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MiguelÁngel e Isaac. Gracias a los feeders, Carlos, Pablo, Adri, y Gon. Y a 
Jose Ramón y a Paloma. La prueba de que la ciencia y la música pueden 
ir de la mano. Os quiero. Miles de emails, wasaps y hasta un disco común 
nos avalan. También a amistades de la época de la carrera que sobreviven el 
paso del tiempo, y son muy valiosas para mí: Javi, Isra, Pau, Selín, Anadeory, 
Adriana, Iris, Bea Sánchez, Ceci o Aurosmith. También del año de Erasmus, 
en especial a Carmen y a Gema, el póster que me regalasteis cuando dejé Ma-
drid me ha acompañado todo este tiempo en Blanes. Y por los reencuentros, 
a Iraia y a Fer. Y si hablamos de amistades relevantes, este párrafo es para 
vosotros. Porque estuvisteis, estáis, y estaréis. Ana, Dani, Miguel y Ruth. Os 
adoro. Los tiempos cambian, las personas evolucionan y la vida continúa, 
pero nosotros estaremos ahí aprendiendo. 

A mi madre, que me inculcó el amor a la naturaleza en todas sus facetas y 
que es, en definitiva, la gran culpable de que esta tesis exista. Y no sólo eso, 
gracias porque siempre me has dado libertad y porque siempre has confiado 
en mi y en mi criterio. Porque siempre me has apoyado en todo. Y a mi tía, 
que siempre ha sido el contrapunto perfecto, manteniéndome atento para 
hacer las cosas bien, salvándome los exámenes de matemáticas e inundar 
mi mente de imaginación y creatividad desde que tengo memoria. A las dos 
sólo os puedo decir, que gracias por todo y que os quiero.

Para rebajar el impacto emocional antes de acabar añado unos 
agradecimientos aleatorios. Gracias a gusanito (mi gato), a M. Rajoy por sus 
frases y las risas que nos da, a las pepis por suministrarme frutas y verduras 
con tan buen humor, a Netflix, a mis plantas, y sobre todo a la compañía que 
no me ha abandonado nunca y sin quien no puedo vivir: gracias Spotify por 
toda la música que me das cada día.  Y acabo estos agradecimientos con una 
reflexión. Una tesis es el resultado final de una etapa formativa. No es fácil 
hacer una tesis, muchas de las personas aquí mencionadas lo saben. Y nun-
ca se sabe cuándo una simple frase o una breve conversación pueden calar 
y convertirse en un anclaje que te permita avanzar. Estos agradecimientos 
intentan reflejarlo. Somos las decisiones que tomamos, las personas que he-
mos conocido, y las personas que conoceremos. No creo en los finales pero 
estos agradecimientos finalizan una etapa. Una etapa que es el inicio de lo 
que está por venir. Y los recuerdos de esta historia formarán parte de la si-
guiente. Gracias.



(…) hasta que en el horizonte al final de la calle sólo queda un espacio infinito de 
color azul en el que alguien ha pintado estrellas tan brillantes como las notas altas 
de un piano, esperando un acorde final que nunca llega. (…). R.O.A. (2017).

A mi madre Adela 
y a mi tía Carmen.
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RESUMEN

Durante décadas, el componente microbiano de los ecosistemas ha sido con-

siderado una caja negra debido a las complejidades de su estudio en favor 

de organismos macroscópicos. Hoy los avances tecnológicos han desvelado 

la altísima diversidad y complejidad de arqueas, bacterias y eucariotas y han 

permitido un análisis ecológico a la altura de los estudios desarrollados en 

macroecología. Así, los marcos teóricos de sucesión ecológica y conceptos de 

metacomunidades, permiten abordar la comprensión del ensamblaje ecoló-

gico de las comunidades. Esta tesis ha abordado estas cuestiones centrándo-

se en las comunidades lacustres de una región geológicamente diferenciada: 

la cordillera montañosa de los Pirineos. Pese a ser uno de los enclaves más 

estudiados dentro de la limnología de alta montaña, el conocimiento actual 

es parcial al centrarse en grupos poblacionales concretos o áreas geográficas 
reducidas. Por ello esta tesis, busca describir la diversidad taxonómica y 

revelar los procesos ecológicos (bióticos y abióticos) que pueden estar tras 

la distribución espacial y la heterogeneidad de las comunidades superficia-

les de lagos alpinos. Mediante un muestreo de más de 300 lagos durante el 

verano de 2011 y técnicas de secuenciación masiva de genes ribosómicos 

(16S y 18S rRNA) se obtuvieron los perfiles microbianos de comunidades de 
arqueas, bacterias y eucariotas. Mediante un meta-análisis de estudios pre-

viamente publicados se comprobó que las comunidades microbianas tienen 

patrones predecibles en cuanto a sus cambios taxonómicos y funcionales 

a lo largo del tiempo, en concreto un aumento generalizado en el número 

de especies y funciones, y que la composición de estas especies y funciones 

suele ser menos variable en comunidades más maduras mostrando tenden-

cia a la oligotrofia. Estos rasgos son extrapolables a un muestreo espacial. 
En este sentido los patrones de las comunidades de bacterias en Pirineos 

muestran una integración compleja de la dispersión de fuentes ambientales 

a nivel de cuenca y filtros ambientales, procesos que a lo largo del tiempo 
parecen dejar una huella espacial que recuerda a lo observado en el meta-

análisis. Además, en este estudio se ha profundizado en el estudio de grupos 

microbianos que no era posible estudiar con técnicas tradicionales o en los 

que los primeros estudios moleculares quedaban fuera del límite de detec-

ción. En la región pirenaica hemos detectado un alto número de arqueas 

de linajes nuevos (como Pacearchaeota, Woesearchaeota) que parecen do-

minar en términos de ocurrencia y que podrían presentar interacciones con 

otros organismos. Respecto a los eucariotas microscópicos, esta tesis resalta 

una dominancia de algas crisofíceas en términos de riqueza, abundancia y 
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también en novedad. Asimismo, destaca una inesperada riqueza de grupos 

heterótrofos fagótrofos y parásitos. En particular, cercozoos y hongos quitri-

dios que presentan patrones de diversidad análogos a los grupos autótrofos 

y que sugiere reconsiderar las cadenas tróficas lacustres. La prominente beta 
dispersión mostrada por parásitos sugiere interacciones altamente especí-

ficas y un rol muy relevante en las cadenas tróficas. Curiosamente, la me-

tacomunidad de Pirineos parece contener poblaciones más específicas que 
su homólogo oligotrófico marino, presentando una mayor diversidad beta. 
En términos de diversidad, las particularidades de los Pirineos parecen fo-

mentar una alta diversificación genética de formas de vida eucarióticas y de 
arqueas. El estudio de coocurrencias y coexclusiones de especies muestra un 

filtrado ambiental en base a sus afinidades y rangos de tolerancia ambien-

tal, pero también muestra las interacciones bióticas que pueden establecerse 

entre los distintos componentes de la comunidad. A partir de análisis de 

redes de estas interacciones bióticas, se han establecido relaciones concre-

tas entre parásitos y mixótrofos al margen de sus nichos ambientales. Las 
bacterias dependen menos del ambiente que los eucariotas, y se dividen en 

aquellas que establecen relaciones más duraderas típicas de sistemas acuáti-

cos, y otras bacterias asociadas a ambientes terrestres que utilizan los lagos 

como medio para su dispersión y colonización. A nivel general, se observa 

que la competencia en el conjunto de especies parece enlazada a una estra-

tegia de compartir recursos, mediante la limitación de abundancias en la co-

munidad. Asimismo, se ha intentado identificar organismos clave mediante 
sus propiedades en la red de interacciones. Las propiedades conjuntas de 
las distintas redes de interacciones biológicas permiten extraer conclusiones 

sobre la resistencia y resiliencia frente a perturbaciones ambientales de las 

distintas comunidades. Tanto la composición, alta diversidad y potenciales 

reglas de ensamblaje de comunidades del distrito lacustre de Pirineos aquí 

presentadas buscan inspirar más estudios biogeográficos para evaluar si las 
ideas aquí descritas son una excepción o una regla en los biomas alpinos de 

todo el planeta.
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RESUM

Durant dècades, el component microbià dels ecosistemes ha estat conside-

rat una caixa negra degut a la complexitat del seu estudi en comparació 

als organismes macroscòpics. A dia d’avui els avançaments tecnològics han 

revelat una altíssima diversitat i complexitat d’arquees, bacteris i eucariotes, 

i han permès un anàlisi ecològic del nivell dels estudis desenvolupats en la 

macroecologia. Així, els marcs teòrics de successió ecològica i els conceptes 

de metacomunitats permeten abordar la comprensió de l’acoblament eco-

lògic de les comunitats. Aquesta tesis ha abordat aquestes qüestions cen-

trant-se en les comunitats  lacustres d’una regió geològicament diferenciada: 

la serrelada dels Pirineus. Tot i ser un dels enclavaments més estudiats de 

la limnologia d’alta muntanya, el coneixement actual és parcial si ens cen-

trem en grups poblacionals concrets o àrees geogràfiques reduïdes. És per 
això que aquesta tesi busca descriure la diversitat taxonòmica i revelar els 

processos ecològics (biòtics i abiòtics) que  es troben darrere la distribució 

espaial i la heterogeneïtat de les comunitats superficials dels llacs alpins. 
Mitjançant un mostreig  de més de 300 llacs durant l’estiu de 2011 i tècniques 

de seqüenciació massiva de gens ribosomals (16S i 18S rRNA) es va obtenir 

els perfils microbians de les comunitats d’arquees, bacteries i eucariotes. A 
través d’un meta-anàlisi d’estudis prèviament publicats, es va comprovar 

que les comunitats microbianes tenen patrons predictibles pel que fa als can-

vis taxonòmics i funcionals al llarg del temps.  Concretament, s’ha consta-

tat un augment generalitzat en el número d’espècies i de funcions, i que la 

composició d’aquestes espècies i funcions sol ser menys variable en aquelles 

comunitats més madures que mostren una tendència a l’oligotròfia. Aquests 
trets són extrapolables a un mostreig espacial. En aquest sentit els patrons 

de les comunitats de bacteris en els Pirineus mostren un integració complexa 

de la dispersió de fonts ambientals a nivell de conca i de filtres ambientals, 
processos que al llarg del temps semblen deixar una empremta espacial que 

recorda al que s’ha observat en el meta-anàlisi.  A més, en aquest treball s’ha 

aprofunditzat en l’estudi de grups microbians que no s’havien pogut estudi-

ar abans amb tècniques tradicionals, o que en els primers estudis moleculars 

quedaven fora del límit de detecció. En la regió pirinenca hem detectat un 

alt nombre d’arquees de nous llinatges (com Pacearchaeota, Woesearchae-

ota) que semblen dominar en termes d’ocurrència i que podrien presentar 

interaccions amb altres organismes. Pel que fa als eucariotes microscòpics, 

aquesta tesi ressalta una dominància d’algues crisofícies en termes de rique-

sa, abundància i de novetat. Així mateix, destaca una inesperada riquesa de 

grups heteròtrofs fagotròfics i paràstits. Particularment, cercozous i fongs 
quitrídis, que presenten patrons de diversitat anàlegs als grups autòtrofs, 

fet que suggereix reconsiderar les cadenes tròfiques lacustres. La prominent 
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beta dispersió mostrada per paràsits suggereix que les interaccions són alta-

ment específiques i que tenen un paper molt important en les cadenes trò-

fiques. Curiosament, la metacomunitat de Pirineus sembla tenir poblacions 
més específiques que el seu homòleg oligotròfic marí, presentant una major 
beta diversitat. En termes de diversitat, les particularitats dels Pirineus sem-

blen fomentar una alta diversificació genètica de formes de vida d’eucari-
otes i d’arquees. L’estudi de concurrències i exclusions mútues d’espècies 
mostra un filtrat ambiental en base a les seves afinitats i rangs de tolerància 
ambiental, però també interaccions biòtiques que poden establir-se entre 

els diferents components de la comunitat. A partir de l’anàlisi de les xarxes 

d’aquestes interaccions biòtiques, s’han establert relacions concretes entre 

paràsits i mixòtrofs al marge dels seus nínxols ambientals. Els bacteris de-

penen menys de l’ambient que els eucariotes, i es divideixen en aquells que 

estableixen relacions més perdurables, típiques de sistemes aquàtics, i d’al-

tres bacteris associats a ambients terrestres que utilitzen els llacs com a mitjà 

de dispersió i colonització. A nivell general, s’observa que la competència en 

el conjunt de les espècies sembla relacionar-se amb una estratègia de com-

partir recursos, a través de la limitació de les abundàncies en la comunitat. 

De la mateixa manera, s’ha intentat identificar organismes clau mitjançant 
les seves propietats en la xarxa d’interaccions. Les propietats conjuntes de 
les diferents xarxes d’interaccions biològiques permeten treure conclusions 

sobre la resistència i resiliència davant les perturbacions ambientals de les 

diferents comunitats. Tant la composició, com l’alta diversitat i les regles po-

tencials d’acoblament de comunitats de la zona lacustre dels Pirineus aquí 

presentades volen inspirar més estudis biogeogràfics per avaluar si les idees 
descrites aquí són una excepció o més aviat una regla en altres biomes alpins 

del planeta. 



Resumen / Resum / summaRy

7

SUMMARY

For decades, the microbial component of ecosystems has been considered a 

black box due to the complexities of its study in favor of macroscopic organ-

isms. Today technological advances have revealed the high diversity and 

complexity of archaea, bacteria and eukaryotes and have allowed the eco-

logical analysis that matches the studies developed in macroecology. Thus, 

the theoretical frameworks of ecological succession and metacomunity con-

cepts allow us to address the understanding of the ecological assembly of 

communities. This thesis has addressed these issues by focusing on the lake 

communities of a geologically differentiated region: the mountain range of 
the Pyrenees. In spite of being one of the most studied enclaves within high 

mountain limnology, the present knowledge is partial because it focuses 

on specific population groups or small geographical areas. Therefore, this 
thesis seeks to describe the taxonomic diversity and reveal the ecological 

processes (biotic and abiotic) that may be behind the spatial distribution 

and heterogeneity of the surface communities of alpine lakes. Through a 

sampling of more than 300 lakes during the summer of 2011 and massive 

sequencing techniques of ribosomal genes (16S and 18S rRNA) microbial 

profiles of communities of archaea, bacteria and eukaryotes were obtained. 
Through a meta-analysis of previously published studies, we found that mi-

crobial communities have predictable patterns in terms of their taxonomic 

and functional changes over time, specifically a generalized increase in the 
number of species and functions, and that the composition of these species 

and functions tend to be less variable in more mature communities showing 

trends towards oligotrophy. These features are extrapolated to the spatial 

dataset. In this sense, the patterns of bacterial communities in the Pyrenees 

show a complex integration of the dispersion of environmental sources at 

the basin level and environmental filters, processes that over time seem to 
leave a spatial trace that recalls what was observed in the meta-analysis. In 

addition, this study has deepened the study of microbial groups that it was 

not possible to describe with traditional techniques or that were outside the 

limit of detection in the first molecular studies. Furthermore, in the Pyrenean 
region we have detected a high number of archaea of   new lineages (such as 

Pacearchaeota or Woesearchaeota) that seem to dominate in terms of occur-

rence and that could present interactions with other organisms. Regarding 

microscopic eukaryotes, this thesis highlights a dominance of Chrysophy-

ceae algae in terms of richness, abundance and also in novelty. It also high-

lights an unexpected richness of heterotrophic phagotrophs and parasites. 

