimated transition rate was from FW to 
 tolerant (1.97 transitions/branch/My [t/b/My]), followed by 
tolerant to hypersaline (1.45 t/b/My, Table 2). Direct tran-
sition from FW to hypersaline waters had the lowest rate 
(0.23 t/b/My), even lower than that estimated for reversal 
from hypersaline tolerance to FW (0.37 t/b/My, Table 2).

For most species without molecular data a close relative 
included in the phylogeny could be identified based on simi-
larities in the genitalia or the external morphology, although 
in a few cases no obvious relatives could be identified, and 
the species were placed in an unresolved polytomy in the less 
inclusive clade to which they could be ascribed (Fig. S2). 
The parsimony reconstruction of salinity tolerance in this ex-
tended phylogeny gave similar results to the reconstruction 
using only the molecular data. The last common ancestor of 
Hygrotini was a FW species, as was the reconstructed an-
cestors of clades A, B2 and B3. For nodes including species 
with the three states of the trait, such as in clades B1 and B4, 
the ancestral reconstruction was ambiguous in the parsimony 
analysis (Fig. S2). On the contrary, in the Bayesian analysis 
of the reduced data set they were reconstructed as FW with 
a high probability (Fig. 2). Most of the tolerant or hypersa-
line species were included within clades with at least some 
other tolerant species, in agreement with the results obtained 
with the phylogeny using only species with molecular data 
(Figures 2, S2).

4 |  DISCUSSION

4.1 | Molecular phylogeny
We obtained a robust phylogeny of Hygrotini, with good 
support for most internal nodes except for the monophyly of 

F I G U R E  1  Best maximum likelihood (ML) phylogram obtained in RAxML with the extended dataset of Hygrotini (including outgroups and 
multiple terminals per species). Black circles, nodes with bootstrap support in RAxML (BS) >70 and posterior probability (pp) in BEAST >0.95; 
when support values were lower: numbers above nodes, BS; numbers below nodes, pp. X, nodes not recovered in the BEAST analyses (Fig. S1). 
See Table S1 for details on the specimens. For clarity, only the subgenus name is given in Hygrotus s.str. and Coelambus. Habitus photograph: 
Hygrotus (Coelambus) lagari (Fery, 1992) (from Millán et al., 2014)
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clade B3 and its relationship with Hyphoporus. Our species 
sampling was also very dense except for Herophydrus and 
for Hyphoporus, of which we could obtain fresh material of 

only two species. These two species, however, belong to the 
two different morphological groups recognised in the revi-
sion of the genus by Vazirani (1969).

Freshwater Tolerant Hypersaline

Freshwater – 1.97 (0.33–3.99) 0.23 
(<0.001–0.72)

Tolerant 1.23 (0.09–2.83) – 1.4 (0.03–3.02)

Hypersaline 0.37 (<0.001–1.17) 0.73 (<0.001–1.9) –

In brackets, 95% confidence interval.

T A B L E  2  Estimated transition rates in 
BEAST between the discrete states of 
tolerance to salinity

F I G U R E  2  Reconstruction of the evolution of tolerance to salinity in the reduced data set of Hygrotini (excluding outgroups and with 
only one terminal per species) in BEAST. Letters above nodes: reconstructed state of the trait (FW, freshwater, green; T, tolerant, yellow; HS, 
hypersaline, red); numbers inside parentheses: posterior probability of the reconstructed discrete state; numbers below nodes: node support (pp); 
numbers inside nodes: 95% interval of the reconstructed age of selected nodes. For clarity, only the subgenus name is given in Hygrotus s.str. and 
Coelambus. See Tables S1 and S3 for details on the specimens and the ecological typification of the species, respectively. Geographic distribution: 
AF: Afrotropical; H: Holarctic; NA: Nearctic; NT: Neotropical (northern Mexico); OR: Oriental; PL: Palaearctic

Clade B3

Clade B2

Clade B4

Clade B1

Clade A

Coelambus novemlineatus IR714

Coelambus suturalis IR482

Hygrotus versicolor IR691

Coelambus flaviventris AI964

Herophydrus verticalis GBK

Coelambus marklini AI89

Coelambus laccophilinus AI1125

Herophydrus sp AV59

Coelambus armeniacus RA544

Coelambus compar GBK

Coelambus corpulentus IR687

Coelambus masculinus AV24

Coelambus unguicularis AI968

Coelambus lernaeus AN68

Coelambus bruesi AI983

Coelambus nigrescens AI1152

Coelambus diversipes AV25

Herophydrus nigrescens AV32

Herophydrus musicus AV10

Herophydrus nodieri IR242

Coelambus orthogrammus RA701

Herophydrus obscurus IR622

Coelambus caspius IR688

Hygrotus hydropicus AV51

Coelambus pectoralis AI1101

Herophydrus muticus AI1220

Herophydrus rohani GBK

Coelambus parallellogrammus AI145

Herophydrus spadiceus GBK

Herophydrus tribolus RA703

Coelambus fresnedai AN36

Coelambus patruelis AV53

Coelambus nigrolineatus AI970

Coelambus fumatus AV23

Hygrotus quinquelineatus DM4

Coelambus saginatus IR684

Herophydrus assimilis GBK

Herophydrus inquinatus DM44

Coelambus urgensis AI962

Heroceras descarpentriesi AV58

Hygrotus sayi AI1149

Coelambus picatus IR481

Hygrotus decoratus AI841

Coelambus pedalis AI985

Herophydrus guineensis HI10

Coelambus tumidiventris AV22

Hyphoporus solieri RA700

Coelambus pallidulus AI216

Coelambus lagari AI490

Coelambus ahmeti AV33

Hygrotus inaequalis RA208

Coelambus turbidus AV56

Coelambus impressopunctatus RA270

Hyphoporus tonkinensis RA769

Coelambus semivittatus GBK
Coelambus salinarius GBK

Herophydrus reticulatus AV60

Hygrotus acaroides GBK

Coelambus lutescens IR519
Coelambus fontinalis AI982

Coelambus saginatus nr AN67

Herophydrus n. sp AV61

Coelambus sanfilippoi AF204

Coelambus confluens IR59
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The most unexpected result of our phylogeny was the 
deep division of Hygrotini in two clades, one of them formed 
by a small number of species. Despite the lack of clear syn-
apomorphies, these species share some presumably plesi-
omorphic characters of body shape, colouration and male 
genitalia, the latter being in general simpler and more sim-
ilar to those of other related tribes of Hydroporinae. The in-
ternal relationships within clade A are still poorly defined, 
and would need further morphological and molecular studies 
to be clarified. Within clade B3, the close relationships of 
Hygrotus s. str., Herophydrus and Heroceras had been previ-
ously noted by many authors (Abellán et al., 2013; Alarie & 
Michat, 2007; Biström & Nilsson, 2002; Miller & Bergsten, 
2014; Ribera, Hogan, & Vogler, 2002; Ribera et al., 2008), 
and suggested by the (incomplete) molecular and morpho-
logical phylogenies available prior to our study. Species of 
Hyphoporus have always been considered to be related to the 
species of Herophydrus, of which they differ mostly in the 
male genital shape (e.g., Biström & Nilsson, 2002; Miller 
& Bergsten, 2016). The non- monophyly of genera Hygrotus 
and Herophydrus and subgenera Hygrotus and Coelambus 
requires a revised classification of the tribe, which will be 
formalised in a separate paper (Villastrigo et al., 2017).

4.2 | Evolution of the tolerance to salinity 
in Hygrotini
We found several independent origins for the salinity tol-
erance in the tribe Hygrotini, with at least 10 transitions 
from FW to saline ecosystems both in the Palaearctic and 
the Nearctic. The multiple origin of saline species was ex-
pected, as they were included in different morphologically 
well characterised subgenera or species groups, but the num-
ber of transitions was lower than anticipated, as some of the 
saline species in clade B4 that were not thought to be related 
(as e.g., Hygrotus (Coelambus) marklini (Gyllenhall, 1813) 
and H. (C.) salinarius) were grouped in the same monophyl-
etic radiation. In other families of aquatic Coleoptera, species 
that were apparently not closely related were also found to 
have a common origin of their tolerance to salinity, as for ex-
ample in the genera Ochthebius Leach, 1815 (Hydraenidae; 
see Sabatelli et al., 2016) and Enochrus Thomson, 1859 
(Hydrophilidae; see Arribas et al., 2014).

We did not find any direct transition from FW to hypersa-
line habitats, a transition that had the lowest estimated prob-
ability, suggesting that in Hygrotini the adaptation to salinity 
has been a gradual process. The only possible exception was 
Hygrotus (Coelambus) pallidulus (Aubé, 1850), sister to a 
group of tolerant species, but the clade was reconstructed 
as having a FW ancestor with high probability. However, 
H. (C.) pallidulus together with its tolerant sisters are in-
cluded in a wider lineage with several other tolerant species 
of which no molecular data could be obtained, rendering the 

condition of their common ancestor ambiguous (as can be 
seen in Fig. S2). This gradual evolution is in contrast to the 
direct transitions from FW to hypersaline tolerance found 
in a group of Mediterranean species of Enochrus (Arribas 
et al., 2014). These transitions were associated with periods 
of aridification of the climate, leading to the hypothesis that 
saline tolerance may have been a by- product (an exaptation) 
of adaptation to desiccation (Arribas et al., 2014; Pallarés, 
Velasco, Millán, Bilton, & Arribas, 2016). The capability 
to produce hyperosmotic excreta is a plesiomorphic charac-
ter in insects, likely linked to the necessary adaptations to a 
terrestrial environment (Bradley, 2008; Bradley et al., 2009; 
Cloudsley- Thompson, 2001). In the only species for which 
the salinity tolerance mechanism is known, H. (C.) salinar-
ius, adults maintain a hyposmotic haemolymph also with hy-
perosmotic excreta (Tones, 1978), with no evidence of any 
additional mechanism particular to this species. However, 
larvae of H. (C.) salinarius maintain a hyperosmotic hae-
molymph even at high saline concentrations (Tones, 1978), 
suggesting a different mechanism to that of adults. Although 
there is an increasing knowledge of the physiological basis 
of salinity tolerance in adult Coleoptera (e.g., Céspedes, 
Pallarés, Arribas, Millán, & Velasco, 2013; Pallarés, Arribas, 
Bilton, Millán, & Velasco, 2015; Pallarés, Arribas, Céspedes, 
Millán, & Velasco, 2012), the physiology of larval tolerance 
to salinity is still unknown. However, both the different char-
acteristics of the cuticle (less sclerotised and without the pro-
tection of the elytra) and the biology (usually more strictly 
linked to the aquatic environment) suggest that the existence 
of different mechanisms to salinity tolerance in adults and 
larvae may be frequent.

In any case, it must be noted that we have data only on 
the ecological preferences of the species of Hygrotini, not on 
their physiological tolerances. If tolerance to salinity is an 
exaptation derived from a plesiomorphic adaptation to terres-
trial environments (as hypothesised by Arribas et al., 2014; 
see Pallarés, Botella- Cruz, Arribas, Millán, & Velasco, 2017 
for an experimental confirmation of the link between salinity 
and desiccation tolerance), tolerance to at least certain de-
gree of salinity may be widespread even in species commonly 
found in FW habitats, as has been demonstrated to be the 
case in other groups of aquatic Coleoptera (Céspedes et al., 
2013; Pallarés et al., 2015). Our ecological typification was 
also in most cases based on qualitative descriptions, without 
quantitative data. For some species there are few, if any, re-
ports on their habitat, and in some cases we have assumed 
a FW habitat when the information was not very precise, as 
when species are found in saline or hypersaline habitats this 
is usually reported. In some cases qualitative reports can be 
ambiguous, such as for example when species are consid-
ered “halophile” or “halobiont” when they occur in slightly 
mineralised waters in a landscape otherwise lacking any true 
saline or hypersaline habitat, such as for example Hygrotus 
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(Hygrotus) inaequalis (Fabricius, 1777) or H. (Coelambus) 
impressopunctatus (Schaller, 1783) in some areas in central 
and northern Europe (e.g., Bellstedt, 2008).

