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BIOSKETCH and FUNDING 

I completed my degree in Biology at the University of Murcia (UM) in 2014, finishing with a 

Bachelor’s thesis titled “Malacological diversity in the Region of Murcia: Catalogue and 

preliminary assessment of its conservation status” (graded with Honors). I then completed a 

master degree in Protected Areas, Natural Resources, and Biodiversity in 2017 (UM) and 

presented my Master’s thesis titled “Catalogue of continental malacofauna of the Region of 

Murcia: Assessment of its conservation status”. I joined the Doctoral Program in Biodiversity and 

Environmental Management (International Doctoral School of the UM -EIDUM-) in 2017, 

continuing my research on the distribution and conservation of continental molluscs of the 

southeastern Iberian Peninsula under the supervision of Prof. Miguel Ángel Esteve and Prof. 

Francisco Robledano, from the Mediterranean Ecosystems Research Group of the Department 

of Ecology and Hydrology of the UM. In 2019, I got a predoctoral contract funded by the Spanish 

Ministry of Science and Innovation (FPI-2018 grant), within the R&D project “Rockpools: 

Metacommunity dynamics of macroinvertebrates in supratidal rockpools”, in the Aquatic Ecology 

Research Group of the same Department. Although I continued collaborating on some projects 

related to my initial research on molluscs, since that moment my research has been focused on 

my PhD thesis objectives within the Rockpools project, supervised by Prof. Josefa Velasco, Prof. 

Andrés Millán, and Prof. Pedro Abellán (University of Seville). 

As a PhD student, in 2023, I did a short-term research stay (three months), funded by my 

predoctoral contract, which significantly contributed to my scientific training and the 

development of this thesis. I visited the Division of Entomology (Coleoptera Section) at the 

Bavarian State Collection of Zoology in Munich (Germany), under the supervision of Dr. Adrián 

Villastrigo. During this period, I acquired experience in advanced molecular techniques, including 

DNA extraction and data processing, necessary for chapters 3 and 4 of this thesis. Additionally, I 

participated in the curation and preservation of some specimens from a world-renowned 

entomological collection and collaborated with expert researchers in the taxonomy, biology, 

physiology, and evolution of aquatic beetles. In the same year, I also had the opportunity to 

receive training on metacommunities, with a grant from the Iberian Association of Limnology 

(AIL) at the "Intermeeting course: Bridging metacommunities and biogeography in freshwaters", 

in Granada (Spain). 

Since the beginning of my predoctoral stage, I have also been engaged in teaching activities (210 

hours) at the Department of Ecology and Hydrology (UM), specifically the following: “Ecología”, 

“Gestión del Medio Natural”, and “Ordenación y Gestión de Espacios Naturales”. Besides, I have 

co-supervised a master thesis (Biogeography and conservation of terrestrials and aquatic 

molluscs in a semi-arid Mediterranean area) in the frame of an internship agreement of the UM 

with the International Master in Biodiversity Ecology and Evolution of the University of Rennes 

(France). I have also served as a trainer for the course “Cálculo Estadístico para la Investigación” 

for teaching and research staff of the UM. In 2023, I completed the University Teaching Expert 

course (EDU), organised by “Centro de Formación y Desarrollo Profesional UM”, and since then 

I have been a member of the UM Teaching Innovation Group “Innovando: Pedagogías 

Emergentes en la Enseñanza Universitaria”. I have also been a lecturer in four editions (2019, 

2021, 2022, and 2023) of the Summer School “FaBioUMU: un paseo por la Biología” within the 

“International University of the Sea” (UM), directed to high school students. I was a member of 
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the organising committee of the International Limnology Congress in 2020. Since 2021, I have 

been part of the UM Knowledge Transfer Group “Avances en Biodiversidad”, participating in the 

European Researchers' Night in 2021 and 2022, organised by the UM as part of the European 

MedNight Project, funded by the European Commission under the Horizon 2020 program. In 

addition, I have communicated my results to scientific and general audiences through 10 

congress communications (most international), dissemination talks, seminaries, press and 

television interviews, websites, videos and other outreach activities. 

The results of this thesis have been presented at several international conferences: 14th 

International Conference of the International Society of Salt Lake Research, 2021 (Murcia, Spain); 

2nd Meeting of the Iberian Ecological Society / XXI Congress of the Iberian Association of 

Limnology, 2022 (Aveiro, Portugal); and 13th Symposium for European Freshwater Sciences, 2023 

(Newcastle, England). Most of them have been published in SCI-indexed journals in Open Access 

at the time of this thesis submission (also listed in the “General Introduction” section). 

Currently, I am working on the research project “Digit_Artro: Towards conservation of Iberian 

arthropods using digital tools” (TED2021130328B100), and I am a member of the monitoring 

team of aquatic macroinvertebrate communities in the Regional Parks of Murcia “Sierra Espuña” 

and “Calblanque, Monte de las Cenizas y Peña del Águila”. I am also a collaborator in the project 

“The Iberian River Observatory (IberRios): a collaborative project to explore global change 

impacts on Iberian river biodiversity and ecosystem functions”. Additionally, I have participated 

in LIFE+ projects on invasive alien species (“RIPISILVANATURA” and “INVASAQUA”) and the 

project “CAVEheAT: Climate change, thermal niche and conservation of subterranean 

biodiversity”. I have also closely collaborated with Dr. Juana María Mirón Gatón, a team member 

of the Rockpools Project, during her PhD development, addressing the eco-physiological 

responses to multiple stressors posed in the project. As a result of these and other previous 

collaborations, I have led or co-authored the following scientific publications (an asterisk (*) 

indicates a publication resulting from the research project (Rockpools) in which the thesis is 

framed; two asterisks (**) indicate a publication belonging to this thesis): 

 

▪ **García-Meseguer AJ, Muñoz I, Abellán P, Villastrigo A, Mirón-Gatón JM, Millán A & 

Velasco J (under review). Population genetics of Ochthebius species from western 

Mediterranean supratidal rockpools. 

▪ *Mirón-Gatón JM, Pallarés S, García-Meseguer AJ, Millán A & Velasco J (under review). 

Effects of salinity on desiccation resistance in supratidal beetles: cross-tolerance or cross-

susceptibility? 

▪ *Mirón-Gatón JM, Velasco J, Pallarés S, García-Meseguer AJ, Millán A & Bilton D (under 

review). Testing metabolic cold adaptation and the climatic variability hypothesis across the 

latitudinal range of a widespread, supratidal water beetle. 

▪ Benamar L, Bennas N, Henegouwen AVB, García-Meseguer AJ, Hassoun M, Benali N, Millán 

A (2024). The Hydrochidae (Coleoptera) of Morocco with redescription of Hydrochus cf. 

obtusicollis Fairmaire, 1877. Zootaxa, 548(2): 197-228. 

https://doi.org/10.11646/zootaxa.5458.2.2 

 

https://doi.org/10.11646/zootaxa.5458.2.2
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▪ **García-Meseguer AJ, Abellán P, Mirón-Gatón JM, Botella-Cruz M, Guareschi S, Millán A & 

Velasco J (2024). Fine-scale niche differences allow the co-existence of congeneric aquatic 

beetles in supratidal rockpools. Hydrobiologia, 851: 471–485. 

https://doi.org/10.1007/s10750-023-05333-0 

▪ *Plaza-Buendía J, Mirón-Gatón JM, García-Meseguer AJ, Villastrigo A, Millán A & Velasco J 

(2024). Flight dispersal in supratidal rockpool beetles. Insects, 15(3): 140. 

https://doi.org/10.3390/insects15030140 

▪ **García-Meseguer AJ, Villastrigo A, Mirón-Gatón JM, Millán A, Velasco J & Muñoz I (2023). 

Novel microsatellite loci, cross-species validation of multiplex assays, and by-catch 

mitochondrial genomes on Ochthebius beetles from supratidal rockpools. Insects, 14(11): 

881. https://doi.org/10.3390/insects14110881 

▪ Lencina JL, García-Meseguer AJ, Gallego D, Guardiola B, Sánchez-Fernández D, Millán A, 

Esteve-Selma MA (2023). Libro Rojo de los Invertebrados Continentales de la Región de 

Murcia. Consejería de Medio Ambiente, Universidades, Investigación y Mar Menor. 

Comunidad Autónoma de la Región de Murcia. 268 pp. (ISBN 9788412786125) 

▪ Millán A, García-Meseguer AJ, Picazo F, Abellán P & Sánchez-Fernández D (2023). Order 

Coleoptera. In: Maasri A & Thorp JH (eds.). Identification and Ecology of Freshwater 

Arthropods in the Mediterranean Basin. pp. 397–435. Elsevier Science Publishing, USA 

(ISBN: 9780128218440) https://doi.org/10.1016/B978-0-12-821844-0.00015-6 

▪ *Mirón-Gatón JM, Botella-Cruz M, García-Meseguer AJ, Millán A & Velasco J (2023). 

Discordant pattern between realised and fundamental saline niches in two supralittoral 

Ochthebius species (Coleoptera: Hydraenidae). Ecological Entomology, 48(3): 284–294. 

https://doi.org/10.1111/een.13220 

▪ **Villastrigo A, Orenes-Salazar V, García-Meseguer AJ, Mirón-Gatón JM, Mourre B, Millán 

A & Velasco J (2023). Oceanic currents maintain the genetic structure of non-marine coastal 

taxa in the western Mediterranean Sea. npj biodivers, 2, 25. 

https://doi.org/10.1038/s44185-023-00028-0 

▪ Zamora-Marín JM, Ruiz-Navarro A, Oficialdegui FJ, Anastácio PM, Miranda R, ..., García-

Meseguer AJ, ... & Oliva-Paterna FJ. (2023). A multi-taxa assessment of aquatic non-

indigenous species introduced into Iberian freshwater and transitional waters. Neobiota, 

89: 17–44. https://doi.org/10.3897/neobiota.89.105994 

▪ Millán A, García-Meseguer AJ, Yelo N, Velasco J & Sánchez-Fernández D (2022). 

Macroinvertebrados Acuáticos del Parque Regional de Sierra Espuña, Murcia (Sureste de 

España). Boletín de la Sociedad Entomológica Aragonesa (S.E.A.), 70: 79–98. 

▪ *Mirón-Gatón JM, Botella-Cruz M, García-Meseguer AJ, Millán A, Velasco J (2022). Thermal 

tolerance differs between co-occurring congeneric beetle species in marine supratidal 

rockpools. Mar Ecol Prog Ser, 681: 185-196. https://doi.org/10.3354/meps13916 

▪ Murcia J, Tórtola A, Tórtola M, García-Meseguer AJ, Quiñonero-Salgado S & López-Soriano 

J (2022). Presencia de una población de Pinctada radiata (Leach, 1814) (Bivalvia: 

Margaritidae) en el Mar Menor (Murcia, España). Spira, 8: 43-56. 

https://doi.org/10.5281/zenodo.7762732 

▪ *Velasco J, Mirón-Gatón JM, García-Meseguer AJ & Botella-Cruz M (2022). Life cycle 

differences between two coexisting species of supratidal rockpools: Ochthebius quadricollis 

Mulsant, 1844 and Ochthebius lejolisii Mulsant & Rey, 1861 (Coleoptera, Hydraenidae). 

Suplementos del Boletín de la Asociación española de Entomología, 4: 131-136. 

https://doi.org/10.1007/s10750-023-05333-0
https://doi.org/10.3390/insects15030140
https://doi.org/10.3390/insects14110881
https://doi.org/10.1016/B978-0-12-821844-0.00015-6
https://doi.org/10.1111/een.13220
https://doi.org/10.1038/s44185-023-00028-0
https://doi.org/10.3897/neobiota.89.105994
https://doi.org/10.3354/meps13916
https://doi.org/10.5281/zenodo.7762732


4 
 

▪ Colado R, García-Meseguer AJ, Mirón-Gatón JM, Botella-Cruz M, Pallarés S & Sánchez-

Fernández D (2021). Thermal tolerance and vulnerability to climate change in subterranean 

species: a case study using an Iberian endemic pseudoscorpion. Insect Conservation and 

Diversity, 15: 181–190. https://doi.org/10.1111/icad.12541 

▪ *Millán A, Botella-Cruz M, García-Meseguer AJ, Mirón-Gatón JM & Velasco J (2021). El 

hemíptero acuático invasor Trichocorixa verticalis verticalis (Fieber, 1851) (Hemiptera: 

Corixidae) llega a la costa de Murcia (España). Boletín de la Sociedad Entomológica 

Aragonesa (S.E.A.), 69: 241–242. 

▪ Oliva-Paterna FJ, Ribeiro F, Miranda R, Anastácio PM, García-Murillo P, ..., García-Meseguer 

AJ, ... & Zamora-Marín JM. (2021). List of Aquatic Alien Species of the Iberian Peninsula 

(2020). Updated list of the aquatic alien species introduced and established in Iberian inland 

waters. Technical Report prepared by LIFE INVASAQUA (LIFE17 GIE/ES/000515). 64 pp (ISBN 

9788412350012) 

▪ Oliva-Paterna FJ, Ribeiro F, Miranda R, Anastácio PM, García-Murillo P, ..., García-Meseguer 

AJ, ... & Zamora-Marín JM. (2021). List of Potential Aquatic Alien Species of the Iberian 

Peninsula (2020). Updated list of the potential aquatic alien species with high risk of invasion 

in Iberian inland waters. Technical Report prepared by LIFE INVASAQUA (LIFE17 

GIE/ES/000515). 58 pp (ISBN 9788412350043) 

▪ García-Meseguer AJ, Esteve MA & Robledano F (2019). Moluscos. In: Verdiell-Cubedo D, 

Parrondo-Celdrán P & Murcia-Requena J (eds.). Guía sobre las reservas naturales fluviales 

de la cuenca del río Segura. pp: 64-70. Asociación Columbares, Murcia 

▪ Monographic files In: Oliva-Paterna FJ, Guillén A,  Torralva M (coord.) (2019). Especies 

Exóticas Invasoras de la cuenca del río Segura. Listas prioritarias y manual para su gestión. 

Proyecto LIFE+ RIPISILVANATURA. Ed. Dirección General del Medio Natural, Murcia (ISBN 

9788409140152) 

▪ García-Meseguer AJ, Esteve MA, Robledano F & Miñano J (2017). Atlas y Libro Rojo de los 

Moluscos Continentales de la Región de Murcia. Oficina de Impulso Socioeconómico del 

Medio Ambiente. Consejería de Agua, Agricultura y Medio Ambiente. Comunidad 

Autónoma de la Región de Murcia. 338 pp. (ISBN 9788469782316) 
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SUMMARY 

Understanding how biotic, abiotic, and historical factors interact to shape species distribution is 

a central theme in ecology and evolution, with significant implications for biodiversity 

conservation. Although there are evident relationships between ecology and biogeography, 

these disciplines have not always been as integrated as they should be. Distribution limits create 

biogeographic patterns, and ecological niches determine the limits; hence, the niche should 

unify ecology and biogeography. Phylogeography and the reconstruction of evolutionary history 

at small spatial scales provide valuable information on biodiversity and diversification dynamics. 

In aquatic insects, combining phylogenetics and ecology represents a promising avenue to 

understand ecological diversification; beetles, in particular, are good models in evolutionary 

biology due to the increasing information available on their diversity patterns and advances in 

reconstructing their phylogenetic relationships. 

Boundaries between different habitats create transition zones, ecotones, which are areas of 

rapid environmental changes and generally unstable, subject to stochastic stress, where only 

well-adapted species can persist. These ecotones are valuable for ecological and evolutionary 

studies, offering the possibility to analyse biological processes such as species interactions, 

physiological adaptations, climate change indicators, biogeographic patterns, and population 

genetics and dynamics at different scales. Coastal habitats, which are ecotones affected by 

marine and terrestrial conditions, include supratidal rockpools, which are extremely dynamic 

and fragmented environments, unpredictable in terms of water quantity, temperature, and 

salinity. Thus, these habitats sustain a community poor in species number but formed by unique 

organisms adapted to withstand harsh environmental conditions. Among them, we primarily find 

marine-origin molluscs and crustaceans, along with some continental-origin insects. However, 

despite their ecological importance, the biota of supratidal rockpools remains relatively 

unexplored. 

The genus Ochthebius, one of the few aquatic beetle lineages capable of living and diversifying 

in supratidal rockpools, includes species exclusively found in this habitat in the Western 

Palaearctic. The dynamic and extreme conditions of supratidal rockpools favour heterogeneity 

and, consequently, significant cryptic diversity due to the strong morphological constraints 

imposed by such a hostile environment. The coexistence of congeneric species in these pools 

and the environmental factors that sustain it are still unknown. Therefore, these beetles 

represent a good model to study the ecological and evolutionary processes that shape the 

occurrence, distribution, and genetic structure of organisms living in one of the planet's most 

inhospitable habitats, and thus predict responses to future environmental change scenarios. 

Previous studies, focused on the phylogeny and phylogeography of three Ochthebius species 

from supratidal rockpools in the Western Mediterranean (O. lejolisii, O. subinteger, and O. 

quadricollis), have revealed that the diversification of this lineage has been influenced by 

historical events such as the Messinian Salinity Crisis and the Plio-Pleistocene glaciations. The 

Iberian Mediterranean coast represents a strategic region to study different ecological and 

evolutionary aspects of these species, as the distribution limits of two of them coincide here as 

well as the centre of the range of the other. Therefore, this region offers the opportunity to 

investigate phenomena in contact zones between closely related taxa and the effects of habitat 
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fragmentation on the connectivity and genetic flow of their populations. Moreover, the 

geological history of the region has influenced current diversity patterns, facilitating studies on 

the dispersal and genetic structure of species in response to these historical events. 

In Chapter 1, titled "Fine-scale niche differences allow the co-existence of congeneric aquatic 

beetles in supratidal rockpools", the coexistence of the two most abundant Ochthebius species 

(O. quadricollis and O. lejolisii) in supratidal rockpools of the Iberian Mediterranean is analysed. 

Despite theoretical advances on species coexistence, empirical research remains limited, 

particularly on congeneric species like those studied. Classical theory suggests that closely 

related taxa share traits that allow them to overcome environmental conditions while presenting 

ecological differences that facilitate their stable coexistence. In this context, analysing the 

ecological niche is fundamental to understanding the coexistence of closely related species. In 

this chapter, we study the coexistence patterns of both species at regional and local scales and 

analyse their niche differences. Data on adult and larval abundances and environmental 

variables were obtained from 10 pools across 12 localities on the Iberian Mediterranean coast. 

To determine local coexistence patterns, two of these localities were sampled monthly over a 

yearly cycle. At both regional and local scales, negative correlations between the abundances of 

both species were found, suggesting spatial-temporal segregation based on their different 

environmental responses. The OMI (Outlying Mean Index) analysis, which measures the distance 

between the mean habitat conditions used by species and the mean habitat conditions in the 

sampling area, detected interspecific niche differences, greater in larvae than in adults. The best 

regression models obtained for O. quadricollis larvae included depth, conductivity, and fine 

sediments as the main positive explanatory variables, and distance to the sea and coarse 

particulate organic matter (CPOM) as negative ones. For O. lejolisii larvae, the best models 

included CPOM and periphyton with positive effects, while pool area, depth, and conductivity 

had negative effects. Ochthebius quadricollis prefers deeper, more permanent pools near the 

sea, while O. lejolisii thrives in shallower, often drying pools. Water availability and salinity are 

critical factors determining the distribution of these species. Fluctuations in habitat suitability 

throughout the year and the gradient of proximity to the sea favour coexistence. Ochthebius 

quadricollis is more active in summer, while O. lejolisii is more active in winter, reducing 

interspecific competition. These results suggest that subtle interspecific differences in their 

ecological niches, mainly related to the hydroperiod and pool salinity, could determine the 

storage effect as one of the main coexistence mechanisms at local and regional scales. 