In particular, Cercozoa and Chytrydiomycota exhibit diversity patterns 
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analogous to autotrophic groups which suggests a reconsideration of lacus-

trine food webs. The prominent beta dispersion shown by parasites suggests 

highly specific interactions and a relevant role in the food web. Interestingly, 
the metacommunity of the Pyrenees seems to contain more specific pop-

ulations than its marine oligotrophic counterpart, presenting greater beta 

diversity. In terms of diversity, the particularities of the Pyrenees seem to 

promote a high genetic diversification of eukaryotic life forms and archaea. 
The study of co-occurrences and coexclusions of species shows an environ-

mental filtering based on their affinities and ranges of environmental toler-

ance, but also shows the biotic interactions that can be established between 

the different components of the community. From the analysis of networks 
of these biotic interactions, concrete relationships between parasites and 

mixotrophs have been established regardless of their environmental niches. 

Bacteria depend less on the environment than eukaryotes, and are divided 

into those that establish more durable relationships typical of aquatic sys-

tems, and other bacteria associated with terrestrial environments that use 

lakes as a means of dispersal and colonization. At a general level, it is ob-

served that the competition in the set of species seems linked to a strategy 

of resource sharing, by limiting abundances in the community. Likewise, an 
attempt has been made to identify key organisms through their properties in 

the network of interactions. The joint properties of the different networks of 
biological interactions allow drawing conclusions about the resistance and 

resilience to environmental disturbances of the different communities. The 
composition, high diversity and potential assembly rules of the Pyrenean 

lake district communities presented here seek to inspire more biogeographic 

studies to assess whether the observed patterns are an exception or a rule in 

other alpine areas of the planet.
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“A lake is to the naturalist a chapter out of  the history of  a primeval time, for the conditions of  
life there are primitive,--the forms of  life are, as a whole, relatively low and ancient, and the system 
of  organic interactions by which they influence and control each other has remained substantially 
unchanged from a remote geological period.” Stephen A. Forbes, 1887

When Stephen A. Forbes, one of the earliest limnologists, wrote in 1887 
his seminal paper “The lake as a microcosm”, he couldn’t know that his 
somewhat poetic words would anticipate a myriad of studies on food-
webs, population and community ecology. He and many colleagues who 
followed, focused on small animals from concrete localities; but he already 
acknowledged that whatever affects any species must have an influence 
upon the whole assemblage. Algae, protozoa and even animalcules should 
have a ‘role impossible to describe within reasonable limits’. The smallest 
part of the microbial ecosystem, the ‘animalcules’ as it was coined by the 
father of microbiology Antonie van Leeuwenhoek in the 17th century, was 
particularly neglected for centuries in favor of the more accessible fraction 
of biological communities. Today, high throughput technologies have 
revealed an impressive diversity of Archaea, Bacteria and small Eukarya, 
so the ecological analysis of the microbial biosphere is not impossible to 
achieve nor imaginative anymore.

Ecological theory dwells into multiple potential processes that explain 
how communities establish and change (Margalef, 1963, 1968). The 
particularities of these processes along the spatial scale can be studied 
through metacommunity theory (Leibold et al., 2004), although, this approach 
is typically underrepresented in the microbial literature. To comprehend 
metacommunities, the study of a system with partially isolated local 
communities within a regional context should be the aim, since the spatial 
structure may resemble the ecological processes taking place at different 
spatial scales. In this respect, the Pyrenees mountain range is especially 
suitable, since the region harbors one of the most intensive and extensively 
studied limnological areas in the alpine biome to date (Catalan et al., 2006). 
However, because of the technical and logistic challenges, comprehensive 
studies in the Pyrenees within a community ecology perspective are yet based 
in a restricted number of lakes within small sampling areas, or considering 
solely partial components of the lake communities (i.e., phytoplankton, 
zooplankton, or animal groups (i.e., amphibians or fishes)). This PhD 
dissertation aims to unveil all the microbial components and to uncover the 
ecological processes (both biotic and abiotic) behind the spatial distribution 
and biological heterogeneity of lake surface communities in the Pyrenees 
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high mountain lacustrine district, circumventing some of the limitations 
that have hampered these studies in the past. 

1. Microbial ecology in freshwater ecosystems

1.1 Water masses in the alpine biome: a remote extreme environment

Earth’s surface is covered by 70% of water (an estimated volume of 1.38 
x 109 km3), of which 0.0013% is non-frozen freshwater occurring within 
continental boundaries. Freshwater ecosystems are very diverse, and are 
often highly connected. Water can accumulate underground in subterranean 
aquifers nourishing wetlands, and flow through streams and rivers to ponds 
and lakes. Since the terrestrial environment surrounds continental water 
bodies, lakes are the most isolated of the different hydrographic compartments 
and are highly heterogeneous. Their geographic location, ranging from sea 
level to high altitudes and from tropical to polar or alpine biomes, confer 
lakes with widely heterogeneous properties, trophic dynamics and sizes 
(Downing et al., 2006).

Figure 1. Lakes from the Pyrenees mountain range: an alpine biome. The photogra-
phs show (a) Rovinets, (b) Xic de Subenuix and (c) Baborte, during summer of 2015.
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In the alpine biome, remote lakes are exposed to a cold, snowy and 
windy environment. Alpine lakes can be found in high mountain regions 
all around the world located above the tree line. That is the altitudinal edge 
of the habitat at which trees are capable of growing, which is limited by 
Latitude (Allen and Walsh, 1996; Malanson et al., 2007). The alpine biome 
characterizes the Himalayan Mountains, the Alps, the Rocky Mountains, 
or the Pyrenees mountain range. Europe comprises many high mountain 
systems in its orography, especially in the colliding areas of the continental 
crust, in Southern Europe. The Alps is one of the largest mountain systems, 
followed by The Pyrenees and the Scandinavian mountains. These regions 
are affected by marked seasonality, with summer temperatures that can 
range from 10 to 15ºC and winter temperatures falling below freezing. Also, 
exposure to UV wavelengths is stronger because of being up higher in the 
atmosphere and this has effects on the microbiota (Sommaruga et al., 1996) 
but also the exposure of lake plankton to long and dark winters. Isolated life 
forms have had to adapt to these extreme conditions in these regions.

 Historically, paleoecologists have studied plankton microfossils from 
lake sedimentary records (Lotter, 1989; Müller et al., 1998; Catalan et al., 
2002), while limnologists have focused on present alive planktonic 
communities through morphology and microscopy (Pernthaler et al., 1996; 
Wille et al., 1999). More recently and with the onset of molecular techniques 
(Pernthaler and Glöckner, 1998; Alfreider et al., 1996), the number of 
publications regarding microbiology in freshwater lakes has been increasing 
every year (Figure 2). 

Figure 2. Number of limnological papers published per year through searches 
in ‘web of science’ (WoS) according to different keywords: high altitude (alpi-
ne or sub-alpine), low altitude (lowland or montane), prokaryotes (Bacteria, Ar-
chaea or Bacterioplankton) and eukaryotes (Protists, Algae or Phytoplankton). 
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Still, the comparison of the number of publications between the alpine 
biome and lower altitude biomes (i.e., lowland or montane) shows a large 
comparative gap in the current knowledge of the biology of high altitude 
lakes. As expected, the prokaryotic fraction is the group with the largest gap 
so far.

1.2 Putting freshwater microbes in the spotlight

Microorganisms root beneath the origin of life on planet earth, and have 
evolved to exist in every natural and anthropic system. The origin of life, 
regardless of different hypothesis and time estimates, is linked to aquatic 
environments with extreme conditions (Baross and Hoffman, 1985; Martin 
et al., 2008). Not surprisingly, the three main life domains -Bacteria, Archaea 
and Eukarya- are always present and have evolved to inhabit all the variety 
of water masses across the planet even under euxinia or hyperhaline 
conditions for small eukaryotes (Triadó-Margarit and Casamayor, 2013, 
2015). Diversity of the three branches is still far from being completely 
understood, in fact whole new lineages are still being unveiled nowadays 
(Hug et al., 2016), such as the CPR (Candidate Phyla Radiation), DPANN 
(named after five archaea phyla), widespread in the Pyrenees (see chapter 3) 
or Asgard archaea (Spang et al., 2015): a potential evolutionary link between 
the Archaea and Eukarya (Zaremba-Niedzwiedzka et al., 2017). Since late 
1980, microbial ecology has been on an ongoing revolution lately boosted 
by the development of the so-called ‘Next generation sequencing’ (NGS) 
technologies. Early molecular studies with only a few sequences from 
underrepresented communities tried to explain and understand the ecology 
of microbes in nature (Pace et al., 1986; Alfreider et al., 1996). These valuable 
contributions started to capture the immensity of the microbial biosphere, 
but the limitations on understanding its diversity and ecological dynamics 
have been evident (Zinger et al., 2012). 

Given the aquatic origin of microorganisms, all life branches can thrive 
in the water, and their relevance nowadays in the high mountain freshwater 
environments is not anecdotic. Because of the low amount of nutrients 
available in high mountain lakes, fixation, mobilization and accumulation 
of nutrients are crucial for the whole ecosystem functioning (Grossmann 
et al., 2016a). Nutrient cycling and mobilization by microbes in highly 
elevated lakes will have a fertilizing impact downhill through transport 
and accumulation of organic compounds (Ciccazzo et al., 2016). Microbes 
capable of attaching to surfaces in oligotrophic areas are involved in 
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substrate bioweathering, creating further diverse habitats (i.e. Bartrons et al., 
2012) for other organisms to thrive and therefore increasing local diversity. 
These microbes, rather than simply adapting to external conditions they 
thrive together (Faust and Raes, 2012) and need to cope with oligotrophy, 
UV radiation and low temperatures together. In fact, these factors can have 
an impact not in the environmental preference of an organism, but in the 
interaction of many (Sommaruga et al., 1996). Quantification and description 
of diversity, and understanding the general rules of community assembly in 
high mountain lakes would allow to predict vulnerability and stability of 
populations in the current climate change scenario (Cardinale et al., 2012).

2. Microbial community assembly in the alpine biome

2.1 The Pyrenean metacommunity and community assembly rules

For years, dozens of general hypothesis have been proposed to explain 
the diversity of communities (Palmer, 1994). Potential processes shaping 
biological communities can be summarized into four: dispersal, 
environmental filtering, ecological drift and speciation (Vellend, 2010). 
Currently accepted ecological theory posits that communities assemble 
through dispersal from spatial pools of populations and species sorting 
processes to form local communities (Barberán et al., 2014a) according to 
their environmental preferences (Martiny et al., 2006; Lindström and 
Langenheder, 2012) or biotic preferences, that is, species interactions (Blois 
et al., 2013) (Figure 3).

Figure 3. Summary of processes that potentially drive community assembly and eco-
logical succession, therefore, diversity. 
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Local communities are comprised by all the individuals of populations 
that thrive within a single patch, or a local area of a given habitat. Together, 
sets of local communities that are linked by dispersal of multiple potentially 
interacting species form metacommunities (Hanski and Gilpin, 1991; Wilson, 
1992). Metacommunities are studied under the lens of community ecology, 
which is concerned with explaining the patterns of distribution, abundance 
and interaction of species within a given area. The metacommunity concept is 
an important way to think about linkages between different spatial scales in 
ecology (Leibold et al., 2004). Not all the processes may be equally important 
regarding spatial or temporal scales (Vellend, 2010), and their complex 
integration may result in different community patterns along the sampling 
region. In the Pyrenees, each lake acts as a local community, closely related 
and influenced by catchment processes, all within the total potential species 
of the region (regional meta-community) (Barberán et al., 2014a) 

The ecological processes and dynamics shape community assembly 
of a complex interacting planktonic microbiota, under the idiosyncratic 
characteristics of regional geography and geology leading to a specific 
community pattern. The microbial metacommunity in the Pyrenees is 
likely to be subject to the past and present regional characteristics. First, the 
mountain range is a unit formed through the same geological conditions 
and long term climatic forces that have shaped lake ontogeny (Delmas et 
al., 2008), so spatial patterns should reflect, at least partially, this fact. Also, 
the Pyrenees lie between two big water masses: the Atlantic Ocean in the 
west and the Mediterranean Sea in the east. This circumstance makes lake 
communities, specially surface communities during summer, affected by 
northern winds with oceanic influence; although surface communities 
may also be affected by Saharan dust plumes driven by southern winds 
(Hervas and Casamayor, 2009). Therefore, different lakes may have received 
quantitatively different aerial inputs during the seasonal cycle (Vila-Costa 
et al., 2013). Altogether, the Pyrenean meta-community is connected and 
mobilized through atmospheric deposition (Hervas and Casamayor, 2009) 
and water flows (Niño-García et al., 2016) within the regional scale but also 
at the catchment level (Felip et al., 1999b). 

2.2 Scale dependent processes of community assembly

2.2.1 Historical processes in the Pyrenean region

A lacustrine region is, in a way, the result of a scientific experiment 
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designed by the geological scale. High mountain lakes were formed during 
de-glaciation processes that occurred after the last glacial maximum, and 
during the onset of the Holocene epoch approximately 11,700 years before 
present (Walker et al., 2009). Each lake can be understood as a replicate of the 
same driving processes, although each replicate has concrete characteristics 
that become the factors suitable of comparison. The regional scale allows 
taking a picture on a specific time of that geologic experiment. In this context 
the historical assembly processes are the broad research hypothesis, since it 
is not feasible to simulate in the lab the conditions of >10,000 years of lake 
dynamics and ecological processes such as ecological succession. Although 
the sedimentary record can track back some of the historical processes and past 
environmental situations, only a fraction of the microbial populations can be 
retrieved from the paleoecological record, mostly diatoms, dinoflagellates or 
chrysophytes (Lotter, 1989; Lotter and Bigler, 2000; Pla et al., 2003), leaving a 
substantial part of the community untraceable. Present communities are at 
least partially the result of these historical processes. However the glaciation 
dynamics have differed in the different high mountain systems (Delmas, 
2015). In the Pyrenees, de-glaciation was longer because it started earlier than 
recorded on a global scale, which surely has had an impact on the timing of 
colonization and evolution by pioneer communities. Lake formation starts 
after glacial retreat, with water flows having a strong role in the weathering 
of rock and in the movement of particles and nutrients (Ciccazzo et al., 2016), 
and ultimately in early lake communities (Peter and Sommaruga, 2016). 