In Hygrotini, the transitions to saline habitats were es-
timated to have occurred in different periods, from the late 
Eocene to the Plio-  and Pleistocene, without a clear pattern 
of associations to arid periods, in contrast to what happened 
in the genus Enochrus in the Mediterranean region (Arribas 
et al., 2014). However, the oldest transition to saline habitats 
in Hygrotini, and the one leading to the higher number of sa-
line species, occurred at the end of the Eocene in clade B4 in 
the Nearctic region, coincident with a global decrease in tem-
peratures and the onset of the first Oligocene glaciations (Liu 
et al., 2009; Zachos, Pagani, Sloan, Thomas, & Billups, 2001). 
In North America, this decrease in temperature was associ-
ated with a decrease in precipitation (Retallack, 2007), leaving 
open the possibility that this transition to saline habitats was 
also a response to an increased aridification in this lineage.
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Table S2: 
 
A) Primers used in the amplifying and sequencing reactions. 

 
gene primer sequence ref. 
COI-3’ Jerry (5') CAACATTTATTTTGATTTTTTGG 6 
 Pat (3') TCCAATGCACTAATCTGCCATATTA 6 
 Chy (5') T(A/T)GTAGCCCA(T/C)TTTCATTA(T/C)GT 4 
 Tom (3') AC(A/G)TAATGAAA(A/G)TGGGCTAC(T/A)A 4 
COI-5’ Uni 

LepF1b TAATACGACTCACTATAGGGATTCAACCAATCATAAAGATATTGGAAC 2 

 Uni 
LepR1 ATTAACCCTCACTAAAGTAAACTTCTGGATGTCCAAAAAATCA 2 

16S+trnL+nad1 / 
16S 

16SaR 
(5') CGCCTGTTTAACAAAAACAT 6 

 ND1 (3') GGTCCCTTACGAATTTGAATATATCCT 6 
 16Sb CCGGTCTGAACTCAGATCATGT 6 
18S 18S 5' GACAACCTGGTTGATCCTGCCAGT(1) 5 
 18S b5.0 TAACCGCAACAACTTTAAT(1) 5 
H3 H3aF 

(5') ATGGCTCGTACCAAGCAGACRCG 1 

 H3aR 
(3') ATATCCTTRGGCATRATRGTGAC 1 

28S ka ACACGGACCAAGGAGTCTAGCATG 3 
 kb CGTCCTGCTGTCTTAAGTTAC 3 
 
 
B) Standard PCR conditions for the amplification of the studied fragments.  
 
step time temperature 
1 3’ 96º 
2 30” 94º 
3 30”-1’ 47-50º * 
4 1’ 72º 
5 Go to step 2 and repeat 34-40 x  
6 10’ 72º 
 
* Depending on the annealing temperatures of the primers pair used 
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Evolution of salinity tolerance in the diving beetle tribe Hygrotini (Coleoptera, Dytiscidae)
ADRIÁN	VILLASTRIGO,	HANS	FERY,	MICHAËL	MANUEL,	ANDRÉS	MILLÁN	&	IGNACIO	RIBERA

Table	S3
Checklist of the species of Hygrotini (following Nilsson & Hàjek 2017a,b) with the typical habitat and the species for which material could be studied.
AF,	Afrotropical;	H,	Holarctic;	NA,	Nearctic;	NT,	Neotropical;	OR,	Oriental;	PL,	Palaearctic

ID Genus Subgenus	 Species Authors Distribution habitat data	type	studied
1 Heroceras descarpentriesi (Peschet, 1923) AF ? morphological & molecular
2 Herophydrus assimilis Régimbart, 1895 AF ? morphological & molecular
3 Herophydrus bilardoi Biström & Nilsson, 2002 AF ? only literature
4 Herophydrus capensis Régimbart, 1895 AF ? only literature
5 Herophydrus cleopatrae (Peyron, 1858) PL ? morphological
6 Herophydrus confusus Régimbart, 1895 AF ? only literature
7 Herophydrus discrepatus Guignot, 1954 AF Tolerant only literature
8 Herophydrus endroedyi Biström & Nilsson, 2002 AF Freshwater only literature
9 Herophydrus gigantoides Biström & Nilsson, 2002 AF ? only literature

10 Herophydrus gigas Régimbart, 1895 AF Freshwater morphological
11 Herophydrus goldschmidti Pedernazi & Rocchi, 2009 AF ? only literature
12 Herophydrus gschwendtneri Omer-Cooper, 1957 AF ? only literature
13 Herophydrus guineensis (Aubé, 1838) AF, PL Freshwater morphological & molecular
14 Herophydrus heros Sharp, 1882 AF Freshwater morphological
15 Herophydrus hyphoporoides Régimbart, 1895 AF ? only literature
16 Herophydrus ignoratus Gschwendtner, 1933 AF ? only literature
17 Herophydrus inquinatus (Boheman, 1848) AF Freshwater morphological & molecular
18 Herophydrus janssensi Guignot, 1952 AF ? only literature
19 Herophydrus kalaharii Gschwendtner, 1935 AF ? only literature
20 Herophydrus morandi Guignot, 1952 OR ? only literature
21 Herophydrus musicus (Klug, 1834) AF, OR, PL Tolerant morphological & molecular
22 Herophydrus muticus (Sharp, 1882) AF Freshwater morphological & molecular
23 Herophydrus natator Biström & Nilsson, 2002 AF ? only literature
24 Herophydrus nigrescens Biström & Nilsson, 2002 AF Tolerant morphological & molecular
25 Herophydrus nodieri (Régimbart, 1895) AF Freshwater morphological & molecular
26 Herophydrus obscurus Sharp, 1882 AF Tolerant morphological & molecular
27 Herophydrus obsoletus Régimbart, 1895 AF ? only literature
28 Herophydrus ovalis Gschwendtner, 1932 AF ? only literature
29 Herophydrus pallidus Omer-Cooper, 1931 AF ? only literature
30 Herophydrus pauliani Guignot, 1950 AF ? only literature
31 Herophydrus quadrilineatus Régimbart, 1895 AF ? morphological
32 Herophydrus reticulatus Pederzani & Rocchi, 2009 AF Freshwater morphological & molecular
33 Herophydrus ritsemae Régimbart, 1889 AF Freshwater only literature
34 Herophydrus rohani Peschet, 1924 AF Freshwater molecular
35 Herophydrus rufus (Clark, 1863) AF ? morphological
36 Herophydrus sjostedti Régimbart, 1908 AF ? only literature
37 Herophydrus spadiceus Sharp, 1882 AF Tolerant molecular
38 Herophydrus sudanensis Guignot, 1952 AF Freshwater only literature
39 Herophydrus travniceki Šťastný, 2012 AF ? morphological
40 Herophydrus tribolus Guignot, 1953 AF Freshwater morphological & molecular
41 Herophydrus variabilis secundus Régimbart, 1906 AF ? only literature
42 Herophydrus variabilis variabilis Guignot, 1954 AF ? only literature
43 Herophydrus vaziranii (Nilsson, 1999) PL ? only literature
44 Herophydrus verticalis Sharp, 1882 AF Freshwater morphological & molecular
45 Herophydrus vittatus Régimbart, 1895 AF ? only literature
46 Herophydrus wewalkai Biström & Nilsson, 2002 AF ? only literature
47 Hygrotus Coelambus ahmeti Hájek, Fery & Erman, 2005 PL Freshwater morphological & molecular
48 Hygrotus Coelambus armeniacus (Zaitzev, 1927) PL Tolerant morphological & molecular
49 Hygrotus Coelambus artus (Fall, 1919) NA Tolerant (2) only literature
50 Hygrotus Coelambus berneri Young & Wolfe, 1984 NA ? morphological
51 Hygrotus Coelambus bruesi (Fall, 1928) NA Tolerant morphological & molecular
52 Hygrotus Coelambus caspius (Wehncke, 1875) PL Freshwater morphological & molecular
53 Hygrotus Coelambus chinensis (Sharp, 1882) PL ? morphological
54 Hygrotus Coelambus collatus (Fall, 1919) NA ? morphological
55 Hygrotus Coelambus compar (Fall, 1919) NA Tolerant morphological & molecular
56 Hygrotus Coelambus confluens (Fabricius, 1787) PL Tolerant morphological & molecular
57 Hygrotus Coelambus corpulentus (Schaum, 1864) PL ? morphological & molecular
58 Hygrotus Coelambus curvilobus Fery, Sadeghi & Hosseinie, 2005 PL ? morphological
59 Hygrotus Coelambus curvipes (Leech, 1938) NA ? morphological
60 Hygrotus Coelambus dissimilis (Geminger & Harold, 1868) NA ? morphological
61 Hygrotus Coelambus diversipes Leech, 1966 NA Hypersaline morphological & molecular
62 Hygrotus Coelambus enneagrammus (Ahrens, 1833) PL Tolerant morphological
63 Hygrotus Coelambus falli (Wallis, 1924) NA ? morphological
64 Hygrotus Coelambus femoratus (Fall, 1901) NA ? only literature
65 Hygrotus Coelambus flaviventris (Motschulsky, 1860) PL Tolerant morphological & molecular
66 Hygrotus Coelambus fontinalis Leech, 1966 NA Hypersaline morphological & molecular
67 Hygrotus Coelambus fraternus (LeConte, 1852) NA ? morphological
68 Hygrotus Coelambus fresnedai (Fery, 1992) PL Freshwater (3) morphological & molecular
69 Hygrotus Coelambus fumatus (Sharp, 1882) NA Freshwater morphological & molecular
70 Hygrotus Coelambus impressopunctatus (Schaller, 1783) H Freshwater (3) morphological & molecular
71 Hygrotus Coelambus infuscatus (Sharp, 1882) NA Tolerant morphological
72 Hygrotus Coelambus inscriptus (Sharp, 1882) PL Hypersaline morphological
73 Hygrotus Coelambus laccophilinus (LeConte, 1878) NA Freshwater morphological & molecular
74 Hygrotus Coelambus lagari (Fery, 1992) PL Tolerant morphological & molecular
75 Hygrotus Coelambus lernaeus (Schaum, 1857) PL Tolerant morphological & molecular
76 Hygrotus Coelambus lutescens (LeConte, 1852) NA Tolerant morphological & molecular
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77 Hygrotus Coelambus marklini (Gyllenhal, 1813) H Tolerant (4) morphological & molecular
78 Hygrotus Coelambus masculinus (Crotch, 1874) NA Hypersaline morphological & molecular
79 Hygrotus Coelambus nigrescens (Fall, 1919) NA Freshwater morphological & molecular
80 Hygrotus Coelambus nigrolineatus (Steven, 1808) PL Tolerant morphological & molecular
81 Hygrotus Coelambus novemlineatus (Stephens, 1829) H Tolerant morphological & molecular
82 Hygrotus Coelambus nubilus (LeConte, 1855) NA, NT ? morphological
83 Hygrotus Coelambus obscureplagiatus (Fall, 1919) NA ? morphological
84 Hygrotus Coelambus orthogrammus (Sharp, 1882) PL Tolerant morphological & molecular
85 Hygrotus Coelambus pallidulus (Aubé, 1850) PL Hypersaline (1) morphological & molecular
86 Hygrotus Coelambus parallellogrammus (Ahrens, 1812) PL Tolerant morphological & molecular
87 Hygrotus Coelambus patruelis (LeConte, 1855) NA Tolerant morphological & molecular
88 Hygrotus Coelambus pectoralis (Motschulsky, 1860) PL Tolerant morphological & molecular
89 Hygrotus Coelambus pedalis (Fall, 1901) NA Tolerant morphological & molecular
90 Hygrotus Coelambus picatus (Kirby, 1837) NA Freshwater morphological & molecular
91 Hygrotus Coelambus polonicus polonicus (Aubé, 1842) PL Tolerant morphological
92 Hygrotus Coelambus polonicus sahlbergi (Sharp, 1882) PL Tolerant morphological
93 Hygrotus Coelambus punctilineatus (Fall, 1919) NA Tolerant morphological
94 Hygrotus Coelambus saginatus (Schaum, 1857) PL Tolerant morphological & molecular
95 Hygrotus Coelambus salinarius (Wallis, 1924) NA Hypersaline morphological & molecular
96 Hygrotus Coelambus sanfilippoi (Fery, 1992) PL Tolerant morphological & molecular
97 Hygrotus Coelambus sellatus (LeConte, 1866) NA Tolerant morphological
98 Hygrotus Coelambus semenowi (Jakovlev, 1899) PL Freshwater morphological
99 Hygrotus Coelambus semivittatus (Fall, 1919) NA Tolerant morphological & molecular