In Chapter 2, titled "Oceanic currents maintain the genetic structure of non-marine coastal taxa 

in the western Mediterranean Sea", the influence of ocean currents on the genetic structure of 

Ochthebius species from supratidal rockpools is explored. The highly dynamic and extreme 

conditions of the littoral environment cause the organisms inhabiting it to be frequently 

ecologically specialised and adapted to withstand frequent changes in sea level, wave exposure, 

temperature, or salinity, often resulting in significant cryptic diversity. Previous molecular studies 

have suggested that genetic differentiation in non-marine coastal organisms can be influenced 

by ocean currents and fronts, but it is still unclear to what extent these processes affect the 

dispersal and evolution of taxa. Here, we explore whether the population genetic structure in 

two Ochthebius species (O. quadricollis and O. lejolisii) can be predicted from the general 

circulation pattern of marine currents and associated oceanic fronts. These insects, although 

capable of flight, have limited active dispersal due to their small body size and erratic flight. 
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Therefore, they are likely to disperse passively through aerial or marine currents. To study this, 

dispersal via marine currents was simulated using a Lagrangian particle tracking model and 

compared with population genetic structure inferred from COI (mitochondrial) and wingless 

(nuclear) gene sequences using linear models and Mantel tests. Results showed that the 

biophysical model based on ocean currents and fronts in the Western Mediterranean predicted 

the observed genetic structure better than simple isolation by distance in both species. Strong 

genetic discontinuities were observed in populations separated by the Ibiza Channel and the 

interface between the Alborán Sea's anticyclonic gyres, suggesting these oceanographic features 

act as significant barriers to dispersal. These results demonstrate that oceanic processes, in 

addition to conditioning the current connectivity of populations in fully marine organisms, also 

significantly influence coastal taxa of terrestrial origin, such as these supratidal beetles. This 

would be the first time this mode of dispersal has been observed in an insect, suggesting these 

findings could apply to other non-marine taxa in coastal areas. 

In Chapter 3, titled "Novel microsatellite loci, cross-species validation of multiplex assays, and 

by-catch mitochondrial genomes on Ochthebius beetles from supratidal rockpools", species-

specific microsatellite markers for Mediterranean Ochthebius species were designed, and their 

mitochondrial genome was obtained. In this study, microsatellite markers (SSR) were designed 

for these aquatic beetles for the first time. Fifteen individuals from four species (O. lejolisii, O. 

subinteger, O. celatus, and O. quadricollis) from 10 localities on the Mediterranean coast of Spain 

and Malta were analysed. Next-generation sequencing (NGS) technology was used, and two 

libraries were constructed to consistently interpret the species of the two subgenera present 

(Ochthebius s. str., O. quadricollis; and Cobalius, the other species). Twenty markers (10 for each 

subgenus) were obtained and successfully validated through cross-species testing in the four 

species studied. Additionally, as 'by-catch', the complete mitochondrial genomes of O. lejolisii, 

O. quadricollis, and O. subinteger were recovered. Comparing these genomes with those 

obtained in previous studies revealed minor differences in O. lejolisii and significant divergence 

in O. quadricollis, supporting previous findings on the presence of multiple cryptic lineages 

within coastal Ochthebius. Furthermore, the publication of the first mitochondrial genome of O. 

subinteger will be useful for further research on its potential cryptic diversity in the Western 

Palaearctic. These new SSR markers and mitochondrial genomes will be valuable in future 

research on species identification, diversity, genetic structure, dispersal, and population 

connectivity in highly dynamic and threatened habitats like supratidal rockpools. 

In Chapter 4, titled "Population genetics of Ochthebius species from western Mediterranean 

supratidal rockpools", the genetic structure and connectivity of Ochthebius populations from the 

Iberian Mediterranean and the Balearic Islands were analysed using microsatellites. This study 

examined the role of geographical and environmental distances, coastal landscape 

characteristics, and marine barriers in shaping the genetic structure and connectivity of three 

coexisting species in the Western Mediterranean (Ochthebius quadricollis, O. subinteger, and O. 

lejolisii). Individuals from 20 locations along the Mediterranean coast of the Iberian Peninsula 

and the Balearic Islands were analysed using microsatellites (SSR) as molecular markers. 

Genotyping was conducted and various approaches were used to evaluate genetic diversity and 

population structure, with AMOVA employed to assess the significance of genetic groups. 

Furthermore, the relationship between the degree of genetic differentiation among populations 

and various spatial and environmental variables, such as geographic distance between locations, 
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climatic differences, and connectivity based on habitat availability or marine currents, was 

analysed using Mantel tests and Multiple Matrix Regression with Randomization (MMRR). The 

results revealed low genetic diversity in the three species examined, with similar observed 

heterozygosity values. Ochthebius quadricollis exhibited the highest diversity, with notable 

variations among populations, and was the only species with detected population genetic 

structure, although AMOVA revealed significant genetic variation among predefined groups in 

the other species. Similarly, O. quadricollis was the only species that showed a significant 

relationship between genetic differentiation and geographic distance among populations, with 

no significant effect of other studied variables for any species. The findings suggest high 

connectivity and gene flow among populations of these Ochthebius species, likely due to passive 

dispersal mechanisms. The three species displayed variable genetic structures along the Iberian 

coast, primarily influenced by their different evolutionary histories, distribution ranges, 

microhabitat preferences, and dispersal mechanisms. A spatial structure similar to that found in 

previous studies using genetic markers with lower temporal resolution and larger spatial scales 

was confirmed, although some discrepancies were detected, particularly regarding the absence 

of a barrier effect from the Ibiza Channel. Ochthebius lejolisii exhibited a panmictic population 

with no clear genetic structure, suggesting continuous gene flow, which could be explained by a 

recent colonisation of the Mediterranean, possibly from glacial refugia in northwest Africa or the 

Strait of Gibraltar. Conversely, O. subinteger showed genetic differentiation with two groups 

separated by the Ibiza Channel, which appears to be a significant geographical barrier, and a 

distribution influenced by marine currents bypassing intermediate locations. Finally, O. 

quadricollis presented a marked genetic structure, with significant genetic break at the Alboran 

gyres interface, identified as a marine barrier, and isolation by distance without significant 

influence from the environmental factors explored at the studied spatial scale. However, the 

importance of marine currents seems less crucial in recent gene flow, probably due to the high 

stochasticity of passive dispersal events. 

Overall, the results of this thesis make a significant contribution to the understanding of various 

ecological and evolutionary aspects of organisms inhabiting supratidal rockpools, which are 

extreme and dynamic environments but have been less studied compared to other coastal 

habitats. Specifically, they represent a step forward in our comprehension of the abiotic factors 

that enable the coexistence of closely related species of aquatic beetles at different spatial scales 

in these systems, and how various environmental and spatial factors determine their genetic 

structure and population dynamics across different temporal and spatial scales. These findings, 

integrating ecological studies and phylogeography using molecular markers of varying resolution 

for several species, enhance our understanding of their distribution patterns and genetic 

variation at different scales, reflecting their distinct evolutionary histories, microhabitat 

preferences, and dispersal mechanisms. Future studies may elucidate the influence of other 

mechanisms affecting population connectivity, such as wind currents and zoochory. 
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RESUMEN 

Comprender cómo los factores bióticos, abióticos e históricos interactúan para configurar la 

distribución de las especies es un tema central en ecología y evolución, con implicaciones 

significativas para la conservación de la biodiversidad. Aunque existen relaciones evidentes entre 

la ecología y la biogeografía, estas disciplinas no siempre han estado integradas como deberían. 

Los límites de distribución crean patrones biogeográficos y los nichos ecológicos determinan 

estos límites; por lo tanto, el nicho debería unificar la ecología y la biogeografía. La filogeografía 

y la reconstrucción de la historia evolutiva a pequeña escala espacial proporcionan información 

valiosa sobre la biodiversidad y las dinámicas de diversificación. En insectos acuáticos, la 

combinación de la filogenética y la ecología representa una vía prometedora para entender la 

diversificación ecológica; los escarabajos, en particular, son buenos modelos en biología 

evolutiva debido a la creciente información disponible sobre sus patrones de diversidad y los 

avances en la reconstrucción de sus relaciones filogenéticas. 

Los límites entre diferentes hábitats generan zonas de transición, los ecotonos, que son áreas de 

cambios ambientales rápidos, y generalmente inestables sometidos a estrés estocástico, donde 

solo las especies bien adaptadas pueden persistir. Estos ecotonos son valiosos para estudios 

ecológicos y evolutivos, ofreciendo la posibilidad de analizar procesos biológicos como las 

interacciones entre especies, adaptaciones fisiológicas, indicadores de cambio climático, 

patrones biogeográficos y la genética y dinámica poblacional a diferentes escalas. Los hábitats 

costeros, que son ecotonos afectados por condiciones marinas y terrestres, incluyen las pozas 

supralitorales, que son ambientes extremadamente dinámicos y fragmentados, impredecibles 

en términos de cantidad de agua, temperatura y salinidad. Por ello, estos hábitats sostienen una 

comunidad pobre en número de especies, pero formada por organismos singulares adaptados 

para soportar condiciones ambientales rigurosas. Entre ellos, encontramos principalmente 

moluscos y crustáceos de origen marino, junto con algunos insectos de origen continental. No 

obstante, y pese a su importancia ecológica, la biota de las charcas supralitorales permanece 

relativamente inexplorada. 

El género Ochthebius, uno de los pocos linajes de escarabajos acuáticos capaces de vivir y 

diversificarse en pozas supralitorales, incluye especies que se encuentran exclusivamente en este 

hábitat en el Paleártico Occidental. Las condiciones dinámicas y extremas de las pozas 

supralitorales favorecen la heterogeneidad y, consecuentemente, una importante diversidad 

críptica, debido a las fuertes restricciones morfológicas que impone un entorno tan hostil. La 

coexistencia de especies congenéricas en estas pozas y los factores ambientales que la sostienen 

son aún desconocidos. Por ello, estos coleópteros representan un buen modelo para estudiar los 

procesos ecológicos y evolutivos que configuran la presencia, distribución y estructura genética 

de los organismos que viven en uno de los hábitats más inhóspitos del planeta, y así predecir 

respuestas a futuros escenarios de cambio ambiental. 

Estudios previos, centrados en la filogenia y la filogeografía de tres especies de Ochthebius de 

pozas supralitorales del Mediterráneo Occidental (O. lejolisii, O. subinteger y O. quadricollis), han 

revelado que la diversificación de este linaje ha estado influida por eventos históricos como la 

Crisis Salina del Messiniense y las glaciaciones del Plio-Pleistoceno. La costa mediterránea ibérica 

representa una región estratégica para estudiar diferentes aspectos ecológicos y evolutivos de 
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estas especies, ya que aquí coinciden los límites de distribución de dos de ellas y el centro del 

rango de la otra. Por ello, esta región ofrece la oportunidad de investigar fenómenos en zonas 

de contacto entre taxones estrechamente relacionados y los efectos de la fragmentación del 

hábitat en la conectividad y flujo genético de sus poblaciones. Además, la historia geológica de 

la región ha influido en los patrones de diversidad actuales, facilitando estudios sobre dispersión 

y estructura genética de las especies en respuesta a estos eventos históricos. 

En el capítulo 1, titulado “Las diferencias de nicho a escala fina permiten la coexistencia de 

escarabajos acuáticos congenéricos en pozas rocosas supralitorales”, se analiza la coexistencia 

de las dos especies de Ochthebius (O. quadricollis y O. lejolisii) más abundantes en las pozas 

rocosas supralitorales del Mediterráneo ibérico. A pesar de los avances teóricos sobre la 

coexistencia de especies, su investigación empírica sigue siendo limitada, particularmente en 

especies congenéricas como las que estudiamos. La teoría clásica sugiere que los taxones 

estrechamente relacionados comparten rasgos que les permiten superar las condiciones 

ambientales al tiempo que presentan diferencias ecológicas que facilitan su coexistencia estable. 

En este contexto, el análisis de nicho ecológico es fundamental para entender la coexistencia de 

especies muy próximas evolutivamente. En este capítulo estudiamos los patrones de 

coexistencia de ambas especies a escala regional y local, y analizamos sus diferencias de nicho. 

Para ello, se obtuvieron datos de abundancia de adultos y estadios larvarios y variables 

ambientales en 10 pozas de 12 localidades de la costa mediterránea ibérica. Para determinar el 

patrón de coexistencia local, se muestrearon mensualmente dos de esas localidades en un ciclo 

anual. A escalas regional y local, se encontraron correlaciones negativas entre las abundancias 

de ambas especies, lo que sugiere una segregación espacio-temporal basada en sus diferentes 

respuestas ambientales. El análisis OMI (del inglés, Outlying Mean Index), que mide la distancia 

entre las condiciones medias del hábitat utilizadas por las especies y las condiciones medias del 

hábitat en el área de muestreo, detectó diferencias de nicho interespecíficas, mayores en larvas 

que en adultos. Los mejores modelos de regresión obtenidos para larvas de O. quadricollis 

incluyeron la profundidad, la conductividad y los sedimentos finos como principales variables 

explicativas con un efecto positivo, y la distancia al mar y materia orgánica particulada gruesa 

(CPOM en inglés) con un efecto negativo. Para las larvas de O. lejolisii, los mejores modelos 

incluyeron CPOM y perifiton con efectos positivos, mientras que el área de la poza, la 

profundidad y la conductividad afectaron negativamente. Ochthebius quadricollis prefiere pozas 

más profundas y permanentes cerca del mar, mientras que O. lejolisii prospera en pozas menos 

profundas y someras que a menudo se secan. La disponibilidad de agua y la salinidad son factores 

críticos que determinan la distribución de estas especies. Las fluctuaciones en la idoneidad del 

hábitat a lo largo del año y el gradiente de proximidad al mar favorecen la coexistencia. 

Ochthebius quadricollis es más activo en verano, mientras O. lejolisii lo es en invierno, reduciendo 

la competencia interespecífica. Estos resultados sugieren que diferencias sutiles interespecíficas 

en sus nichos ecológicos, principalmente relacionadas con el hidroperiodo y la salinidad de la 

poza, podrían determinar el almacenamiento espacio-temporal (storage effect en inglés) como 

uno de los principales mecanismos de coexistencia a escalas local y regional. 

En el capítulo 2, titulado “Las corrientes oceánicas mantienen la estructura genética de taxones 

costeros no marinos del Mediterráneo occidental”, se explora cómo las corrientes oceánicas 

influyen en la estructura genética de especies de Ochthebius de pozas rocosas supralitorales. Las 

condiciones tan dinámicas y extremas del medio litoral provocan que los organismos que lo 
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habitan estén con frecuencia especializados ecológicamente y adaptados para soportar cambios 

frecuentes en el nivel del mar, la exposición a las olas, la temperatura o la salinidad, y esta 

especialización a menudo resulta en una diversidad críptica significativa. Estudios moleculares 

anteriores han sugerido que la diferenciación genética en organismos costeros no marinos puede 

verse influenciada por las corrientes y frentes oceánicos, pero aún no está claro hasta qué punto 

esos procesos afectan la dispersión y la evolución de los taxones. Aquí exploramos si la estructura 

genética poblacional en dos especies de Ochthebius (O. quadricollis y O. lejolisii) se puede 

predecir a partir del patrón de circulación general de las corrientes marinas y los frentes 

oceánicos asociados. Estos insectos, aunque capaces de volar, tienen una dispersión activa 

limitada por su pequeño tamaño corporal y vuelo errático. Por ello, es probable que se dispersen 

pasivamente a través de corrientes aéreas o marinas. Para estudiarlo, se simuló la dispersión por 

corrientes marinas utilizando un modelo Lagrangiano de seguimiento de partículas y se comparó 

con la estructura genética poblacional inferida a partir de secuencias de los genes COI 

(mitocondrial) y wingless (nuclear) aplicando modelos lineales y tests de Mantel. Los resultados 

mostraron que el modelo biofísico basado en corrientes y frentes oceánicos en el Mar 

Mediterráneo occidental predice mejor la estructura genética observada que el simple 

aislamiento por distancia en ambas especies. En particular, se observaron discontinuidades 

genéticas fuertes en poblaciones separadas por el Canal de Ibiza y la interfaz entre los giros 

anticiclónicos del Mar de Alborán, lo que sugiere que estas características oceánicas actúan 

como barreras significativas para la dispersión. Estos resultados muestran que los procesos 

oceánicos, además de condicionar la conectividad actual de las poblaciones en organismos 

totalmente marinos, también ejercen una influencia significativa en taxones costeros de origen 

terrestre, como estos escarabajos acuáticos de ambientes supralitorales. Esta sería la primera 

vez que se observa este modo de dispersión en un insecto, lo que sugiere que estos hallazgos 

podrían aplicarse a otros taxones no marinos de áreas costeras. 

En el capítulo 3, titulado “Nuevos loci de microsatélites, validación entre especies de ensayos 

multiplex y genomas mitocondriales de ‘captura accidental’ en escarabajos Ochthebius de pozas 

rocosas supralitorales”, se diseñaron marcadores microsatélites específicos para especies de 

Ochthebius del Mediterráneo, además de obtener el genoma mitocondrial de algunas de ellas. 

En este estudio se diseñó por primera vez marcadores microsatélites (SSR por las siglas en inglés 

de short simple repeats) para estos escarabajos acuáticos. Para ello, se analizaron 15 individuos 

de cuatro especies (O. lejolisii, O. subinteger, O. celatus y O. quadricollis) en 10 localidades de la 

costa mediterránea de España y Malta. Se utilizó tecnología de secuenciación de última 

generación (NGS, del inglés next-generation sequencing) y se construyeron dos bibliotecas para 

interpretar de forma consistente las especies de los dos subgéneros presentes (Ochthebius s. str., 

O. quadricollis; y Cobalius, el resto de las especies). Finalmente, se obtuvieron 20 marcadores 

(10 para cada subgénero) que se probaron con éxito mediante validación cruzada en las cuatro 

especies en estudio. Además, como ‘captura accidental’, se recuperaron los genomas 

mitocondriales completos de O. lejolisii, O. quadricollis y O. subinteger. Comparando estos 

genomas con los obtenidos en estudios previos, se revelaron diferencias menores en O. lejolisii 

y una divergencia significativa en O. quadricollis, lo que respalda hallazgos anteriores sobre la 

presencia de múltiples linajes crípticos dentro los Ochthebius costeros. Además, la publicación 

del primer genoma mitocondrial de O. subinteger será útil para ampliar la investigación sobre su 

diversidad críptica potencial en el Paleártico occidental. Estos nuevos marcadores SSR y genomas 
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mitocondriales serán valiosos en futuras investigaciones sobre identificación de especies, 

diversidad, estructura genética, dispersión y conectividad de poblaciones en hábitats altamente 

dinámicos y amenazados, como las pozas rocosas supralitorales. 

En el capítulo 4, titulado “Genética poblacional de especies de Ochthebius de pozas rocosas 

supralitorales del Mediterráneo occidental”, se analizó mediante microsatélites la estructura 

genética y la conectividad de las poblaciones de Ochthebius del Mediterráneo ibérico e Islas 

Baleares. En este estudio exploramos el papel de las distancias geográficas y ambientales, las 

características del paisaje costero y las barreras marinas en la configuración de la estructura 

genética y la conectividad de tres especies coexistentes en el Mediterráneo occidental 

(Ochthebius quadricollis, O. subinteger y O. lejolisii). Para ello, se analizaron individuos de 20 

localidades a lo largo de la costa mediterránea de la península ibérica y Baleares y se utilizaron 

microsatélites (SSR) como marcador molecular. Se obtuvo el genotipado y se evaluó mediante 

diferentes aproximaciones la diversidad y la estructura genética poblacional, y se utilizó AMOVA 

para evaluar la importancia de los grupos genéticos. Además, se analizó la relación entre el grado 

de diferenciación genética entre poblaciones y diferentes variables espaciales y ambientales, 

como la distancia geográfica entre localizades, sus diferencias climáticas, y su conectividad 

basada en la disponibilidad de hábitat o las corrientes marinas. Para ello, se utilizaron tests de 

Mantel y regresión matricial múltiple con aleatorización (MMRR, del inglés Multiple Matrix 

Regression with Randomization). Los resultados obtenidos revelaron una baja diversidad 

genética en las tres especies examinadas, con valores de heterocigosidad observados similares. 