2.2.2 Catchment and seasonal processes

Within the region, there might be important processes within smaller 
areas of higher connectivity, that is, within each catchment or each mountain. 
Because of the altitudinal succession of weathering and lake formation 
downhill, added to the temperature gradient, there are often patterns of 
communities related to the altitudinal gradient (Wang et al., 2016); although 
these patterns may be different across mountains and therefore, have strong 
differences in regional or multiregional gradients (Li et al., 2017). Community 
patterns linked to altitude may be the result of catchment processes, such as 
water flows from the relatively infertile oligotrophic high altitude lakes to 
the lowland lakes with more eutrophic waters, which adds directionality to 
microbial colonizers (Figure 4a). For instance, allochthonous organic carbon 
from the surrounding terrestrial environment has an important influence in 
the littoral community and these fluxes tend to be smaller in lakes above the 
tree line (Leavitt et al., 1997). These catchment fluxes may be crucial through 
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the seasonal cycle. In winter, an ice cover isolates lakes for several months 
until spring, when the ablation of the ice cover connects the lake again to 
the hydrographic network (Felip et al., 1999b). During the ablation period, 
which is dependent of the altitudinal gradient, water movements through 
the catchment will seed lake communities (Felip et al., 1999a) (Figure 4b). 
Theory states that during a disturbance, established communities are more 
willing to accept immigrants (Shurin and Allen, 2001; Leibold et al., 2004), 
suggesting that the seasonal swift between winter and spring may be key in 
the summer communities.

Figure 4. (a) Mountains viewed under the lens of primary succession: microbial co-
lonization through are and transport through habitat connectivity downstream. (b) 
Seasonal processes in high mountain lakes (Catalan et al., 2006): ice cover formation, 
growth and spring ablation linked to water fluxes and particle movements.

a

b
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2.2.3 Local processes

There are processes acting within each lake that shape the resulting 
composition of the microbial communities (Figure 3). The process of species 
sorting locally considers the environmental idiosyncrasies of each lake 
to ‘order’ microbes in terms of their environmental preferences (Van der 
Gucht et al., 2007). Most lakes in the Pyrenees lie within ultraoligotrophic/
oligotrophic ranges (Camarero et al., 2009), covering distinct environmental 
conditions compared to lakes in Tibet or the Swiss alps (Caliz and Casamayor, 
2014). Alpine lakes in the Pyrenees are generally oligotrophic; therefore lake 
trophic status is not expected as a major segregator of communities as it 
may happen in eutrophized lakes (Catalan et al., 2009). However, a threshold 
separating ultraoligotrophic and oligotrophic conditions may affect the 
amount and quality of DOC, which in turn affects their UV absorptive 
properties (Laurion et al., 2000). Also, the balance of atmospheric deposition 
of phosphorus and nitrogen as limiting nutrients of the system (Camarero 
and Catalan, 2012) may be relevant regarding the resources and strategies 
required for the local communities to thrive. For instance, in the Alps 
phytoplankton and zooplankton are not solely explained by the climatology 
(Tolotti et al., 2012) but also by the trophic status (Tolotti et al., 2012; Grossmann 
et al., 2016b) and alkalinity (Marchetto et al., 2009; Grossmann et al., 2016b). 

Species sorting is traditionally linked to environmental filtering. 
However, biotic interactions (i.e. ‘biotic filtering’) should be considered as 
a similar process of ordering species within a community. Early studies 
showed the protozoan control on phytoplankton (Pernthaler et al., 1996), 
or the bacterivory displayed by ciliates and flagellates (Simek et al., 1995; 
Šimek et al., 1997). Furthermore, it has been observed that the effect of some 
environmental factors such as high UV has an effect lowering bacterivory 
(Sommaruga et al., 1996). Even the presence of viruses (Sommaruga et al., 
1995) can be explanatory of microbial population dynamics (Rodriguez-
Brito et al., 2010) observed with molecular methods (Pernthaler et al., 1998) 
rather than environmental situations. Regarding the trophic webs of the 
Pyrenees, fish presence can alter the trophic chain dynamics by removing 
key zooplanktonic species, driving cascade effects (Ventura et al., 2017). 
Still, the full trophic web of the Pyrenees is not fully understood even in 
terms of what are the main components and their roles, because of the high 
novelty of the microbial eukaryotes inhabiting the lakes (Triadó-Margarit 
and Casamayor, 2012), although significant advances have been recently 
gathered in studies of other freshwater systems (Frenken et al., 2017). 
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In addition to species sorting and filters, ecological drift can change the 
abundances of populations of similar functions (McPeek and Gomulkiewicz, 
2005) through stochastic fluctuations (Chesson and Warner, 1981), although 
there is little experimental evidence of its consequences in nature, where 
competitive forces modulate species abundances (Gilbert and Levine, 
2017). Furthermore, the small microbial sizes, short generation time and 
genetic plasticity makes microorganisms capable of rapid adaptation to new 
situations generating specialized populations which could eventually lead 
to speciation (Caro-Quintero et al., 2011; Ortiz-Álvarez et al., 2015; Llorens–
Marès et al., 2017). Ultimately, speciation is the ultimate generator of species 
diversity, and because of the isolation of the Pyrenees metacommunity, 
speciation may generate microbial endemisms as observed in plant (Manzano 
et al., 2017) or animal communities (Catalan et al., 2006). In fact, using plant 
communities (Lauga et al., 2009), the Pyrenees has been defined as one of 
the five centers of endemism of alpine biomes. There are many terrestrial 
species with more than one genetic lineage in the system, translating into two 
glacial refuge or differentiation. As a reference, the much larger Alps region 
has at least four (Schmitt, 2017). The effects of speciation and ecological drift, 
although acknowledged, lie beyond the scope of this dissertation. 

2.3 Spatial trends of temporal processes in the Pyrenees

Traditionally, studies have focused on quantifying and taxonomically 
characterize how much diversity is present; this is valuable and needed, 
however under this spatial framework diversity estimates are the question 
not the answer. The ecological processes and dynamics shape community 
assembly of a complex interacting microbiota, under the idiosyncratic 
characteristics of Pyrenean geography and geology. Taken together all 
the processes described so far into a single ecological force, ecological 
succession is the process by which communities change through time 
in terms of diversity (Margalef, 1963; Odum, 1969). Species diversity 
is inevitably linked to ecosystem dynamics and processes shaping the 
assembly of communities, and therefore, studying the spatial distribution 
of local diversities is an opportunity to explore in the space processes that 
depend on time (Walker and del Moral, 2003). Recent observations in the 
Pyrenees have indicated an alkalinity gradient that drives community 
differentiation in bacterioplankton communities (Barberán and Casamayor, 
2014), eukaryotic plankton (Triadó-Margarit and Casamayor, 2012) and 
Archaea (Auguet and Casamayor, 2013). However these studies focused 
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only in a few lakes, which were not fully representative of the whole region. 
The current technological possibilities available make suitable the analysis 
of large amounts of samples in an ecological context, comprising the whole 
regional extent and avoiding focusing solely in specific populations. This 
PhD dissertation adds to the intensive and extensive limnological history of 
the Pyrenees, through describing the microbial taxonomic components and 
revealing potential ecological processes behind the different assemblies at 
an unprecedented regional lake district level.



22



Rationale and main objectives



24



Rationale & main objectives

25

The main objective of this PhD dissertation was to give a regional per-
spective on the microbial ecology of the high mountain lakes of the Pyrenees 
using high-performance tag-sequencing techniques on more than 300 lakes 
distributed along the region. Through the extensive description of taxonomic 
components (Archaea, Bacteria and Eukarya) and spatial patterns (regional 
scale) we aim to infer the ecological processes behind community assembly 
of lake surface communities. The temporal scales acting in the Pyrenees shall 
be considered, despite the sampling strategy was solely spatial. For this, we 
did first a succession meta-analysis to understand how diversity metrics can 
indicate successional trends (Chapter 1). This meta-analysis also justifies the 
strategy of sampling during the most stable lake situation, when stratifi-
cation was possible (although the low lake depth in some cases prevented 
stratification). The assembly of idiosyncratic microbiota of such remote and 
oligotrophic waters will be studied through multiple different lenses. From 
the regional variability of local communities and habitat sources of aquatic 
populations (Chapter 2), or the variability in occurrence and environmental 
preferences of unknown groups (Chapter 3), to the differences between lo-
cal and regional diversities (Chapter 4). We further aim to unveil microbial 
novelty and diversity (Chapters 2, 3 and 4) and how this diversity interacts 
in the Pyrenean lakes (Chapter 5), highlighting the potential of combining 
network analysis with tag-sequencing to unveil the microbial ecology of 
freshwater lakes. The expected outcome is a pioneer step to understand lo-
cal community variability of the three domains of life (Bacteria, Archaea and 
Eukarya) within a regional scale and hopes to inspire further biogeographic 
studies in other alpine regions along the globe. A closer description of objec-
tives per chapter follows:

Chapter 1

We hypothesized predictable changes in microbial community succes-
sion in terms of taxonomic diversity, community composition and func-
tional traits equivalent to plants and animals. In other words, to detect if 
communities exhibit specific characteristics associated to their maturity. 
For that purpose we gathered data from 121 16S rRNA gene libraries stud-
ies covering seven distinct habitats (gut-associated, plant-associated, soils, 
river biofilm, microbial mats, and saline lakes). We aimed to compare com-
munities within each study across ‘early’ versus ‘late’ stages of succession, 
regardless of the different system timespans. We also compared how specific 
community-weighted microbial traits varied between early and late succes-
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sional stages, under the assumption that some functional attributes should 
consistently become more or less important during different stages of suc-
cession, regardless of the habitat in question.

Chapter 2

We hypothesized a role of dispersal and environmental filtering on the 
assembly of bacterial communities. Extrapolating environmental sources 
from their closest relatives, we intend to understand the different bacterial 
sources within the lake, therefore the dispersal process. Then, we assessed if 
sources of diversity were constrained by any environmental factors to find 
the main drivers of community assembly in the regional scale, therefore en-
vironmental filtering. Finally, we analyzed how communities arranged in 
the geographic region using alpha and beta-diversity metrics as community 
descriptors of historical processes.

Chapter 3

According to previous studies at the local level, we hypothesized a high 
occurrence and diversity of archaeal assemblages at the regional scale in 
alpine lakes and we aimed to gain additional ecological understanding of 
their specific distributions. To elucidate their ecological role, we character-
ized their genetic diversity, occurrence, environmental preferences and hab-
itat breadth. Specific groups of archaeal populations have been previously 
the target of studies in the Pyrenees through molecular techniques but spe-
cifically, we focused on groups with fewer references and more unknown 
roles, such as those from the DPANN group. Ultimately our study attempts 
to shed light on two previously undetected groups: Woesearchaeota and 
Pacearchaeota, and discuss their ecology within the context of the latest ge-
nomic surveys and their potential genomic traits.

Chapter 4

According to the trends observed in microbial ecology studies, we hy-
pothesized a larger diversity of microbial eukaryotic diversity in lake sur-
faces, than previously reported by traditional methods during many years 
of limnological studies in the Pyrenees. We evaluated their genetic novelty 
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through the V9 region of the 18S rRNA gene grouping them into taxonomic 
levels that respond to similar life forms and trophic roles. Furthermore, eu-
karyal groups were characterized by its genetic diversity and its geographic 
diversification (i.e. Beta-diversity). Altogether, we focused on the heterotro-
phic and parasitic part of the diversity, a fraction harder to access through 
microscopic assessments, to raise general conclusions on their diversity pat-
terns, ecological structure and food-web roles.

Chapter 5

We hypothesized a role of biotic interactions in microbial community as-
sembly. We aimed at describing how the whole biosphere of the Pyrenees is 
interacting and to seek for potential ecological rules behind those interac-
tions. We first attempt to separate biotic interactions from environmental 
or geographic dispersal coincidence to retrieve positive and negative inter-
actions between bacteria, interactions between eukaryotes and interactions 
between bacteria and eukaryotes. Through network analysis we tested if 
different sources of bacteria may show differences on how they interact 
with each other. Relationships between different eukaryotic groups were as-
sessed, with a focus on the potential relevance of fungi in the lake trophic 
chain. We implemented an approach that estimates network properties to 
differentiate and compare networks of co-occurrences and co-exclusions. 
Through node properties we evaluated microbial characteristics and their 
ecological significance, and their interaction potential in the Pyrenees con-
text: a mixture of environmental sources of bacteria and different trophic 
roles of eukaryotes.



28



General methods 
and sampling area



30



General methods  and samplinG strateGy

31

General methods

This section provides a general description of the study system and an 
overlook on the sequencing results to highlight two fundamental approach-
es of this work, briefly introducing the environmental idiosyncrasies of the 
system and the contextual framework of the Pyrenees system.

1. Sampling and system details

Pyrenean alpine and montane lakes were sampled in July 2011 along a 
longitudinal gradient that ranged from longitudes 0°42’21.6” W to 2°27’45.9” 
E and latitudes 42°25’10.0” N to 42°56’06.4” N (Figure 1). The sampling de-
sign (a total of 320 lakes sampled) covered lakes of different sizes (range 
0.1-56.9 ha) located along an altitudinal gradient (range 1459-2990 meters 
above sea level). The Pyrenean alpine catchments were composed of bare 
rock, scree, and alpine meadows, with 40% soil coverage on average. The 
predominant basin bedrock in the sampled area was granodiorite, with the 
presence of limestone and metamorphic rocks (schist and slate) being typi-
cally very poor in nutrients (Camarero and Catalan, 2012). 

Figure 1. Location of sampled lakes across the Pyrenees mountain range. 
Lakes are colored by the analysis performed and results retrieved.

Regarding the geographic characteristics of the region, the Pyrenean 
range is mostly displayed in a longitudinal axis, although it is worth no-
ticing that the longitudinal Pyrenean axis has a north-west to a south-east 
position. This relationship implies that there is a cross-effect: more western 
locations are also more northern ones (Figure 2). Therefore, when attribu-
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ting an effect to longitude, it is possible that latitude also has a weight (and 
vice-versa). Also, the lake position in the range can be in the northern slope 
or the southern slope. This factor has a potential cross-effect with altitude: 
lakes in the northern slope are located at a lower altitude than lakes in the 
southern slope (del Castillo Jurado, 2003). Because in the west and east sides 
there are a higher proportion of lakes in the northern slope, altitude tends 
to be lower when the distance to the center (c. 0.6ºE) is higher. Furthermore, 
the difference in altitude between the southern and northern slopes is not 
captured by latitude because of the oblique position of the Pyrenean axis. 
This information is relevant when discussing results related to geographic 
variables, since these cross-effects may be relevant.

2. Environmental gradients and chemical variability

This thesis comprises the analysis of 30 environmental descriptors, agglo-
merating chemistry, ionic content, nutrients, and morphometric characteris-
tics (Table 1). 

Table 1. Environmental descrip-
tors of the Pyrenean dataset. Mean 
values, standard deviation (SD), 
maximum and minimum values 
for 30 chemical and morphometric 
variables.