100 Hygrotus Coelambus stefanschoedli Fery, Sadeghi & Hosseinie, 2005 PL ? morphological
101 Hygrotus Coelambus suturalis (LeConte, 1850) NA Freshwater morphological & molecular
102 Hygrotus Coelambus sylvanus (Fall, 1917) NA Freshwater morphological
103 Hygrotus Coelambus thermarum (Darlington, 1928) NA ? morphological
104 Hygrotus Coelambus tumidiventris (Fall, 1919) NA Hypersaline morphological & molecular
105 Hygrotus Coelambus turbidus (LeConte, 1855) NA Freshwater morphological & molecular
106 Hygrotus Coelambus unguicularis (Crotch, 1874) H Tolerant morphological & molecular
107 Hygrotus Coelambus urgensis (Jakovlev, 1899) PL Freshwater morphological & molecular
108 Hygrotus Coelambus wardii (Clark, 1862) NA, NT ? morphological
109 Hygrotus Coelambus zigetangco Fery, 2003 PL ? morphological
110 Hygrotus Hygrotus acaroides (LeConte, 1855) NA Freshwater morphological & molecular
111 Hygrotus Hygrotus aequalis Falkenström, 1932 PL Freshwater morphological
112 Hygrotus Hygrotus decoratus (Gyllenhal, 1810) PL Freshwater morphological & molecular
113 Hygrotus Hygrotus farctus (LeConte, 1855) NA ? morphological
114 Hygrotus Hygrotus hydropicus (LeConte, 1852) NA ? morphological & molecular
115 Hygrotus Hygrotus inaequalis (Fabricius, 1777) PL Freshwater morphological & molecular
116 Hygrotus Hygrotus intermedius (Fall, 1919) NA Freshwater morphological
117 Hygrotus Hygrotus marginipennis (Blatchley, 1912) NA Tolerant morphological
118 Hygrotus Hygrotus quinquelineatus (Zetterstedt, 1828) PL Freshwater morphological & molecular
119 Hygrotus Hygrotus sayi J. Balfour-Browne, 1944 NA Tolerant morphological & molecular
120 Hygrotus Hygrotus versicolor (Schaller, 1783) PL Freshwater morphological & molecular
121 Hyphoporus anitae Vazirani, 1969 PL Freshwater only literature
122 Hyphoporus aper Sharp, 1882 OR, PL ? only literature
123 Hyphoporus bengalensis Severin, 1890 OR ? morphological
124 Hyphoporus bertrandi Vazirani, 1969 PL Freshwater only literature
125 Hyphoporus caliginosus Régimbart, 1899 OR ? only literature
126 Hyphoporus dehraduni Vazirani, 1969 PL ? only literature
127 Hyphoporus elevatus Sharp, 1882 OR, PL ? morphological
128 Hyphoporus geetae Vazirani, 1969 OR ? only literature
129 Hyphoporus josephi Vazirani, 1969 OR ? only literature
130 Hyphoporus kempi Gschwendtnet, 1936 OR, PL Tolerant only literature
131 Hyphoporus montanus Régimbart, 1899 OR ? only literature
132 Hyphoporus nilghiricus Régimbart, 1903 OR, PL Freshwater only literature
133 Hyphoporus oudomxai Brancucci & Biström, 2013 OR ? only literature
134 Hyphoporus pacistanus Guignot, 1959 PL ? only literature
135 Hyphoporus pugnator Sharp, 1890 OR ? only literature
136 Hyphoporus severini Régimbart, 1892 OR, PL Tolerant morphological
137 Hyphoporus solieri (Aubé, 1838) PL Freshwater morphological & molecular
138 Hyphoporus subaequalis Vazirani, 1969 OR ? only literature
139 Hyphoporus tonkinensis Régimbart, 1899 OR ? morphological & molecular

Notes
1 Although	regularly	found	in	low	mineralized	environments,	it	can	tolerate	hypersaline	waters,	in	which	it	can	be	found	in	large	numbers
2 Characterized	as	tolerant	based	on	data	of	the	type	locality	(the	only	known	locality	of	the	species)
3 Occasionally	can	be	found	in	more	mineralized	environments,	but	their	typical	habitat	is	freshwater
4 In	south	Europe	only	found	in	freshwater	habitats
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Fig. S1. Time-calibrated majority rule consensus tree obtained in BEAST with the 

complete dataset. Number in nodes: posterior probability values. 
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Fig. S2.  Reconstructed evolution of salinity tolerance in the tribe Hygrotini, using 

parsimony with the estimated relationships of species for which no molecular data were 

available. 
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Hygrotus farctus
Hygrotus marginipennis

Clade B4
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A molecular phylogeny of the tribe Ochthebiini
(Coleoptera, Hydraenidae, Ochthebiinae)
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Austria and 3Departamento de Biodiversidad y Gestión Ambiental (Zoología), Facultad de Ciencias Biológicas y Ambientales,
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Abstract. Ochthebiinae, with c. 650 species distributed worldwide, are the second
most speciose subfamily of the aquatic beetle family Hydraenidae. They are ecologi-
cally the most diverse hydraenid subfamily, with terrestrial species as well as species in
almost all types of aquatic habitats, including hypersaline waters. Ochthebiinae include
the tribes Ochtheosini (four species in three genera) and Ochthebiini. We provide here
the first comprehensive phylogeny of the tribe Ochthebiini, based on 186 species and
four subspecies frommost genera, subgenera and species groups. We obtained sequence
data for a combination of mitochondrial and nuclear gene fragments including the 5′ and
3′ ends of the cytochrome c oxidase subunit 1, the 5′ end of 16S RNA plus the leucine
tRNA transfer plus 5′ end of NADH dehydrogenase subunit I, and internal fragments of
the large and small ribosomal units. The analyses with maximum likelihood (ML) and
Bayesian probabilities consistently recovered a generally well supported phylogeny,
with most currently accepted taxa and species groups as monophyletic. We provide
a new classification of the tribe based on our phylogenetic results, with six genera:
Meropathus Enderlein,Ochthebius Leach, Protochthebius Perkins, Prototympanogaster
Perkins, Tympallopatrum Perkins and Tympanogaster Janssens. The genusOchthebius is
here divided into nine subgenera in addition to Ochthebius s.s.: (1) O. (Angiochthebius)
Jäch & Ribera; (2) O. (Asiobates) Thomson; (3) O. (Aulacochthebius) Kuwert; (4) O.
(Cobalius) Rey; (5)O. (Enicocerus) Stephens; (6)O. (Gymnanthelius) Perkins comb.n.;
(7)O. (Gymnochthebius) Orchymont; (8)O. (Hughleechia) Perkins comb.n.; and (9)O.
(Micragasma) Sahlberg. Within Ochthebius s.s., 17 species groups are proposed, five of
them newly established (3, 9, 11, 13 and 16): (1) andraei; (2) atriceps; (3) corrugatus;
(4) foveolatus; (5) kosiensis; (6) lobicollis; (7) marinus; (8) metallescens; (9) nitidipen-
nis; (10) notabilis; (11) peisonis; (12) punctatus; (13) quadricollis; (14) rivalis; (15)
strigosus; (16) sumatrensis; and (17) vandykei. We elevated to species rank two sub-
species ofOchthebius:O. fallaciosusGanglbauer stat.n. (former subspecies ofO. viridis
Peyron) and O. deletus Rey stat.rest. (former subspecies of O. subpictusWollaston).

Introduction

Ochthebiinae, with c. 650 species and 11 subspecies described,
are the second most diverse subfamily of the water beetle family
Hydraenidae (Hansen, 1998; Jäch & Balke, 2008; Tables 1, S1

Correspondence: Ignacio Ribera, Institute of Evolutionary Biology (CSIC-Universitat Pompeu Fabra), Passeig Maritim de la Barceloneta 37, 08003
Barcelona, Spain. E-mail: ignacio.ribera@ibe.upf-csic.es

in File S1). They occur in all biogeographic regions, including
the Antarctic islands of Kerguelen and Heard, where they are the
only Hydraenidae present (Hansen, 1998). Ochthebiinae are the
ecologically most diverse hydraenid subfamily, with terrestrial
species, species living in the interface between land andwater, as

© 2018 The Royal Entomological Society 1



Supplements

379

2 A. Villastrigo et al.

well as in most types of aquatic environments (Jäch et al., 2016).
A large number of species are tolerant to hypersaline waters,
living in coastal rockpools (e.g. Cobalius Rey or Calobius
Wollaston; Antonini et al., 2010; Sabatelli et al., 2016), coastal
or inland saltpans or inland hypersaline streams (especially the
O. notabilis group, but also many other species in different
groups; Abellán et al., 2009; Millán et al., 2011).
The external morphology of the species of Ochthebiinae

is more heterogeneous than in other Holarctic lineages of
Hydraenidae [e.g. Hydraena Kugelann (Trizzino et al. 2013) or
Limnebius Leach (Rudoy et al., 2016)]. This has resulted in a
more complex taxonomy, withmostly all of the described genera
or subgenera with uncertain relationships. Thus, the genus
Ochthebius Leach was divided into 16 subgenera by Kuwert
(1887), but all of them, with the exception of Aulacochthebius
Kuwert, were later synonymized (see Tables 1, S2 in File S1 for
a synopsis of the classification and Table S1 in File S1 for a
complete checklist of Ochthebiini).
Ochthebiinae were divided by Perkins (1980) into two tribes,

Ochthebiini and Ochtheosini, the latter for the single terrestrial
genus Ochtheosus Perkins, with two species. The monotypic
genera Edaphobates Jäch & Díaz and Ginkgoscia Jäch & Díaz,
for which we could not obtain fresh material for DNA extrac-
tion, were tentatively hypothesized to be related to Ochtheosus
by Jäch & Díaz (2003, 2004) and thus we consider them within
Ochtheosini. Perkins (1997) divided Ochthebiini into five newly
defined subtribes: Enicocerina (for the single genus Enicocerus
Stephens), Meropathina (Meropathus Enderlein, Tympallopa-
trum Perkins, Tympanogaster Perkins and the recently described
Prototympanogaster Perkins; Perkins, 2018), Neochthebiina
(Neochthebius Orchymont), Ochthebiina (Ochthebius, Gym-
nochthebius Orchymont, Hughleechia Perkins, Gymnanthelius
Perkins, Aulacochthebius and Micragasma Sahlberg) and Pro-
tochthebiina (Protochthebius Perkins). Enicocerus was treated
as a subgenus by several subsequent authors (e.g. Jäch, 1998;
Ribera et al., 2010; Jäch & Skale, 2015), and Neochthebius
was treated as a synonym of Ochthebius s.s. by Jäch & Del-
gado (2014b), leaving ten genera in Ochthebiini, most of them
described in the 20th century (Table 1). Ochthebius is the oldest
available generic name (Leach, 1815; Hansen, 1998; Table 1),
grouped into four recognized subgenera with mostly Palaearc-
tic distribution: Asiobates Thomson, Calobius, Enicocerus and
Ochthebius (Jäch & Skale, 2015; Tables 1, S1 in File S1; see
the detailed taxonomic history of subgenera and species groups
in the Discussion). Within Ochthebius s.s., the most diverse
subgenus, several informal species groups have been defined,
which have undergone important modifications through their
taxonomic history (Tables S1, S2 in File S1).
The classification and proposed relationships within Ochthe-

biini have also experienced many modifications during the last
four decades. Perkins (1980) revised the by then known Ameri-
can species, and proposed a phylogeny derived from the exami-
nation of some morphological characters. Gymnochthebius was
placed as sister to the remaining taxa, which were divided in
two lineages: (i)Meropathus plusNeochthebius (currently a syn-
onym of Ochthebius; Table S2 in File S1) and (ii) Ochthebius
plus Asiobates. Subsequently, Perkins (1997) synonymized four

subgenera with Ochthebius (Calobius, Cobalius, Liochthebius
Sahlberg and Notochthebius Orchymont), and described three
additional genera (Tables 1, S2 in File S1). Based mostly on
the exocrine secretion delivery system (ESDS), he divided the
subfamily in two tribes, Ochtheosini for the newly described
Ochtheosus and Ochthebiini, divided in turn into subtribes, with
unresolved relationshipa among them. Ochtheosus was consid-
ered to have some plesiomorphic characters similar to some
southern African genera (e.g. antennae with 11 antennomeres,
as in many Prosthetopinae; Perkins, 1997; see also Beutel et al.,
2003), and did not share several of the most characteristic
synapomorphies with the remaining Ochthebiinae, in particular
the structure of the tentorial arms, galea and lacinia.
The first formal cladistic analysis of the family Hydraenidae

was published by Beutel et al. (2003), but sampling was too
incomplete to resolve internal relationships within Ochthebiinae
other than the sister relationship of Meropathus with Ochthe-
bius+Gymnochthebius. There is no published global molecu-
lar phylogeny of the entire family Hydraenidae or subfamily
Ochthebiinae, but in recent years some detailed molecular phy-
logenies for some lineages have been published, such as the
Ochthebius notabilis group (Abellán et al., 2009) and Enico-
cerus (Ribera et al., 2010). In Abellán et al. (2013) an extensive
phylogeny of Ochthebius and some related genera using only
mitochondrial markers was used to estimate the phylogenetic
diversity of the Iberian fauna. The sampling of some geographi-
cal areas was, however, very incomplete, as the intention was not
to produce a phylogenetic study. Still, most Palaearctic lineages
were represented, which allowed us to establish the monophyly
of most of the included genera/subgenera and of the recognized
species groups, although internal groups had poor relationships
between them. Sabatelli et al. (2016) used these data to study
the origin of species typical of rockpools, recovering basically
the same relationships and establishing a new species group for
the South African O. capicola Péringuey. In the same paper,
the subgenus Cobalius was found to be outside Ochthebius s.s.,
but Calobius nested within it, referring to it as the ‘Calobius’
lineage.
In this study we provide a comprehensive phylogeny of

Ochthebiini, based on mitochondrial and nuclear sequence data,
including representatives of most lineages. We introduce several
changes in the taxonomic classification to accommodate our
phylogenetic results, and provide a complete checklist based on
our new classification (Table S1 in File S1).