Ochthebius quadricollis destacó por su mayor diversidad, con variaciones notables entre 

poblaciones, y fue la única especie en la que se detectó estructura genética poblacional, aunque 

AMOVA sí reveló variación genética significativa entre grupos predefinidos en las otras especies. 

Igualmente, O. quadricollis fue la única especie que presentó una relación significativa entre la 

diferenciación genética y la distancia geográfica de las poblaciones, sin un efecto significativo del 

resto de variables estudiadas para ninguna de las especies. Los resultados sugieren alta 

conectividad y flujo génico entre las poblaciones de estas especies de Ochthebius, 

probablemente debido a mecanismos de dispersión pasiva. Las tres especies exhiben estructuras 

genéticas variables a lo largo de la costa ibérica, influenciadas principalmente por su diferente 

historia evolutiva, rangos de distribución, preferencias de microhábitat y mecanismos de 

dispersión. Se confirmó una estructura espacial similar a la encontrada en estudios previos, que 

utilizaron marcadores genéticos de menor resolución temporal y a mayor escala espacial, 

aunque se detectaron algunas discrepancias, particularmente en cuanto a la ausencia del efecto 

barrera del Canal de Ibiza. Ochthebius lejolisii presentó una población panmíctica sin estructura 

genética clara, sugiriendo un flujo génico continuo que podría explicarse por una colonización 

reciente del Mediterráneo, posiblemente desde refugios glaciares en el noroeste de África o el 

estrecho de Gibraltar. Por otro lado, O. subinteger mostró diferenciación genética con dos grupos 

separados por el canal de Ibiza, que parece representar una barrera geográfica significativa, y 

una distribución influenciada por las corrientes marinas que salta localidades intermedias. 

Finalmente, O. quadricollis presentó una estructura genética marcada, con una ruptura genética 

significativa en la interfaz de los giros del Alborán, identificados como una barrera marina, y un 

aislamiento por distancia sin que los factores ambientales explorados mostraran influencia en la 

escala espacial estudiada. Sin embargo, la importancia de las corrientes marinas parece menos 
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crucial en el flujo genético reciente, probablemente debido a la alta estocasticidad de los eventos 

de dispersión pasiva. 

En conjunto, los resultados de esta tesis representan una importante contribución al 

conocimiento de diferentes aspectos ecológicos y evolutivos de los organismos que habitan las 

pozas rocosas supralitorales, unos ambientes extremos y dinámicos, pero poco estudiados en 

relación con otros hábitats costeros. En concreto, suponen un avance en nuestra comprensión 

de los factores abióticos que permiten la coexistencia, a diferentes escalas espaciales, de 

especies estrechamente emparentadas de coleópteros acuáticos en estos sistemas, y en cómo 

diferentes factores ambientales y espaciales determinan su estructura genética y dinámica 

poblacional a diferentes escalas temporales y espaciales. Estos hallazgos, que integran estudios 

ecológicos y filogeografía, usando marcadores moleculares de diferente resolución para varias 

especies, ayudan a comprender sus patrones de distribución y variación genética a diferentes 

escalas, que son reflejo de su diferente historia evolutiva, preferencias de microhábitat y 

mecanismos de dispersión. Futuros estudios pueden arrojar luz sobre la influencia de otros 

mecanismos que pueden afectar la conectividad de las poblaciones, como las corrientes de 

viento y la zoocoria. 
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GENERAL INTRODUCTION 

Understanding how biotic, abiotic, and historical factors interact to shape species distributions 

remains a central topic in ecology and evolution and has significant implications for biodiversity 

conservation (Gaston 2009, Sexton et al. 2009, Zurell 2017, Sanín & Anderson 2018, García-Girón 

et al. 2024). However, despite the obvious relationships, ecology and biogeography have not 

always had the integration they should (Wiens & Donoghue 2004). Distribution limits create 

biogeographic patterns, and ecological niches create distribution limits; hence, the niche should 

unite ecology and biogeography (Wiens 2011). Inferring the ecological niche of species from 

observational data is challenging because biogeographic history, demographic processes, and 

interspecific interactions also affect a species' occurrence (Zurell 2017). 

Phylogeography and small-scale evolutionary history reconstructions provide valuable insights 

into the study of biodiversity and diversification dynamics (Baca et al. 2024). In aquatic insects, 

the combination of phylogenetics (less explored) and ecology (more studied by the use of these 

organisms as bioindicators) offers a promising path to understand ecological diversification 

(García-Girón et al. 2024). Allopatric speciation and ecological adaptation are believed to be 

primary mechanisms of the high diversification in insects (Dijkstra et al. 2014). Beetles, in 

particular, are considered good models in evolutionary biology (Bilton et al., 2019; Short, 2018), 

including biogeographic studies (Bukontaite et al. 2014, Toussaint & Short 2016, Gustafson & 

Miller 2017, Short 2018, Bilton et al. 2019, Baca et al. 2021, Short et al. 2021), due to an 

increasingly comprehensive documentation of the group's overall diversity and ongoing 

advances in phylogenetic reconstruction (Baca et al. 2024). 

Habitat boundaries include transitional zones known as ecotones (Livingston 1903), which are 

areas of relatively rapid changes, generally unstable, resulting in an environmentally stochastic 

stress zone where only well-adapted species can persist (Attrill and Rundle 2002). These 

transitional environments are therefore a valuable framework for ecological and evolutionary 

studies, offering the possibility to study biological processes such as species interactions, 

physiological adaptations, climate change indicators, biogeographic patterns, and population 

genetic and dynamics at different scales (Delcourt & Delcourt 1992, McArthur et al. 1998, Ferro, 

I & Morrone JJ. 2014, Martínez-Falcón et al. 2018, Smith & Goetz 2021). An example of these 

boundary environments are coastal habitats, affected by both marine and terrestrial conditions 

(Heerhartz et al. 2014), including supratidal rockpools, an extreme and highly dynamic and 

fragmented habitats, unpredictable in terms of water quantity, temperature, and salinity (Mirón-

Gatón et al. 2022). The species of the genus Ochthebius (Coleoptera: Hydraenidae) that inhabit 

these environments represent a good model to study ecological and evolutive process that 

configure the occurrence, distribution and genetic structure of organisms exclusive to one of the 

most inhospitable habitats on the planet, and predict responses to future scenarios of 

environmental change. 
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Supratidal rockpools: An extreme and dynamic habitat with highly ecological and 

evolutive interest 

Coastal habitats are among the most dynamic on Earth due to their simultaneous exposure to 

terrestrial, oceanic, and atmospheric processes (Parvizi et al. 2022). Within this marine-

terrestrial ecotone, the intertidal zone, which is regularly covered by water because circadian, 

circatidal, or circalunadian rhythms (Palmer 1973), has been extensively studied from an 

ecological perspective. This research has particularly focused on the vertical zonation of 

communities (Fig. 1) and how it is influenced by wave and tidal action (see review in Hawkins et 

al. 2020). Several experimental studies, both field- and laboratory-based, have investigated the 

role of physical and biological factors, including competition, predation, and behaviour, in 

establishing distribution patterns and the organisms' responses to stressors such as emersion, 

desiccation, and temperature (e.g., Southward 1958, Foster 1971, Gilman 2017, King & Sebens 

2018, Lin et al. 2024). In these intertidal habitats, numerous studies have shown that the 

coexistence of closely related species can be common (e.g., Boaventura et al. 2002, Conde-Padín 

et al. 2007, Stickle et al. 2017, Casal et al. 2018, Blakeslee et al. 2021, Vecchioni et al. 2021).  

 

 

Figure 1. Zonation scheme and stress gradient in the coast. Adapted from F. Jochem, n.d. 

(http://www.jochemnet.de/fiu/OCB3043_32.html). Retrieved June 26, 2024. 

However, the supratidal zone (also called the splash, spray, or supralittoral zone), which is above 

the high-tide line and is covered by water only during storms, remains much less studied 

compared to intertidal habitats. In this zone are often found rockpools, which are recognised as 

one of the most extreme habitats on the planet (Brandes et al. 2015, Sabatelli et al. 2016, 2021, 

Parvizi et al. 2022) (Fig. 2). Due to the combined effect of marine and terrestrial inputs, these 

pools experience intense fluctuations in salinity (Telesh et al. 2013, Vinagre et al. 2015), and 

have exceptionally variable hydroperiods. Often located in areas without emergent vegetation 
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and subjected to intense solar radiation, these pools can become completely flooded during 

rains or desiccate entirely within less than twenty-four hours, becoming extremely hypersaline 

(Brandes et al. 2015), with concentrations exceeding 200 g/l (Mirón-Gatón et al. 2023) before 

desiccation. They also undergo significant temperature fluctuations, both seasonally and daily, 

ranging from 7.25°C in winter to 37.88°C in summer, recorded in the Mediterranean (Mirón-

Gatón et al. 2022). Conditions vary along the distance gradient from the sea: habitats closer to 

the sea are more constant but strongly exposed to wave action and sea-level changes, while 

pools further from the sea are more seasonal with greater saline variability. 

These extreme and fluctuating conditions support a species-poor community, but that is highly 

adapted to withstand these harsh environmental conditions. The inhabitants are mainly marine-

origin molluscs and crustaceans, along with a few continental-origin dipterans, hemipterans, and 

coleopterans (Margalef 1949). These coastal taxa are often ecologically specialised and 

restricted to these specific microhabitats. However, despite their ecological importance, the 

biota of supratidal rockpools remain relatively unexplored. 

 



17 
 

 

Figure 2. Representative supratidal rockpool habitat from the different sampled localities. (A) 

Cala San Francesc, Girona; (B) Moraira, Alicante; (C) Cala Reona, Murcia; (D) Cabo Cope, Murcia; 

(E) Cala Rijana, Granada; (F) Isla de Tarifa, Cádiz. 

 
The supratidal zone constitutes a geographically restricted and fragmented area exposed to 

physical disturbance processes that operate on a wide range of temporal and spatial scales, such 

as extreme weather events, glaciations, and sea-level fluctuations. These factors can 

significantly impact the distribution and phylogeographic patterns of coastal populations (Parvizi 

et al. 2022). Additionally, the spatial complexity of these habitats is further exacerbated by their 

discontinuous nature, which is due to both natural factors, like extensive sand ecosystems, or 

anthropic causes, such as artificial constructions (Mejjad et al. 2022), resulting in an strongly 

fragmented habitat that is particularly vulnerable to environmental changes (Martyr-Koller & 

Schleussner 2023). This habitat complexity is crucial for the dispersion and connectivity of their 
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inhabitants, ultimately shaping genetic diversity and their population structure. The seasonality 

and fragmented nature of these environments is expected to select for organisms with high 

dispersal capacity (Bilton et al. 2001, Ribera 2008), which implies a high level of gene flow and a 

weak genetic structure. 

Moreover, the harsh environment conditions of supratidal pools impose a significant selective 

filter on their inhabitants, favouring very high cryptic diversity (Greenan et al. 2018, Pfingstl et 

al. 2021, Sabatelli et al. 2021, Villastrigo et al. 2022a). However, there is still a lack of knowledge 

about the coexistence of related species in the supratidal zone and the extent to which their 

biology and population genetic explain their coexistence, habitat partitioning and distribution 

patterns (Sabatelli et al. 2021). 

Ecology, evolutive history, phylogeny and phylogeography of supratidal Ochthebius 

species 

The genus Ochthebius Leach, 1815 (Family Hydraenidae) is one of the few lineages of aquatic 

beetles capable of living and even diversifying in supratidal rockpools (Villastrigo et al. 2020). 

This genus includes some species restricted exclusively to supratidal rockpools. Villastrigo et al. 

(2022b) highlighted the presence, of at least, 21 species that are exclusively found in this habitat 

in the Western Palearctic. The extreme dynamics of supratidal rockpools, with continuous and 

rapid changes, appear to favour their heterogeneity and, consequently, the presence of more 

species belonging to this genus than expected (Villastrigo et al. 2020, Villastrigo et al. 2022b). 

Two lineages within the genus Ochthebius dominate the insect fauna of Mediterranean coastal 

rockpools: the Ochthebius quadricollis group, belonging to the subgenus Ochthebius s.s. 

(formerly considered as subgenus Calobius Wollaston, 1854) and the subgenus Cobalius Rey, 

1886. Although there is controversy and certain incompatibility regarding calibration (see 

Sabatelli et al. 2016, Villastrigo et al. 2019, 2022a) due to the different approaches used, the 

most recent one (Villastrigo et al. 2022a), place the origin of the genus Ochthebius around 63 

million years ago. The shift of this lineage from inland waters to coastal rockpools seems to have 

occurred several times independently. Members of the subgenus Cobalius were the earliest to 

make this transition to marine environments, around 60 million years ago, followed by members 

of the subgenus Ochthebius, around 55 million years ago. Most current species of both 

subgenera likely differentiated during the Messinian salinity crisis, or alternatively during the 

more recent Plio-Pleistocene glacial cycles (Sabatelli 206, 2021, Villastrigo et al. 2022a). 

The first indications of cryptic diversity within Ochthebius species in rockpools came from studies 

of the current O. quadricollis group as subgenus Calobius (Urbanelli & Porretta 2008, Audisio et 

al. 2010, Antonini et al. 2010, Porretta & Urbanelli 2012). Subsequent studies using molecular 

data confirmed the existence of multiple undescribed species in both Cobalius and “Calobius”, 

some of which were morphologically indistinguishable despite the deep genetic divergence 

found in some lineages (Sabatelli et al. 2016, Ribera & Foster 2018, Villastrigo et al. 2020). This 

morphological stasis also extends to male genitalia, both in Cobalius (Jäch 1989, Ribera & Foster 

2018) and in the “Calobius” lineage (Jäch 1993, Audisio et al. 2010), greatly complicating the 

study of these rockpool species, which can only be effectively addressed using molecular data 

(Audisio et al. 2010, Sabatelli et al. 2016, Villastrigo et al. 2020).  
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Ochthebius (Cobalius) lejolisii Mulsant & Rey, 1861, O. (Cobalius) subinteger Mulsant & Rey, 1861, 

and O. (Ochthebius) quadricollis Mulsant, 1844 are three representative species of the true 

Ochthebius lineages in rockpools (Villastrigo et al., 2019; 2022b), which exhibit partial sympatry 

along the Mediterranean coast of the Iberian Peninsula (Fig. 3). Congeneric species of these two 

lineages are often found in the same localities and even in the same pools (Villastrigo et al. 2020, 

2022b). However, the environmental factors enabling their coexistence remain unknown. O. 

quadricollis has a wide distribution in the western Mediterranean, coexisting with the other two 

species along the Mediterranean Iberian coast. However, O. lejolisii, commonly found along 

Atlantic coasts, and O. subinteger, distributed throughout the central and western 

Mediterranean (Villastrigo et al. 2022b), only partially coexist in the southeast of the Iberian 

Peninsula, occasionally appearing with another third species of the subgenus Cobalius, O. evae 

Villastrigo, Hernando, Millán & Ribera, 2020 (Villastrigo et al. 2022a), an apterous species. 

 

Figure 3. Habitus and current known distribution of Ochthebius subinteger (orange), O. lejolisii 

(red), and O. quadricollis (blue). And Mediterranean coast of Spain and Balearic Islands, showing 

the main marine geographic barriers - Gibraltar Strait (GS), Almería-Orán Front (AOF), Ibiza 

Channel (IC) and Balearic Front (BF) - and the main direction of the surface oceanic currents 

indicated with arrows. 

Some aspects of the biology and ecology of rockpool Ochthebius species have been studied in 

the past (Hase 1926, Margalef 1949, Jacquin 1956) and more recently (Mirón-Gatón et al. 2022, 

2023, Velasco et al. 2022, Plaza-Buendía et al. 2024). The reproductive period of O. quadricollis 

and O. lejolissi in the south-eastern Iberian coast extends throughout most of the year and 

exhibits temporal overlap, mainly in spring and autumn (Velasco et al. 2022). Both species are 

fast-growing organisms with multivoltine cycles and overlapping cohorts, with at least three (O. 
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lejolisii) or four generations per year (O. quadricollis). Adults of Ochthebius species are small, 

around 2 mm in size, generally macropterous, but with a weak flying ability that allows them to 

cover short distances between nearby pools (Hase 1926, Jacquin 1956, Plaza-Buendía et al. 

2024). The adults of O. quadricollis are generally more active than those of O. lejolisii, the latter 

often being found buried under sediment in drying pools (Mirón-Gatón et al. 2022, 2023). 

Passive dispersal, mediated by wind (Bilton et al. 2001) and marine currents (Villastrigo et al. 

2022a), probably are the principal dispersal mechanisms for covering greater distances. 

Regarding their physiology, wide tolerances to temperature, salinity and desiccation have been 

found in Ochthebius species, although there are some differences among species, populations, 

and life-cycle stages, being in general larval and eggs more tolerant than adults (Mirón-Gatón et 

al. 2022, 2023, in press). Furthermore, differences in their life cycle duration, and population 

abundance throughout the year (Velasco et al. 2022) could indicate spatial-temporal storage 

effects as one of the main coexistence mechanisms in these species. However, despite recent 

advances, information on the spatial and temporal patterns of coexistence of these congener 

species and their habitat specificity remains scarce. 

The phylogeny and phylogeography of these three Ochthebius species in the western 

Mediterranean have been recently studied using the mitochondrial protein-coding gene 

cytochrome c oxidase subunit I (COI) and the nuclear wingless gene as molecular markers 

(Villastrigo et al. 2022a). Ochthebius quadricollis is the type species of the quadricollis group 

(Villastrigo et al. 2019). It originated about 19 million years ago, with three topological splits 

detected at around 17, 7, and 2 million years ago, respectively. Ochthebius lejolisii is the type 

species of the subgenus Cobalius, a monophyletic lineage that also includes O. subinteger 

(Villastrigo et al. 2019). Both are sister species that diverged around 14 million years ago from a 

common ancestor (Villastrigo et al. 2022a). O. lejolisii, with two relatively recent splits at 2 and 

1 million years ago, respectively (Villastrigo et al. 2022a), is considered the species with the 

widest geographical distribution of the three studied and also exhibits the most complex genetic 

structure. The distribution and genetic structure of the studied seems to be related to marine 

hydrogeography, both historical and contemporary. The Messinian Salinity Crisis (MSC) may have 

been the primary driver of the diversification of this beetle lineages in the Mediterranean. 

Contemporary marine fronts, such as the Ibiza Channel and the anticyclonic gyres of the Alboran 

Sea, have been suggested to act as barriers to gene flow in O. quadricollis populations, and the 

Ibiza channel for O. subinteger and O. lejolisii (Villastrigo et al. 2022a). However, the effects of 

these currents and oceanic fronts on the dynamics of their populations remain poorly 

understood. All these potential drivers of the phylogeography of rockpool Ochthebius have been 

studied using molecular markers that lack sufficient resolution to detect differences beyond 

clades or lineages. Therefore, further studies are necessary to corroborate theses hypothesis, 

investigating population genetics and connectivity using modelled marine currents at finer and 

contemporary scales using other molecular markers, such as microsatellites. 

The Iberian Mediterranean coast: A strategic region 

The Iberian Mediterranean coast, along the Balearic Islands, represents a strategically significant 

geographical region for studying different ecological and evolutionary aspects of Ochthebius 

rockpools species. The distribution limits of Ochthebius lejolisii and O. subinteger appear to 

converge with the central part of the known distribution of O. quadricollis (Fig. 3). This 
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convergence provides an opportunity to investigate phenomena occurring at contact zones 

between closely related taxa, and allows for the observation of genetic differences between 

populations located at the species distribution limits and those in the central part of the species' 

range.  