Variable Mean SD Min Max
Lake	  area	  (ha) 4.85 6.3 0.1 56.9

Altitude	  (m) 2306.49 235.78 1459 2990
FOND 15.83 11.78 7 113

Vol 0.7 2.61 0 30.02
RWT	   4.48 8.74 0 69.8

Total	  catchment	  (ha) 185.95 361.47 4 5437.9
pH 7.18 0.72 4.45 10.1

ALC 245.74 267.27 -‐35 1530
COND 33.06 30.47 3.9 168.8

DIC 2.97 3.1 0.1 17.5
DOC 0.92 1.02 0 8.7
SRP 14.75 9.88 3 74
TDP 69.43 53.4 3 484
TP 122.09 98.59 14 794

DOP 54.72 48.34 0 431
PP 52.64 59.84 0 568

NH4 0.42 0.4 0 4.2
NO2 0.08 0.05 0 0.22
NO3 5.95 5.48 0 23
TDN 12.51 6.54 3 77
TNv 14.62 7.06 4 77
DON 6.05 5.92 0 76
PN 2.21 2.72 0 25

DRSi 34.14 25 2 235
Clv 5.11 2.86 0 35
SO4 56.63 137.64 5 1339
Na 25.64 14.09 2 97
K 3.01 3.68 0 27

Ca 257.35 258.24 15 1388
Mg 29.48 71.47 2 595
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These have been estimated with standard procedures as described (Ca-
marero et al., 2009). These variables are representative of the chemical and 
morphometric variability of the high mountain lakes of the Pyrenees moun-
tain region. Through a principal components analysis (Figure 2) the main 
environmental gradients of the data are identified: the strongest gradient 
is related to pH and similar variables (COND, DIC, ALC, Ca), which was 
also associated to geography (more alkaline lakes with increased latitudes). 
The second strongest gradient was associated to a trophic status (variables 
representing carbon and phosphorus content opposite to nitrates and ni-
trites). The third gradient (third component, not shown), was associated to 
morphometric variables (lake area, fondaria, RWT). For further details, see a 
similar analysis performed in chapter 2.

Figure 2. Principal components analysis (PCA) performed with the 30 en-
vironmental variables (log-transformed and standardized) and the geogra-
phic coordinates of 320 lakes. The diagram describes the lineal combination 
of variables showing the main environmental gradients (components PC1 
and PC2 represented 37% of the total environmental variance. With the third 
component, PC3, the analysis accumulates 49% of the environmental va-
riance). The different colors indicate the geographic position.
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2. Sequencing and on quantifying microbial diversity

Surface water samples were directly collected close to the outflow of the 
lakes, sampling c. 200 mL in 0.22-micron Sterivex pressure driven sterile fil-
ter units (Millipore R), pre-filtered through a pore size of 50 μM, avoiding 
disturbance of the littoral zone. All lakes with a valid water sample were 
attempted for sequencing (320 lakes) although, sequencing failed in a differ-
ent number of lakes for Bacteria (304 lakes successful) and Eukarya (227 
lakes successful). Geographic distribution of available raw data is shown in 
Figure 1. 

Figure 3. Rarefaction curves of lake samples for eukarya (upper panel) and 
bacteria (lower panel).

Microbial communities were sequenced through the Illumina MiSeq 
platform targeting the 16S rRNA and 18S rRNA partial gene sequences. The-
se genomic regions have been the main tool to study microbial diversity, 
therefore these provide accurate classifications and descriptives. Specifici-
ties regarding the sequencing of bacterial, archaeal and eukaryal communi-
ties are extensively described in chapters 2, 3 and 4 respectively. Through a 
visualization of bioinformatically-filtered sequences, we observed that local 
communities were well sequenced (Figure 3), especially in the case of Eu-
karya. However, based on rarefaction curves of local communities, slopes 
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do not completely show a ‘plateau’ in the bacterial communities, suggesting 
that there is even more potential diversity per lake that was not detected 
(Figure 3). However, when combining the lakes into the regional pool of 
species, rarefaction curves indicate that there is not much bacterial diversity 
to further detect in the region under the given sampling protocol. 

A variety of statistical methods and visualization tools are detailed in 
the methodology sections for each article/chapter. In brief, we included es-
timations of alpha diversity (richness (R), Shannon-Weaver (H’) and phylo-
genetic diversity (PD) as metrics of microbial diversity), beta-diversity (i.e., 
the degree of heterogeneity of a given group of communities), multivariate 
ordinations and statistics, and network analysis. Most analysis and visuali-
zations were conducted under the R-project language for statistical compu-
ting (R Core Team, 2017), through functions implemented in a wide variety 
of packages, or stated otherwise.
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Abstract 

Ecologists have long studied primary succession, the changes that occur in biological communities 
after initial colonization of an environment. Most of this work has focused on succession in plant 
communities, laying the conceptual foundation for much of what we currently know about 
community assembly patterns over time. Because of their prevalence and importance in ecosystems, 
an increasing number of studies have focused on microbial community dynamics during succession. 
Here, we conducted a meta-analysis of bacterial primary succession patterns across a range of 
distinct habitats, including the infant gut, plant surfaces, soil chronosequences, and aquatic 
environments, to determine whether consistent changes in bacterial diversity, community 
composition, and functional traits are evident over the course of succession. Although these distinct 
habitats harbor unique bacterial communities, we were able to identify patterns in community 
assembly that were shared across habitat types. We found an increase in taxonomic and functional 
diversity with time while the taxonomic composition and functional profiles of communities became 
less variable (lower beta diversity) in late successional stages. In addition, we found consistent 
decreases in the rRNA operon copy number and in the high-efficient phosphate assimilation process 
(Pst system) suggesting that reductions in resource availability during succession select for taxa 
adapted to low-resource conditions. Together, these results highlight that, like many plant 
communities, microbial communities also exhibit predictable patterns during primary succession. 
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A complex integration of immigration and local pH 

shapes regional surface lake bacterial community 

assembly in the Pyrenean lacustrine district
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Abstract 

We carried out a regional survey on the archaea composition from surface waters of > 300 high‐
altitude Pyrenean lakes (average altitude 2300 m, pH range 4.4–10.1) by 16S rRNA gene tag 
sequencing. Relative Archaea abundances ranged between 0% and 6.3% of total prokaryotes 
amplicons in the polymerase chain reaction (PCR) mixture, and we detected 769 operational 
taxonomic units (OTUs; grouped at 97% identity) that split into 13 different lineages, with altitude 
and pH having a significant effect on the community composition. Woesearchaeota and 
Pacearchaeota (formerly Euryarchaeota DHVEG-6 cluster) dominated the data set (83% of total 
OTUS), showed a high occurrence (presence in c. 75% of the lakes) and had relative abundances 
significantly and positively correlated with the phylogenetic diversity of bacterial communities. 
Micrarchaeota–Diapherotrites (formerly Euryarchaeota MEG cluster), Methanomicrobia, 
Thermoplasmata and ammonia-oxidizing thaumarchaeota (AOA) showed relative abundances 
between 1% and 3% and occurrences between 14% and 26%. Minor lineages were SM1K20, 
Aenigmarchaeota (formerly Euryarchaeota DSEG cluster), Methanobacteria, Bathyarchaeota and 
SCG. Environmental preferences substantially differed among lineages, with Aenigmarchaeota and 
Methanomicrobia having the largest habitat breadth, and Thermoplasmata, AOA and Micrarchaeota 
having the smallest. Pacearchaeota and Woesearchaeota had been mostly reported from saline 
habitats and sediments, but surface waters of oligotrophic alpine lakes are suitable environments for 
such ecologically spread and genetically diverse archaeal lineages. 
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High planktonic diversity in 
mountain lakes contains similar 
contributions of autotrophic, 
heterotrophic and parasitic 
eukaryotic life forms
Rüdiger Ortiz-Álvarez  1, Xavier Triadó-Margarit1, Lluís Camarero1, Emilio O. Casamayor1 & 
Jordi Catalan2

A rich eukaryotic planktonic community exists in high-mountain lakes despite the diluted, oligotrophic 
and cold, harsh prevailing conditions. Attempts of an overarching appraisal have been traditionally 
hampered by observational limitations of small, colorless, and soft eukaryotes. We aimed to uncover 
the regional eukaryotic biodiversity of a mountain lakes district to obtain general conclusions 
on diversity patterns, dominance, geographic diversification, and food-web players common to 
oligotrophic worldwide distributed freshwater systems. An unprecedented survey of 227 high-altitude 
lakes comprising large environmental gradients was carried out using Illumina massive tag sequencing 
of the 18S rRNA gene. We observed a large Chrysophyceae dominance in richness, abundance and 
novelty, and unveiled an unexpected richness in heterotrophic phagotrophs and parasites. In particular, 
Cercozoa and Chytridiomycota showed diversity features similar to the dominant autotrophic groups. 
The prominent beta-dispersion shown by parasites suggests highly specific interactions and a relevant 
role in food webs. Interestingly, the freshwater Pyrenean metacommunity contained more diverse 
specific populations than its closest marine oligotrophic equivalent, with consistently higher beta-
diversity. The relevance of unseen groups opens new perspectives for the better understanding of 
planktonic food webs. Mountain lakes, with remarkable environmental idiosyncrasies, may be suitable 
environments for the genetic diversification of microscopic eukaryotic life forms.

Hidden species richness in ultraoligotrophic freshwaters ecosystems has long been suspected as early microscopic 
assessments indicated abundant soft and rather small eukaryotic organisms1. In ecological studies, many species 
of recognized relevant groups (e.g. Chrysophyceae) were only tentatively determined or, quite often, lumped 
into size classes, due to the lack of a consistent taxonomy2–5. Recently, the introduction of molecular techniques 
is progressively unveiling a great eukaryotic diversity in mountain lakes6–8. The use of molecular tools for iden-
tification of sequences originating from environmental DNA by reference to sequence databases can overcome 
many limitations of traditional microscopic approaches9, although they may lack specificity to link morphology 
to molecular data10. So far, the molecular diversity of protists in inland waters appears higher than that of the 
morphospecies and cultivated species catalogued in public databases11–13.

Despite remarkable traditional attempts to develop a morphological taxonomy (e.g. studies by H. Skuja, A. 
Pascher, K. Starmach, P. Bourrelly among others), the realistic appraisal of the species richness across oligotrophic 
lakes was hampered by technical limitations. The relevance of scarcely visible organisms, usually heterotrophs, 
has been a matter of speculation or they have been just simply ignored. Heterotrophic flagellates (HNF) were usu-
ally amalgamated in a single functional guild, and amoeboid forms were rarely considered and, if so, with limited 
taxonomic resolution14,15. Recent findings in marine waters have revealed large unseen diversity of heterotrophic 
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protistan groups16, and many studies are highlighting the role of fungi in aquatic food webs as a promising 
research topic9,11,17.

Oligotrophic lakes are widely heterogeneous regarding climatic, chemical and morphological conditions. This 
heterogeneity sustains the proposal that freshwater microbial diversity might be higher than in marine envi-
ronments18–20. An appraisal of the general eukaryotic diversity in oligotrophic planktonic systems requires an 
extensive survey of sites comprising several environmental gradients. Pyrenean mountain lakes provide such an 
environmental variation because of their distribution across altitude, and bedrock diversity21. Their abundance 
in a relatively restricted territory also permits considering patterns related to the spatial distribution and connec-
tivity between lakes. In the present investigation, we have characterised the eukaryotic regional metacommunity 
of the mountain lakes of the Pyrenees and evaluated its novelty using the V9 region of the 18S rRNA gene as a 
taxonomic indicator. Diversity, dominance, and geographic diversification of the main groups were examined. 
We grouped operational taxonomic units (OTUs) in taxonomic levels that responded to similar life forms and 
trophic roles. Thus, some general conclusions on diversity patterns, ecological structure and food-web players 
were unveiled.

Materials and Methods
Lakes survey. The lakes sampling design covered the whole geographical distribution of the mountain lakes 
in the Pyrenees, from 0°42′21.6′′W to 2°27′45.9′′E longitude and 42°25′10.0′′N to 42°56′06.4′′N latitude (Fig. 1). 
The 227 sampled lakes were distributed across altitudinal gradient (1459–2990 m above sea level; average 2300 m) 
and different bedrock types to encompass the main environmental gradients influencing the species distribution 
in mountain lakes21. Lake area ranged between 0.1 and 57 ha (average 4.6 ha). We intended to sample all lakes 
within a selected sub-basin to accurately mimic the lake size, and hydrological connectivity distributions. Most 
of the lakes were located in the alpine belt where bare rock and scree predominated, with 40% soil coverage by 
meadows and shrubs on average. The predominant bedrock was granodiorite, which shaped highly diluted waters 
(average conductivity 33 µS/cm). Additional areas of limestone and metamorphic rocks (schist and slate) pro-
vided a broad range of chemical conditions (e.g., pH range 4.4–10.1, average 7.2). Typically, the lakes were poor in 
phosphorus (average soluble reactive phosphorous 73 nM), and mostly ranked as oligotrophic22. Plankton sam-
ples were collected in the littoral zone along the summer period to keep the temporal interval the shortest as pos-
sible and to preserve comparability among samples. About 200 mL <50 µm size water lake samples were filtered 
in situ using 0.22-micron Sterivex pressure driven sterile filter units (Millipore R), and preserved in lysis buffer 
(40 mM EDTA, 50 mM Tris, pH 8.3, 0.75 M sucrose) as recently reported23. For the genomic DNA extraction, 
the membranes were enzymatically digested with lysozyme, proteinase K and sodium dodecylsulfate incubation, 
followed by phenol extraction, and DNA purification and concentration with Amicon® Ultra 4 Centrifugal Filter 
Units – 100000 NMWL (Millipore).

Sequencing and data filtering. High-speed multiplexed 18S rRNA gene sequencing with the Illumina 
MiSeq System (2 × 150 bp) was carried out with the “universal” 1391 f and EukBr eukaryotic primers (V9 
region)24. These primers are known to recover the known eukaryotic diversity without major qualitative or quan-
titative biases16,25. Guidelines from the Earth microbiome project (EMP) protocol, and the genomics core facilities 
and methods of the RTSF-MSU (Michigan State University, USA) were followed. Raw sequences were analysed 
with UPARSE26. Overall quality of sequences was high, with 77.6% reaching Q30. The total number of sequences 
before quality filtering was 12,288,923. After merging of read pairs and filtering by read length (above or equal to 
161 pb), quality-score distribution (ASCII ‘B’) and an expected error of 0.25, we kept 6,384,407 sequences. Out 
of them 921,749 were unique and 205,694 not singletons. The latter were clustered at 97% identity, after chimera 
removal, resulting in 6398 OTUs. Sequences were mapped back into OTUs and classified with the SILVA 119 
database27. Overall, we retrieved a mean of 24,428 sequences per lake (range 10677–45940).

Figure 1. Distribution of 227 lakes surveyed and sequenced across the Pyrenees. The main river basins are 
indicated. Dots of nearby lakes may overlap. Map created with ArcGIS 10.1 (©ESRI).
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Ecological classification and diversity indexes. Sequences were classified using the RDP classifier by 
default as implemented in Qiime28 and the Silva-NGS pipeline with the Silva 119 database29. Relevant discrepan-
cies were double-checked through local BLAST (search September 2015), and if not resolved left as “Unclassified”. 
Around 7% of the OTUs could not be classified beyond “domain”. Mean number of OTUs per lake (Richness) and 
average occurrence of OTUs were determined. Shannon diversity30 per lake (alpha diversity), Shannon diversity 
in the whole region (gamma diversity) and Berger-Parker dominance31 indexes were calculated.