Material and methods

Taxon sampling

We studied 186 species and four subspecies of the 641
described species and 11 described subspecies of Ochthebiini,
plus 29 specimens corresponding to undetermined or still unde-
scribed species (Tables S1, S3 in File S1). For two species with
an isolated or unsupported placement (O. plesiotypus Perkins
and O. peisonis Ganglbauer) we sequenced two specimens to
test for possible sequencing mistakes. We included examples
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Table 1. Synopsis of the genus-level classification of Ochthebiini, with notes of the former status of the taxa (following Jäch & Skale, 2015, Jäch
et al., 2016 and Perkins, 2018), total number of species and species included in the phylogeny (see Table S1 in File S1 for a complete checklist and
Table S2 in File S1 for synonyms and type species). In brackets, number of subspecies. Species of uncertain identification included in the phylogeny
noted after ‘+’.

New status Former status No. sp. (ssp.) DNA sp. (ssp.)

GenusMeropathus Enderlein, 1901 Genus 8 1
Genus Ochthebius Leach, 1815 Genus 540a (9) 186+ 27(2)
Subgenus Angiochthebius Jäch & Ribera, 2018 Subgenus of Ochthebius 3 1
Subgenus Asiobates Thomson, 1859 Subgenus of Ochthebius 105 (3) 34+ 6
Subgenus Aulacochthebius Kuwert, 1887 Genus 13 4+ 6
Subgenus Cobalius Rey, 1886 Synonym of Ochthebius s.s.b 9 (2) 6
Subgenus Enicocerus Stephens, 1829 Subgenus of Ochthebius 16 9+ 1
Subgenus Gymnanthelius Perkins, 1997 Genus 8 2
Subgenus Gymnochthebius Orchymont, 1943 Genus 58 7+ 1
Subgenus Hughleechia Perkins, 1981 Genus 2 1
Subgenus Micragasma Sahlberg, 1900 Genusc 3 1
Subgenus Ochthebius Leach, 1815 Subgenus of Ochthebius 322 (4) 121+ 13 (2)
Genus Protochthebius Perkins, 1997 Genus 7 0
Genus Prototympanogaster Perkins, 2018 Genus 1 0
Genus Tympallopatrum Perkins, 1977 Genus 4 0
Genus Tympanogaster Janssens, 1967 Genus 84 3
Subgenus Hygrotympanogaster Perkins, 2006 Subgenus of Tympanogaster 36 1
Subgenus Plesiotympanogaster Perkins, 2006 Subgenus of Tympanogaster 2 0
Subgenus Topotympanogaster Perkins, 2006 Subgenus of Tympanogaster 8 0
Subgenus Tympanogaster Janssens, 1967 Subgenus of Tympanogaster 38 2

aIncludes one species ‘incertae sedis’.
bConsidered as a subgenus of Ochthebius by Sabatelli et al. (2016) and Jäch & Delgado (2017a).
cConsidered as a subgenus of Ochthebius by Hernando et al. (2017), based on the results of this study.

of eight of the 11 genera currently recognized in the tribe,
all subgenera but two (within genus Tympanogaster), and all
recognized species groups within the genus Ochthebius but
one (O. kosiensis group, Tables 1, S1, S3 in File S1). The
three missing genera, Tympallopatrum (Australia), Protochthe-
bius (Asia) and Prototympanogaster (Lord Howe Island), have
four, seven and a single species, respectively (Table S1 in
File S1).
We used as outgroups 31 species of other Hydraenidae genera

(Hydraena, Laeliaena Sahlberg and Limnebius) and of Ptiliidae.
Trees were rooted in the split between Hydraenidae and Ptili-
idae, considered to be sister groups both based onmolecular (e.g.
Hunt et al., 2007; McKenna et al., 2015; Zhang et al., 2018) and
morphological evidence (Hansen, 1997; Lawrence et al., 2011).

DNA extraction and sequencing

Specimens were killed and preserved in absolute ethanol.
DNA was extracted with a standard phenol-chloroform extrac-
tion or by commercial extraction kits (mostly Quiagen DNeasy
Tissue Kit, Hildesheim, Germany) following the manufactur-
ers’ instructions. DNA samples and voucher specimens are
kept in the collections of the Institute of Evolutionary Biology
(IBE, Barcelona, Spain), Museo Nacional de Ciencias Naturales
(MNCN, Madrid, Spain) and Naturhistorisches Museum Wien
(NMW, Vienna, Austria). We sequenced fragments of six genes
in five sequencing reactions, three mitochondrial [(i) 5′ end of

the cytochrome c oxidase subunit I (the standard barcode, Hebert
et al., 2003) (COI-5′); (ii) 3′ end of cytochrome c oxidase sub-
unit I (COI-3′); (iii) 5′ end of 16S RNA (16S) plus the leucine
tRNA transfer (tRNA-Leu) plus 5′ end of NADH dehydroge-
nase subunit I (NAD1)]; and two nuclear [(iv) an internal frag-
ment of the large ribosomal unit, 28S RNA (28S) and (v) an
internal fragment of the small ribosomal unit, 18S RNA (18S)]
(see Table S4 in File S1 for details on primers used and typi-
cal PCR conditions). Sequences were assembled and edited with
geneious v10.1 (Kearse et al., 2012); new sequences (a total of
897) were deposited in the ENA database with accession num-
bers LT990690–LT991586.

Phylogenetic analyses

Edited sequences were aligned using the online version of
mafft v.7 with the G-INS-I algorithm (Katoh et al., 2009).
We used partitionfinder v1.1.1 (Lanfear et al., 2012) to esti-
mate the evolutionary model that best fitted the data, using one
partition for each gene fragment (six partitions in total), and
using Akaike information criterion (AIC) scores as selection
criteria. Phylogenetic analyses were made using Bayesian prob-
abilities in beast 1.8 (Drummond & Rambaut, 2007), using
the partition and evolutionary models selected by partition-
finder, with a Yule speciation process as tree prior. There are
few fossils usable for calibrating the phylogeny of Hydraenidae.
The oldest recognized members of the family are Ochthebiites
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Ponomarenko, from the Jurassic (Arnol’di et al., 1991; Pono-
marenko & Prokin, 2015; Yamamoto et al., 2017), but they
cannot confidently be placed in any extant lineage. One of
the best-preserved hydraenid fossils is Archaeodraena cretacea
Jäch & Yamamoto from Upper Cretaceous Burmese amber (c.
99Ma, Yamamoto et al., 2017), which probably belongs to the
crown Hydraenidae. Both fossils are compatible with an esti-
mate of c. 170Ma for the split between Hydraenidae and Ptili-
idae obtained in recent molecular phylogenies calibrated with a
range of fossils (Hunt et al., 2007; McKenna et al., 2015). We
thus used this estimation to calibrate our tree, with a normal dis-
tribution with a standard deviation of 1 Ma and an uncorrelated
lognormal relaxed clock. A Middle Jurassic separation between
Hydraenidae and Ptiliidae is considerably younger than the esti-
mation of Toussaint et al. (2017) (Middle Triassic, 243Ma), but
older than the more recent estimation of Zhang et al. (2018)
(Upper Jurassic, c. 150Ma), both of which we consider to be less
plausible. In any case, it must be noted that themain objectives of
our study do not require an absolute calibration of the phylogeny
of Ochthebiini, which is done only as a preliminary exploration.
We ran the analyses for 100 million generations, logging

results for every 5000, and checked convergence to estimate
the burn-in fraction with tracer v1.6 (Drummond & Ram-
baut, 2007). We ran an additional ML phylogenetic reconstruc-
tion with raxml-hpc2 (Stamatakis, 2006) in the CIPRES por-
tal (Miller et al., 2010), using the same partition scheme as in
beast with a GTR+G model estimated independently for each
partition. Node support values were estimated with 100 pseu-
doreplicas using a rapid bootstrapping algorithm (Stamatakis
et al., 2008). The same ML analysis was repeated only with the
nuclear sequence (18S and 28S).

Results

The final matrix included 252 terminals with 3656 aligned
characters. Protein-coding regions had no indels except for the
3′ end of COI-3, where some species had an additional codon.
The best partitioning scheme obtained with partitionfinder
had six partitions corresponding to: (i) COI-5, (ii) COI-3, (iii)
16S+tRNA-Leu, (iv) NAD1, (v) 18S and (vi) 28S. The optimal
evolutionary model was GTR+I+G for all partitions except
for NAD1 (best model TMV) and 28S (best model SYM).
The beast run implementing the best models did not converge
properly, however, mostly due to the parameters related to the
estimation of the branch lengths, especially for the genes NAD1,
18S and 28S.We therefore did a second run with simpler models
for these genes (HKY+G+I), which converged adequately.
The topologies of the two Bayesian analyses were, however,
almost identical (Figs 1, S1 in File S1), and unless specified we
report only the results of the analyses with the better parameter
convergence (i.e. with the simpler evolutionary models).

Molecular phylogeny

The topologies obtained in the ML and the two Bayesian
analyses were very similar, differing only in some poorly

supported nodes (Figs 1, S1, S2 in File S1), most notably
in the position of Hughleechia (see below). The ML tree
with the nuclear sequence only had a topology very similar
to that obtained with the combined data, although with a
generally lower resolution and support. The main difference
was the recovery of Ochthebiini as paraphyletic, with the genus
Hydraena as sister to Tympanogaster plusMeropathus, although
with very low support (bootstrap support, BS= 53%; Fig. S3
in File S1). Genera, subgenera and most species groups were,
however, recovered as monophyletic with strong support, with
internal topologies very similar to that of the combined ML tree
(Figs S2, S3 in File S1).
In the ML and Bayesian trees with the combined nuclear

and mitochondrial data, the monophyly of Ochthebiini was
strongly supported, as well as their separation into two clades,
(i) Meropathus plus Tympanogaster and (ii) Ochthebius s.l.
Meropathus was nested within a paraphyletic Tympanogaster in
the ML tree (combined and nuclear only) and in the Bayesian
tree with the best models, and sister to Tympanogaster with
low support in the Bayesian tree with simpler models (posterior
probability, PP= 0.63; Figs 1a, S1, S2 in File S1).
Within Ochthebius s.l., Asiobates and Aulacochthebius were

sister groups in the Bayesian tree with low support (PP= 0.85),
and both sisters to the rest of Ochthebiini. In the ML analysis,
Asiobates and Aulacochthebius were paraphyletic with respect
to the rest of Ochthebiini, also with low support (BS< 50%)
(Figs 1a, S2 in File S1). In both analyses Ochthebiini minus
Asiobates and Aulacochthebius were monophyletic with strong
support (BS= 80%; PP= 1; Fig. 1a).
The remaining Ochthebiini were divided into a series of

well-supported clades corresponding to traditionally recog-
nized genera or subgenera, but with poorly resolved relation-
ships among them: (i) Enicocerus, strongly supported and with
well-resolved internal relationships, sister to the Australian
Hughleechia in ML and the Bayesian analysis with the sim-
pler models (BS= 81%, PP= 0.76; Figs 1b, S2 in File S1); in
the Bayesian analysis with the best models Hughleechia was
sister to the clade formed by Micragasma and Cobalius, with
low support (PP= 0.88; Fig. S1 in File S1); (ii) a clade includ-
ing Gymnochthebius and Gymnanthelius, the latter as sister to
Angiochthebius Jäch & Ribera (Gymnochthebius plesiotypus
group of Perkins, 1980; see Jäch & Ribera, 2018) (BS= 94%,
PP= 0.96); within Gymnochthebius, the Australian and Amer-
ican species were respectively monophyletic and sisters, with
very strong support in both the ML and Bayesian trees (Figs 1b,
S2 in File S1); (iii) Cobalius, with a strongly supported mono-
phyly (BS= 98%, PP= 1) and sister to the only sequenced
species of Micragasma, also with strong support (BS= 100%,
PP= 1) (Figs 1b, S2 in File S1); (iv) Ochthebius s.s., including
Calobius, strongly supported in both the ML (BS= 94%) and
Bayesian (PP= 1) trees (Figs 1b, S2 in File S1).
Within Ochthebius s.s. the most established Palaearctic

species groups were recovered as monophyletic (see Discus-
sion; Figs 1b, c, S2 in File S1). Their monophyly was strongly
supported in the ML and Bayesian trees, with the only excep-
tion of the group of species related to the O. atriceps and O.
notabilis groups in the ML analyses. The main difference with
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Fig. 1. Majority rule consensus tree obtained with beast for the phylogeny of Ochthebiini, with the simple evolutionary models (see text). Numbers
in nodes, posterior probabilities/bootstrap support values in raxml. Names in nodes refer to the new classification. Habitus photographs correspond to
species used in the analyses, with the addition of Limnebius papposus Mulsant, Hydraena riparia Kugelann (a), Ochthebius (s.s.) bernhardi Jäch &
Delgado and O. (Micragasma) minoicus Hernando, Villastrigo & Ribera (b).[Colour figure can be viewed at wileyonlinelibrary.com].
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Fig. 1. Continued.