This area extends over 1400 km along the Iberian Mediterranean coast, from Girona to Cádiz, 

including the Balearic Islands. This coastal stretch is characterised by a succession of rocky shores 

and extensive sandy beaches, interspersed with densely populated urban areas. This patchy 

distribution of habitats leads to habitat fragmentation, providing an opportunity to study of 

isolation process by exploring the role environmental and spatial factors, in the connectivity and 

genetic flow among populations. Additionally, comprehensive data on the dominant marine 

currents and fronts in this area are available (Millot 2005, Juza et al. 2016, Mourre et al. 2018, 

Simoncelli et al. 2019, Aguiar et al. 2020), which allow for testing their influence on patterns of 

genetic structure of species beyond simple isolation by distance. 

  

Additionally, this region has experienced significant geological changes throughout its history, 

which have driven the spatial patterns of current diversity in numerous organisms. Notable 

events include the Messinian Salinity Crisis (MSC) and the temperature and sea level changes 

during the glaciations. In the first case, besides separating the Mediterranean and Atlantic 

basins, the MSC also connected the Balearic Islands with the Iberian Peninsula (Mas et al., 2018), 

promoting gene flow between the Iberian Peninsula and the current Balearic Islands. This 

situation ended with the Zanclean Flood approximately 5.33 million years ago, when Balearic 

populations became isolated from the mainland again. This pattern of connection and isolation 

can be observed in Balearic endemic species, which have their closest relatives on the Iberian 

Peninsula, such as some species of Ochthebius (Jäch 2000), as well as other animals like spiders 

(Mora et al. 2017) and mammals (Torres-Roig et al. 2019). Moreover, as previously mentioned, 

the end of the last glacial maximum initiated recolonisation processes of the Mediterranean 

from warmer latitude Atlantic refugia, which could explain part of the current genetic structure.  
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OBJECTIVES and THESIS OUTLINE 

This thesis, which is framed within the “Rockpools Project CGL2017-84157P” (Macroinvertebrate 

metacommunity dynamics in supralittoral rockpools), aims to determine the spatial patterns in 

the population genetic structure of three Ochthebius species (O. lejolsii, O. subinteger and O. 

quadricollis) inhabiting the supralittoral rockpools of the Iberian Mediterranean coast, and to 

characterise their ecological niche and their patterns of co-occurrence. Moreover, the thesis 

identifies the abiotic factors that enable their coexistence in such extreme habitat and tries to 

disentangle the drivers behind the patterns of genetic diversity and population structure. The 

thesis is organized into four chapters that correspond to the following specific objectives: 

Chapter 1. To analyse the spatio-temporal occurrence patterns of two congeneric Ochthebius 

species (O. lejolisii and O. quadricollis), estimate and compare the environmental niches of adults 

and larvae of these species, and determine the environmental variables driving their distribution 

and abundance patterns. 

Chapter 2. To explore the potential role of oceanic currents and fronts in shaping the 

contemporary genetic structure of non-marine coastal organisms, specifically the Ochthebius 

species (O. lejolisii, O. subinteger and O. quadricollis) in the western Mediterranean basin, 

combining population genetics and biophysical modelling. 

Chapter 3. To examine the genome of Ochthebius and develop and characterise microsatellite 

markers (SSR) loci through next-generation high-throughput sequencing (NGS) to facilitate 

population identification and genetic structure studies, valid for the three species of Ochthebius 

coexisting in the Iberian Mediterranean. Additionally, to characterise the mitochondrial genome 

of the studied species. 

Chapter 4. To determine the genetic diversity and population structure of these species using 

microsatellites as molecular markers, in order to elucidate population connectivity, and discern 

the underlying factors shaping their patterns of population genetic differentiation. Specifically, 

we evaluate the role of geographic and environmental distances, coastal landscape 

characteristics, and the hypothesis of passive dispersal through ocean currents in shaping the 

population structure of the target Ochthebius species and the congruence with the results 

obtained with other classic genetic markers. 

In relation with these objectives, we addressed the following hypotheses: 

1. There will be an environmental niche differentiation among the studied Ochthebius species, 

which, although subtle, allows for their spatiotemporal segregation, resulting in stable 

coexistence at both local and regional scales. 

2. Given their close association with the sea, it is expected that these beetle species can passively 

disperse through marine currents. The simulated connectivity of propagules by marine currents 

will better fits their phylogeographic patterns than a classic distance isolation model. 

3. Using NGS technology, microsatellite markers, SSR loci (short simple repeats), can be 

developed and characterized, which allow differentiation between populations within the 

Mediterranean species studied, belonging to two different subgenera. Furthermore, these 

markers will serve to identify cryptic species, a topic of relevance within the genus Ochthebius. 
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4.  Using microsatellite markers, we expected a similar spatial structure that those found in 
previous studies, which used less precise genetic markers and a larger scale, although some 
discrepancies can be expected.  A combination of isolation by geographic distance and the 
passive dispersal by dominant marine currents should be the primary factors explaining 
connectivity between populations. 
 

Chapters 1 and 3 are already published in international peer-reviewed journals indexed in SCI, 

while Chapter 2 is published in npj Biodiversity, an international, open access, peer-reviewed 

journal from the prestigious Nature Portfolio group, which does not yet have an impact factor as 

it is a new journal, with the first articles published in 2022, currently indexed in different 

databases of scientific and academic resources. Chapter 4 is under review for publication in 

Diversity and Distributions at the moment of completion of this thesis. The four articles on which 

this thesis is based are: 

• Chapter 1. García-Meseguer AJ, Abellán P, Mirón-Gatón JM, Botella-Cruz M, Guareschi 

S, Millán A & Velasco J (2024). Fine-scale niche differences allow the co-existence of 

congeneric aquatic beetles in supratidal rockpools. Hydrobiologia, 851: 471–485. 

https://doi.org/10.1007/s10750-023-05333-0. IF: 2.6, Q1 (MARINE & FRESHWATER 

BIOLOGY). 

• Chapter 2. Villastrigo A, Orenes-Salazar V, García-Meseguer AJ, Mirón-Gatón JM, Mourre 

B, Millán A & Velasco J (2023). Oceanic currents maintain the genetic structure of non-

marine coastal taxa in the western Mediterranean Sea. npj biodivers, 2, 25. 

https://doi.org/10.1038/s44185-023-00028-0. IF: -, Q- (-). 

• Chapter 3. García-Meseguer AJ, Villastrigo A, Mirón-Gatón JM, Millán A, Velasco J & 

Muñoz I (2023). Novel microsatellite loci, cross-species validation of multiplex assays, 

and by-catch mitochondrial genomes on Ochthebius beetles from supratidal rockpools. 

Insects, 14(11): 881. https://doi.org/10.3390/insects14110881. IF: 3.0, Q1 

(ENTOMOLOGY). 

• Chapter 4. García-Meseguer AJ, Muñoz I, Villastrigo A, Abellán P, Mirón-Gatón JM, Millán 

A & Velasco J (Under review). Population genetics of Ochthebius species from western 

Mediterranean supratidal rockpools. Diversity and Distributions. IF: 4.6, Q1 

(BIODIVERSITY CONSERVATION and ECOLOGY). 
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Abstract  Here we focused on the co-occurrence 
pattern on regional and local scales, and on the niche 
differences of two species of congeneric beetles 
(Ochthebius quadricollis and O. lejolisii, Hydraeni-
dae) exclusive of supratidal rockpools. Abundances 
of adults and larval stages from both species and 
environmental variables were obtained in 10 pools 
from 12 localities along the Iberian Mediterranean 
coast. To determine the local co-existence pattern, we 
monthly sampled two localities in an annual cycle. On 
regional and local scales, we found negative correla-
tions between both species’ pool abundances, which 
suggest spatio-temporal segregation based on their 
different environmental responses. The OMI analysis 

detected interspecific niche differences, larger in lar-
vae than adults. The best regression models obtained 
for O. quadricollis larvae included depth, conductiv-
ity, and fine sediments as the main explanatory vari-
ables with a positive effect, and distance to sea and 
CPOM with a negative effect. For O. lejolisii larvae, 
the best models included CPOM and periphyton with 
positive effects, while pool area, depth and conduc-
tivity negatively affected. Our results suggest that 
subtle interspecific differences in ecological niches, 
mainly those related to pool hydroperiod and salinity, 
could determine spatio-temporal storage effects as the 
principal mechanisms of co-existence on local and 
regional scales.

Keywords  Co-occurrence · Regional and local 
scales · Spatio-temporal storage effects · Ochthebius · 
OMI · Regression models

Introduction

The co-existence of species in natural communities 
has historically fascinated scientists (e.g., Hutchin-
son, 1959; Amarasekare, 2003; Hart et al., 2017; Luo 
et al., 2022). Despite major theoretical developments 
in past decades, there is still very few little empirical 
research (Amarasekare, 2003; Hawlena, 2022), which 
can even be more complex and challenging when 
referring to congeneric species.
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Oceanic currents maintain the genetic structure of non-marine
coastal taxa in the western Mediterranean Sea
Adrián Villastrigo 1,4✉, Víctor Orenes-Salazar 2,4, Antonio José García-Meseguer 2, Juana María Mirón-Gatón 2,
Baptiste Mourre 3, Andrés Millán 2 and Josefa Velasco 2

Coastal habitats are amongst the most dynamic on Earth, due to their simultaneous exposure to terrestrial, oceanic and
atmospheric processes. Coastal taxa are therefore often ecologically specialised and adapted to withstand frequent shifts in sea
level, wave exposure, temperature or salinity. This specialisation often resulting in significant cryptic diversity. Previous molecular
studies have suggested that genetic differentiation in non-marine coastal organisms may be influenced by oceanic currents and
fronts, but the extent to which such processes affect dispersal and evolution of such taxa remains unclear. Here we explore whether
population genetic structure in two supralittoral rockpool beetle species (genus Ochthebius) can be predicted from the general
circulation pattern of the marine currents and associated oceanic fronts. We simulated dispersal using a Lagrangian particle tracking
model and compared this with population genetic structure inferred from COI (mitochondrial) and wingless (nuclear) genes
applying linear models and Mantel tests. We show that a biophysical model based on oceanic currents and fronts in the western
Mediterranean Sea is a much better predictor of observed population genetic structure than isolation by distance in both species.
Our results show that oceanic processes, besides shaping contemporary population connectivity in fully marine organisms, also
exert a meaningful influence on terrestrially-derived coastal taxa such as supralittoral rockpool beetles— the first time this mode of
dispersal has been demonstrated in an insect.

npj Biodiversity            (2023) 2:25 ; https://doi.org/10.1038/s44185-023-00028-0

INTRODUCTION
Coastlines are ecotones between land and ocean and are amongst
the most dynamic environments on Earth. Within these areas,
supralittoral rockpools are geographically restricted, fragmented
and exposed to processes of physical disturbance operating across
a broad variety of temporal and spatial scales. They suffer constant
habitat modifications driven by several terrestrial, oceanic and
atmospheric processes, and are highly vulnerable to large-scale
physical disturbances1. The biological assemblages found in these
areas are dominated by strongly adapted species that can
withstand frequent shifts in sea level, temperature and salinity2,3.
As a consequence, coastal taxa are often ecologically specialised,
frequently restricted to specific habitats. These taxa may harbour
significant cryptic diversity4–7 due to ecomorphological con-
straints and the isolation of populations by major physical coastal
disturbances such as uplifts, tsunamis, hurricanes, glaciations and
sea-level fluctuations1. Whilst between the tidelines, coastal biota
is dominated by marine-derived species, the composition of
supralittoral communities is very different. Such habitats are
typically species-poor8, but support a suite of specialised,
ecologically restricted taxa, many of which are terrestrial or
freshwater in origin rather than marine6. Compared to intertidal
biotas, the inhabitants of the supralittoral are much less well
studied, and the extent to which their population biology and
evolution resemble terrestrial or marine organisms remains
unclear.
Although major disturbances play an important role in isolating

populations, other mechanisms can also drive genetic differentia-
tion. Habitat discontinuities, local adaptation, behaviour and
dispersal capabilities are key to explaining the genetic variability

between and within populations9,10. In the sea, it is widely
recognised that oceanic fronts and currents represent sharp
discontinuities of physical and biochemical variables11 and
constitute barriers to faunal dispersal, often limiting gene flow
between marine populations12. These oceanic features can explain
the genetic structure of benthic marine littoral taxa, particularly
those which are sedentary or with low vagility, in which
population units are distributed in habitat patches whose
connectivity is mediated by species’ life history traits13,14.
Despite comprehensive evidence for the influence of oceanic

fronts and currents on the genetic structure of marine animals,
their importance for organisms that are not strictly marine remains
unclear, including the insects which dominate supralittoral rock-
pools in the terrestrial-marine ecotone. Beetles of the genus
Ochthebius Leach, 1815 are the predominant macroinvertebrates
inhabiting coastal supralittoral rockpools in many parts of the
world, being particularly diverse in the western Palaearctic15,16.
Although most adult Ochthebius can fly, their active dispersal
capabilities may be limited by their small body size (c. 1–2mm
long) and erratic flight17. For this reason, similar to many small
insects, they are likely to be subjected to passive dispersal by air
currents or birds over short distances and by winds or even
marine currents over medium to large spatial scale18,19. As
previously proposed7, taxa such as Ochthebius may be affected
by the action of storms and cyclones, which can promote gene
flow among populations. These taxa lack a marine dispersal stage
in their life cycle, but large waves or spring tides can remove them
from supralittoral rockpools. Under these conditions, more
resistant life-history stages such as eggs, able to survive at marine
salinity conditions20,21, could be dispersed through coastal
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Novel Microsatellite Loci, Cross-Species Validation of
Multiplex Assays, and By-Catch Mitochondrial Genomes on
Ochthebius Beetles from Supratidal Rockpools
Antonio José García-Meseguer 1 , Adrián Villastrigo 2 , Juana María Mirón-Gatón 1 , Andrés Millán 1 ,
Josefa Velasco 1,* and Irene Muñoz 3
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adrianvillastrigo@gmail.com

3 Department of Biodiversity, Ecology and Evolution, Complutense University of Madrid, 28040 Madrid, Spain;
irenmu06@ucm.es

* Correspondence: jvelasco@um.es

Simple Summary: Supratidal rockpools stand out as some of the most extreme environments on the
planet. These pools are exposed to the wave’s action, fluctuations in sea level, dramatic shifts in water
temperature, high salinity levels, desiccation, and intense sunshine. As a result, only a handful of
species can survive there, with aquatic beetles of the genus Ochthebius being the insects that dominate
this kind of habitat on the Mediterranean coast. In this work, we genetically analysed four species (O.
lejolisii, O. subinteger, O. celatus, and O. quadricollis) found along the Mediterranean coasts of Spain
and Malta to develop microsatellite markers, which are repetitive DNA motifs, for the first time for
this genus. Additionally, we obtained the complete mitochondrial genome of three species (O. lejolisii,
O. subinteger, and O. quadricollis). These newly developed microsatellite markers and mitochondrial
genomes for Ochthebius will be valuable in future studies for evolutionary and ecological research on
the diversity of this genus: identification, genetic structure, population connectivity, etc.

Abstract: Here we focus on designing, for the first time, microsatellite markers for evolutionary and
ecological research on aquatic beetles from the genus Ochthebius (Coleoptera, Hydraenidae). Some of
these non-model species, with high cryptic diversity, exclusively inhabit supratidal rockpools, extreme
and highly dynamic habitats with important anthropogenic threats. We analysed 15 individuals
of four species (O. lejolisii, O. subinteger, O. celatus, and O. quadricollis) across 10 localities from the
Mediterranean coasts of Spain and Malta. Using next-generation sequencing technology, two libraries
were constructed to interpret the species of the two subgenera present consistently (Ochthebius s. str.,
O. quadricollis; and Cobalius, the rest of the species). Finally, 20 markers (10 for each subgenus) were
obtained and successfully tested by cross-validation in the four species under study. As a by-catch,
we could retrieve the complete mitochondrial genomes of O. lejolisii, O. quadricollis, and O. subinteger.
Interestingly, the mitochondrial genome of O. quadricollis exhibited high genetic variability compared
to already published data. The novel SSR panels and mitochondrial genomes for Ochthebius will
be valuable in future research on species identification, diversity, genetic structure, and population
connectivity in highly dynamic and threatened habitats such as supratidal coastal rockpools.

Keywords: water beetles; microsatellite markers; next-generation sequencing; cross-species validation;
insect conservation

1. Introduction

Understanding population structure and genetic diversity is of crucial concern for ef-
fective biodiversity conservation, as a population’s genetic makeup influences its responses
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Abstract 

Aim 

Supratidal rockpools, situated in the ecotone between land and sea, are fragmented habitats 

characterised by extreme environmental fluctuations, harbouring unique species like the small beetles 

of the genus Ochthebius (Coleoptera: Hydraenidae), adapted to this habitat. These beetles typically 

exhibit broad geographical ranges in the western Palaearctic with cryptic lineages, thus offering an 

interesting model for studying population genetic patterns. In this study, we explore the role of 

geographic and environmental distances, coastal landscape features and marine currents in shaping 

the genetic structure and connectivity of three co-occurring species (Ochthebius quadricollis, 

Ochthebius subinteger and Ochthebius lejolisii) in the western Mediterranean. 

Location 

Mediterranean coast of the Iberian Peninsula and Balearic Islands (20 localities). 

Methods 

Microsatellite markers (SSR) were used as molecular information, with genotyping performed using 

GeneMapper. Genetic diversity and structure were assessed using GenAlEx, STRUCTURE and DAPC, 

while AMOVA was used to evaluate the significance of genetic clusters. Isolation by environment was 

examined through climatic distance measures, and habitat connectivity was assessed using 

Circuitscape. Marine dispersal was analysed using a propagules dataset. Correlations between genetic 

differentiation and geographic or environmental factors were explored using Mantel tests and Multiple 

Matrix Regression with Randomization (MMRR). The fixation index (FST) was calculated to measure 

genetic differentiation among populations. 
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Results 

The study revealed low genetic diversity in the three examined species, with similar observed 

heterozygosity values. Ochthebius quadricollis stood out for its higher diversity, with notable variations 

among populations. Genetic structure population was only detected for O. quadricollis, although DAPC 

failed to elucidate further groups in any species. Further significant genetic variation among pre-

defined groups was revealed using AMOVA. We detected an association between genetic 

differentiation and both geographic and environmental distances for O. quadricollis. However, the 

partial-Mantel test and MMRRs only identified the effect of geographic distance as significant.  

Main Conclusions 

Our research unveils insights into high connectivity and gene flow among supratidal rockpool 

populations of aquatic beetles, probably due to passive dispersal mechanisms. The three Ochthebius 

species exhibit varying genetic structures along the Iberian coast, influenced principally by their 

different evolutionary history, distribution ranges, microhabitat preferences, and dispersal 

mechanisms. We confirmed a similar spatial structure that those found in previous studies, which used 

less precise genetic markers and a larger scale, although some discrepancies were detected, 

particularly regarding the absence of a barrier effect of the Ibiza Channel. Isolation by distance was 

evident in only one species (O. quadricollis), with environmental factors displaying no influence at the 

studied spatial scale. However, the importance of marine currents seems less crucial in recent genetic 

flow, probably due to the high stochasticity of passive dispersal events. Further studies may shed light 

on the influence of other dispersal mechanisms that may affect population connectivity such as wind 

currents and zoochory. The inclusion of the temporal scale is also suggested to provide a better 

understanding of the genetic structure of these water beetles. 