For classification ad hoc taxonomical levels reflecting the main ecological life-styles were used. Furthermore, 
preferences for carbon source, nutrition type and habitat were labelled. Thus, groups corresponded to distinct 
taxonomic hierarchical levels but shared the common characteristic that most of the species within the group 
showed a similar life form and functional role within the planktonic food web. For the first ten most relevant 
groups, we evaluated in detail more different diversity patterns (Table 1).

Genetic novelty analysis. The novelty in the dataset was explored by 18S rRNA gene BLAST identity 
searches against GenBank sequences (search September 2015) to both the closest environmental match (CEM) 
and the closest cultured match (CCM) available in GenBank (e.g., Massana et al.32). Only OTUs sharing sequence 
identity values and alignment coverage values above 80% to nt database were considered for downstream analyses. 
The closest match identity values (either to environmental or cultured) were used to explore novelty-abundance, 
and novelty-occurrence relationships. High novelty was defined for those OTUs with <97% identity for both 
CCM and CEM (see more details in Supplementary information S1).

Geographic patterns and beta-dispersion. The relationship between geographic Euclidean dis-
tance and community dissimilarity (Bray-Curtis) was evaluated using Mantel tests (R package vegan) with the 
Spearman method both for the whole eukaryotic assemblage and for taxonomic groups of interest. We assigned 
lakes to basins and sub-basins using the ‘Spatial Join’ routine from ArcGIS 10.1 (©ESRI). We estimated average 
beta-dispersion (i.e., average distance to group centroids) (R package vegan) per catchment or sub- catchment, 
and tested it with ANOVA (999 permutations) using the taxonomic groups as levels of a factor ‘taxonomy’. If sig-
nificant, post hoc pairwise comparisons or HSD Tukey tests were carried out to find differences between groups 
(R package agricolae). The coherence between pairs of taxonomic groups regarding how beta-dispersion changed 
in sub-basins was assessed using Spearman correlations (R package base).

Results
The total number of properly identified OTUs reached 6086 (mean 303 per lake, range 82–715), comprising 
105 differential groups (Fig. 2). Most of the metacommunity richness corresponded to planktonic (37%) and 
bentho-planktonic (20%) free organisms, followed by host-dependent organisms (18%). The remaining compo-
nent were putative zoospores, diaspores and traces of predominantly terrestrial (11%) and benthic (3%) organisms. 
The most abundant were autotrophic organisms (73%), but most of them (63% of the total relative abundance) 
were mixotrophs –i.e., autrotrophs that also ingest prokaryotes– and only a minority (10%) exclusively osmotrophs. 
Phagotrophic heterotrophs accounted for 12% of the reads, while other heterotrophic life-forms were less abundant 
(c. 3–0.1%). However, most of the OTUs richness belonged to heterotrophs: phagotrophs (26%), parasites (18%), 
saprotrophs (9%), and symbiotic (0.5%). Autotrophic organisms accounted for 36% of the richness (mixotrophs, 
25%; exclusively osmotrophs, 11%) and trophic mode was unknown for the remaining OTUs. Overall, there was a 
general positive relationship between abundance and richness of the groups (Fig. 2).

Taxonomically, the regional pool was dominated by phytoplanktonic mixotrophic flagellates of Chrysophyceae 
(37% of the sequences and 818 OTUs), followed by Dinoflagellata (20%, 422 OTUs), Cryptomonadales (5%, 93 
OTUs), and Haptophyta (2%, 34 OTUs). Among exclusively osmotrophic phytoplankton, Chlorophyta were the 
most abundant and diverse (5% and 378 OTUs), particularly Chlorophyceae, including also many flagellated 
forms. Diatomea showed relative abundance slightly above 1% of the sequences with 93 OTUs.

Group

Regional parameters Local parameters
Closest 
match (%)

Mean OTU 
occurrence

α-diversity 
(OTU Nr)

γ-diversity 
(H′)

α-diversity 
(OTU Nr)

α-diversity 
(H′)

BP dominance 
(%)

Diatomea 97.48 4.29 93 1.98 4.01 0.62 0.58
Cryptomonadales 96.95 6.47 93 1.36 6.04 0.6 0.54
Ciliophora 96.89 2.96 105 2.64 3.12 0.7 0.33
Kathablepharidae 96.89 23.46 24 0.86 5.65 0.47 0.79
Chlorophyta 96.87 3.51 378 3.26 11.86 1.17 0.12
Dinoflagellata 95.60 6.25 422 2.79 26.53 1.4 0.21
Chytridiomycota 93.71 1.92 710 4.93 13.73 1.7 0.1
Chrysophyceae 93.63 9.19 818 3.88 75.53 2.29 0.12
Choanomonada 92.48 3.83 103 2.41 3.96 0.58 0.45
Cercozoa 91.98 2.49 542 3.81 13.56 1.51 0.16

Table 1. Regional (lacustrine district) and local (per lake) diversity indexes. The mean closest match identity 
and OTU occurrence, Alpha and Gamma diversities estimated by the total number of OTUs (Richness, OTU 
Nr), Shannon diversity index (H′), and Berger-Parker dominance index (BP dominance) are shown.
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Regarding the motile heterotrophic components of the samples, the pseudopodia-feeding group Cercozoa 
(Rhizaria) with 4.2% of the sequences and 542 OTUs was the most abundant and diverse. Other groups above 1% 
of the sequences were Choanomonada, Kathablepharidae, and Bicosoecida. Ciliophora were slightly less abun-
dant than these groups but with substantial richness. In contrast, Kathablepharidae and Cryptophyceae showed 
poor OTUs richness. Among mycoplankton, the mostly parasitic fungi Chytridiomycota (2% relative abundance) 
showed high richness (710 OTUs). Mainly terrestrial Dikarya, including Ascomycota and Basidiomycota (511 
OTUs), and Zygomycota (63 OTUs) were probably present as dispersal stages.

Eukaryotic genetic novelty in the Pyrenean lacustrine district. As a common trait, large pro-
portions of highly novel representatives were observed for the different taxa. The main major groups SAR 
(Stramenopiles-Alveolata-Rhizaria), Opisthokonta, and Archaeplastida, showed 81%, 74% and 54% of the OTUs 
within the highest novelty, respectively (Fig. 3). This value raised to >90% in the minor groups Centrohelida 
and Excavata. SAR had the largest diversity of both autotrophic (Chrysophyceae) and heterotrophic (Cercozoa) 
groups and also the greatest novelty. Chrysophyceae were mainly recovered within the highest novelty plot area, 
equally distant from environmental and cultured references even for those OTUs showing the highest occurrence. 
Numerous Rhizaria, which essentially corresponded to Cercozoa, were far below the 97% threshold. Within 
Opisthokonta, it was remarkable the extremely high novelty in Fungi. Indeed, most of the Chytridiomycota 
OTUs, true aquatic fungi, were in the highest novelty area of the plot and the mean value of the closest match was 
substantially low (Table 1). A smaller set of OTUs related to potential basal fungi (LKM11 and LKM15) previously 
found in environmental studies, showed low relatedness to cultured counterparts. Choanomonada also showed a 
great degree of novelty, although the most common OTU had been previously reported in environmental surveys. 
Photosynthetic Chlorophyta and Cryptophyceae showed close cultured references. Conversely, the heterotrophic 
group of Cryptophyceae (Kathablepharidae) lacked close cultured counterparts (<93% identity to CCM). Finally, 
Dinoflagellata and Haptophyta showed low novelty. In general, the relationship between the degree of genetic 
novelty and both abundance (r = 0.21, p < 0.01) and occurrence of the OTUs (r = 0.23, p < 0.001) was low. Thus, 
the most abundant and frequent OTUs were not necessarily previously known.

Figure 2. OTU richness and cumulative relative abundance of the main groups found in the plankton of 
Pyrenean lakes in logarithmic scale. Colours indicate dominant nutrition type while shapes indicate their main 
habitats. Autotrophs are split into two groups: those purely osmotrophs and those also able of phagotrophic 
ingestion (mixotrophs). A fitted linear model is drawn.
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Planktonic eukaryotic richness and ecological diversity in oligotrophic waters. Chrysophytes, 
Chytridiomycota, Dinoflagellata, Cercozoa, and Chlorophyta showed the highest richness, Shannon diversity >1 
per lake, and Berger-Parker dominance around 15% (Table 1). Lower richness and Shannon diversity (around 
0.5) was observed in Kathablepharidae, Cryptomonadales, Diatomea, Ciliophora, and Choanomonada with 
Berger-Parker dominance >30%. The metacommunity patterns of gamma-diversity (rank-abundance curves) 
slightly diverge from the previous alpha-diversity picture. The gentler the slope of the curves, the greater the 

Figure 3. Novelty of OTUs as indicated by their closest cultured and environmental matches identity values. 
The highest novelty area is indicated, and falls below the 97% thresholds. Color displays the main groups of 
study, leaving other OTUs of the high taxonomic ranks in black. Dot size indicates OTU occurrence in the 
dataset.
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gamma-diversity (Fig. 4). Chytridiomicota, Chrysophyta, and Cercozoa were again the most diverse groups 
but the two heterotrophic groups showed more spatial beta-diversity than Chrysophyta. Chlorophytes and 
Dinoflagellata showed intermediate values and the diversity for the remaining groups was low, particularly, in 
Kathablepharidae.

Interestingly, the freshwater Pyrenean metacommunity contained more diverse specific populations than the 
closest marine oligotrophic equivalent, surface waters of the Mediterranean Sea (Tara Oceans Project16) after nor-
malizing to equivalent sequencing efforts (Fig. 5). This result was more apparent for Chrysophyceae, Cercozoa, 
Katablepharidae, and Ciliophora. Conversely, Diatomea and Dinoflagellata, appear to hold richer plankton 
populations in the Mediterranean Sea. Similar values were found for Choanomonada, and very few chytrids 
were reported in the Mediterranean dataset. In addition, higher beta-diversity was found for the regional fresh-
water study than in the marine surface samples across the Mediterranean (see more details in Supplementary 
information S2).

In general, the similarity between lake communities was significantly related to the geographic dis-
tance (Mantel test, Spearman method, r = 0.21, p = 0.001). In particular, this relationship was significant for 
Chrysophyceae (r = 0.16), Dinoflagellata, Ciliophora, and Cercozoa although the variance explained was low 
(Table 2). Therefore, we further analysed the diversity partition across the region considering catchments 
and sub-catchments. The mean beta-dispersion of basin and sub-basin communities was 0.53 (sd = 0.04) and 
0.40 (sd = 0.07), respectively. The ANOVA of distances to group centroids was not significant for catchments 
(F = 1.89, p = 0.12). Conversely, the same analysis for sub-catchments was significant (F = 2.28, p < 0.001), 
and the post hoc Tukey HSD test showed that the taxonomic groups could be categorised into different levels of 
sub-basin beta-diversity (Table 2). The analysis highlighted the main heterotrophs with high beta-dispersion (i.e., 
Chytridiomycota and Cercozoa, ‘a’) from the main primary producers with low beta-dispersion (Chrysophyceae 
and Dinoflagellata ‘c’), and Kathablepharidae (‘d’) as the group with the lowest beta-dispersion. There was a 
positive correlation among the beta-dispersion of most of the groups per sub-basins (Fig. S1), being especially 
remarkable the high correlation and degree of significance (P < 0.001) of the Chytridiomycota with many of the 
other groups.

Discussion
Historically, knowledge on protist assemblages from high mountain lakes was mainly based on ecological studies 
(e.g. Capblancq, 1972; Tilzer, 1972)33,34. They suspected a high diversity in some groups such as Chrysophyceae 
and Dinoflagellata, similarly as found in other oligotrophic systems (Nordic and Central European sites) by early 
taxonomical studies. Our study broadens this suspected high diversity and indicates a high degree of novelty, 
even in the case of Dinoflagellata with apparently closer culture counterparts especially for the most abundant 
OTUs. The comparison with the marine samples primarily highlights the Chrysophyceae richness in mountain 
lakes, whereas dinoflagellates are richer in the marine environment. Since chrysophytes lack carbon concen-
tration mechanisms35, these are particularly suitable for these soft water environments, and we can interpret 
richness differences as an evolutionary divergence of the ecology between the two groups. This hidden high 
diversity in Pyrenean chrysophytes was already suspected based on 210 stomatocyst morphotypes found along 
105 lakes36. The molecular survey carried out in the present study, suggests that the chrysophycean richness is 
at least four-fold larger. Interestingly, in classical treatises of Chrysophyceae morphospecies descriptions, the 
number raised to about one thousand (e.g., Starmach, 1985)37, though only a few of them have been cultivated. 
Chrysophyceae also includes heterotrophic organisms. Many of them are usually handled as Spumella-like 

Figure 4. Rank abundance plot (log scale) of OTUs by taxonomic groups of interest. Cumulative sum of relative 
abundances determines OTU rank per group.
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organisms, and c. 50 Pyrenean OTUs could be assigned to this genus. A recent study indicates that Spumella-like 
flagellates are polyphyletic and that their lack of morphological differences can be seen as a convergence to a suc-
cessful live form under certain ecological circumstances38. Mountain lakes, with a dark long ice-covered period39, 
may be a suitable environment for the genetic diversification of this life-form.

Dinoflagellates are abundant and diverse in mountain lakes, although less than in marine samples16. The 
high richness is particularly concentrated in small and unarmored forms (e.g. Gymnodinium). As is the case for 
Chrysophyceae, the molecular techniques provide a tool to investigate solidly the ecology of mountain dinoflag-
ellates, which with the few exceptions of some Peridimium have remained elusive to traditional taxonomist. The 
result obtained for diatoms conformed to the established knowledge. Most of the diversity largely corresponds to 
benthic forms and, therefore, the modest contribution to total planktonic diversity does not come as a surprise. 
Moreover, as expected, the bulk of the OTUs corresponded to centric diatoms. The match with the cultured 
Fragilaria nanana agrees with the observation of this species in mixing epilimnia40. The group Cryptophyceae 
(both Cryptomonadales and Kathablepharidae) showed low diversity as compared with its high abundance and 
widespread occurrence. This feature is not something particular to mountain lakes but general for the group. 
The low morphological differentiation does not hide a high molecular diversity, although molecular taxon-
omy revealed additional variation41. Finally, we confirmed the presence of Haptophyta (Pavlovophyceae and 
Prymnesiophyceae) most of them closely related to cultured counterparts (e.g. Chrysochromulina parva), a group 
with little penetration in freshwaters and that had been only sceptically reported in mountain lakes42.