established groups was the expansion of the O. marinus group
to include the South African O. capicola and the American O.
biincisus, bisinuatus and interruptus groups of Perkins (1980).
TheO. foveolatus group of Jäch (1991) was split in three clades:
(i) O. foveolatus group, sister to the O. metallescens group with

strong support in both ML and Bayesian trees (BS= 71%,
PP= 0.99); (ii)O. atriceps group; and (iii)O. corrugatus group.
The latter two formed a clade with the species of theO. notabilis
and O. andraei groups, strongly supported in the Bayesian tree
(PP= 1) but not in the ML tree (BS< 50%), in which the group
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Fig. 1. Continued.

also included one of the two sampled species of the O. rivalis
group (Figs 1c, S2 in File S1). Two coastal lineages, Calobius
and theO. vandykei group (formerly genus Neochthebius), were
nested within Ochthebius s.s., the former as sister to the O.
lobicollis+O. strigosus groups (BS< 50%, PP= 0.92) and the
latter as sister to the O. marinus group (BS< 50%, PP= 0.97)
(Figs 1b, c, S2 in File S1).

According to our calibration scheme, with a separation
between Hydraenidae and Ptiliidae at 170Ma, the estimated age
of crown Hydraenidae was 106Ma [highest posterior density
(HPD): 122.8–90.2Ma], and that of the crown Ochthebiini
was 93Ma (HPD: 109.7–80.8Ma). The basal diversification of
Ochthebiini was reconstructed as having occurred in a relatively
short temporal window, with genera, subgenera andmost species
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Table 2. Estimated evolutionary rates of the different partitions (sub-
stitutions per site per Ma per lineage) and 95% high posterior density
interval (HPD) in the Bayesian analysis with simple evolutionary mod-
els (see text).

Partition Mean rate 95% HPD interval

COI-5 0.0085 [0.0070, 0.0102]
COI-3 0.0111 [0.0091, 0.0133]
16S+ tRNA 0.0024 [0.0020, 0.0029]
NAD1 0.0039 [0.0030, 0.0048]
18S 0.00014 [0.000 10, 0.000 17]
28S 0.00052 [0.00040, 0.00064]

groups with an origin in the range of c. 87–60Ma (Fig. 1; see
Table 2 for the estimated evolutionary rates of all partitions).

Discussion

Our results strongly support the monophyly of Ochthebiini,
but our sampling did not allow us to test for the monophyly
of Ochthebiinae, or its position within Hydraenidae. Within
Ochthebiini our results recover two well-supported clades:
Meropathus plus Tympanogaster, and Ochthebius s.l. (Fig. 2;
see below for a detailed discussion of the taxonomic classifi-
cation of Ochthebiini). We did not find evidence to support the
five subtribes proposed by Perkins (1997), which are therefore
not considered here.
We did not find evidence for a clear separation between

the studied species of Tympanogaster and Meropathus, in
agreement with previous studies (Hansen, 1991). However, we
could not obtain material of the genera Prototympanogaster
and Tympallopatrum, considered to be closely related to
Tympanogaster by Perkins (1997, 2018), and two of the
subgenera of Tympanogaster (Plesiotympanogaster Perkins
and Topotympanogaster Perkins), so until more data become
available we refrain from any taxonomic change and consider
Prototympanogaster, Tympallopatrum and Tympanogaster as
valid genera (Tables 1, S1 in File S1; Fig. 2) (see Perkins,
2006 for a discussion on the subgeneric classification of Tym-
panogaster). The species of Meropathus, Prototympanogaster,
Tympallopatrum and Tympanogaster are found in the Australian
Region, on two Antarctic islands (Kerguelen and Heard) and on
several Subantarctic islands, such as Campbell Island, Crozet
Islands, Prince Edward Island and Falkland Islands.
The second lineage, genus Ochthebius s.l., included all

the non-Australian Ochthebiini, as well as several Australian
species. Our results agree remarkably well with the cur-
rently recognized subgenera and many of the established
species groups, which were recovered as monophyletic with
general strong support (Fig. 2). The relationships between
these lineages, however, do not confirm some previous
hypotheses on their relationships. Thus, Aulacochthebius
was not found to be closely related to Gymnochthebius, as
proposed in Hansen (1991), but to Asiobates; Micragasma
and Hughleechia were not among the basal lineages and

Cobalius and Calobius were not closely related, as hypoth-
esized in Perkins (1997). Novel relationships found here
are the possible sister relationship between Hughleechia
and Enicocerus, and the close relationship between Gym-
nochthebius and Gymnanthelius. Interestingly, within the clade
Gymnochthebius+Gymnanthelius+Angiochthebius there are
two cladogenetic events separating American from Australian
species: one within Gymnochthebius, dated at 73Ma (95%
HPD: 87–60Ma), and another separating the Australian Gym-
nanthelius and the Chilean Angiochthebius, dated at 60Ma
(95% HPD: 78–51Ma). Although a detailed biogeographic
analysis is outside the scope of this paper, it is interesting to note
that these estimations are too recent for a tectonic split between
Australia and South America (i.e. west and east Gondwana),
dated at c. 130Ma (McIntyre et al., 2017). Our calibration
would thus require a different scenario, probably through the
colonization of some southern islands or the Antarctica. An
older age for these nodes is unlikely, given that our rate esti-
mations are already slower than most recent estimations for the
same genes in other groups of Coleoptera (Table 2; see e.g.,
Papadopoulou et al., 2010; Andújar et al., 2012; Cieslak et al.,
2014).

Taxonomic classification of Ochthebiini Thomson, 1859

GenusMeropathus Enderlein, 1910
Type species:Meropathus chuni Enderlein, 1910, by monotypy.
Meropathus was described as genus, considered as subgenus

of Ochthebius by Orchymont (1938) and reinstated again as
genus by Jeannel (1940). Bameul (1989) redescribed the genus
and recognized 12 species (in two species groups), transferring
Ochthebius schizolabrus Deane to Meropathus. Hansen (1991)
noted the difficulty in establishing clear distinctions within
theMeropathus–Tympanogaster complex.Meropathus includes
seven New Zealand, Antarctic and Subantarctic species plusM.
labratus Deane from Queensland (Table S1 in File S1). They
are all found in coastal habitats, usually among debris and algae
(Bameul, 1989).

Genus Prototympanogaster Perkins, 2018
Type species: Prototympanogaster lordhowensis Perkins, 2018,
by original designation.
Prototympanogaster was described by Perkins (2018) as a

monotypic genus based on two males collected in 2003 in Lord
Howe Island (Australia). This genus seems to be closely related
to Tympanogaster, but without its characteristic glabrous tabella
in the metaventrite (Perkins, 2018).

Genus Tympallopatrum Perkins, 1997
Type species: Tympallopatrum longitudum Perkins, 1997, by
original designation.
Tympallopatrum was described by Perkins (1997) as a mono-

typic genus within Meropathina. Subsequently, Perkins (2004a)
revised the genus and described three additional species, all of
them from western Australia (Table S1 in File S1). We could not
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Fig. 2. Summary tree of the phylogenetic relationships of the Ochthebiini main lineages. The width of the triangles reflects the number of species of
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obtain any representative of this genus for our study, and thus its
phylogenetic placement remains untested.

Genus Tympanogaster Janssens, 1967
Type species: Tympanogaster deanei Perkins, 1979 (replace-
ment name forOchthebius longipesDeane, 1931), bymonotypy.
Described by Janssens (1967) as a monotypic genus for O.

longipes (= T. deanei Perkins), Perkins (1997) redescribed
Tympanogaster and transferred some species fromMeropathus.
Perkins (2006) revised the genus and described three subgenera
and 76 new species, raising the total number of the species in the
genus to 84 (Tables 1, S1 in File S1), all distributed in Australia
and Tasmania.

Subgenus Hygrotympanogaster Perkins, 2006. Type species:
Tympanogaster maureenae Perkins, 2006, by original designa-
tion.
Hygrotympanogaster Perkins was described by Perkins (2006)

as a subgenus of Tympanogaster, to include mostly hygropetric
species in southwestern Australia. Currently it includes 36
species (Perkins, 2006) (Table S1 in File S1).

Subgenus Plesiotympanogaster Perkins, 2006. Type species:
Tympanogaster thayerae Perkins, 2006, by original designation.
Plesiotympanogaster was described by Perkins (2006) as a

subgenus of Tympanogaster to include the type species plus
Ochthebius costatus Deane (Table S1 in File S1). Both species
were considered to have plesiomorphic characters within the
genus.

Subgenus Topotympanogaster Perkins, 2006. Type species:
Tympanogaster crista Perkins, 2006, by original designation.
Topotympanogaster was described by Perkins (2006) as a

subgenus of Tympanogaster to include eight Australian species,
all described in Perkins (2006) (Table S1 in File S1). We could
not obtain any representative of this and the previous subgenus
for our study, and thus their phylogenetic placement remain
untested.

Subgenus Tympanogaster Janssens, 1967. Type species: Tym-
panogaster deaneiPerkins, 1979 (replacement name forOchthe-
bius longipes Deane, 1931), by monotypy.
Tympanogaster s.s. was revised by Perkins (2006), raising the

total number of the species to 38 (Tables 1, S1 in File S1), all
distributed in Australia and Tasmania.

Genus Ochthebius Leach, 1815
Type species: Helophorus marinus Paykull, 1798, fixed by
Orchymont (1942).
The second well-supported lineage within Ochthebiini

includes the remaining genera/subgenera with, in some cases,
uncertain relationships among them. We consider Ochthebius
a single genus with 540 species and nine subspecies in ten
well-supported subgenera, corresponding in most cases to
currently recognized taxa (Fig. 2). One additional species, O.
eremita Knisch from Fiji, cannot be confidently placed in any

of the described subgenera, and it is left as incertae sedis within
the genus Ochthebius (Hansen, 1998; Table S1 in File S1).

Subgenus Angiochthebius Jäch & Ribera, 2018. Type
species: Gymnochthebius plesiotypus Perkins, 1980, by original
designation.
The subgenus Angiochthebius was created for the Gym-

nochthebius plesiotypus species group (sensu Perkins, 1980),
which now includes three South American species (Jäch & Rib-
era, 2018; Table S1 in File S1). The species of theG. plesiotypus
group were included within Gymnochthebius by Perkins (1980)
as they share a bifid apex of the aedeagus, but external characters
(e.g. the pubescent fifth abdominal ventrite) and some aedea-
gal characters (Jäch & Ribera, 2018) as well as molecular data
(Figs 1b, S2 in File S1) warrant their removal fromGymnochthe-
bius and their status as a distinct subgenus of Ochthebius.