Keywords: Aquatic Beetles; Connectivity; Genetic structure; Marine barriers; Environmental 

distances; Dispersion; Phylogeographic patterns; Microsatellite markers (SSR); Genetic diversity; 

Oceanic currents 

 

INTRODUCTION 

Supratidal rockpools are characterised by extreme environmental fluctuations (Brandes et al., 2015; 

Parvizi et al., 2022) and host a limited array of animal species, notably marine-derived molluscs and 

crustaceans, alongside a sparse representation of coleopterans, dipterans and hemipterans from 

continental origins (Margalef, 1949). These species, uniquely adapted to such extreme habitats, 

navigate challenges posed by the interplay of tides, salinity fluctuations, and exposure to intense 

temperatures and desiccation (Mirón-Gatón et al., 2022; 2023; in press). The spatial complexity of 

these habitats is further compounded by their discontinuous nature, influenced by both natural factors 

such as prolonged sand ecosystems and man-made constructions (Mejjad et al., 2022), leading to 

patchy distribution and increasing vulnerability to environmental changes (Martyr-Koller & 

Schleussner, 2023). 

Despite their ecological significance, coastal rockpools remain relatively underexplored. Recent 

attention has shifted towards understanding the biogeographical patterns of organisms in these 

environments in the western Palaearctic, particularly in uncovering the presence of cryptic lineages 

(Greenan et al., 2018; Sabatelli et al., 2021; Villastrigo et al., 2020; 2022a). To deepen our 

understanding of rockpool inhabitants’ geographical patterns, it is crucial to explore alternative models 
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for elucidating the most influential factors driving population dynamics. While the isolation by distance 

(IBD) model posits distance as the primary factor influencing population relatedness, its simplicity may 

overlook other critical variables affecting gene flow and speciation. Given the dynamic nature of 

supratidal rockpools, a more nuanced approach may be necessary. Therefore, employing complex 

models that incorporate environmental variables, such as the isolation by environment (IBE) models, 

is fundamental for gaining deeper insights. By considering environmental factors, such as climatic 

variables, these models can highlight significant influences on species distributions, potentially 

surpassing the importance of population proximity alone.  Furthermore, spatial barriers and resistance 

to movement are directly related to the dispersal capabilities of individuals, with landscape features 

generating specific spatial genetic patterns. In this context, isolation by resistance (IBR) models 

(MacRae, 2006), account for the effect of landscape features on the genetic differentiation among 

populations, assuming that habitat suitability constrains dispersal across spatially heterogeneous 

landscapes more than can be expected by the geographic distance alone. Additionally, understanding 

how species are distributed across space requires not only awareness of the drivers of connectivity but 

also the contextualization of the spatial and temporal scales at which these factors operate 

(Dalongeville et al., 2018; Jeannot et al., 2024). 

Among the continental-derived inhabitants of supratidal rockpools, the beetle genus Ochthebius 

(Coleoptera: Hydraenidae) thrives, offering a unique opportunity to study biogeographical patterns 

within these extreme environments. This genus includes lineages exclusively found in rockpools 

(Villastrigo et al., 2019; 2022b), some of them recognised to be important models to investigate the 

factors influencing population structure, considering the presence of cryptic species (Villastrigo et al., 

2020; 2022a), their limited flight dispersal capability (Plaza-Buendía et al., 2024) and the impact of 

historical factors (Villastrigo et al., 2022a; 2023). Recent advances have been achieved in elucidating 

their general genetic diversity and phylogeography in the western Mediterranean (Sabatelli et al., 

2021; Villastrigo et al., 2022a) by using a limited set of mitochondrial and nuclear markers. In this 

framework, the Messinian Salinity Crisis as well as Mediterranean marine currents seem to play a 

crucial role (see Villastrigo et al., 2022a; 2023) in explaining the population pattern at a large scale, but 

it is still unconfirmed the mechanisms impacting the genetic structure of supratidal Ochthebius at finer 

scale. For that, molecular tools such as microsatellites (simple sequence repeats or SSR) provide an 

excellent opportunity to explore the intraspecific variability and microevolutionary processes 

(Zimmerman et al., 2020). Microsatellites, characterised by polymorphic tandem repeats widely 

distributed in nuclear genomes, possess attributes such as co-dominance and Mendelian inheritance, 

rendering them suitable for a variety of ecological studies (Selkoe & Toonen, 2006; Guichoux et al., 

2011; Kim & Sappington, 2013). Their enhanced resolution compared to traditionally used molecular 

markers such as cytochrome c oxidase subunit I, allows for a more detailed examination of interspecific 

genetic relationships among recently diverged taxa. Furthermore, at small spatial scales and within 

recent timeframes, SSR enable the study of distribution changes and larger contact zones, especially 

in dynamic habitats where hybridization processes may occur (González-Castellano et al., 2020; García-

Meseguer et al., 2023). 

By using SSR markers specifically designed for our target species (García-Meseguer et al., 2023), we 

here explore the fine-scale population structure of supratidal Ochthebius. Our objectives involve 

evaluating the congruence of the population structure with currently recognised cryptic lineages 

identified using traditional molecular markers, elucidating population connectivity, and discerning the 

underlying factors shaping their patterns of population genetic differentiation. Specifically, we assess 

the roles of geographic and environmental distances (i.e., isolation by distance vs. isolation by 
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environment), coastal landscape features and the hypothesis of passive dispersal through marine 

currents, in shaping Ochthebius population structure. We hypothesise that a combination of 

geographical distances among localities and the influence of dominant marine currents should be the 

main factors explaining the connectivity among populations. 

 

METHODS 

Species targets 

Our study focuses on the western Mediterranean populations of three widespread supratidal 

Ochthebius species within the subgenus Cobalius and Ochthebius: the cryptic species Ochthebius 

(Cobalius) subinteger Mulsant & Rey, 1861 and Ochthebius (Cobalius) lejolisii Mulsant & Rey, 1861, and 

Ochthebius (Ochthebius) quadricollis Mulsant, 1844. 

These small beetles (c. 1-2 mm) are macropterous, exhibiting an eastern Atlantic and western 

Mediterranean distribution: O. quadricollis displays a broad distribution in the western Mediterranean 

(Fig. 1), coexisting with the other two species on the Iberian Mediterranean coast. However, O. lejolisii, 

commonly found on the Atlantic coasts and O. subinteger, distributed along the central and western 

Mediterranean (Villastrigo et al., 2022b), only co-occur partially in the southeastern Iberian Peninsula. 

Furthermore, these three species exhibit partial sympatry and can coexist in the same locality (García-

Meseguer et al., 2024).  

Study area 

The study area represents a strategic geographical Mediterranean region where the range distribution 

limits of O. lejolisii and O. subinteger converge with the central part of the range distribution of O. 

quadricollis (Fig. 1). The area spanning more than 1400 km along the Iberian Mediterranean coast, 

ranging from Girona to Cádiz, as well as encompassing the Balearic Islands (here restricted to Menorca 

Island). This coast expanse is characterised by a succession of rocky shores and sandy beaches 

interspersed with densely populated urban areas. We sampled 20 localities (Fig. 1 and Table S1) 

strategically located on either side of prominent potential marine dispersal barriers, including the 

known distribution boundaries for the Iberian Mediterranean species of Cobalius.      Neighbouring 

localities were separated between 4 - 225 km. 
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Figure 1. Known species distribution (A), sampling localities along the Mediterranean rocky coast of 

Spain, with the main marine geographic barriers - Gibraltar Strait (GS), Almería-Orán Front (AOF), Ibiza 

Channel (IC) and Balearic Front (BF) - and the main direction of the surface oceanic currents indicated 

with arrows (B), and hypothesised groups based on marine barriers (C) (I: North vs South, II: North vs 

South-Eastern vs South, III: North vs South-Eastern vs Rijana vs South-Western). 

The sampling protocol involved the collection of specimens from pools of varying sizes and depths 

along a distance gradient from the sea, to collect in the species’ different optimal conditions according 

to their fine-scale niche preferences (García-Meseguer et al., 2024). Specimens were collected by using 

soft entomological tweezers and brushes, subsequently preserved in 96% EtOH, and transported to 

the laboratory in small hermetically sealed tubes. At the laboratory, specimens of O. quadricollis were 

morphologically identified using a Leica M165 C stereo microscope, while O. lejolisii and O. subinteger 

required molecular analysis using SSR markers for identification to species level (see below). 

Microsatellite amplification and sample genotyping 

Ten specimens of each subgenus per locality were randomly selected for DNA analyses. Genomic DNA 

was extracted from whole individuals, given their small body sizes, using the DNeasy Blood & Tissue 

kit (Qiagen, Hildesheim, Germany) following the manufacturer’s protocol. The purity and 

concentration of the DNA were determined by UV spectrophotometry using a NanoDrop 1000 

Spectrophotometer, with all samples subsequently standardised to a final concentration of 10 ng/μL 

and stored at −20°C. 

For each species, nine SSR markers were employed, organised into two multiplex sets previously 

designed for both subgenera, by the PCR conditions described by García-Meseguer et al. (2023). PCR 

products for each multiplex set underwent capillary electrophoresis at Secugen S.L. (Madrid, Spain) on 

an ABI Prism 3730 Sequencer (Applied Biosystems). Allele scoring was performed using GeneMapper 

v.5 software (Applied Biosystems, Waltham, MA, USA) by comparing alleles against an internal size 

standard (GeneScan-500 LIZ, Applied Biosystems). A secondary allele scoring quality control was 
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performed manually to mitigate erroneous assignment as alleles of fluorescence peaks during the 

automated allele scoring process, with all instances of ambiguous peak profiles deemed as missing 

data. Individuals exhibiting missing data exceeding 33% were discarded for downstream analysis 

(Table S2). 

Genetic diversity and structure analysis 

The genetic diversity parameters based on SSR markers and data formatting for subsequent analyses 

were conducted using GenAlEx v.6.5 (Peakall & Smouse, 2012).  

To infer population genetic structure, we employed STRUCTURE v.2.3.4 (Pritchard et al., 2000) using 

an admixture model with correlated allele frequencies and incorporating location as a prior. A first 

STRUCTURE iteration was used for the Cobalius specimens to identify and isolate the two distinct 

species O. subinteger and O. lejolisii, whose Mediterranean populations face a high morphological 

crypticity.  We executed 10 replicates per each K value, ranging from K = 1 to 10 for each species, with 

1,000,000 Markov chain Monte Carlo (MCMC) iterations following a 100,000 iteration burn-in. The 

optimal value of K was determined using STRUCTURE Harvester (Earl & vonHoldt, 2012) following the 

method proposed by Evanno et al. (2005). Subsequently, the software CLUMPP v.1.1.2 (Jakobsson & 

Rosenberg, 2007) was used to calculate the average of STRUCTURE iterations and generate a graphical 

representation, later facilitated by the web application StructuRly (Criscuolo & Angelini, 2020). 

Furthermore, fine-scale Discriminant Analysis of Principal Components (DAPC) (Jombart et al., 2010) 

was performed to explore potential clusters not discerned by STRUCTURE, using the “dapc” function 

implemented in adegenet R-package version 2.1.1 (Jombart, 2008) within the R environment (R Core 

Team, 2023). DAPC involves data transformation through Principal Component Analysis (PCA), 

followed by Discriminant Analysis (DA) on the retained principal components. 

An Analysis of the MOlecular VAriance (AMOVA) was conducted with GenAlEx to assess the 

significance of the clusters identified by STRUCTURE and DAPC, enabling comparison of genetic 

diversity disparities among individuals, locations, and established groups. Additionally, differences in 

genetic variance between groups and localities were explored about oceanic barriers. 

Effects of geographical and environmental factors on population genetic differentiation 

We investigated the influence of both geographical and environmental factors on genetic divergence 

among populations. We focused our analysis specifically on O. quadricollis and O. lejolisii due to the 

limited data available for O. subinterger, which precluded its inclusion. 

To compute genetic distances, we employed the fixation index (FST) method of Weir & Cockerham 

(1984) for diploid genomes, utilizing the 'hierfstat' R-package (Goudet, 2005) in R (R Core Team, 2023). 

To assess isolation by distance, we calculated both geodesic and coastal distances between pairs of 

localities using the 'geosphere' R-package (Hijmans, 2022) and QGIS 3.16 (QGIS Development Team, 

2023), respectively. Given the high correlation between these geographical distance measures (r= 

0.99), subsequent analyses rely on the shortest distance between locations (geodesic distance) (Table 

S3). Isolation by environment was assessed by using climatic distance among localities. Initially, we 

summarised the variability of the 19 bioclimatic variables from the Worldclim database 

(http://www.worldclim.org/) at a resolution of 30 arc-sec (~ 1 × 1 km) via principal component analysis 

(PCA). The first two principal components, explaining 86.9% of the variability, were then used to 

compute the average Euclidean distance in climatic space between each pair of localities (Fig. S1). 



 

45 
 

We also tested the role of habitat connectivity by computing resistance distance among localities (i.e., 

isolation by resistance; McRae, 2006). Assuming the beetles under study can disperse through short 

flights among habitat patches along the coastline (Plaza-Buendía et al., 2024) and considering that 

supratidal rockpools occur only on consolidated rocks, we generated a conductance surface based on 

the lithology of the coast (1-km coastline). Consolidated rocks were assigned a value of 1, while 

unconsolidated deposits (alluvium, slope and eolian deposits) received a value of 0.1, using data 

derived from the European Soil Database v. 2 (Van Liedekerke et al., 2006). Resistance distances among 

population pairs were computed with Circuitscape v. 4.0.5 (McRae et al., 2009), which uses circuit 

theory to evaluate the total landscape resistance between sampling sites based on multiple paths. 

The influence of marine currents on genetic differentiation was explored by using the marine dispersal 

propagules simulated in Villastrigo et al. (2023), which provides information for a subset of the studied 

localities (n=15). Here, "propagule" refers to Ochthebius eggs, which could be transported by ocean 

currents without affecting their survival, as studies on their physiology have shown them to be a more 

resistant stage than adults and larvae (Mirón-Gatón et al., 2022; 2023; in press). 

Initially, we independently examined the roles of geographic distances and environmental factors in 

shaping population genetic differentiation using Mantel tests as implemented in the ‘vegan’ R-package 

(Dixon, 2003). Subsequently, partial Mantel tests were conducted to evaluate correlations between 

genetic differentiation and various factors while controlling for geographic distance effects between 

sites. Further, we used multiple matrix regression with randomization (MMRR; Wang 2013), as 

implemented in the ‘PopGenReport’ R-package (Adamack & Gruber, 2014), to explore whether genetic 

distance responded to variations in geographic and/or environmental distances and flow of propagules 

by marine currents. The significance of regression coefficients for both the Mantel test (r) and MMRR 

(r2) was determined based on 9,999 random permutations. 

 

RESULTS 

Genetic diversity 

Mean SSR genetic diversity (uHe) varied from 0.371 (O. subinteger) to 0.458 (O. quadricollis), with 68% 

of sampled populations exhibiting low genetic diversity (uHe < 0.50, see Table 1, S4, S5, and S6). Levels 

of observed heterozygosity (Ho) were similar among species across all sampled populations (Table S4, 

S5, and S6). 
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Table 1. Microsatellite genetic diversity values for the three studied species. The minimum and 

maximum range are shown for each parameter, and the mean value is shown in parentheses. Na: 

number of alleles per locus; Ne: number of effective alleles; Ho: observed Heterozygosity; He: expected 

Heterozygosity; uHe: unbiased expected Heterozygosity; Nm: effective migrants overall populations 

for each locus. 

 O. subinteger O. lejolisii O. quadricollis 

Na 0.800 – 3.000 (1.900) 0.500 – 3.500 (2.155) 0.833 – 3.500 (2.425) 

Ne 0.800 – 2.099 (1.546) 0.500 – 2.694 (1.727) 0.833 – 2.882 (1.938) 

Ho 0.000 – 0.640 (0.398) 0.000 – 0.825 (0.395) 0.056 – 0.700 (0.368) 

He 0.100 – 0.501 (0.324) 0.000 – 0.591 (0.328) 0.083 – 0.617 (0.395) 

uHe 0.133 – 0.560 (0.371) 0.000 – 0.678 (0.400) 0.100 – 0.731 (0.458) 

Nm 0.121 – 0.612 (0.336) 0.228 – 0.727 (0.417) 0.200 – 0.399 (0.290) 

 

Among the studied species, O. quadricollis exhibited the highest average number of effective alleles 

(Ne=1.938) and unbiased expected heterozygosity (uHe=0.458). Notably, nearly half of the localities 

displayed expected heterozygosity exceeding 0.5, with the Cala Reona population (#9) recording the 

highest diversity value, 0.731 (see Table S6). This represents a distinct pattern with the species from 

the subgenus Cobalius, being O. subinteger the species with the lowest number of effective alleles 

(1.546 vs 1.727 in O. lejolisii) and average expected heterozygosity (0.371 vs 0.400 in O. lejolisii). 

Regarding the number of private alleles, each species exhibits a different pattern, with Denia 

population (#4) contributed with 4 private alleles to O. subinteger, Tarifa (#20) population with 4 

private alleles to O. lejolisii, and Tarifa (#20), Cabo Cope (#12) and Sant Francesc (#1) exhibiting 2 

private alleles each to O. quadricollis (see Table S6). This higher occurrence of populations exhibiting 

private alleles (i.e., 3 in O. quadricollis compared to only 1 for each species within the subgenus 

Cobalius) corresponds to a lower average estimated effective migrants (Nm) for O. quadricollis than 

Cobalius species. 

 

Population structure and differentiation 

Due to the morphologically crypticity of the two studied species of the subgenus Cobalius (O. 

subinteger and O. lejolisii), we carried out a first analysis with STRUCTURE (Fig. 2A) to separate them 

based on the SSR data, also corroborated by the identification of some specimens using the COI gene 

(Villastrigo et al. 2022a). This was further supported by the estimated optimal number of clusters (two) 

as offered by Evanno's Method. One cluster encompassed populations distributed along the 

northeastern coast from Tarragona (#2) to Denia (#4), including specimens from Cala Reona (#9) and 

Menorca (#3), corresponding to O. subinteger. The remaining populations located on the southern and 

southeastern coast were assigned to O. lejolisii. 

Subsequent analyses restricted to O. subinteger exhibit an optimal number of two clusters, although 

not a clear pattern was detected, and the admixture is displayed (Fig. 2B). A similar situation was 

observed for O. lejolisii, although the Evanno's Method suggested three optimal clusters (Fig. 2C). 
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Concerning O. quadricollis, two distinguishable clusters emerged, geographically separated in the 

southern region between the localities of Cala Rijana (#16) and Velilla (#17) (Fig. 2D). 

 

 

Figure 2. Plots of STRUCTURE for A. Ochthebius (Cobalius) spp., B. Ochthebius subinteger, C. Ochthebius 

lejolisii, and D. Ochthebius quadricollis. 

The Discriminant Analysis of Principal Components (DAPC) identified for all the species two clusters 

without overlap as the most optimal (Fig. 3A). However, these defined clusters did not offer additional 

fine-scale insights compared to the STRUCTURE analyses. When manually defining a higher number of 

clusters (e.g., three clusters, Fig 3B, Table S7), the results remained largely unchanged, albeit with a 

slightly enhanced ability to differentiate the northern population of O. subinteger (Tarragona, #2) from 

others (Fig. 3C).  In O. lejolisii, most populations exhibited a mixture of individuals of the three groups, 

but without a clear geographical pattern (Fig. 3D, Table S7). However, in both clustering scenarios, the 

populations of O. quadricollis confirmed a structured pattern, particularly evident in the separation of 

western southern localities (from #17 to #20) from the rest (Fig. 3E, Table S7). 
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Figure 3. Discriminant Analysis of Principal Components (DAPC) results. Density plots for each species, 

assuming two (A) and three (B) clusters. DAPC plots (three clusters) for Ochthebius subinteger (C), 

Ochthebius lejolisii (D), and Ochthebius quadricollis (E). PCA: eigenvalues of the PCA; DA: discriminant 

analysis eigenvalues. 