Molecular approaches provide taxonomic accuracy to the ecological studies, which up-to-now was only avail-
able to a few taxonomic specialists, as in the large variety of biflagellate Archaeplastida previously reported3,42 
or ciliate species. The case of Ciliophora stands out since their morphological diversity is well known in at least 

Figure 5. Rarefaction curves per taxonomic group of the Pyrenean pool (227 samples rarefied as a single pool) 
versus the Mediterranean Sea pool from the Tara Oceans project (11 samples per size fraction). Despite the 
variable number of samples, we equalized both pools by rarefying at equivalent sequencing depths per pool (see 
Supplementary information).

Group Mantel-r
Basin beta-dispersion 
(mean ± SD)

Sub-basin beta-
dispersion (mean ± SD)

Tukey HSD 
test groups

Chytridiomycota −0.02 0.66 ± 0.03 0.52 ± 0.07 a
Cercozoa 0.07* 0.63 ± 0.04 0.49 ± 0.08 ab
Chlorophyta 0.05 0.61 ± 0.07 0.49 ± 0.08 ab
Ciliophora 0.07** 0.64 ± 0.05 0.48 ± 0.11 ab
Diatomea −0.02 0.64 ± 0.03 0.47 ± 0.11 abc
Choanomonada 0.01 0.60 ± 0.06 0.46 ± 0.12 bc
Cryptomonadales −0.07 0.57 ± 0.07 0.45 ± 0.11 bc
Chrysophyceae 0.16** 0.56 ± 0.05 0.41 ± 0.10 c
Dinoflagellata 0.09** 0.56 ± 0.03 0.42 ± 0.09 c
Kathablepharidae 0.04 0.47 ± 0.05 0.32 ± 0.14 d

Table 2. Geographic relationships statistics among group communities. Mantel test results between group 
communities and geographic distances (*p < 0.01, **p < 0.001). Beta dispersion comparison per basin and sub-
basin. Beta-dispersion was calculated per sub-basin when there were at least two lakes to compare. Statistical 
significance was assessed through post-hoc Tukey HSD for sub-basins: groups a–d are groups of analogous beta-
dispersion patterns.
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one lake2,42. Combining metabarcoding and morphology of Ciliophora would allow straightforward understand-
ing of their ecology and behaviour. Cultured references in general offered poor taxonomic quality, as in the case 
of non-flagellated Archaeplastida (e.g. Chlorococcales). But in some cases OTUs had close counterparts, as in 
Haptophyta or flagellated Archaeplastida. Molecular approaches can help discern between organisms with homol-
ogous morphologies. However the V9 region of the 18 rRNA gene lacks resolution to discern between species10. 
Furthermore, the degree of differentiation of this highly conserved region between organisms can vary between 
lineages, and its delimitation lies beyond the scope of this article. The fact that the same cultured strain was the 
CCM to several OTUs (e.g. Gymnodinium) or to marine genera, further confirms that the resolution of V9 18S 
rRNA region is low, and especially critical in the Alveolata group (see more details in Supplementary information). 
An effort to connect metabarcoding with morphological observations appears as a straightforward and fruitful 
way to follow. The wide range of monographs on freshwater Archaeplastida or Diatoms21,43–45; based on micro-
scopical morphological observations could benefit of single-cell genomics46 or multi marker gene analysis to help 
fully disentangle a complex overlooked eukaryotic biosphere and their ecological dynamics. For example, if the 
correspondence between cyst types and Chrysophyceae barcodes is confirmed, the molecular techniques can pro-
vide more comparable ecological studies across sites. The cysts sedimentary record would enlighten a view of the 
population dynamics over millennia in paleoecological studies, so far mostly addressed with the diatom records.

nveiling unexpected heterotrophic diversity in oligotrophic freshwaters. The variety of het-
erotrophic flagellates in planktonic ecosystems has been traditionally underestimated47, particularly in moun-
tain lakes48. Our results unveil an unexpected high heterotrophic diversity in several main groups. Further than 
the aforementioned Spumella-like organisms from Chrysophyceae, less richer phagotrophic flagellated groups, 
such as Choanomonada, Kathablepharidae or Bicosoecida49 also presented a higher diversity than expected. 
Chytridiomycota was the second richest group. The close relationship with cultured counterparts indicated that 
some of them may be pollen saprophytes. However, a vast richness remains with unknown roles. Chytridiomycota 
show the highest beta-dispersion, whose patterns per basin were significantly different to the main primary pro-
ducers (Chrysophyceae and Dinoflagellata). This agrees with specialised saprophytic and parasitic roles9. The 
marked difference between the total species richness (gamma diversity) and the average richness per lake (alpha 
diversity) indicates a high specificity and punctual incidence in the communities as previously suggested50. 
However, only time series studies in a selected number of lakes can further provide the right answer to this 
hypothesis. The richness of Chytridiomycota in different aquatic systems is cropping out as more habitats are 
investigated with molecular techniques51. The low average richness per lake compared to the high metacommu-
nity diversity suggests highly specific host interactions. The outstanding heterotrophic diversity is present also 
in Cercozoa (Rhizaria), whose role has been largely ignored, yet specimens were often observed in microscopic 
assessments. Parts of this diversity are benthic organisms such as the ameboid forms with organic or siliceous 
theca. However, flagellated forms (Cercamonadidae and Glissomonadida) spherical ameboid forms with filopo-
dia, such as the Vampyrellidae, which are likely truly planktonic, also contributed with a substantial richness. 
Overall, and according to very recent findings in aquatic environments (see below), this trait is not exclusive of 
mountain lakes but probably an unseen key piece gearing planktonic food webs.

Reconsidering planktonic food webs. Recent studies have been highlighting the relevance of the heter-
otrophic component in the marine protists diversity16 and biological interactions for the community dynamics52. 
The large diversity observed in the present investigation provides the building blocks for reconstructing mountain 
lake food webs. In these small lakes, the fuelling of the planktonic food web does not depend exclusively on its 
own primary production but also on organic materials supplied at the interfaces with the atmosphere, the ben-
thic lake habitats, peri-lacustrine environments and terrestrial soils through direct and diffuse runoff2,43,53. The 
external loading of organic material enhances the heterotrophic character of the metacommunity by facilitating 
growth of saprophytic organisms releasing nutrients into the food webs (e.g. Chytridiomicota growing on pol-
len grains) and phagotrophic heterotrophs grazing on associated microbial communities. Indeed, the gamma 
diversity comparison with marine samples, from sites of similar primary productivity remarks the exacerbated 
saprophytic character of the lake communities. We may further wonder about the role of clearly terrestrial organ-
isms, such as Dikarya or Zygomycota. Their high abundance and richness probably correspond to dispersal stages 
that constitute a source of food for protists and aquatic invertebrates54. In addition, the high richness of truly 
aquatic fungi or mycoplankton (e.g. Chytridiomycota) indicates a key role of parasitism on the lake plankton 
dynamics. Detailed studies relating host and Chytridiomycetes infections have focused on some key species 
(e.g. Asterionella55 or Daphnia56). Others have studied their implication on the proposed ‘mycoloop’57, which 
would sustain zooplankton populations under algal bloom conditions by increasing palatability58. How this loop 
would function under highly oligotrophic circumstances has high research potential. The increasing awareness 
of the role that Chytridiomycetes play in controlling host populations59–61 highlights parasitism in lake ecosys-
tem dynamics as a key missing pathway as some time ago occurred with viral infections62. The latest molecular 
approaches provide solid foundations for reviewing the food web paradigm in oligotrophic freshwater lakes9 
where parasitic groups are suspected to have high relevance63.

A large variety of parasites from all the main evolutionary branches were also abundant like in Stramenopiles 
(Labyrinthulomycetes, Peronosporomycetes, Hyphochytriales, Opalinata and Blastocystis), Alveolata 
(Apicomplexa, Perkinsidae and Syndiniales), and Opisthokonta (Blastocladiomycota, Ictyosporea, Myxozoa, 
Zoopagomycotina). Many of them may be present only as dispersal stages (e.g. zoospores and sporozoites). In 
any case, the large number of OTUs found demand more consideration of all these organisms in the lake eco-
system. Up to recently, some of the groups were mostly known from marine systems (e.g. Labyrinthulomycetes, 
Perkinsidae, Syndiniales). Perkinsidae have been found in freshwater only a few years ago64, and molecular sur-
veys are increasingly reporting them65. These organisms can be parasites of algae, fish, bivalves and amphibians. 
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Parasitism on benthic invertebrates and macrophytes may have a potential impact on the planktonic community 
by top-down interactions since littoral can be considered extending to the whole lake in many small mountain 
lakes. Parasites infecting protist, rotifers and planktonic crustaceans may have a direct influence on the planktonic 
food web (e.g. Chytridiomycota, Peronosporomycetes, Perkinsidae, Syndiniales, Zoopagomycotina). The stocking 
of Fish in mountain lakes throughout the world by humans may be highly relevant at this respect66. Thus parasites 
related to them (e.g. Peronosporomycetes, Perkinsidae, Syndiniales, Ichtyosporea, Myxozoa) may merit more 
insight in future studies, particularly those more virulent. As Chytridiomycota, some groups include a range of 
life forms; for instance, Blastocladiomycota, are zoosporic fungi that some are saprophytic on refractory materials 
(e.g., pollen, keratin, cellulose, chitin), grow in the submerged parts of marsh plants and may be specific parasites 
of nematodes, midges and crustaceans. Like LKM11, the ecological role of potentially basal fungal groups remains 
to be assessed in these oligotrophic lakes. In-depth studies are required but, whatever the specific roles that will 
come out, the conclusion that saprotrophic and parasitic interactions are central to the dynamics of the lake 
planktonic communities will probably remain.

Data accessibility. Raw files for the genetic datasets are available in the NCBI SRA database under project 
id PRJNA413654.
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1. The Pyrenean lake district microbiota

1.1. Core and transient organisms in the community ecology of lake surfaces

High mountain lakes are very dynamic ecosystems. Lake water flows 
getting eventually mixed with different hydrographic compartment such as 
streams and rivers (Niño-García et al., 2016) or sub-surface reservoirs (Win-

ter, 1999). In this regard, lake surface acts as a mirror of the dispersal me-

chanisms connecting the catchment (Catalan et al., 2006), and a gateway to 

further colonize the water column. The high water retention time charac-

teristic of lakes translates into microbial communities capable of forming 
stable populations with long persistence in the lake. Network analysis of 
bacterial source-tracking allowed us to visualize for the first time that aqua-

tic-related bacteria in surface Pyrenean lakes waters were strongly gathered 

into a module of a high number of interactions, confirming the expectation 
of a core (or autochthonous) group of ecologically relevant aquatic bacteria, 
which also had the highest abundances (Chapter 5). In addition, the modu-

larity analysis unveiled that some soil/sediment-related bacteria with lower 

abundances may be transient (or allochthonous), or even dead organisms 

following catchment processes, whereas other populations of higher abun-

dance may actually have successfully colonized the water column and also 

have active ecological roles in situ (Lynch and Neufeld, 2015; Ruiz-González 
et al., 2015). This community fingerprint is certainly an expected outcome, 
since a high proportion of freshwater surface Bacteria may be transferred 
from complex soil environments (Crump et al., 2012) , which also harbor 

specific habitat populations and interactions (Chaffron et al., 2010). We inter-

pret therefore that aquatic core organisms and some seeded from terrestrial 
environments may establish more permanent populations than stochastica-

lly dispersed transient organisms, for which the aquatic environment acts 
just as a dispersal vector (i.e., soil particles and attached microbiota non via-

ble in the plankton) (Zwart et al., 2003). 

The lake surface is also an active part of the planktonic food web. In fact, 
the continuous supply of organic materials from the interface with the at-
mosphere, benthos, peri-lacustrine environments and soils (Felip et al., 1999; 
Ruiz-González et al., 2015). This was also demonstrated through the eukar-

yotic metacommunity composition, which out of the total richness 11% were 
terrestrial organisms, such as lichen or vegetal remains. In the other hand, 

lake and soil bacteria were equal contributors of richness (based on the envi-
ronmental annotation and database search from chapter 2). This implies that 
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water flows mobilize more easily terrestrial bacteria, probably due to their 
smaller sizes, highlighting the role of the lake surface as a dispersal vector for 
transient bacteria. Alternatively, bacteria may have higher resistance to cells 

losses. Probably, despite the lower richness, allochthonous eukaryotes may 
constitute the main food source for the unexpectedly rich Chytridiomycota, 
that support the heterotrophic character of the surface meta community re-

leasing nutrients into the planktonic food web. These observations highlight 
that bacterial and eukaryotic components have different roles in the surface 
meta-community. Therefore, unveiling the hidden diversity and understan-

ding the patterns behind their distributions leads to the understanding of 
different processes happening at different spatial scales. 

1.2. Unveiling new diversity of interacting microbiota and their ecological roles

A primary goal in most diversity studies, regardless of further ecological 
descriptors, is to quantify how much biological diversity is present in a given 
system. The discovery of new biological diversity is and has been subject to 

research driven at first by human curiosity, but further explored in detail 
because of their implications in ecology. Capturing the whole or most of 
the diversity in the study system provides the foundations to scientifically 
explore ecosystem-level and evolutionary questions. For instance, lately 
there is a growing interest to explore diversity radiations within Archaea, 
that only the latest sequencing techniques have been able to dissentangle. 
Along the Pyrenean survey, 82% of archaeal sequences belonged to a group 
of unknown function (DHVEG-6), comprised by two clearly differentiated 
lineages, further coined as Pacearchaeota and Woesearchaeota (Castelle et al., 
2015) which occur in 75% of the lakes. Resolving the ecological role of such 
widely distributed Pacearchaeota and Woesearchaeota groups requires of 
the evaluation of environmental breadths available from extensive surveys 

like the one carried out in the Pyrenees. Intermediate amplitude, may 
indicate that chemical variables are not fundamental. Instead, the abundance 

relationship with bacterial diversity, linked to genomic traits characteristic 
of symbiotic organisms, may suggest an unseen to date archaea-bacteria 

direct biotic interaction (Wrede et al., 2012). A worth to mention case is also 

present in the heterotrophic eukaryotic component mostly represented by 
highly diverse aquatic fungi. Again, we detected an overlooked crucial 
component regarding biotic interactions. Thus, recent studies and reviews 
are highlighting the role of Chytridiomycota in the ‘Mycoloop’ as controllers 
of phytoplankton enhancing zooplankton. Furthermore, there is also a really 
high diversity and abundance of the LKM11 group (a.k.a. Cryptomycota or 
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Rozellomycota) with an ecological role still unclear although we observed 
close links of some Cryptomycota representatives with phytoplankton 
through co-occurrence networks that deserve further studies. The diversity 

captured and described by our spatial sampling represents faithfully the 
regional surface water microbiome of the Pyrenees in summer, although 

additional insights will require seasonal studies covering heterogeneous 
aerial inputs (Hervàs, 2009; Peter et al., 2014), and explore variability in the 
vertical axes sampling deeper lake strata (Auguet et al., 2012; Özgul et al., 
2015).