Subgenus Asiobates Thomson, 1859. Type species: Ochthe-
bius rufimarginatus Stephens, 1829 (= O. bicolon Germar,
1824), by monotypy.
Originally described as a genus, but downgraded to subgenus

by Seidlitz (1875), and treated as such by most authors (e.g.
Jäch, 1990a; Hansen, 1991; Perkins, 1997). Jäch (1990a) divided
the Palaearctic species in the bicolon and minimus groups,
which were recovered as respectively monophyletic with strong
support. The sampled American species were divided in the
puncticollis group of Perkins (1980), with only one sampled
species being sister to the rest of the subgenus with strong
support (BS= 88%, PP= 1; Figs 1a, S2 in File S1), plus the
discretus group of Perkins (1980). The placement of the studied
Nearctic species of the A. discretus group and two of the
Afrotropical species (O. andreiini Régimbart and O. andronius
Orchymont) was uncertain in both the ML and the Bayesian
trees (Figs 1a, S2 in File S1). We provisionally consider them
within the A. minimus group due to the similarities in their
aedeagi and the morphology of the pronotum (Orchymont,
1948; Perkins, 1980; Jäch, 1990a). The subgenus Asiobates
currently includes 105 described species and three subspecies
occurring in all biogeographical regions, except the Oriental and
Australian Realms. While the puncticollis group is restricted
to the Nearctic Region, the bicolon and minimus groups are
more widespread. The former occurs in the Palaearctic and
(with several undescribed species) Afrotropical regions, and
the latter occurs in the Nearctic, Neotropical, Palaearctic, and
Afrotropical regions. Many additional species of Asiobates
await description, several of them included in our phylogeny
(Table S3 in File S1).

Subgenus Aulacochthebius Kuwert, 1887. Type species:
Ochthebius exaratusMulsant, 1844, by monotypy.
Considered as a subgenus until Perkins (1997) raised it to

genus level. There are no species groups defined within this
subgenus, and our sampling is too incomplete to draw firm
conclusions. Currently the subgenus includes 13 Palaearctic,
Oriental and Afrotropical species (Table S1 in File S1), although
the taxonomy of the subgenus is in clear need of revision and it
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is expected that the number of species will increase considerably
(Table S3 in File S1).

Subgenus Cobalius Rey, 1886. Type species: Ochthebius
lejolisiiMulsant & Rey, 1861, fixed by Jäch (1989b).
Described as a subgenus of Ochthebius by Rey (1886), syn-

onymized by Perkins (1997) withOchthebius s.s. and considered
again as subgenus by Sabatelli et al. (2016). We recovered it
here as a strongly supported monophyletic lineage clearly out-
side Ochthebius s.s., confirming its status as subgenus. Its nine
recognized species and two subspecies occur along the coasts of
the Mediterranean Sea, the Black Sea and the eastern Atlantic
Ocean from Cape Verde to Scotland (Jäch, 1989b; Jäch & Skale,
2015; Jäch & Delgado, 2017a). Its taxonomy is in need of revi-
sion (Sabatelli et al., 2016; Jäch & Delgado, 2017a; I. Ribera
et al., unpublished data).

Subgenus Enicocerus Stephens, 1829. Type species: Enico-
cerus viridiaeneus Stephens, 1829 (= Ochthebius exsculptus
Germar, 1824), by monotypy.
Enicocerus was originally described as a genus, downgraded

to subgenus of Ochthebius by Chenu (1851), reinstated again as
genus by Perkins (1997) (within its own subtribe, Enicocerina),
but treated as a subgenus by subsequent authors (e.g. Jäch,
1998; Ribera et al., 2010; Jäch & Skale, 2015). Our results
support the exclusion of the East Palaearctic and Oriental
species, confirming Jäch (1998) and Skale & Jäch (2009), and
are in agreement with the phylogeny of Ribera et al. (2010).
Enicocerus in its current sense includes 16 species with a
mostly Mediterranean distribution, with some species reaching
the British Isles, Central Europe, the Middle East and the
Caucasus. One species from eastern North America,Ochthebius
benefossus LeConte, not included in our phylogeny, is here
tentatively placed in Enicocerus (following Perkins, 1980); it
might, however, instead belong to the O. (s.s.) nitidipennis
group, or to a species group of its own.

Subgenus Gymnanthelius Perkins, 1997 comb.n. Type
species: Ochthebius hieroglyphicus Deane, 1933, by original
designation.
The genus Gymnanthelius was introduced by Perkins (1997)

forO. hieroglyphicus. Subsequently, Perkins (2004b) revised the
genus and transferred to Gymnanthelius two other Australian
species described by Deane (1931, 1937) within Ochthebius
(Table S1 in File S1). The eight described species are distributed
mostly in southeasternAustralia, with some reaching as far north
as Queensland (Perkins, 2004b).

Subgenus Gymnochthebius Orchymont, 1943. Type species:
Ochthebius nitidus LeConte, 1850 by original designation.
Gymnochthebius was originally described as a subgenus

of Ochthebius (Orchymont, 1943) to place several American
species described under Ochthebius that could not be placed
in any of the described subgenera, which had been established
mostly for Palaearctic species. Orchymont (1943) also included
three Australian species for which he could examine the aedea-
gus and confirmed that they had the same general structure as the

American species. Perkins (1980) revised the American species
and Perkins (2005) the Australian and Papuan species, recogniz-
ing another four species in addition to the three previously noted
by Orchymont (1943) and raising the total number of species in
the subgenus to 58 (Table S1 in File S1). The Australian and
the American species of the subgenus form two well-supported
clades, the O. australis and O. fossatus groups, with 36 and 22
species, respectively (Table S1 in File S1).

Subgenus Hughleechia Perkins, 1981 comb.n. Type species:
Hughleechia giulianii Perkins, 1981, by original designation.
Originally described as a monotypic genus (Perkins, 1981), a

second species was described by Perkins (2007a). Both species
inhabit coastal rockpools in southern Australia and Tasmania, in
the intertidal zone and (most frequently) above the tide (Perkins,
2007a).

Subgenus Micragasma Sahlberg, 1900. Type species:Micra-
gasma paradoxum Sahlberg, 1900, by monotypy.
Described as a monotypic genus forM. paradoxum (Sahlberg,

1900). Jäch (1997a) redescribed the genus and transferred
O. substrigosus Reitter to Micragasma. A third species was
recently described from Crete (Hernando et al., 2017), and
there are two additional undescribed species from Central Asia
(M.A. Jäch et al., unpublished data). Our results clearly show
that Micragasma is nested within Ochthebius s.l., and thus we
consider it a subgenus of Ochthebius.

Subgenus Ochthebius Leach, 1815. Type species: Helopho-
rus marinus Paykull, 1798, fixed by Orchymont (1942).
Within Ochthebius s.s. we recovered, with strong support,

most of the currently recognized species groups as mono-
phyletic. Most species groups are entirely Palaearctic, or with
mostly Palaearctic species, and thus the basis for the taxonomy
of the subgenus is the revisionary work of Jäch (e.g. Jäch, 1989a,
1990a, 1991, 1992a), who distinguished 13 groups and sub-
groups. With only one exception (O. jengi group), they were all,
with some modifications, recovered as monophyletic. Accord-
ing to our results, the 322 described species and four subspecies
of Ochthebius s.s. are separated in 17 species groups, five of
them newly established herein (Fig. 2). A few species still have
an uncertain phylogenetic placement. This is particularly the
case for O. belucistanicus Ferro, O caudatus Frivaldszky, O.
fissicollis Janssens and O. pierottii Ferro, which presently can-
not be confidently included in any of the recognized species
groups, mainly because their original descriptions lack informa-
tion about relevant characters (Table S1 in File S1).
(1) O. andraei group: Defined and revised in Jäch (1992a),

with additional species described in Jäch (2002) and Jäch &
Delgado (2010). Currently this group includes six species and
one subspecies of Palaearctic distribution (Table S1 in File S1),
typical of saline or hypersaline habitats. We could study a single
species (O. patergazellae Jäch & Delgado, Table S3 in File S1),
included in a clade together with the species of the O. notabilis,
corrugatus and atriceps groups (Fig. 1). The close relationship
between the species of theO. andraei, corrugatus, notabilis and
atriceps groups were already suggested in Jäch (1991, 1992a).
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(2) O. atriceps group: In Jäch (1991) the species of the O.
foveolatus group were divided in two subgroups: (A) foveolatus
subgroup, sharing some characters with the species of the
O. metallescens group; and (B) atriceps subgroup, sharing
some characters with the species of the O. notabilis group.
We recovered both subgroups as respectively monophyletic,
and confirmed the suspected relationships proposed by Jäch
(1991) (see below). Ochthebius burjkhalifa Jäch & Delgado
and O. despoliatus Jäch & Delgado, both from the UAE and
of uncertain affinities, although hypothesized to be related to
the O. atriceps group (Jäch & Delgado, 2014a), were found
to be sister to the rest of the species of the group, with strong
support in the Bayesian analysis (PP= 0.95) but weaker in the
ML (BS= 55%) (Figs 1, S2 in File S1). With the inclusion of
these two species, the O. atriceps group includes 20 species
and one subspecies (Table S1 in File S1). They have a mostly
Palaearctic distribution but extending to East Africa (Djibouti)
(Jäch & Delgado, 2017b).
(3) O. corrugatus group: Jäch (1992a) suggested that O.

corrugatus Rosenhauer, despite being related to the species of
the O. andraei and notabilis groups, could not be included in
either of them. Our results confirm this hypothesis, but extend
theO. corrugatus group to include two additionalMediterranean
species previously included in the O. atriceps subgroup (Jäch,
1991; Table S1 in File S1).
(4) O. foveolatus group: the O. foveolatus group as here

defined corresponds to the O. foveolatus subgroup of Jäch
(1991), recovered as sister of the O. metallescens group with
strong support (Fig. 1). After the additions and corrections of
Delgado & Jäch (2009) and Jäch & Delgado (2010, 2014b) it
currently includes 27 species, all Palaearctic (Fig. 1; Table S1 in
File S1).
(5)O. kosiensis group: Jäch (1997b) established this group for

O. kosiensis Champion, described within Ochthebius but orig-
inally not placed in any subgenus (Champion, 1920). Knisch
(1924) placed it in Asiobates due to the resemblance of the gen-
eral habitus, although the male genitalia do not correspond to
those of the species of Asiobates (Jäch, 1997b). Jäch (2003) rec-
ognized the similarity between O. kosiensis, O. strigosus and
related species, and included both species in the strigosus sub-
group of themetallescens group. The study of some undescribed
species deposited in the NMW (M.A. Jäch, unpublished data)
suggests that the strigosus subgroup as defined in Jäch (2003)
should be divided in the kosiensis and strigosus groups, with
two and 16 described species respectively (see below; Table
S1 in File S1). We could not obtain any species of the kosien-
sis group suitable for DNA extraction, and thus their phyloge-
netic relationships (and composition) remain untested. Based on
described and undescribed species the group is so far known
from the Himalaya and Myanmar.
(6) O. lobicollis group: Jäch (1990b) revised the lobicollis

group, with subsequent additions by Jäch (1994) and Jäch et al.
(1998). It currently includes 11 species with a West Palaearctic
distribution (Table S1 in File S1; Fig. 1b).
(7) O. marinus group: the Palaearctic species of the O.

marinus group, the most speciose within Ochthebius s.s., were
revised by Jäch (1992b). According to our results it includes

the species of the O. jengi group sensu Jäch (1998) and
also species from the Nearctic and Neotropical regions (O.
biincisus, bisinuatus and interruptus groups of Perkins, 1980);
the Afrotropical Region (O. extremus and salinarius groups of
Perkins & Balfour-Browne, 1994; Perkins, 2011; O. capicola
group of Sabatelli et al., 2016), including Madagascar (O.
alluaudi Régimbart; Perkins, 2017); the Oriental Region (O.
masatakasatoi Jäch; Jäch, 1992b; Jäch & Delgado, 2017a); and
the Australian Region (O. queenslandicus Hansen; Jäch, 2001a;
Perkins, 2007b).
Two of the studied subspecies were not recovered as sisters

to the nominal subspecies in any of the analyses: O. viridis
fallaciosus Ganglbauer (sister to O. arefniae Jäch & Delgado
and another specimen probably representing an undescribed
species), andO. subpictus deletus Rey (sister toO. marinus plus
O. auropallens Fairmaire), in both cases with strong support
(Figs 1, S1, S2; Table S1 in File S1). We thus upgrade the two
subspecies to species, O. fallaciosus Ganglbauer, 1901 stat.n.
and O. deletus Rey, 1885 stat.rest. (see Jäch, 1992b and Jäch
& Delgado, 2008 for a detailed description of the species). The
O. marinus group as here defined includes 78 species, plus one
species of uncertain adscription (Table S1 in File S1). Most of
these species seem to be associated to lentic habitats, frequently
saline, and especially those outside the Palaearctic, coastal.
(8) O. metallescens group: the O. metallescens group was