AMOVA tests conducted on O. subinteger and lejolisii consistently demonstrated that the genetic 

variation between groups was lower, yet still significant, than among populations within groups across 

all tested combinations (Table 2). Specifically for O. subinteger, partitioning into two groups based on 

the Ibiza Channel -one containing populations from Tarragona (#2), Denia (#4) and Menorca (3#), and 

the other Cala Reona (#9)- resulted in 10% of molecular variance between groups and 26% among 

populations within groups. Similarly, for O. lejolisii, AMOVA tests gave a similar or lower percentage of 

molecular variance among groups and populations. Notably, the most favourable scenario involved 

partitioning into two groups separated by the Almería-Orán Front (between El Playazo (#15) and Cala 

Rijanna (#16) localities), with only 10% of molecular variance between groups and 11% among 

populations within groups. 

However, in O. quadricollis, the percentage of molecular variance among groups consistently 

surpassed that among populations within groups. The optimal configuration was observed when 

considering the two groups obtained through Structure and DAPC, delineated by the separation 

between Cala Rijana (#16) and Velilla (#17) locations (Table 2). 
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Table 2. Analysis of the partition of the molecular variance (AMOVA) among groups, among localities 

inside groups, and among individuals inside populations, for the three species considering different 

group combinations according to different marine barriers (see Fig. 1C) (IC: Ibiza Channel; AOF: 

Almería-Orán Front, AG: Alborán Gyres interface) and explored by STRUCTURE and DAPC. Number of 

permutations of 9999 and 999 for Pairwise Population. 

 

Ochthebius subinteger 

 Among Groups  Among Localities  Among Individuals 

 df % Frt p  df % Fsr p  df % Fst p 

IC 1 10 0.097 0.019  2 26 0.284 0.000  12 2 0.354 0.000 

Ochthebius lejolisii 

 Among Groups  Among Localities  Among Individuals 

 df % Frt p  df % Fsr p  df % Fst p 

AOF 1 10 0.104 0.000  9 11 0.125 0.000  37 2 0.216 0.000 

AG 1 7 0.072 0.000  9 13 0.144 0.000  37 2 0.205 0.000 

AOF+AG 2 9 0.087 0.000  8 12 0.130 0.000  37 2 0.206 0.000 

Ochthebius quadricollis 

 Among Groups  Among Localities  Among Individuals 

 df % Frt p  df % Fsr p  df % Fst p 

AG 1 25 0.253 0.000  17 11 0.145 0.000  68 23 0.361 0.000 

IC+AG 2 22 0.225 0.000  16 9 0.115 0.000  68 24 0.314 0.000 

IC+AOF+AG 3 20 0.199 0.000   15 10 0.119 0.000   68 25 0.294 0.000 

 

     The assessment of global FST revealed the highest degree of genetic differentiation for O. subinteger 

(0.122), followed by a slightly lower value for O. quadricollis (0.088), whereas O. lejolisii exhibited the 

lowest FST value among the studied species (0.045). In terms of population-level differentiation, O. 

subinteger demonstrated significant FST values, particularly evident in pairings involving Cala Reona-

Tarragona (0.184) and Cala Reona-Denia (0.133). The lowest FST values correspond with neighbouring 

localities situated more distantly from each other (Denia, #4) and Punta Prima (#3), 0.024; Denia and 

Tarragona (#2), 0.034). Conversely, O. lejolisii exhibited low or negligible genetic differentiation in most 

locality pairs except for Percheles (#10) and La Illeta (#6) (0.258), and Percheles and Moraira (#5) 

(0.200). Similarly, O. quadricollis display generally low genetic differentiation except for the locality 

pairs Punta Prima and Tarragona (0.238), and Punta Prima and Velilla (#17) (0.213). Detailed FST 

between locations can be checked in Tables S8, S9, and S10. 

Regarding genetic differentiation among groups, O. subinteger displayed the lowest values between 

Tarragona and the Denia-Menorca group (0.043). Conversely, O. lejolisii showed low FST values 

between all different groups’ combinations (0.000 – 0.035). Similarly to O. subinteger, O. quadricollis 

demonstrated some degree of genetic differentiation, with the highest FST values found between the 

populations located northern of the Ibiza Channel and southern of the Almería-Orán Front (0.123), also 

with similar values when the Alborán Gyres are considered (Table 3). 
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Table 3. FST among groups for the three species, considering different group combinations according 

to different marine barriers (IC: Ibiza Channel; AOF: Almería-Orán Front; AG: Alborán gyres interface) 

and explored by STRUCTURE and DAPC. 

 

Ochthebius subinteger 

IC  IC+Tarragona      

 North   Tarragona Denia- 
Menorca 

     

Cala 
Reona 

0.129  Denia- 
Menorca 

0.043       

   
Cala Reona 0.184 0.139 

     

Ochthebius lejolisii 
AOF  AG  AOF+AG   

 North   East   North Rijana   

South 0.031  West 0.026  Rijana 0.035    

      
South 0.032 0.000 

  

Ochthebius quadricollis 
AG  IC+AG  IC+AOF+AG 

 North   North South- 
Eastern 

  North South- 
Eastern 

 Rijana 

South 0.101  South-
Eastern 

0.024   South-
Eastern 

0.023   

   South-
Western 

0.123 0.103  Rijana 0.054 0.017  

              South-
Western 

0.123 0.105 0.116 

 

 

Correlations of genetic, geographical and environmental factors 

Mantel tests (Table 4) revealed a noteworthy association between genetic differentiation (FST) and 

both geographic and environmental distances, as well as habitat resistance in O. quadricollis. However, 

upon controlling for geographical factors, partial Mantel tests failed to identify a significant role for 

these environmental factors. Notably, a high correlation was observed between geographic and 

environmental distances (r= 0.76, p-value < 0.001), as well as between geographic and resistance 

distances (r= 0.65, p-value <= 0.001), underscoring the interdependence of these factors. In the case 

of O. lejolisii, neither Mantel nor partial Mantel tests detected any significant relationship between 

genetic differentiation and the different studied factors. This outcome was further confirmed by the 

MMRR analysis, which only identified the effect of geographic distance as significant for O. quadricollis 

(Table 4). Marine current propagule dispersal in any species was correlated with genetic 

differentiation. 
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Table 4. Results of Mantel test, partial Mantel tests and MMRR analysis between pairwise FST values 

and geographic and environmental factors. Bold letters indicate significant correlations (P < 0.05). 

  Mantel test partial Mantel test MMRR 

  r P value r P value β P value 

Ochthebius lejolisi             

Geographic distance 0.197 0.109     <0.001 0.053 
Environmental distance 0.048 0.361 -0.159 0.804 <0.001 0.644 
Habitat resistance 0.116 0.249 -0.256 0.917 <0.001 0.381 
Marine currents dispersal -0.295 0.991 -0.233 0.912 <0.001 0.845 

Ochthebius quadricollis             

Geographic distance 0.598 <0.001     <0.001 0.018 
Environmental distance 0.558 <0.001 0.1989 0.069 <0.001 0.726 
Habitat resistance 0.463 0.003 0.122 0.247 <0.001 0.677 
Marine currents dispersal -0.183 0.976 0.056 0.281 <0.001 0.845 

 

DISCUSSION 

In this study, we investigated the genetic diversity and population structure of three Ochthebius 

species along the Mediterranean coast of the Iberian Peninsula. Our analyses revealed varying degrees 

of genetic differentiation and connectivity among populations and species, attributable to their distinct 

evolutionary history, distribution ranges, microhabitat preferences, and dispersal mechanisms. These 

findings are generally consistent with those by Villastrigo et al. (2022a) with broader-scale genetic 

markers and larger spatial scale, with some discrepancies regarding the absence of a barrier effect of 

the Ibiza Channel for O. quadricollis. 

Genetic diversity and population structure 

Ochthebius lejolisii exhibited a panmictic population with no clear genetic structure, indicating 

continuous gene flow along the southern coast of the Iberian Mediterranean. This high connectivity 

was supported by the results obtained from both STRUCTURE and DAPC, which showed significant 

admixture with no coherent geographic grouping. AMOVA analysis, low values of FST and a higher 

number of migrants among the populations corroborate the higher gene flow in this species. These 

results align with Villastrigo et al. (2022a), although conducted on a larger spatial scale. This study 

reported a complex genetic structure without consistent geographic pattern in the Mediterranean, 

although distinct from the European Atlantic populations. The low genetic variation among 

Mediterranean populations may result from recent colonization of the Mediterranean, potentially 

from glacial refugia in northwest Africa or the Strait of Gibraltar, as seen in other coastal species like 

the periwinkle Echinolittorina punctata (Gmelin, 1791) (Evangelisti et al., 2017). This expansion might 

have led to, at large scale, bottlenecks and founder effects (France & Rigg, 1998; Pierce et al., 2014), 

resulting in low genetic diversity (uHE) and low FST. The higher genetic diversity and private alleles 

found (see Avise, 2000) in Tarifa (#20) populations when compared with the remaining and potentially 

recently colonised areas could corroborate this hypothesis. Rare alleles can be very useful to identify 

areas of contact between populations. In this sense, the higher number of private alleles would 

indicate that the Tarifa (#20) population is in turn a point of contact with the Atlantic populations that 
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are not able to further introduction into the Mediterranean. Anyway, further studies are needed to 

disentangle this question. 

Ochthebius subinteger showed a different pattern. Despite its restricted distribution in the studied 

area, SSR analyses revealed two groups separated by the Ibiza Channel, one of the expected barriers 

when marine dispersal is considered (Villastrigo et al., 2022a). The southern population of Cala Reona 

(#9) showed significant genetic differentiation, supported by the highest FST value and the highest 

number of private alleles at the distribution limit in Denia (#4) and Cala Reona (#9). The Menorca 

population (Punta Prima, #3) aligned with northern populations, again consistent with Villastrigo et al. 

(2022a). Remarkably, there is a distribution gap from Tarragona (#2) to Denia (#4) and further south 

to Cala Reona (#9) suggesting the possible influence of marine currents in propagules dispersal 

bypassing intermediate localities (Villastrigo et al., 2023). 

Ochthebius quadricollis exhibited a marked genetic population structure, with a significant genetic 

break at the interface between the two Alborán gyres, identified as a marine barrier (Villastrigo et al., 

2023). STRUCTURE and DAPC analyses confirmed this separation, with no admixture west of the 

Alborán gyres. These findings agree with broader geographic studies (Sabatelli et al., 2016; Villastrigo 

et al., 2022a), which found considerable genetic variation in O. quadricollis. Our study’s western group 

agrees with the Atlantic lineage identified by Villastrigo et al. (2022a), while the remaining populations 

formed a unique group. The absence of a genetic barrier at the Ibiza Channel suggests sporadic 

permeability (Pinot et al., 2002; Krumhansl et al., 2023), potentially influenced by climatic events or 

seasonal variations (Lionello, 2012; Parvizi et al., 2022; Torrado et al., 2021). This is reflected in the 

highest genetic diversity found in the Cala Reona population, located south of the Ibiza Channel, 

probably the result of the confluence of populations from localities very far from each other, acting as 

sink zone (Villastrigo et al., 2023). 

Previous results with mitochondrial and nuclear markers (Villastrigo et al., 2022a), as well as our SSR 

data, seem to indicate that the barrier generated by the gyres in the Alborán Sea seems less permeable 

for O. quadricollis. Unlike the recent colonization of the Mediterranean by O. lejolisii, O. quadricollis, 

having a longer-established presence in this region, has accumulated sufficient genetic differences to 

be detected, indicating a temporal dependence on its phylogeographic history. These differences in 

the distribution of closely related species following LGM environmental changes have been observed 

in intertidal gastropods (Azuma & Chiba, 2016), even within the same species (Marko et al., 2010), 

where some populations appeared to have achieved colonization after the temperature rise, while 

others maintained their diversity over a long continuous history (Panova et al., 2011). 

Effects of geographical and environmental factors on population genetic differentiation 

Ochthebius quadricollis exhibits a weak but significant genetic structure according to geographic 

distance, indicating isolation by distance (IBD). In contrast, O. lejolisii did not show IBD at the spatial 

scale studied. These patterns support previous evidence (Villastrigo et al., 2023). Climatic differences 

between locations did not significantly affect the genetic structure of the populations, likely due to the 

wide range of environmental conditions these species can tolerate (García-Meseguer et al., 2024; 

Mirón-Gatón et al., 2022; 2023; in press). In cases where there is unrestricted gene flow and low 

differentiation between populations, gene mixing across environments can lead to faster adaptation 
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(Sexton et al., 2014). This gene flow might also limit local adaptation by introducing genes from less 

stressful environments. However, because the studied species exclusively inhabit extreme and 

dynamic environments, they likely do not experience outbreeding depression (Edmands, 1999; 

Tallmon et al., 2004). 

Coastal landscape features, coastline lithology in this case, did not significantly impact genetic 

differentiation among populations. While some studies have successfully applied models that 

incorporate the effects of heterogeneous habitats on gene flow in coastal habitats to explain the 

spatial genetic structure of populations (e.g Rouger & Jump, 2014; Cox et al., 2017), habitat resistance 

does not seem to play a crucial role at the spatial scale investigated here when geographic distance is 

ruled out. This could be potentially explained by the linear nature of the coastline, which may facilitate 

a stepping-stone dispersal mechanism via wind-mediated flight (Plaza-Buendía et al., 2024). Similarly, 

no significant correlations were found between modelled marine propagule dispersal and genetic 

differentiation for O. quadricollis and O. lejolisii, despite evidence of the Ibiza Channel’s role in 

structuring O. subinteger populations and limiting north dispersal of O. lejolisii; and the Alborán Gyres’ 

influencing on O. quadricollis. These results contrast with previous findings by Villastrigo et al. (2023), 

who detected significant Mantel correlations for marine current dispersal effect using COI and wingless 

markers. 

The different patterns of genetic population structure and connectivity among the studied species 

could be influenced by other intrinsic factors such as dispersal capacity and microhabitat preferences 

(Azuma & Chiba, 2016; Torrado et al., 2021; Krumhansl et al., 2023). The absence of marine barriers 

affecting O. lejolisii in the Alborán Sea could be also explained by better dispersal via air routes (active 

flight, zoochory or assisted by wind) than marine currents. Based on a recent wing morphological study 

(Plaza-Buendía et al., 2024), both O. lejolisii and O. quadricollis have similar flight capacity and fly 

responses to temperature increases, but O. quadricollis may have a slight advantage due to lower wing 

loading and thus, maybe a better disperser through this medium. The contribution of other traits, such 

as flight musculature, to overall dispersal remains uncertain. Its limited flight dispersal capacity to long 

distances has also been detected in other Ochthebius species of hypersaline inland streams, where the 

absence of available habitat and the rugged terrain determine a strong genetic structure (Abellán et 

al., 2007).  

The different microhabitat preferences of the studied species, where Cobalius species are more 

adapted to terrestrial environments (Balfour-Browne, 1958; Mirón-Gatón et al., 2023; García-

Meseguer et al., 2024) could be a plausible explanation for the predominant overland dispersal of O. 

lejolisii. These studies show that O. lejolisii prefers shallower, more temporary pools further from the 

sea than O. quadricollis, potentially adapting better to terrestrial environments and showing greater 

tolerance to salinity and desiccation during early life stages (Mirón-Gatón et al., 2023, in press). 

Conversely, O. quadricollis inhabitant of more marine-influenced rockpools, limiting its long-distance 

dispersal to marine routes influenced by surface currents like the Alborán gyres. Cobalius subgenus 

includes the only representative (Ochthebius serratus Rosenhauer, 1856) linked with more terrestrial 

habitats, such as coastal saline wetlands and streams (Millán et al., 2014). Furthermore, some species 

from the biltoni group, also belonging to the Cobalius subgenus, seem to have terrestrial behaviour 

inhabiting rock crevices around rockpools (Villastrigo et al., 2020; unpublished observations).  
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The influence of stochasticity on dispersal dynamics could be particularly pronounced in species like 

these minute beetles, where active dispersal mechanisms like flight or walking are mainly limited to 

local-scale movements between rockpools (i.e., likely restricted within the same location) and passive 

dispersal (marine currents, wind and potential zoochory) has a great role to larger scales. Zoochory, 

although not documented in Ochthebius, has been detected in other water beetles (see Fery & Challet, 

2015). This stochasticity has been observed in other marine organisms, such as planktonic form 

littorinids, compared to those with direct development (Sponaugle et al., 2005; Azuma & Chiba, 2016). 

Species with direct development tend to exhibit more pronounced spatial differentiation, whereas 

those with planktonic development show more temporal variability, suggesting a reproductive success 

linked to chance (Lee & Boulding, 2009). Extreme weather events could dramatically alter the main 

dispersal routes, especially over long distances, potentially impacting the genetic structure (Parvizi et 

al., 2022) inferred from SSR depending on the timing of the sampling. Temporal comparisons of pre- 

and post-disturbance samples may shed light on the identification of disturbance impacts. Therefore, 

incorporating temporal variability into future studies could provide a comprehensive understanding of 

the dispersal dynamics and population connectivity in these species. Because the magnitude and 

frequency of natural disturbances are increasing with climate change (Kerr, 2011; Wernberg et al., 

2013), such insights are essential for exploring the future evolutionary capacity of populations 

inhabiting the dynamic land-sea interface. 

 

CONCLUSIONS 

This study, based on SSR analyses, provides insights into the genetic structure and gene flow dynamics 

of water beetles inhabiting supratidal rockpools. The three studied species exhibit varying levels of 

genetic structure and gene flow along the Mediterranean coast of the Iberian Peninsula, probably due 

to their different evolutionary histories, distribution ranges, microhabitats and dispersal mechanisms.  