2. Environmental filtering in bacterial and eukaryotic communities

2.1 The process of environmental filtering on environmental preferences

From the available regional pool of microbes with the potential to reach 
the lake waters (Chase, 2003), only some of them will successfully establish 

as core populations locally (Nee et al., 1991; Ruiz-González et al., 2017). Clas-

sic niche theories establish that microbes assemble on the basis of their pre-

ferences and affinities towards multiple environments of concrete characte-

ristics (Hutchinson, 1961). This process is known as environmental filtering 
or species sorting (Vellend, 2010). As we have demonstrated empirically 
(Chapter 1), the deterministic environmental filtering per habitat becomes 
stronger with time, and more mature communities tend to comprise more 
similar communities under equivalent environmental filters. In microbes, 
filters act on the microbial functional characteristics. Indeed, our observa-

tions in bacterial assemblages from multiple habitats indicate that pioneer 
or non-mature communities are comprised by fast growers (cells with a high 
number of copies of ribosomal RNA) and that are capable of assimilating ra-

pidly inorganic phosphorus from the environment (through the Pst operon 
system), a metabolic feature that may be specially relevant in oligotrophic 
systems with P acting as a limiting nutrient. Despite these observations are 
shared across habitats, there are other traits likely to reflect the specificities 
of each given system, where the distribution range of a population is rela-

te to the genomic size and associated metabolic versatility (Barberán et al., 
2014). However the opposite strategy also exists, with different microbes 
spreading into different niches, so not all of them compete in the same en-

vironmental ranges and have specific functional traits. This process can act 
at the individual level (a single organism with suitable functional traits to 

live in the given conditions), at the group level (taxa that share a common 
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functional trait) or at the interaction level (at least two interacting organisms 

which interaction is only possible under the given conditions in situ). In 
lakes, aerial colonizers (Peter et al., 2014) and soil colonizers (Niño-García 

et al., 2017), are environmentally selected by the conditions of each lake to 
assemble the resulting communities (Niño-García et al., 2016)(Niño-García 

et al., 2016). 

2.2. Spatial trends of environmental filtering in eukaryotes

Since some environmental factors have a regional structure, those that 

have the most significant filtering effect will mimic the resulting community 
structure along the region. As mentioned, eukaryotes have a lower inter-

habitat mobility and cell viability than bacteria. So it is likely that their com-

munity patterns may be more related to the specific environmental filtering 
rather than more stochastic communities driven by random dispersal. The 
dissimilarity arrangement of communities confirms this hypothesis. Eukar-

yotes are strongly affected by alcalinity (~pH, with a slighly stronger corre-

lation value) and total phosphorus (although C and N variables co-varied 
with P in these system, as recurrently observed (Taylor and Townsend, 2010; 
Camarero and Catalan, 2012). Aiming to expand and lead further studies, 
community heterogeneity was contextualized under low or high nutrient 

conditions (phosphate or nitrogen limited) (Figure 1).

Figure 1. Eukaryotic pyrenees metacommunity displayed with the main environ-
mental drivers. Also, relationships with alpha diversity, and beta-diversity based on 
differential phosphate/nitrogen limitation. Betadispersion is based on diversity cate-
gories and in alkalinity (strongest env. correlation) quartiles.
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Previous studies in eukaryotic communities with fewer lakes, had al-

ready shown that pH (associated to lithology), and phosphorous (trophic 
status) were the main environmental drivers (Triadó-Margarit and Casama-

yor, 2012), and key drivers for phytoplankton composition (Buchaca and Ca-

talan, 2008; Grossmann et al., 2016b). The fact that pH (or similar variables) 
appeared as the most important factor shaping both bacteria and eukarya 
community composition along the whole regional scale was not surprising 
as this fact has recurrently been reported in freshwaters (Ren et al., 2015), 
and agrees with the idea of the Pyrenean lake district being a whole region 

subject to the same pool of potential colonizers, but separated by the alka-

linity substrate gradient. Given the strong relationship observed between 
alpha diversity of eukaryotes and total phosphorus (Figure 1), we infer 
that the more phosphorus available, the more diversity is established. But 
furthermore, local variability under the high P scenario was substantially 

higher than under low P and available nitrate. It is plausible that the high 
diversity of primary producers based on Chrysophyceae, Chlorophyta and 
Cryptophyta may assemble in alternative clusters depending on the trophic 
situation. And that there are more potential genetic types available at the 
higher phosphorus situation, and therefore with more possibilities to assem-

ble differently. These alternatives related to a trophic axis of TP have been 
previously observed in early 2000’s, during a spatial study (n=82 lakes), and 
related it to introduced fish presence (Buchaca and Catalan, 2007). Fish in-

troductions have a strong impact to zooplankton and therefore to the who-

le trophic chain (Ventura et al., 2017), increasing eutrophia (Buchaca et al., 
2011). Because of the fact that both the phosphorus and nitrogen cycles have 
been affected by global change (Rockström et al., 2009; Steffen et al., 2015), 
and given the sensitivity of the Pyrenean lakes to varying atmospheric loads 
of nitrogen and phosphorus (Camarero and Catalan, 2012) we can expect 
substantial community switches in the near future. Furthermore, the ferti-
lization effects observed in the Pyrenees are likely occurring in other lake 
districts of alpine biomes. Preserving lakes as close to their oligotrophic na-

tural conditions may help prevent global change effects, and on this mat-
ter ongoing projects are restoring lakes to their pristine fishless conditions 
showing evident changes in the eukaryotic trophic structure along the span 
of a few years (Ventura et al., 2017). 

2.3 Environmental filtering and dispersal in bacteria vs. eukaryotes

The aforementioned community patterns in eukaryotes are strongly dri-
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ven by deterministic environmental filtering. However, as shown in chapter 
2, phosphorus was not a strong factor shaping dissimilarity patterns in bac-

teria and the predictive strength of pH was limited. The network analysis of 
bacteria and eukaryotic species interactions showed that network properties 
differed greatly both separately and in the specific network of bacteria-eu-

karya interactions. In fact, at least partially, bacterial modules seem to be 
characterized by intermobility of habitat-specialized populations. Which 
means, that the strength of stochastic processes and deterministic processes 
appeared different for bacteria and eukaryotes (Figure 2). Again, this agrees 
with the previously stated idea of bacterial populations showing higher mo-

bility in the hydrographic network than larger organisms such as protists, 
algae or fungi. In fact, it doesn’t look likely that most freshwater eukaryotes 
detected can thrive in soils, while we have confirmed that some soil bacteria 
can seed populations into the water system. Water movements and seeding 
along the seasonal cycle seem more important for bacteria than the chemical 
status of lakes, which in turn is crucial determining the eukaryotic commu-

nities (Figure 2). Unfortunately the current dataset did not allow to evaluate 
these phenomena in the archaeal communities, although, because of their 
sizes it is likely that these are affected by dispersal as bacteria. A major con-

clusion here is that the regional metacommunity of bacteria is essentially 

structured by dispersal, while the eukaryotic metacommunity has a stron-

ger effect of environmental filtering.

Figure 2. Relationships of distance metrics of communities, immigration sources 
and water chemistry. Mantel tests with the Spearman method were carried out to 
assess the strength of links between communities and community descriptors (dis-
persal and environmental filtering).
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3. Microbial community assembly and biogeography on the Pyrenees

3.1. Links of environmental and biotic preferences in community assembly

Integrating the concepts of environmental filtering and biotic interac-

tions is a research topic of special interest to enlighten the ecology of the 
new unveiled diversity, such as novel archaea or aquatic fungal branches. 
Taking a closer look on diversity of fungal groups, we observed a direct link 
between P and Richness of Chytridiomycota and Cryptomycota. Given that 
these groups are heterotrophic and rely on other biotic sources, environment 
filtering and biotic interactions should be strongly dependent. Another 
example is the Aenigmarchaeota group that within archaea has the largest 
habitat breadth, whereas ammonia-oxidizing archaea (AOA) showed the 

smallest. This fact suggests that, opposite to AOA, the ecological role of Ae-

nigmarchaeota does not rely on specific environmental characteristics, but 
may be linked to the metabolic activity of other groups such as AOA as pre-

viously suggested (Restrepo-Ortiz and Casamayor, 2013). Aenigmarchaeo-

ta, and also Pacearchaeota and Woesearchaeota are groups with a reduced 
genomic repertoire and lack major metabolic pathways. Given the positive 
relationship between bacterial phylogenetic richness and Pacearchaeota and 
Woesearchaeota relative abundances, our results support the idea of these 
groups having a symbiotic or host-dependent lifestyle (Spang et al., 2017). 
These insights confirm that the evaluation of environmental preferences to-

gether with biotic preferences can help enlighten the ecology of groups with 
unclear lifestyles and trophic roles. As shown by network analysis, species 
thrive and interact together, and that must modulate growth of others. Es-

pecially in the case of facilitator species, interacting microbes may be im-

possible to grow in axenic cultures without the facilitator. Network analysis 
suggests the potential groups of microbes that may grow together under in 
situ conditions as co-cultures of microbial consortia (Golyshina et al., 2017). 
This approach would also be useful to disentangle host-parasite interactions 
as in the case of Chytridiomycota or cryptomycota (Frenken et al., 2017) and 
efficiently guide further microbiological studies. 

General patterns on the combination of environmental and biotic prefe-

rences can give additional clues into the differences between bacteria and 
eukaryotic behaviour. Co-occurring species pairs are greatly explained by 
environmental overlap (i.e., equivalent environmental filtering). However, 
the proportion of eukaryotic pairs explained by the environment was close 
to 100%. This indicates that the eukaryotic food web is strongly related to 
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the environmental filtering, modulating it or the other way round. Still, the 
significant correlation between bacterial and eukaryal communities cannot 
be solely the result of niche overlap, and as observed in chapter 5 there is 
a higher percentage of B-E pairs that cannot be explained by the environ-

ment, and should be interpreted as commensalism (Christensen et al., 2002) 

or symbiosis (Lima-Mendez et al., 2015).

3.2. Implication of biotic interactions on community resilience and resistance

Ecological theory posits that a single stable state or equilibrium is likely 
to happen in systems with small regional species pools, high rates of con-

nectivity, and low productivity (Chase, 2003; Fukami, 2015), such as pri-
mary successional systems. Equilibrium is a concept hardly applicable in 
lake surfaces, such a dynamic environment with a higher richness than most 

productive environments (Chase, 2003; Fukami, 2015)(Chase, 2003; Fukami, 
2015). However, communities can be more or less stable, and more or less 
vulnerable to environmental changes or perturbations. In this regard, the 
strength of the community network of interactions is key on the responsive-

ness (Lozupone et al., 2012; García-Callejas et al., 2017), since high diversity 
can sustain the ecosystem functioning under perturbation scenarios (Gir-

van et al., 2005; Grossmann et al., 2016a). In fact, more mature communities 

have been traditionally considered to be more stable (Margalef, 1963; Odum, 
1969) and predictable than earlier communities (Chapter 1). 

Many examples in the different chapters highlight biotic interactions 
with a potential effect on ecosystem dynamics. For instance, just checking 
the observed percentage of host-dependent eukaryotic organisms (18%), we 
can infer that at least these do not thrive alone. The high amount of parasites 
observed, with hosts such as benthic invertebrates or macrophytes may have 
a potential impact on the planktonic community by top-down interactions 
since littoral can be considered extending to the whole lake in many small 

mountain lakes. Resource sharing, or niche sharing, through apparently ne-

gative relationships (that are observed as positive co-occurrences), was in 
fact a consequence observed in the meta-community. Given the observed 
patterns in successional trajectories (Chapter 1), more mature communities 
can have higher diversity of microorganisms, but this diversity likely coope-

rate with many other microbes and therefore need to share the available re-

sources while limiting their abundances (Chapter 5). This is not a trivial fact, 
since the carrying capacity of the system (i.e., the total amount of resources 
that sustain the community) may be a predictor of community vulnerabili-
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ty against a perturbation. Interestingly, the network properties observed do 
not completely resemble those of a network capable of quickly reacting to 
perturbations (Zhou et al., 2010), since we observed a mix of properties bet-
ween random networks and small-world networks. What we can say at this 

point is that topological properties of the bacterial network (slighly higher 
clustering coefficient and low average path length) resemble those linked 
to fast reactions to perturbations more than the eukaryotic counterpart. In 
other words, it seems that once the effect of interactions associated with the 
environment along with niche overlapping diversity is removed, the eukar-

yotic pool is more vulnerable than the bacterial pool.

3.3 Trends in space of temporal succession

Seeking a temporal succession in a spatial survey requires a keen un-

derstanding of the process by which communities change through time, re-

gardless of the timescale. Only understanding this process, spatial patterns 
can be explained accordingly. For that reason, understanding the overall 
trend of decreasing beta diversity and increasing alpha diversity reported in 
chapter 1 is a necessary step before attempting to explain spatial patterns in 
the Pyrenean lake district. The regional relationship between the geographic 
gradient and bacterial diversity, from central Pyrenees to both ends (wes-

tern and eastern Pyrenees), which is also observed when quantifying species 
interactions, can be interpreted under the concepts associated to successio-

nal patterns. The regional coincidence in the increase of alpha diversity and 
their composition similarity in the Pyrenees can imply that the most specia-

lized and complex communities (eastern and western Pyrenees) are those 
that have had more time for suitable bacterial accumulation from different 
sources. Dispersal mechanisms, remoteness, and isolation of high mountain 
lakes contrast with more hydrographically connected regions such as boreal 
networks. In fact, in these contrasting systems, highly diverse communities 

from headwaters and rivers become less diverse towards lakes due to an 

increased environmental filtering and species sorting (Ruiz-González et al., 
2015). However, in these systems, water residence time along the hydrologi-
cal continuum is a strong predictor of community composition (Niño-García 
et al., 2016), while in the Pyrenean metacommunity water residence time 

did not explain the microbial diversity patterns at the regional scale. This 
difference implies that, despite dispersal has a strong role in the Pyrenees 
there is not a link between colonization and persistence of taxa related to 
lake characteristics such as water residence or lake area. When we rule this 

out, the hypothesis of communities being assembled according to historical 
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processes becomes stronger. And if we consider the strong seeding of soil-re-

lated taxa into the lakes, patterns of lake diversity patterns may be a mirror 
of historical processes existent in the terrestrial environment. However only 
future studies could confirm these ideas. Also, the catchment scale was not 
directly assessed in the case of bacteria, but the eukaryotic populations con-

sidered in chapter 4 do show differences regarding catchments. It is possible 
that seasonal processes acting at the catchment scale may be more linked 
to hydrology although at the regional scale this potential effect is diluted. 
Also, the case of eukaryotes is relevant because we did not observe the same 

diversity pattern that in bacteria (not shown). It is likely that trophic gra-

dients override other sub-regional diversity patterns under the selected tag-
sequencing marker V9, which has a low phylogenetic resolution. Equivalent 
relationships indicating historical processes have been observed in some 
crustacean populations, but only towards eastern Pyrenees using specific 
markers (Ventura et al., 2014), that are similar to our findings in the bacterial 
communities. It is also likely that functional traits related to the lake trophic 
status in eukaryotic orders or genera are masking biogeographic patterns 
at the species level. Probably the V4 loop in the 16S rRNA gene has enough 
information to unveil this pattern in bacteria, whereas the V9 loop in the 
18S rRNA gene lacks enough taxonomic resolution. Marker combinations 
of V9 with more variable regions such as ITS (Internal transcribed spacer), 
could enhance population studies with a higher resolution and more detai-
led phylogeographic approaches for specific groups along the spatial area. 