revised by Jäch (1989a). It is well defined morphologically,
but many species have variable isolated populations, making
species recognition and diagnosis difficult. This difficulty is
reflected in the complex taxonomic history of the group, with
multiple changes in the status of some species (e.g. Jäch, 1989a,
1999, 2001b). A number of species are typical of hygropetric
habitats covered by a thin film of water, such as seepages or
the marginal areas of stony surfaces in streams. The species
group currently has 56 Palaearctic species and one subspecies
(Table S1 in File S1). Due to the somewhat cryptic habits and
restricted geographic ranges of many species, it is expected that
this number will increase considerably.
(9) O. nitidipennis group: we include in the O. nitidipennis

group the Asian species formerly included in the subgenus
Enicocerus. As suggested by previous authors (Jäch, 1989b;
Skale & Jäch, 2009; Yoshitomi & Satô, 2001), morphological
similarities between these species and those of Enicocerus
are the result of evolutionary convergence, probably due to
occupying similar microhabitats on the surface of rocks and
stones partially submerged in streams. The group currently
includes 12 species in the Himalaya Region and East Asia (Table
S1 in File S1).
(10) O. notabilis group: Jäch (1992a) recognized the O. nota-

bilis group for species formerly included in the subgenus Dory-
ochthebius Kuwert, establishing its synonymy with Ochthe-
bius s.s. and differentiating the members of this group from
the species of Calobius (see below). The group includes 13
Palaearctic species, all typical of saline or hypersaline habitats.
(11) O. peisonis group: Ochthebius peisonis was included

in the O. marinus group by Jäch (1992b). Our results, how-
ever, place the species in a very isolated and uncertain posi-
tion within Ochthebius s.s. We provisionally consider it in its
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own group, until additional evidence clarifies its phylogenetic
relationships.
(12) O. punctatus group: the punctatus group was defined

by Jäch (1992c) to include the species formerly considered
under subgenus Bothochius Rey, with irregular elytral punc-
tation (Jäch, 1989c), and a series of species with similar
morphological characters but with regular elytral striae. The
Ochthebius punctatus group includes 53 species and one sub-
species, mostly Palaearctic (reaching the Oriental Region) but
with some Afrotropical species, among them the namibien-
sis group of Perkins & Balfour-Browne (1994) (Jäch, 1992c;
Hansen, 1998; Perkins, 2011; Jäch & Delgado, 2017b; Table S1
in File S1).
(13) O. quadricollis group: the O. quadricollis group corre-

sponds to the genus Calobius, described for C. heeriWollaston
fromMadeira. The concept ofCalobiuswas expanded by subse-
quent authors to include species now in different species groups
(e.g. Reitter, 1886 included among them O. notabilis Rosen-
hauer and O. quadrifoveolatus Wollaston), and was usually
treated as a subgenus. It was revised by Jäch (1993), who still
considered it a subgenus, but was synonymized with Ochthe-
bius s.s. by Perkins (1997), who considered it to be closely
related to Cobalius. Its status remained uncertain, however, with
some authors treating it as a genus (e.g. Audisio et al., 2010)
or subgenus (e.g. Jäch & Skale, 2015). Finally, Sabatelli et al.
(2016) provided evidence of the phylogenetic position of Calo-
bius, demonstrating its derived status within Ochthebius s.s.
and considering it as the ‘Calobius’ lineage, named here the
O. quadricollis group for consistency with other species groups
within Ochthebius s.s. Sabatelli et al. (2016) also found that the
group includes more than the five species currently recognized
(Table S1 in File S1), in agreement with previous results from the
Italian species (e.g. Urbanelli & Porretta, 2008; Audisio et al.,
2010). Our results support this impression, as happens with the
subgenus Cobalius, which is also in need of taxonomic revision.
All species of the O. quadricollis group are found in coastal
rockpools in the Mediterranean basin and the islands of Madeira
and the Canaries.
(14) O. rivalis group: Ochthebius rivalis Champion and two

similar species were originally considered to be a subgroup of
the O. metallescens group (Jäch, 2003). Our results, however,
do not support a close relationship with the species of the O.
metallescens group, but with O. peisonis and the O. notabilis,
corrugatus and andraei groups (Figs 1, S2 in File S1), with
low support. In the Bayesian analysis, the two sampled species
of the group were sister with strong support (PP= 1), but in
the ML analysis they were not placed together, although with
low support (BS< 50%) (Fig. S2 in File S1). Currently the
group includes four Asian species (includingO. himalayae Jäch,
originally described within the O. metallescens group, Jäch,
1989a), distributed from the Himalaya to Hainan Island (Table
S1 in File S1).
(15) Ochthebius strigosus group: Ochthebius strigosus

Champion, described as Ochthebius s.s., was included in the
subgenus Asiobates by Jäch (1989b) based on the study of
female specimens only. After the discovery of males of a related

species (O. strigoides Jäch) they were placed in their own sub-
group within the O. metallescens group (Jäch, 1998). We found
the only sequenced species of the group to be sister of the O.
lobicollis group with low support (BS= 56%, PP= 0.87), and
we consider it here as a distinct species group withinOchthebius
s.s. The O. strigosus group currently includes 16 described plus
some undescribed species, one of them included here (voucher
IBE-RA617). The group is distributed in the eastern Palaearctic,
including Taiwan (Jäch, 2003; Table S1 in File S1).
(16)Ochthebius sumatrensis group: in the original description,

O. sumatrensis Jäch could not be placed in any of the by then
described groups, although some similarities with O. jengi Jäch
(currently in the marinus group) were noted (Jäch, 2001a).
Several undescribed species similar toO. sumatrensis have been
collected in recent years (M.A. Jäch et al., unpublished data),
among them the one from Hong Kong included here (specimen
voucher MNCN-AC16; Table S1 in File S1), recovered as sister
to the rest of the species of Ochthebius s.s. with low support
in the ML analysis (BS< 50%; Fig. S2 in File S1) and as
sister to the punctatus group in the Bayesian analysis, also
with low support (PP< 0.5; Fig. 1). They live in hygropetric
surfaces, which makes them prone to evolutionary convergence
with nonrelated species sharing the same habitat, thus obscuring
their relationships. The group is distributed from the Himalayas
to eastern China and southward to Sumatra, where it is the only
known species of Ochthebius s.s.
(17) O. vandykei group: the species of the O. vandykei group

correspond to the former Neochthebius, originally described
as subgenus but raised to genus (within its own subtribe,
Neochthebiina) by Perkins (1997) based on peculiarities of their
antennae and the lack of ESDS. Jäch & Delgado (2014b), based
on unpublished molecular data and on aedeagal characters,
synonymized Neochthebius and considered it as a species
group within Ochthebius s.s. The group currently includes eight
species from the northern Pacific coast, seven in Asia and one
in North America (Jäch & Delgado, 2014b; Table S1 in File
S1). They are all typical of rocky seashores or other coastal
microhabitats.

Genus Protochthebius Perkins, 1997
Type species: Protochthebius satoi Perkins, 1997, by original
designation.
The genus Protochthebius was described by Perkins (1997)

for P. satoi and O. jagthanae Champion, who erected also the
subtribe Protochthebiina based on peculiarities of the antennae
and the ESDS. Subsequently, Jäch (1997b) and Perkins (1998)
described another two and three species, respectively. All seven
known species of Protochthebius are found in the Himalaya
Region, Meghalaya and Laos (Table S1 in File S1). Some of
them have been found by sifting forest litter or moss (Jäch,
1997b; Perkins, 1998).
We could not obtain molecular data of any of the species

of Protochthebius, and thus the phylogenetic placement of the
genus remains uncertain. Perkins (1997) noted some presumably
plesiomorphic characters of the pronotum and postocular area
of the head. The species of the genus also have a reduced
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ESDS system (Perkins, 1997), but this might be a secondary loss
due to their microhabitat preferences. Their male genitalia are,
however, typical of Ochthebius s.s., and when molecular data
become available, the taxonomic status of Protochthebius may
have to be changed to a subgenus of Ochthebius or a species
group within Ochthebius s.s., in which case P. satoi would
become a junior homonym.

Supporting Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

File S1. Supporting Information file.
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Ochthebiini with the best partition models. Numbers in nodes, posterior probabilities. 
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Table S4: (A) primers used for DNA amplification and sequencing reactions; (B) Typical 
conditions for the polymerase chain reaction. 
 

(A) 

Gene Primer F/R Sequence Ref. 

COI-5’ UniLep F1b F TAATACGACTCACTATAGGGATTCAACCAATCATAAAGATATTGGAAC 1 
UniLep R1 R ATTAACCCTCACTAAAGTAAACTTCTGGATGTCCAAAAAATCA 1 

COI-3’ 

Jerry F CAACATTTATTTTGATTTTTTGG 5 
Pat R TCCAATGCACTAATCTGCCATATTA 5 
Chy F T(A/T)GTAGCCCA(T/C)TTTCATTA(T/C)GT 3 
Tom R AC(A/G)TAATGAAA(A/G)TGGGCTAC(T/A)A 3 

16S 
16sAr F CGCCTGTTTAACAAAAACAT 5 
ND1 A R GGTCCCTTACGAATTTGAATATATCCT 5 
16Sb R CCGGTCTGAACTCAGATCATGT 5 

28S ka F ACACGGACCAAGGAGTCTAGCATG 2 
kb R CGTCCTGCTGTCTTAAGTTAC 2 

18S 18S 5’ F GACAACCTGGTTGATCCTGCCAGT(1) 4 
18S b5.0 R TAACCGCAACAACTTTAAT(1) 4 

 

(B) 

COI-3’ / 18S 
Step Time Temperature 
1 3’ 96º 
2 30” 94º 
3 30” 50º 
4 1’ 72º 
5 Go to step 2 and repeat 39 

x 
 

6 10’ 72º 
 

16S / 28S 
Step Time Temperature 
1 3’ 96º 
2 30” 94º 
3 1” 48º 
4 1’ 72º 
5 Go to step 2 and repeat 34 

x 
 

6 10’ 72º 

COI-5’ 
Step Time Temperature 
1 3’ 96º 
2 40” 94º 
3 40” 48º 
4 1’ 72º 
5 Go to step 2 and repeat 4x  
6 40” 94º 
7 40” 51º 
8 1’ 72º 
9 Go to step 6 and repeat 29x  
10 10’ 72º 
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Figure S1: Majority rule consensus tree obtained with BEAST for the phylogeny of 
Ochthebiini with the best partition models. Numbers in nodes, posterior probabili-
ties. Part 1 of 3.
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Figure S2: Phylogeny obtained with RAxML, including current Ochthebiini classifi-
cation. Numbers in nodes, bootstrap support values. Part 1 of 3.
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Figure S3: Phylogeny obtained with RAxML with the nuclear genes only. Numbers 
in nodes, bootstrap support values. Part 1 of 3.
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Figure S3: Phylogeny obtained with RAxML with the nuclear genes only. Numbers 
in nodes, bootstrap support values. Part 2 of 3.
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ABSTRACT
We describe a new species of Micragasma J. Sahlberg, 1900
(Coleoptera, Hydraenidae), which is here treated as a subgenus of
Ochthebius Leach, 1815. The new species, O. (Micragasma) minoicus
sp. n., was found at the margins of a coastal rockpool in the island
of Crete. The species differs from the other two known species of
Micragasma in both external and genital characters, but shares with
them the presence of small setiferous tubercles on the surface of
the head, pronotum and elytra, and a strong medial gibbosity on
the head. In some characters, such as the structure and shape of the
aedeagus, O. (M.) minoicus sp. n. is similar to other species of the
genus Ochthebius, in particular of the subgenus Cobalius Rey, 1886,
typical of coastal rockpools.

http://zoobank.org/urn:lsid:zoobank.org:act:BCEAE1EE-7C5E-4017-
A753-559738221502

KEYWORDS
Coleoptera; Hydraenidae;
Micragasma; new species;
rockpools; Crete

Introduction

Micragasma J. Sahlberg, 1900, one of the most elusive and lesser known genera of Euro-
pean aquatic Coleoptera, was described for a single species, M. paradoxum J. Sahlberg,
1900 from the island of Corfu. In the original description, Sahlberg (1900) reported col-
lecting several specimens in December, 1895 amongst flooded vegetation in the mouth of
the Potamos River and some additional specimens in November, 1898 again amongst
flooded grasses in the Kalichiopulo [= Calichiopulo] Lagoon. The species had not been
collected again until 1993 when a small series (three specimens) was collected in Puglia,
southern Italy (Figure 1), amongst plant debris not far from the sea. Subsequently, a larger
series was collected in the same area by sifting sand amongst Salicornia L. next to the coast
(Ferro, Audisio, and De Biase 1996). J€ach (1997) redescribed the genus and transferred
Ochthebius substrigosus Reitter, 1897 to Micragasma. This species was described from a
small series collected in the upper part of the mouth of the Kura River, in Azerbaijan
(Figure 1), although no details on the habitat were given in the original description (Reit-
ter 1897). The species has never been reported again. More recently, M. paradoxum has
been found in the surroundings of Lake Elton, in Volgograd Province, Russia (Makarov,
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Matalin, and Komarov 2009; Prokin, Litovkin, and J€ach 2016), in saline ditches and pools,
and in two localities on the north coast of the Black Sea, in detritus or in overgrown grass
puddles (Shatrovskiy 2015) (Figure 1). There are no other published records of
Micragasma.