Marine fronts seem to emerge as a key factor driving population genetic structure, with different 

barrier effects of Ibiza Channel and Alborán Gyres for the studied species. While isolation by distance 

was observed only in O. quadricollis, environmental isolation and marine propagule dispersal did not 

significantly affect the recent genetic flow in the studied species. Extreme weather events could enable 

these minute beetles to maintain connectivity between some populations situated a long distance 

apart from one another via passive dispersal mechanisms. Further studies are needed to explore the 

role of wind and zoochory dispersal and stochasticity on genetic flow, providing a comprehensive 

understanding of population structure and connectivity in these species at both temporal and spatial 

scales and tracing evolutionary trends in fast-changing marine environments. 
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Table S1. Coordinates of the sampled localities (ordered from north to south) 

 

# Locality Coordinates (LAT, LON) Administrative unit 

1 Cala de Sant Francesc 41.678942, 2.807756 Blanes, Girona (Cataluña) 

2 Tarragona 40.581561, 0.556386 La Ràpita, Tarragona (Cataluña) 

3 Punta Prima 39.812500, 4.280611 Menorca, Islas Baleares (Islas Baleares) 

4 Denia 38.833528, 0.138467 Denia, Alicante (Comunidad Valenciana) 

5 Moraira 38.684856, 0.125222 Moraira, Alicante (Comunidad Valenciana) 

6 La Illeta 38.431639, -0.380675 El Campello, Alicante (Comunidad Valenciana) 

7 Cabo de Santa Pola 38.19711, -0.514417 Santa Pola, Alicante (Comunidad Valenciana) 

8 Punta del Cocedor 37.749964, -0.728281 San Javier, Murcia (Región de Murcia) 

9 Cala Reona 37.617328, -0.712847 Cartagena, Murcia (Región de Murcia) 

10 Playa de Percheles 37.529250, -1.379486 Mazarrón, Murcia (Región de Murcia) 

11 Cala Pulgas 37.469876, -1.470352 Cabo Cope. Águilas, Murcia (Región de Murcia) 

12 Cabo Cope 37.437219, -1.483961 Cabo Cope. Águilas, Murcia (Región de Murcia) 

13 Cala Panizo 37.318997, -1.700153 Cuevas del Almanzora, Almería (Andalucía) 

14 Cala de las Conchas 37.284133, -1.730989 Cuevas del Almanzora, Almería (Andalucía) 

15 Playazo de Rodalquilar 36.862806, -2.003569 Níjar, Almería (Andalucía) 

16 La Rijana 36.709206, -3.392281 Gualchos, Granada (Andalucía) 

17 Velilla 36.744903, -3.661633 Velilla, Granada (Andalucía) 

18 Nerja 36.740919, -3.884114 Nerja, Málaga (Andalucía) 

19 Cala Milla de Plata 36.306514, -5.260192 San Roque, Cádiz (Andalucía) 

20 Isla de Tarifa 36.001922, -5.612436 Tarifa, Cádiz (Andalucía) 
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Table S2. Datasets used for each taxa 

 

Taxa Localities Samples Microsatellite Markers 

Ochthebius (Cobalius) spp. 18 68 Os_890215; Os_1225179; Os_1099692; Os_70525; Os_712676; Os_866755 

Ochthebius (Cobalius) subinteger 4 16 Os_1225179; Os_1099692; Os_70525; Os_712676; Os_866755 

Ochthebius (Cobalius) lejolisii 14 51 Os_890215; Os_1225179; Os_1099692; Os_70525; Os_712676; Os_866755 

Ochthebius (Ochthebius) quadricollis 20 88 Oq_2015046; Oq_2184903; Oq_1610909; Oq_1457302; Oq_743181; Oq_2353236 
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Table S3. Geographic and environmental distances, habitat resistance, and propagules. Localities: #1 Sant Francesc, #2 Tarragona, #3 Punta Prima, #4 

Denia, #5 Moraira, #6 Illeta, #7 Santa Pola, #8 Punta Cocedor, #9 Cala Reona, #10 Percheles, #11 Cala Pulgas, #12 Cabo Cope, #13 Cala Panizo, #14 Cala 

Conchas, #15 Playazo, #16 Cala Rijana, #17 Velilla, #18 Nerja, #19 Cala Milla, #20 Isla Tarifa 

Geographic distances (1/2) 

 7 6 4 5 13 14 15 19 20 1 

7  29219.36 90966.47 78193.75 142460.881 147110.91 197740.09 469577 513893.07 479916.6 

6 29219.36  63052.62 52032.56 169840.112 174538.79 225822.18 492258.25 537076.59 451218.1 

4 90966.47 63052.62  16375.1 232861.444 237553.581 288624.17 552793.17 597999.13 389186.4 

5 78193.75 52032.56 16375.1  220643.249 225298.941 275795.96 544104.29 589013.52 403338.8 

13 142460.88 169840.11 232861.44 220643.25  4737.698 57365.78 336744.12 379048.25 620010.1 

14 147110.91 174538.79 237553.58 225298.94 4737.698  52667.79 332943.65 375094.99 624744.8 

15 197740.09 225822.18 288624.17 275795.96 57365.776 52667.79  297784.93 337383.53 676708.6 

19 469577 492258.25 552793.17 544104.29 336744.116 332943.647 297784.93  46699.95 917753.4 

20 513893.07 537076.59 597999.13 589013.52 379048.25 375094.992 337383.53 46699.95  964333.2 

1 479916.56 451218.11 389186.36 403338.83 620010.069 624744.82 676708.59 917753.42 964333.2  
16 302981.79 327856.77 390180.2 379842.45 165094.667 161054.771 125122.44 173059.46 214166.27 768535.7 

17 321157.96 345209.57 407008.34 397241.5 185782.691 181935.916 148540.74 151042.8 193495.83 782011 

18 338424.95 361966.87 423381.77 413970.79 204556.957 200803.566 168344.56 132235.12 175543.98 795966.8 

3 452851.23 431010.25 373362.73 379875.79 589992.416 594291.831 639339.39 922426.89 966609.61 241719.8 

9 66527.58 95435.48 154062.36 139415.55 93404.928 97382.584 141872.73 430065.74 472450.97 542714.8 

11 116186.87 143772.93 206742.23 194379.94 26352.977 30949.387 82352.54 361440.06 404190.7 594383.5 

8 52867.46 82026.81 142039.23 127887.21 98317.467 102619.321 149918.8 433640.53 476623.03 531141.6 

10 106121.06 133785.75 196727.84 184314.81 36436.781 41034.625 92174.64 370866.17 413778.54 584534.2 

12 119592.87 147294.81 210233.58 197784.58 23212.026 27705.189 78705.73 359097.16 401700.56 598007.4 

2 280881.23 251830.82 197905.26 214190.03 411934.165 416630.615 469298.04 694606.68 741270.9 224701.2 
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Geographic distances (2/2) 

 16 17 18 3 9 11 8 10 12 2 

7 302981.79 321157.96 338424.95 452851.2 66527.58 116186.867 52867.46 106121.06 119592.866 280881.2 

6 327856.77 345209.57 361966.87 431010.3 95435.48 143772.929 82026.81 133785.75 147294.814 251830.8 

4 390180.2 407008.34 423381.77 373362.7 154062.36 206742.225 142039.23 196727.84 210233.584 197905.3 

5 379842.45 397241.5 413970.79 379875.8 139415.55 194379.938 127887.21 184314.81 197784.582 214190 

13 165094.67 185782.69 204556.96 589992.4 93404.93 26352.977 98317.47 36436.78 23212.026 411934.2 

14 161054.77 181935.92 200803.57 594291.8 97382.58 30949.387 102619.32 41034.63 27705.189 416630.6 

15 125122.44 148540.74 168344.56 639339.4 141872.73 82352.537 149918.8 92174.64 78705.733 469298 

19 173059.46 151042.8 132235.12 922426.9 430065.74 361440.059 433640.53 370866.17 359097.161 694606.7 

20 214166.27 193495.83 175543.98 966609.6 472450.97 404190.697 476623.03 413778.54 401700.555 741270.9 

1 768535.71 782010.95 795966.84 241719.8 542714.82 594383.452 531141.56 584534.19 598007.387 224701.2 

16  24384.81 44095.12 754349.8 258436.95 190583.398 263105.2 200337.98 187945.963 550570.6 

17 24384.81  19870.73 773471 279163.42 210731.074 283132.59 220289.94 208288.259 562421 

18 44095.12 19870.73  791072.8 297841.4 229207.961 301454.06 238654.75 226862.981 575388.2 

3 754349.84 773471 791072.76  497876.92 564034.364 491677.9 554157.92 566860.727 328469 

9 258436.95 279163.42 297841.4 497876.9  68914.875 14784.15 60089.31 71031.818 347264 

11 190583.4 210731.07 229207.96 564034.4 68914.88  72521.89 10086.1 3819.259 387781.4 

8 263105.2 283132.59 301454.06 491677.9 14784.15 72521.889  62844.97 75224.681 333737.9 

10 200337.98 220289.94 238654.75 554157.9 60089.31 10086.105 62844.97  13509.062 378510.9 

12 187945.96 208288.26 226862.98 566860.7 71031.82 3819.259 75224.68 13509.06  391564.8 

2 550570.59 562420.95 575388.23 328469 347263.97 387781.359 333737.93 378510.89 391564.796  
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Habitat resistance (1/2) 

 7 6 4 5 13 14 15 19 20 1 

7 0 1.499977 8.663808 6.216545 20.5930778 20.7109952 23.461572 107.851125 113.14115 202.96537 

6 1.499977 0 7.163831 4.716569 22.0444245 22.1623419 24.912919 109.302472 114.592496 201.46539 

4 8.663808 7.163831 0 2.465808 29.2082559 29.3261732 32.07675 116.466303 121.756328 194.30156 

5 6.216545 4.716569 2.465808 0 26.7609932 26.8789106 29.629487 114.01904 119.309065 196.76737 

13 20.593078 22.044425 29.208256 26.760993 0 0.1330937 2.88367 87.273223 92.563248 223.50981 

14 20.710995 22.162342 29.326173 26.878911 0.1330937 0 2.765826 87.155379 92.445403 223.62773 

15 23.461572 24.912919 32.07675 29.629487 2.88367 2.7658258 0 84.40092 89.690945 226.37831 

19 107.851125 109.302472 116.466303 114.01904 87.2732228 87.1553787 84.40092 0 5.496279 310.76786 

20 113.14115 114.592496 121.756328 119.309065 92.5632476 92.4454035 89.690945 5.496279 0 316.05789 

1 202.965366 201.465389 194.301558 196.767365 223.509813 223.627731 226.378308 310.76786 316.057885 0 

16 59.323631 60.774977 67.938809 65.491546 38.7457285 38.6278843 35.873426 48.553146 53.843171 262.24037 

17 66.136926 67.588273 74.752104 72.304842 45.5590243 45.4411801 42.686721 41.714199 47.004223 269.05366 

18 67.898146 69.349493 76.513324 74.066061 47.3202438 47.2023996 44.447941 39.952979 45.243004 270.81488 

3 0 0 0 0 0 0 0 0 0 0 

9 13.359909 14.811256 21.975087 19.527825 7.2960763 7.4139936 10.164571 94.554123 99.844148 216.27664 

11 18.922789 20.374136 27.537968 25.090705 1.6853869 1.8033043 4.553881 88.943434 94.233459 221.83953 

8 12.683747 14.135094 21.298925 18.851663 8.2147347 8.3326521 11.083229 95.472782 100.762807 215.60048 

10 18.133581 19.584928 26.748759 24.301496 2.4747376 2.5926549 5.343232 89.732785 95.022809 221.05032 

12 19.203168 20.654515 27.818346 25.371084 1.3899094 1.5078268 4.258404 88.647957 93.937981 222.1199 

2 108.128098 106.628122 99.46429 101.930098 128.672546 128.790464 131.541041 215.930593 221.220618 94.85613 
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Habitat resistance (2/2) 

 16 17 18 3 9 11 8 10 12 2 

7 59.323631 66.136926 67.898146 0 13.3599094 18.9227895 12.6837474 18.1335811 19.2031684 108.1281 

6 60.774977 67.588273 69.349493 0 14.8112561 20.3741362 14.1350941 19.5849278 20.6545151 106.62812 

4 67.938809 74.752104 76.513324 0 21.9750875 27.5379675 21.2989254 26.7487591 27.8183464 99.46429 

5 65.491546 72.304842 74.066061 0 19.5278248 25.0907049 18.8516627 24.3014964 25.3710838 101.9301 

13 38.745728 45.559024 47.320244 0 7.2960763 1.6853869 8.2147347 2.4747376 1.3899094 128.67255 

14 38.627884 45.44118 47.2024 0 7.4139936 1.8033043 8.3326521 2.5926549 1.5078268 128.79046 

15 35.873426 42.686721 44.447941 0 10.1645705 4.5538812 11.083229 5.3432318 4.2584037 131.54104 

19 48.553146 41.714199 39.952979 0 94.5541234 88.943434 95.4727818 89.7327847 88.6479565 215.93059 

20 53.843171 47.004223 45.243004 0 99.8441481 94.2334588 100.762807 95.0228094 93.9379812 221.22062 

1 262.240366 269.053662 270.814881 0 216.276645 221.839525 215.600483 221.050317 222.119904 94.85613 

16 0 6.838948 8.600167 0 46.026629 40.4159397 46.9452875 41.2052903 40.1204622 167.4031 

17 6.838948 0 1.761219 0 52.8399248 47.2292355 53.7585833 48.0185861 46.933758 174.21639 

18 8.600167 1.761219 0 0 54.6011443 48.990455 55.5198028 49.7798056 48.6949775 175.97761 

3 0 0 0 0 0 0 0 0 0 0 

9 46.026629 52.839925 54.601144 0 0 5.6257879 0.9764973 4.8365795 5.9061668 121.43938 

11 40.41594 47.229236 48.990455 0 5.6257879 0 6.5444464 0.8044492 0.2954775 127.00226 

8 46.945287 53.758583 55.519803 0 0.9764973 6.5444464 0 5.755238 6.8248253 120.76322 

10 41.20529 48.018586 49.779806 0 4.8365795 0.8044492 5.755238 0 1.0848281 126.21305 

12 40.120462 46.933758 48.694978 0 5.9061668 0.2954775 6.8248253 1.0848281 0 127.28264 

2 167.403099 174.216395 175.977614 0 121.439378 127.002258 120.763216 126.21305 127.282637 0 
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Propagules (1/2) 

 7 6 4 5 13 14 15 19 20 1 

7 667 831 0 0 0 NA 0 NA NA 0 

6 180 3881 217 266 0 NA 0 NA NA 0 

4 244 0 2427 212 0 NA 0 NA NA 0 

5 0 0 1235 227 0 NA 0 NA NA 0 

13 0 0 0 0 1819 NA 0 NA NA 0 

14 NA NA NA NA NA NA NA NA NA NA 

15 0 0 0 0 338 NA 2727 NA NA 0 

19 NA NA NA NA NA NA NA NA NA NA 

20 NA NA NA NA NA NA NA NA NA NA 

1 0 0 0 0 0 NA 0 NA NA 1895 

16 0 0 0 0 0 NA 0 NA NA 0 

17 0 0 0 0 0 NA 0 NA NA 0 

18 0 0 0 0 0 NA 0 NA NA 0 

3 0 0 0 0 0 NA 0 NA NA 0 

9 269 0 0 0 0 NA 0 NA NA 0 

11 0 0 0 0 207 NA 0 NA NA 0 

8 289 0 0 0 0 NA 0 NA NA 0 

10 NA NA NA NA NA NA NA NA NA NA 

12 NA NA NA NA NA NA NA NA NA NA 

2 0 0 0 0 0 NA 0 NA NA 0 
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Propagules (2/2) 

 16 17 18 3 9 11 8 10 12 2 

7 0 0 0 0 267 0 197 NA NA 0 

6 0 0 0 0 273 0 0 NA NA 0 

4 0 0 0 0 364 0 253 NA NA 0 

5 0 0 0 0 293 0 0 NA NA 0 

13 0 0 0 0 258 927 0 NA NA 0 

14 NA NA NA NA NA NA NA NA NA NA 

15 0 0 0 0 0 869 0 NA NA 0 

19 NA NA NA NA NA NA NA NA NA NA 

20 NA NA NA NA NA NA NA NA NA NA 

1 0 0 0 0 0 0 0 NA NA 0 

16 229 834 0 0 0 0 0 NA NA 0 

17 451 1774 0 0 0 0 0 NA NA 0 

18 869 1303 918 0 0 0 0 NA NA 0 

3 0 0 0 685 0 0 0 NA NA 0 

9 0 0 0 0 293 0 427 NA NA 0 

11 0 0 0 0 438 2383 0 NA NA 0 

8 0 0 0 0 1661 328 1923 NA NA 0 

10 NA NA NA NA NA NA NA NA NA NA 

12 NA NA NA NA NA NA NA NA NA NA 

2 0 0 0 0 0 0 0 NA NA 479 
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Environmental distances (1/2) 

 7 6 4 5 13 14 15 19 20 1 

7 0 125690.62 161709.41 169195.65 306391.04 274007.31 205379.39 836459.2 936888.8 1022856.9 

6 125690.6 0 131681.01 82959.77 192108.47 162105.06 138897.75 947837.4 1047745.7 1091411.4 

4 161709.4 131681.01 0 71186.64 298649.07 274571.6 270576.55 987119.5 1087676.2 972217 

5 169195.6 82959.77 71186.64 0 228039.03 205101.11 215564.16 1005606.8 1106011.2 1042857.3 

13 306391 192108.47 298649.07 228039.03 0 32924.16 140159.77 1063852.5 1160999.4 1270832.3 

14 274007.3 162105.06 274571.6 205101.11 32924.16 0 110898.95 1034472.8 1131972.2 1246385.6 

15 205379.4 138897.75 270576.55 215564.16 140159.77 110898.95 0 923835.7 1021182.1 1219492 

19 836459.2 947837.42 987119.46 1005606.84 1063852.53 1034472.83 923835.68 0 100561.8 1311698.4 

20 936888.8 1047745.71 1087676.15 1106011.22 1160999.44 1131972.25 1021182.13 100561.8 0 1380574.7 

1 1022856.9 1091411.37 972217.03 1042857.32 1270832.34 1246385.58 1219492 1311698.4 1380574.7 0 

16 235903.9 289051.79 388175.15 367948.79 361925.87 333964.05 223206.81 703279.4 799649.3 1208529.2 

17 327060.8 368971.07 476039.24 450342.22 408389.63 384679.68 278798.7 680197.8 772425.8 1291804.3 

18 359591.6 421289.1 516823.16 499803.18 479858.29 454630.01 346102.08 603558.7 695742.9 1279079.5 

3 490335.5 616026.09 602043.44 644554.34 786269.34 753365.4 658459.55 475688.8 566816.3 883375.5 

9 199883.1 140107.89 271550.9 218532.64 150775.69 121472.24 10618.81 913220 1010576.9 1216410.3 

11 377648.7 265327.55 369636.46 298590.55 73273.65 104080.4 196305.25 1111183.4 1206907.3 1341160 

8 124664.6 216162.62 285714.9 282353.88 350761.38 318462.91 216828.64 732482.5 832148.6 1091232.6 

10 297297.1 182635.16 289458.9 218943.22 9499.69 24775.15 134302.82 1058136.3 1155461.2 1261666.9 

12 319791.9 212537.68 326117.68 256363.01 34443.34 51667.63 136068.49 1054702.6 1151024.8 1298035.3 

2 404578.2 486017.4 384133.72 454201.05 675004.83 646995.89 605532.01 900368 993339.3 619696.6 
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Environmental distances (2/2) 

 16 17 18 3 9 11 8 10 12 2 

7 235903.93 327060.83 359591.6 490335.5 199883.05 377648.72 124664.6 297297.09 319791.89 404578.2 

6 289051.79 368971.07 421289.1 616026.1 140107.89 265327.55 216162.6 182635.16 212537.68 486017.4 

4 388175.15 476039.24 516823.2 602043.4 271550.9 369636.46 285714.9 289458.9 326117.68 384133.7 

5 367948.79 450342.22 499803.2 644554.3 218532.64 298590.55 282353.9 218943.22 256363.01 454201.1 

13 361925.87 408389.63 479858.3 786269.3 150775.69 73273.65 350761.4 9499.69 34443.34 675004.8 

14 333964.05 384679.68 454630 753365.4 121472.24 104080.4 318462.9 24775.15 51667.63 646995.9 

15 223206.81 278798.7 346102.1 658459.6 10618.81 196305.25 216828.6 134302.82 136068.49 605532 

19 703279.4 680197.81 603558.7 475688.8 913220.03 1111183.44 732482.5 1058136.32 1054702.57 900368 

20 799649.32 772425.84 695742.9 566816.3 1010576.9 1206907.29 832148.6 1155461.2 1151024.78 993339.3 

1 1208529.18 1291804.33 1279079.5 883375.5 1216410.32 1341160.04 1091232.6 1261666.9 1298035.31 619696.6 

16 0 91903.19 132242.4 498878.4 212728.25 408131.08 123024.5 356817.83 351446.95 593817.3 

17 91903.19 0 76697.7 543297.4 269292.48 442059.7 214241 405032.63 391136.53 680611.7 

18 132242.44 76697.7 0 493300.4 336090.91 516710.92 236968.6 475932.78 464373.12 678320 

3 498878.4 543297.36 493300.4 0 649102.9 852323.89 442699.4 777921.07 791895.9 426971.8 

9 212728.25 269292.48 336090.9 649102.9 0 206446.3 207121.2 144917.09 146323.41 601507.7 

11 408131.08 442059.7 516710.9 852323.9 206446.3 0 412636.4 82770.2 60531.88 747896.1 

8 123024.53 214241.04 236968.6 442699.4 207121.19 412636.36 0 343224.87 352137.66 473809.3 

10 356817.83 405032.63 475932.8 777921.1 144917.09 82770.2 343224.9 0 40815.86 665536.2 