The phylogenetic affinities of Micragasma are also not well understood. Reitter (1897)
described O. substrigosus within subgenus Chirochthebius Kuwert, 1887, currently a syno-
nym of Aulacochthebius Kuwert, 1887 (J€ach and Skale 2015), noting its resemblance to A.
narentinus (Reitter, 1885). Sahlberg (1900) compared the newly described genus with spe-
cies of Ochthebius Leach, 1815, and, in his revision of Hydraenidae genera, Hansen (1991)
noted that it is a distinct and apparently well-justified genus. However, J€ach (1997), after
including O. substrigosus in the genus Micragasma, noted the similarity between Micra-
gasma and Ochthebius, questioning its status as a separate genus. In Beutel, Anton, and
J€ach (2003), some peculiarities of the head ofMicragasma were noted in reference to other
species of Ochthebius or the wider Hydraenidae (absence of ocelli in M. paradoxum, a
shield-like clypeus with distinctly raised lateral margin), but the genus was not included
in the phylogenetic analysis and nothing was said about its possible relationships. Unpub-
lished molecular data place Micragasma as sister to the species of Cobalius Rey, 1886,
treated as a synonym of Ochthebius s.str. in the last reference catalogues (e.g., J€ach and
Skale 2015). Here we treat both Micragasma and Cobalius as subgenera of Ochthebius; a
more detailed discussion on the phylogenetic relationships of both taxa will be published
in a forthcoming work.

Figure 1. Distribution of the known species of Micragasma J. Sahlberg, 1900: circles, Ochthebius (M.)
paradoxus (J. Sahlberg, 1900); triangle, O. (M.) substrigosus Reitter, 1897; hexagon, O. (M.) minoicus
sp. n.
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The close relationship between Micragasma and Cobalius suggested by molecular data
may appear surprising, given the strong differences in external morphology. This relation-
ship seems to be more likely in the light of the species newly described here, found during
a recent trip to Crete at the margins of a rock pool in the south western coast of the island.

Material and methods

We studied one specimen of O. (M.) paradoxus labelled ‘RUSSIA: 17.4.2008, Volgograd-
skaya Oblast, 49�07 043.600N/46�47 039.500E, Lake Elton, ¡18 m below sea level, residual
pools of temp. water course, leg. A. Prokin’, ‘Voucher IBE-AF116’ (one of the specimens
reported in Prokin et al. 2016). The DNA of one paratype of the new species was extracted
non-destructively (voucher IBE-AN770, see below) with commercial kits (DNeasy Tissue
Kit, Qiagen, Hilden, Germany).

The specimen used for DNA extraction (voucher IBE-AN770) was subsequently used
for SEM observation. After the extraction process, it was mounted on a stub with double-
sided carbon conductive tab and coated with gold in a Quorum Q150R S sputter coater
unit (Quorum Technologies Ltd., UK). The sample was observed using a Hitachi S3500N
scanning electron microscope (Hitachi High-Technologies Co. Ltd., Japan) operated at
4 kV in the Electron Microscopy Service of the Institute of Marine Sciences (CSIC), in
Barcelona (Spain).

Specimens are deposited in the following collections: CHB, collection of C. Hernando,
Badalona, Spain; IBE, Institute of Evolutionary Biology, Barcelona, Spain; MNCN, Museo
Nacional de Ciencias Naturales, Madrid, Spain; NMW, Naturhistorisches Museum Wien,
Austria.

Taxonomy

Ochthebius (Micragasma) minoicus sp. n.

Figures 2–10.

Type locality
Greece, Crete, Elafonisi, 35�16 09.200N, 23�32 04200E (Figure 1).

Type material
Holotype. < ‘22 Crete, Elafonisi 20.iv.2017/rockpools on calcareous bed/35�16 09.200N
23�32 04200E 0m/Hernando, Ribera & Villastrigo leg’ (NMW); aedeagus dissected and
mounted in DMHF on a transparent card, pinned with the specimen; plus red holotype
label. Paratypes. 6 <, 3 ,, same data as holotype, with paratype labels (IBE, CHB, NMW,
MNCN). DNA of one paratype female extracted (voucher number IBE-AN770).

Description
Total length 1.68–1.73 mm, maximum width 0.65–0.70 mm, without apparent differences
between males and females. Body shape oval (Figures 2 and 3). Body colour dark brown;
head, disk of pronotum and elytra darker, appendages paler (Figure 2).
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Head (Figures 4 and 5). Labrum deflexed, deeply emarginated; surface smooth, with a
shallow reticulation; with sparse small setae. Clypeus trapezoidal, narrower distally; sur-
face rugose, with small tubercles, with sparse setiferous punctures with small setae; finely
bordered; fronto-clypeal suture well marked. Frons expanded laterally, with a medial gib-
bosity; two lateral elongated excavations bordering the gibbosity joining posteriorly, with-
out pubescence or tubercles (in most specimens, these excavations are not visible due to
salt concretions, but are clearly visible in the specimen used for DNA extraction). Margins
of head only slightly elevated. Head covered with small tubercles with very robust, short,
recurved silverish-whitish setae, almost squamiform; as observed with the SEM, setae are
lanceolate, wider in the middle and with lateral expansions (specially on the elytra, see
below), with rugose surface. Eyes widely separated, laterally very prominent. Ocelli absent.

Thorax. Pronotum transverse, with margins explanate (Figures 5 and 6); disc elevated,
with a medial irregular longitudinal sulcus; central area covered with small, very dense
setiferous tubercles; lateral area rugose; with two basal elevated areas forming a ‘V’. Lateral

Figure 2. Habitus of the holotype of Ochthebius (M.) minoicus sp. n. Photo by M. Brojer. Scale bar
0.5 mm.
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margins irregular, but uniformly arched, elevated, with a fringe of denser setae; anterior
margin with a narrow hyaline expansion; posterior margin constricted, with postero-lat-
eral hyaline expansion following the contour of the pronotum; postero-lateral hyaline
expansions densely covered with setae; posterior margin of pronotum covering base of
elytra, partly covering the scutellum.

Elytra elongated, oval (Figures 2 and 3); apparently fused; shoulders with a strong gib-
bosity; apex acuminate; margins slightly explanate, with a fringe of denser setae. With 10
very regular rows of punctures on each elytron, with smaller punctures distributed irregu-
larly, some of them with smaller setae; main sculpture composed of a large puncture with
a tubercle on the anterior margin, with a seta on top (Figure 7); surface rugose-

Figure 3. SEM habitus of a paratype of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770). Scale bar
0.5 mm.
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chagrinated (not as rugose as pronotum and head); setae as on pronotum and head; apex
of elytra and, to a lesser extent, marginal areas with an irregular surface, with tubercles
united forming small carinae (Figure 8). Apterous (observed in one paratype).

Hypomera with deep antennal grooves, with a hyaline margin. Metaventrite short, cov-
ered with hydrophobe pubescence except on medial part, which is covered with a longer

Figure 4. Head of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), dorsal view.

Figure 5. Head and pronotum of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), frontal view.
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and more robust pubescence; prosternum and mesoventrite glabrous, with a rugose sur-
face; mesoventrite with a small anterior longitudinal carina, with an acuminate apophysis.

Legs short, robust; tarsi short, specially protarsi, without natatory setae; with spiniform
setae.

Abdomen. Ventrites 1–5 with short hydrophobe pubescence and longer and recurved
sparse setae, denser on the medial part (Figure 9); last ventrites without hydrophobe

Figure 6. Pronotum of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), dorsal view.

Figure 7. Detail of the elytral disk of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770).
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pubescence, with short, straight spiniform setae. Surface irregular, with a chagrinated
aspect. Last ventrite with a row of 7–9 long, explanate setae.

Aedeagus as in Figure 10, asymmetrical, medial lobe slightly arched; distal piece elon-
gated, widest in the middle.

Figure 8. Apex of the elytra of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770), dorsal view.

Figure 9. Surface of the abdominal ventrite 2 of Ochthebius (M.) minoicus sp. n. (voucher IBE-AN770).
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Females
Pronotum with anterior angles more rounded and lateral margins more arched than in
males.

Etymology
Named in reference to the Minoan civilisation of Crete. The name is an adjective in the
nominative singular.

Distribution
So far known only from the type locality.

Habitat
Specimens were collected at the margins of a rock pool close to the seashore, with saline
water over rocky substratum with gravel and sand on the margins and with a tuft of vege-
tation (Figure 11). They were dislodged from the shore and the tuft of vegetation by
splashing water. Specimens were collected in association with Bledius sp. (Staphylinidae),
Ochthebius (Cobalius) adriaticus moreanus Pretner, 1929, O. (Cobalius) subinteger Mul-
sant and Rey, 1861 and O. (Calobius) steinbuehleri Reitter, 1886.

Discussion

Of the characters listed by J€ach (1997) as diagnostic for the genus Micragasma based on
the two only known species at the time (O. (M.) paradoxus and O. (M.) substrigosus),
potential synapomorphies are the presence of small tubercles covering most of the surface
of the body and the presence of a well-developed medial gibbosity on the vertex sur-
rounded by more or less impressed foveae. As already noted by J€ach (1997), all other char-
acters occur in various species of Ochthebius. In O. (M.) minoicus sp. n., the shape of the
labrum is more similar to other species of Ochthebius, not as strongly deflexed as in O.
(M.) paradoxus and less transverse. The head is also less transverse and less explanate,
without the strong lateral elevations present in O. (M.) paradoxus. The pronotum of O.

Figure 10. Aedeagus of Ochthebius (M.) minoicus sp. n. (paratype), lateral view.
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(M.)minoicus sp. n. is also less explanate, with the marginal areas less flat and with a more
rugose surface. Other differences refer to the general shape and size, more elongated in O.
(M.) minoicus sp. n. (the studied specimen of O. (M.) paradoxus, a female, is 1.58 mm
long and 0.75 mm wide), with a darker body colour, and a more dense and robust pubes-
cence, with a more regular appearance on the elytra. The studied specimen of O. (M.) par-
adoxus is brachypterous, with a non-functional small stump only slightly longer than the
metaventrite, but the elytra are not fused.

The aedeagus of O. (M.) minoicus sp. n. has the same general structure as that of other
species of the subgenus, but without the strongly deviating features of O. (M.) paradoxus,
and with a simpler distal piece than O. (M.) substrigosus (see J€ach 1997; Figures 2 and 3).
This results in an aedeagus that is surprisingly similar to those of the species of Cobalius,

Figure 11. Type locality of Ochthebius (M.) minoicus sp. n.: rockpool in Elafonisi, Crete. Note the edge of
the pool with some vegetation, from where specimens were flushed.
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in particular to that of O. (C.) celatus J€ach, 1989 (see J€ach 1989; Figure 7). Some species of
Cobalius have also very regular elytral striae with strong setae, and deep fossae on the
head (but without gibbosity) (e.g., O. (C.) subinteger). Although the ecology of the species
of Micragasma is still poorly known, they are undoubtedly associated with coastal saline
habitats, with the only known exception of the population of O. (M.) paradoxus near Lake
Elton (Prokin et al. 2016). They seem to be, however, less linked to water than the species
of Cobalius, as suggested also by some morphological features (shorter legs, more robust
pubescence), and some specimens seem to have been found in a fully terrestrial environ-
ment (e.g., Shatrovskiy 2015). When washed into the water, specimens of O. (M.) minoi-
cus sp. n. floated upside down with a film of air attached to the ventrites, as happens with
other species of Ochthebius (including those of Cobalius), suggesting that the ventral
pubescence may be hydrophobic. It is interesting to note, however, that the dorsal surface
is extremely hydrophilic: when dry specimens were touched with a wet brush, the whole
dorsal surface was immediately covered by a film of water, maybe through the capillary
effect of the tubercles and setae, or perhaps due to a possible strong hydrophilic effect of
the highly modified expanded setae. The potential function of a hydrophilic dorsal surface
in combination with a hydrophobic ventral surface is unknown, but it may be related
with respiration or to avoid dehydration in the sometimes extreme saline and dry envi-
ronment in which the species may be found.
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