12 351446.95 391136.53 464373.1 791895.9 146323.41 60531.88 352137.7 40815.86 0 698131.9 

2 593817.25 680611.69 678320 426971.8 601507.69 747896.11 473809.3 665536.16 698131.87 0 
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Figure S1. The two main axes of the Principal Component Analysis (PCA) with the bioclimatic variables from the Worldclim database and the climatic 

space of each locality 
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Table S4. Genetic parameter values across all sampled populations for Ochthebius subinteger (N is the number of specimens analysed). Na: number of 

alleles per locus; Ne: number of effective alleles; Ho: observed Heterozygosity; He: expected Heterozygosity; uHe: unbiased expected Heterozygosity 

Population N Private Alleles  Na Ne Ho He uHe 

02-Tarragona 4 2 
Mean 1.800 1.597 0.333 0.331 0.387 

SE 0.200 0.191 0.183 0.093 0.108 

03-Punta Prima 2 1 
Mean 0.800 0.800 0.000 0.100 0.133 

SE 0.374 0.374 0.000 0.100 0.133 

04-Denia 5 4 
Mean 3.000 2.099 0.620 0.501 0.560 

SE 0.447 0.216 0.102 0.056 0.064 

09-Cala Reona 5 2 
Mean 2.000 1.688 0.640 0.364 0.404 

SE 0.316 0.194 0.194 0.096 0.106 

Total 16 9 
Mean 1.900 1.546 0.398 0.324 0.371 

SE 0.240 0.159 0.089 0.052 0.060 
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Table S5. Genetic parameter values across all sampled populations for Ochthebius lejolisii (N is the number of specimens analysed). Na: number of 

alleles per locus; Ne: number of effective alleles; Ho: observed Heterozygosity; He: expected Heterozygosity; uHe: unbiased expected Heterozygosity 

Population N Private Alleles  Na Ne Ho He uHe 

05-Moraira 5 0 
Mean 2.167 1.447 0.333 0.257 0.285 

SE 0.307 0.187 0.123 0.083 0.092 

06-Illeta 5 1 
Mean 1.333 1.073 0.067 0.060 0.067 

SE 0.211 0.046 0.042 0.038 0.042 

07-Santa Pola 4 0 
Mean 1.833 1.512 0.292 0.245 0.280 

SE 0.307 0.294 0.119 0.101 0.116 

08-Punta Cocedor 3 0 
Mean 2.000 1.657 0.278 0.343 0.411 

SE 0.258 0.220 0.159 0.085 0.102 

10-Percheles 1 0 
Mean 1.167 1.167 0.167 0.083 0.167 

SE 0.167 0.167 0.167 0.083 0.167 

11-Cala Pulgas 5 0 
Mean 2.333 1.793 0.333 0.343 0.381 

SE 0.494 0.315 0.169 0.117 0.131 

13-Cala Panizo 5 1 
Mean 2.833 2.047 0.433 0.427 0.474 

SE 0.543 0.326 0.120 0.111 0.123 

14-Cala Conchas 1 0 
Mean 1.667 1.667 0.667 0.333 0.667 

SE 0.211 0.211 0.211 0.105 0.211 

15-Playazo 1 0 
Mean 0.500 0.500 0.000 0.000 0.000 

SE 0.224 0.224 0.000 0.000 0.000 

16-Cala Rijana 3 0 
Mean 2.333 1.857 0.389 0.380 0.456 

SE 0.422 0.316 0.159 0.101 0.121 

17-Velilla 5 1 
Mean 3.000 2.391 0.567 0.537 0.596 

SE 0.365 0.289 0.120 0.077 0.086 

18-Nerja 5 0 
Mean 2.500 1.929 0.517 0.425 0.475 

SE 0.428 0.257 0.151 0.092 0.102 

19-Cala Milla 3 2 
Mean 3.000 2.445 0.667 0.565 0.678 

SE 0.258 0.223 0.122 0.058 0.070 

20-Isla Tarifa 5 4 
Mean 3.500 2.694 0.825 0.591 0.663 

SE 0.428 0.360 0.096 0.060 0.067 
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Total 51 9 
Mean 2.155 1.727 0.395 0.328 0.400 

SE 0.122 0.088 0.042 0.029 0.036 

 

 

 

Table S6. Genetic parameter values across all sampled populations for Ochthebius quadricollis (N is the number of specimens analysed). Na: number of 

alleles per locus; Ne: number of effective alleles; Ho: observed Heterozygosity; He: expected Heterozygosity; uHe: unbiased expected Heterozygosity 

Population N Private Alleles  Na Ne Ho He uHe 

01-San_Francesc 4 2 
Mean 2.000 1.636 0.417 0.323 0.440 

SE 0.365 0.210 0.154 0.104 0.158 

02-Tarragona 3 0 
Mean 1.000 1.000 0.056 0.083 0.100 

SE 0.258 0.258 0.056 0.083 0.100 

03-Punta Prima 1 0 
Mean 0.833 0.833 0.167 0.083 0.167 

SE 0.307 0.307 0.167 0.083 0.167 

04-Denia 5 0 
Mean 2.500 1.795 0.308 0.406 0.454 

SE 0.224 0.209 0.111 0.065 0.075 

05-Moraira 5 0 
Mean 2.667 1.958 0.422 0.437 0.493 

SE 0.667 0.302 0.121 0.072 0.082 

06-Illeta 5 0 
Mean 2.667 1.989 0.300 0.433 0.481 

SE 0.494 0.270 0.100 0.098 0.109 

07-Santa_Pola 5 0 
Mean 2.500 2.351 0.400 0.530 0.589 

SE 0.342 0.358 0.186 0.061 0.068 

08-Punta_Cocedor 5 0 
Mean 2.667 1.938 0.300 0.427 0.480 

SE 0.494 0.297 0.127 0.077 0.087 

09-Cala_Reona 5 0 
Mean 3.000 2.570 0.608 0.589 0.731 

SE 0.365 0.286 0.132 0.040 0.067 

10-Percheles 5 0 
Mean 3.333 2.667 0.592 0.573 0.641 

SE 0.333 0.349 0.100 0.083 0.093 

11-Cala_Pulgas 5 0 
Mean 3.167 2.426 0.592 0.498 0.559 

SE 0.601 0.551 0.161 0.089 0.100 
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12-Cabo_Cope 2 2 
Mean 1.667 1.667 0.167 0.292 0.389 

SE 0.558 0.558 0.167 0.136 0.181 

13-Cala_Panizo 5 0 
Mean 3.333 2.551 0.589 0.590 0.667 

SE 0.211 0.249 0.080 0.037 0.049 

14-Cala_Conchas 5 0 
Mean 3.333 2.721 0.700 0.617 0.685 

SE 0.422 0.263 0.144 0.034 0.037 

15-Playazo 5 0 
Mean 3.500 2.882 0.567 0.583 0.648 

SE 0.563 0.535 0.150 0.077 0.086 

16-Cala_Rijana 5 0 
Mean 3.000 2.061 0.267 0.503 0.559 

SE 0.000 0.131 0.042 0.037 0.041 

17-Velilla 5 1 
Mean 1.833 1.437 0.233 0.231 0.263 

SE 0.307 0.224 0.158 0.096 0.110 

18-Nerja 5 0 
Mean 1.667 1.400 0.108 0.206 0.232 

SE 0.333 0.232 0.071 0.101 0.114 

19-Cala_Milla 3 0 
Mean 1.500 1.262 0.278 0.185 0.222 

SE 0.500 0.368 0.181 0.118 0.142 

20-Isla_Tarifa 5 2 
Mean 2.333 1.612 0.300 0.317 0.352 

SE 0.494 0.203 0.113 0.101 0.113 

Total 88 7 
Mean 2.425 1.938 0.368 0.395 0.458 

SE 0.112 0.086 0.032 0.023 0.027 
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Table S7. DAPC groups according to K=2 and K=3 for Ochthebius subinteger, O. lejolisii, and O. quadricollis 
 

O. subinteger K=2 O. subinteger K=3 O. lejolisii K=2 O. lejolisii K=3 O. quadricollis K=2 O. quadricollis K=3 
 1 2  1 2 3  1 2  1 2 3  1 2  1 2 3 

2_Tarragona 4 0 2_Tarragona 0 0 4 5-Moraira 0 5 5-Moraira 1 0 4 1_San_Francesc 0 4 1_San_Francesc 4 0 0 
3_Punta_Prima 2 0 3_Punta_Prima 0 2 0 6-Illeta 0 5 6-Illeta 0 0 5 2_Tarragona 0 3 2_Tarragona 3 0 0 
4_Denia 3 2 4_Denia 0 2 3 7-Santa Pola 3 1 7-Santa Pola 0 3 1 3_Punta_Prima 0 1 3_Punta_Prima 0 0 1 
9_Cala_Reona 0 5 9_Cala_Reona 5 0 0 8-Punta Cocedor 1 2 8-Punta Cocedor 1 0 2 4_Denia 0 5 4_Denia 4 0 1 

  

10-Percheles 1 0 10-Percheles 0 1 0 5_Moraira 0 5 5_Moraira 1 0 4 
11-Cala Pulgas 4 1 11-Cala Pulgas 5 0 0 6_Illeta 0 5 6_Illeta 3 0 2 
13-Cala Panizo 2 3 13-Cala Panizo 2 2 1 7_Santa_Pola 0 5 7_Santa_Pola 3 0 2 
14-Cala Conchas 0 1 14-Cala Conchas 0 0 1 8_Punta_Cocedor 0 5 8_Punta_Cocedor 4 0 1 
15-Playazo 1 0 15-Playazo 0 1 0 9_Cala_Reona 0 5 9_Cala_Reona 5 0 0 
16-Cala Rijana 3 0 16-Cala Rijana 0 3 0 10_Percheles 0 5 10_Percheles 4 0 1 
17-Velilla 5 0 17-Velilla 3 2 0 11_Cala_Pulgas 1 4 11_Cala_Pulgas 5 0 0 
18-Nerja 5 0 18-Nerja 2 3 0 12_Cabo_Cope 0 2 12_Cabo_Cope 2 0 0 
19-Cala Milla 3 0 19-Cala Milla 1 2 0 13-Cala_Panizo 0 5 13-Cala_Panizo 4 0 1 
20-Isla Tarifa 2 3 20-Isla Tarifa 2 0 3 14_Cala_Conchas 0 5 14_Cala_Conchas 5 0 0 

  

15_Playazo 0 5 15_Playazo 5 0 0 
16_Cala_Rijana 0 5 16_Cala_Rijana 2 0 3 
17_Velilla 5 0 17_Velilla 0 5 0 
18_Nerja 5 0 18_Nerja 0 5 0 
19_Cala_Milla 3 0 19_Cala_Milla 0 3 0 
20_Isla_Tarifa 5 0 20_Isla_Tarifa 0 5 0 
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Table S8. Pairwise Population FST Values for Ochthebius subinteger: #2 (Tarragona), #3 (Punta Prima), #4 (Denia), and #9 (Cala Reona). 

 

 02 03 04 
03 0.107   
04 0.034 0.020  
09 0.184 0.117 0.133 

 

 

 

 

Table S9. Pairwise Population FST Values for Ochthebius lejolisii: #5 (Moraira), #6 (Illeta), #7 (Santa Pola), #8 (Punta Cocedor), #10 (Percheles), #11 (Cala 

Pulgas), #13 (Cala Panizo), #14 (Cala Conchas), #15 (Playazo), #16 (Cala Rijana), #17 (Velilla), #18 (Nerja), #19 (Cala Milla), and #20 (Isla Tarifa) 

 

  05 06 07 08 10 11 13 14 15 16 17 18 19 
06 0.011             
07 0.051 0.065            
08 0.006 0.029 0.033           
10 0.200 0.258 0.157 0.135          
11 0.076 0.110 0.081 0.026 0.145         
13 0.012 0.032 0.004 -0.021 0.070 0.017        
14 0.063 0.114 0.080 0.000 0.000 0.053 -0.034       
15 0.015 0.053 0.000 -0.012 0.000 0.053 -0.045 0.000      
16 0.087 0.130 0.024 0.028 0.034 0.046 -0.008 0.022 -0.047     
17 0.063 0.111 0.045 0.029 0.089 0.043 0.010 0.047 0.000 -0.007    
18 0.068 0.109 0.029 0.030 0.047 0.053 -0.004 0.041 -0.028 -0.017 -0.008   
19 0.071 0.123 0.055 0.022 0.117 0.056 0.007 0.011 0.000 -0.002 -0.017 -0.014  
20 0.052 0.075 0.046 0.010 0.116 0.079 0.025 -0.034 0.020 0.041 0.029 0.040 0.012 
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Table S10. Pairwise Population FST Values for Ochthebius quadricollis: #1 (San Francesc), #2 (Tarragona), #3 (Punta Prima); #4 (Denia), #5 (Moraira), #6 

(Illeta), #7 (Santa Pola), #8 (Punta Cocedor), #9 (Cala_Reona), #10 (Percheles), #11 (Cala Pulgas), #12 (Cabo Cope), #13 (Cala Panizo), #14 (Cala Conchas), 

#15 (Playazo), #16 (Cala Rijana), #17 (Velilla), #18 (Nerja), #19 (Cala Milla), and #20 (Isla Tarifa) 

 

 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 

02 0.016                   

03 0.156 0.238                  

04 0.087 0.068 0.124                 

05 0.137 0.096 0.081 0.021                

06 0.126 0.094 0.071 -0.005 0.023               

07 0.113 0.095 0.053 0.009 0.054 0.028              

08 0.100 0.053 0.103 -0.023 0.011 -0.004 0.004             

09 0.091 0.090 0.036 0.032 0.064 0.052 0.028 0.035            

10 0.084 0.071 0.095 0.040 0.032 0.060 0.045 0.017 -0.005           

11 0.108 0.070 0.114 0.052 0.080 0.064 0.063 0.044 0.028 0.038          

12 0.134 0.167 0.091 0.090 0.115 0.084 0.054 0.094 0.029 0.070 0.087         

13 0.103 0.098 0.070 0.033 0.044 0.023 0.038 0.026 0.000 0.004 0.024 0.033        

14 0.118 0.120 0.103 0.055 0.075 0.057 0.050 0.044 -0.001 0.012 0.035 0.018 -0.011       

15 0.105 0.077 0.063 0.054 0.077 0.067 0.053 0.048 -0.016 0.013 0.020 0.027 0.022 0.009      

16 0.111 0.109 0.031 0.042 0.056 0.030 0.039 0.031 0.032 0.021 0.065 0.060 -0.007 0.030 0.051     

17 0.178 0.190 0.213 0.177 0.205 0.180 0.172 0.173 0.164 0.161 0.115 0.188 0.124 0.158 0.159 0.151    

18 0.169 0.155 0.197 0.160 0.196 0.164 0.155 0.161 0.141 0.154 0.107 0.175 0.116 0.150 0.135 0.135 0.026   

19 0.191 0.203 0.127 0.162 0.189 0.159 0.135 0.164 0.116 0.139 0.136 0.188 0.104 0.118 0.134 0.096 0.108 0.074  

20 0.157 0.135 0.174 0.141 0.176 0.142 0.138 0.142 0.129 0.138 0.097 0.150 0.094 0.137 0.114 0.117 0.109 0.068 0.044 
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GENERAL CONCLUSIONS 

Chapter 1: Fine‑scale niche differences allow the co‑existence of congeneric aquatic beetles in 

supratidal rockpools 

1. Intraspecific differences were identified between the environmental niches of larval and adult 

stages. Larvae showed larger interspecific differences compared to adults. 

2. The larvae of Ochthebius lejolisii exhibited the broadest niche breadth, indicating they are 

present in a wider range of abiotic conditions, but displayed the highest niche marginality, 

meaning that they are found in less common habitats within the sampling area. Conversely, the 

larvae of O. quadricollis had with low values of marginality and breadth, being found in more 

common habitats. 

3. Negative abundance correlations between species were found, indicating spatial and temporal 

segregation at a local scale. This segregation is based on different environmental responses and 

habitat suitability that vary spatially along the gradient of distance to the sea, reducing the 

intensity of interspecific competition and allowing their coexistence. 

4. For both species, was water availability was identified as the most limiting factor, primarily 

determined by pool size, proximity to the sea, and precipitation. O. quadricollis preferably 

occupies larger, deeper pools closer to the sea, with a longer hydroperiod, while O. lejolisii 

prefers smaller, shallower pools further from the coast, which often dry up. 

Chapter 2: Oceanic currents maintain the genetic structure of non-marine coastal taxa in the 

western Mediterranean Sea 

5. The biophysical simulation of connectivity between populations provided a better explanation 

for the genetic structure of supratidal Ochthebius beetles compared to the classical isolation by 

distance model. This finding suggest that surface water currents play a significant role in the 

dispersal and connectivity of these insects, despite the absence of a specific planktonic/pelagic 

dispersal stage. Notably, this is the first instance of such a dispersal mechanism being observed 

in an insect. 

6. Our model strongly suggests that the Ibiza Channel and the Balearic Front act important 

dispersal barriers for Ochthebius species, as previously proposed solely based on molecular data. 

Furthermore, it was found that Ochthebius populations in the Alborán Sea are completely 

isolated from other Mediterranean populations, both in Spain and Morocco. 

Chapter 3: Novel Microsatellite Loci, Cross-Species Validation of Multiplex Assays, and By-

Catch Mitochondrial Genomes on Ochthebius Beetles from Supratidal Rockpools 

7. The significant taxonomic differences between the two subgenera studied, which diverged 

approximately 55 million years ago, implicated the design of two independent multiplex assays 

for the development of the microsatellite markers. One assay was designed for species of the 

subgenus Cobalius (O. lejolisii, O. subinteger, and O. celatus) and another for species of the 

subgenus Ochthebius s.str. (O. quadricollis). 
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8. The comparison of mitochondrial genomes obtained for O. lejolisii and O. quadricollis from 

the Iberian Mediterranean coast with previous data from populations in Ceuta and Sicily, 

respectively, revealed minor genetic differences in O. lejolisii but significant genetic divergence 

in O. quadricollis. These results corroborate previous findings and further support the presence 

of multiple cryptic lineages within coastal Ochthebius. 

Chapter 4: Population genetics of Ochthebius species from western Mediterranean supratidal 

rockpools 

9. Analyses using microsatellites revealed varying degrees of genetic differentiation and 

connectivity between species and populations, generally consistent with previous studies using 

less fine genetic markers and at a larger spatial scale. However, some discrepancies were noted 

regarding the absence of a barrier effect from the Ibiza Channel for O. quadricollis. 

10. O. lejolisii exhibited a panmictic population without a clear genetic structure, indicating 

continuous gene flow along the southern Iberian Mediterranean coast. Additionally, the 

population in Tarifa showed the highest genetic diversity and number of private alleles, 

suggesting it might be an early colonization point of the Mediterranean. 

11. O. subinteger, with a restricted distribution in the studied area, showed two groups 

separated by the Ibiza Channel, with the Menorca Balearic population more closely related to 

northern populations. Surprisingly, there is a distribution gap from Denia to Cala Reona, which 

suggests the influence of marine currents in dispersing propagules by skipping intermediate 

localities. 

12. O. quadricollis exhibited marked population genetic structure, with significant separation at 

the interface between the two Alborán gyres, identified as a marine barrier. The absence of a 

barrier in the Ibiza Channel suggests sporadic permeability, potentially influenced by climatic 

events and/or seasonal variations. 

13. Isolation by distance was only evident in O. quadricollis, while environmental factors such as 
climate and geology displayed no influence at the studied spatial scale for any of the species. 
Additionally, the importance of marine currents seems less crucial in recent genetic flow, 
probably due to the high stochasticity of passive dispersal events. 
 
14. This research unveils insights into high connectivity and gene flow among supratidal rockpool 
populations of aquatic beetles, probably due to passive dispersal mechanisms. 
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