Furthermore, if we interpret that most positive interactions are mutua-

listic interactions, we can link the diversity pattern to community stability 
(Thebault and Fontaine, 2010; Lever et al., 2014; Rohr et al., 2014). So, if bac-

terial communities in the two ends of the Pyrenees are more stable than tho-

se of the Central Pyrenees, it may be worth to conjecture that colonization by 

soil taxa may differ if community stability varies, and so the environmental 
filtering of immigrants in the lakes may be weaker or stronger. Potentially, 
our results do indicate that alpha and beta diversity indexes contextualized 
within longitude and altitude on a regional scale are proxies of long-term 
ecological succession since the de-glaciation of the Pyrenees. In other words, 

spatial patterns along more than 500 km could be linked to temporal proces-

ses that shaped more than 300 microbial communities. This opens a ques-

tion for future studies that may answer whether the patterns observed are 
explained solely by recent seasonality or if diversity patterns are long-term 
proxies associated with the geological scale.
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·	 By combining studies that have examined primary succession pat-
terns across a wide variety of habitats, we reasonably identified con-
sistent and predictable trends in community composition, diversity, 
and functional attributes across successional gradients. These trends 
are in agreement with current concepts about how plant communities 
shift during primary succession. A deterministic trend towards com-
munity assembly is observed, enhancing slow growers (lower rRNA 
operon copy number), which may show adaptations for oligotrophic 
conditions and resource sharing (Pst operon) (Chapter 1).

·	 Processes driving community assembly in high mountain lakes are 
directly related to the dispersal and environmental filtering of con-
crete environmental sources such as epilimnion or sediments.  We 
found trends towards specific epilimnitic bacteria and a significant 
impact of Sediment, River and Wetland populations on local com-
munity structures. We observed that pH filtered the epilimnion and 
sediment sources differently (Chapter 2).

·	 Alpha and beta diversity of bacterial communities indicate that the 
spatial structure in the Pyrenean lacustrine district has trends of a 
temporal gradient along the mountain range geography, as a result 
of a complex interaction of environmental source dispersal and envi-
ronmental filtering. This hints to lake community maturity as a com-
pendium of habitat sources being the aquatic taxa more deterministi-
cally selected rather than the more stochastic populations from soil, 
biofilms or sediments (Chapter 2).

·	 Within the DPANN archaeal group, Woesearchaeota, Pacearchaeota, 
Diapherotrites, Aenigmarchaeota, and Micrarchaeota are important 
groups in the summer Pyrenean lacustrine district but require of ad-
ditional genetic and microbiological studies to improve the current 
knowledge on their ecological roles (Chapter 3).

·	 Pacearchaeota and Woesearchaeota were highly occurring taxa, and 
showed intermediate environmental amplitude, suggesting that 
chemical variables are not fundamental drivers. Instead, the abun-
dance relationship with bacterial diversity, linked to genomic traits 
characteristic of symbiotic organisms, may suggest an archaea-bacte-
ria direct biotic interaction (Chapter 3).
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·	 Unexpectedly, the high eukaryotic diversity in Pyrenean lacustrine 
district equally split among autotrophic, heterotrophic and parasitic 
components. The large phytoplanktonic diversity comprised mostly 
Chrysophyceae, Dinoflagellata and Chlorophytes (Chapter 4).

·	 Planktonic food web on the basis of the high diversity of Chytriomy-
cota, Cercozoa and other heterotrophs needs to be reconsidered. The 
external loading of terrestrial organic material enhances the hetero-
trophic character of communities by facilitating growth of saprophyt-
ic organisms releasing nutrients into the food webs. Also, the increas-
ing awareness of the role that Chytridiomycetes play in controlling 
host populations highlights parasitism in lake ecosystem dynamics 
as a key missing pathway (Chapter 4).

·	 We inferred species interactions through removing environmental 
niche effects or geographic dispersal limitation as drivers of co-oc-
currences, with particular network topologies. According to that, re-
sponsiveness of communities towards environmental changes would 
be different for eukaryotic than for bacterial communities (Chapter 
5).

·	 We further observed a role of environmental sources regarding fresh-
water bacterial interactivity. Supply of sediment and soil bacteria may 
have a transient role or be strong community competitors and facili-
tators, which we were only capable of identify through separating the 
analysis of positive and negative interactions.  In this regard, compe-
tition seems linked to a sharing strategy, through limiting maximum 
abundances in the community (Chapter 5). 

·	 If competition through resource sharing limits maximum species 
abundances (Chapter 5), which is likely to happen more in more di-
verse and complex late successional communities (Chapter 1), it is 
possible to infer that organisms capable of strong competition and 
sharing of resources need to function under oligotrophic conditions. 
Microbes may do so through decreasing their rRNA copy number 
and their ability to mobilize inorganic phosphorus (Chapter 1).
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Figure S3. Changes in the weighted occurrence of taxa (a) and functions (b) between 
early and late stages per sample.
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SUPPLEMENTARY INFORMATION CHAPTER 3

Fig S1. Archaeal lineages found in the Pyrenean lakes data set within the TACK, 
DPANN and Euryarchaeota superphyla.
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Fig S2. Ordination nMDS analysis of the lakes sampled 
based on the archaeal community composition.
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SUPPLEMENTARY INFORMATION CHAPTER 4

Figure S1
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Supplementary figure S1. Correlations between taxonomic groups of interest based 
on average beta-dispersion per sub basin. Darker color indicates higher correlations. 
Only correlation values with strong significance (p < 0.001) are displayed.
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Supplementary information S1. Cultured references that matched with sequences of  
previously detected organisms (through morphology and microscopy observations)

The highly conserved nature of  the V9 18S rRNA region may preclude species clas-
sification. However, some CCMs confirm some previous observations in high moun-
tain lake planktonic communities or indicate knowledge gaps of  particular interest. 
At this respect, the number of  Chlorophyta OTUs with close cultured counterparts 
was remarkable (115). About one-third of  them were present in more than ten lakes. 
The results confirm that many elongate flagellated forms are already known (e.g., 
some Chlamydomonas and Monomastix species). In contrast, the CCMs for chlorophyte 
coccal forms are poorly taxonomically determined (e.g. Chlorococcum spp., Chlorella 
spp., and Coccomixa spp.). Abundant OTUs classified as Cryptophyceae matched 
cultures of  Cryptomonas marssonii and, Plagioselmis nannoplanctica, among others. Some 
OTUs matched heterotrophic forms of  the group such as Goniomonas truncata and 
several strains of  Chilomonas, that were present in about 20% and 10% of  the lakes, 
respectively. The few OTUs from Haptophyta matched cultures of  Pavlovophyceae 
species, and a widespread one in the lake dataset matched Chrysochromulina parva 
(Prymnesiophyceae).
Among the aquatic fungi, less than 10% of  the Chytridiomycota OTUs matched 
cultured strains. Most of  them related to Rhizophydium, Rhizophlyctis or Rhizoclosma-
tium. Ten of  the OTUs were widespread (present in 20-30% of  the samples) but not 
particularly abundant. Some of  the related cultures correspond to species growing 
on pine pollen (e.g. Rhizophlyctis harderi and Kappamyces laurelensis). 
Cercozoa - the group with the highest diversity among phagotrophic heterotrophs 
in our samples – includes several life-forms with pseudopodia that correspond to 
the main phylogenetic branches (Cavalier-Smith, 2003)(Cavalier-Smith, 2003). 
The most common OTU (20% samples) matched cultures of  the thecate Rhogos-
toma schuessleri (Cl. Thecofilosea). Some flagellated forms were also common; OTUs 
matching Cercomonas rotunda and Paracercomonas crassicauda cultures were present in 
about 5% of  the samples among other species of  the same genera. The species with 
silica plates (Imbricatea) were less frequent (< 1%) but showed matches with a large 
diversity of  genera (Allas, Assulina, Peregrinia, Euglypha, Spongomonas). 

The SAR groups largely differed regarding culture references. Ciliophora showed 
a low number of  CCM and only an OTU matching a cultures of  Rimostrombidium 
lacustris (20% of  samples) was relevant. On the other hand, Dinoflagellata showed 
CCM for many of  the most ubiquitous and abundant OTUs. Several OTUs match-
ing the same culture of  an undetermined Gymnodynium were ubiquitous and indi-
cate a potentially large hidden variability in these abundant small dinoflagellates. 
Similarly, may occur with Woloszynskia-like species. The most abundant OTU in 
the complete survey belongs to this group. Only two OTUs closely matched cul-
tured strains W. leopoliensis and W. pascheri, present in 10 and 2% of  the samples, 
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respectively. Among armoured forms, Peridinium inconspicuum and P. cinctum cultures 
are close to OTUs present in 3 and 10% of  the lakes. Within Chrysophyceae only 
51 OTUs had a CCM reference, despite being the richer protist group in the lake 
samples. OTUs related to cultures of  several Dinobryon species, conspicuous forms 
with large colonies of  cells with theca, were regularly present in many lakes. Among 
the OTUs with high occurrence, several matched cultures of  flagellated forms with 
siliceous scales (Synurales), which are currently split from the Chrysophyceae into 
a separate class (Synurophyceae). OTUs matching Mallomonas species were present 
in more than 50% of  the lakes. Most Chrysophyceae are planktonic, therefore, the 
appearance in a few lakes of  OTUs matching benthic forms, rarely reported in 
field surveys, are worth to mention (e.g., Chrysochaete, Chrysonephele and Chrysocapsa). In 
contrast, the naked flagellated autotrophic forms, which are extremely rich in these 
lakes only showed a few cultured matches. OTUs matching cultured heterotrophic 
Chrysophycean forms were abundant. Unfortunately, the taxonomy of  the cultures 
was poor; most of  them are simply labelled as “Spumella-like”. Some diatom OTUs 
showed a high matching with cultured referents; unfortunately the latter were poorly 
determined. They mostly belonged to Mediophyceae, centric diatoms that are truly 
planktonic. An exception to the general taxonomic uncertainty was Fragilaria nanana, 
with a 100% match with one of  the OTUs and present in 25% of  lakes. 
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Supplementary information S2: Comparison of  pyrenean freshwater and mediterranean 
sea surface samples

Context
The comparison between freshwater and marine planktonic systems of  similar pri-
mary production can enlighten the general ecological constraints and evolutionary 
trajectories that have been shaping planktonic communities. For example, Pyrenean 
lakes and Mediterranean open waters show roughly a similar primary production, 
about 100±50 g C m-2 yr-1 (Catalan et al., 2006; Siokou-Frangou et al., 2010). Species 
of  oligotrophic freshwater and marine planktonic assemblages have been evolving 
in ecosystems of  similar flow of  autochthonous carbon but contrasting environmen-
tal conditions, the size of  the system and inputs of  subsidiary organic matter from 
neighbouring ecosystems. Therefore, one may expect both common and contrasting 
features between oligotrophic marine and freshwater planktonic communities. We 
compared the diversity patterns found in our survey with those of  the Tara Oceans 
expedition in the Mediterranean system (Vargas et al., 2015). Commonalities and 
major differences provided elements for discussing on how the common oligotrophy 
but the different environmental setting may have been influencing the evolutionary 
history and the ecological configuration of  these planktonic systems. 

Specific methods

We downloaded a set of  22 marine libraries of  the V9 18S rRNA region, from the 
Tara Oceans expedition (Vargas et al., 2015) to compare the richness of  different 
groups. We chose subsurface (mixed layer) Mediterranean samples, because of  the 
similar primary productivity status to the lakes studied (Siokou-Frangou et al., 2010). 
We selected samples from 0.8-5 μm and 5-20 μm sizes, which despite dismissing 
organisms >20 μm was a close equivalent to the plankton size typically found in the 
Pyrenean lakes (0.22-50 μm) (Sarmento et al., 2015).
Data filtering and classification was carried out with the same parameters as for the 
Pyrenean samples, except filtering to a read length of  163. For simplicity, the com-
parison was made using a single classification method (RDP classifier). To minimise 
information loss and potential sampling strategy bias, we established a compromise 
between the number of  samples and the sequencing depth for each sequence pool. 
A total of  227 Pyrenees samples were rarefacted to 10,000 sequences (2,270,000 
sequences). And, in accordance, 11 Tara samples (for each filter size) were rarefacted 
to 200,000 sequences (2,200,000 sequences) in order to equalize sequencing effort 
between studies. Good’s coverage was 0.77 and 0.74 for the marine pools and 0.94 
for the Pyrenean one, indicating a better capture of  the regional diversity in the lat-
ter pool, but still adequate for our goal. We calculated richness and Shannon diversi-
ty in the marine samples for alpha diversity comparison with the Pyrenean samples. 
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Comparison results

The diversity comparison between the Pyrenean lakes and the Mediterranean Sea 
samples from the Tara Oceans expedition cannot be straightforward because of  
the size partition in the marine survey and its much larger number of  samples and 
sequences. Therefore, we concentrated in the main taxonomic groups of  the Pyre-
nean lakes and compared them with the rarefied results of  the two ocean size-filters 
(Suppl. Table 1, Figure 5). Comparing individual samples, the average richness 
and Shannon diversity (H’) per group were higher in the marine samples than in 
the freshwater ones (Suppl. Table 1) with a few exceptions. Chrysophyceae showed 
more species per lake (average, 68) than per marine spot (27, adding the two filters), 
although H’ was slightly higher in the marine samples of  the small filter (0.8-5 µm). 
In general, this filter showed much higher H’ values than the 5-20 µm filter, except 
for diatoms. The richness of  Ciliophora and Kathablepharidae was similar between 
the freshwater and marine samples, although H’ was more than twice higher in 
the marine samples; indicating a more evenly distributed abundance of  the spe-
cies for these groups in the sea. Chytridiomicota richness and H’ were similar to 
Chlorophyta and Cercozoa in the freshwater samples (about ten species per sample 
on average) whereas they were absent in the rarefied samples of  the Tara Oceans 
expedition. Beyond these exceptions, the other groups were richer and more diverse 
in the marine samples than in the mountain lake samples. The difference was par-
ticularly outstanding for Dinoflagellata, with an order of  magnitude more species in 
both marine filters (ca. 300 species per sample) than in the freshwater ones (ca. 30) 
although this group places second in the lake’s richness rank. 

Table S1: Average richness and Shannon diversity for each group for Mediterra-
nean Sea samples (size fractions ‘0.8-5 μM’ and ‘5-20 μM’) and Pyrenees samples 
(a single size fraction Med (0.22-20 μM), after rarefaction to 10000 all samples and 
transform them to relative abundances.  OTU classification into taxonomic groups 
was done using RDP classifier only.

Group Pyrenees Med (0.8-5 μM) Med (5-20 μM) Pyrenees Med (0.8-5 μM) Med (5-20 μM)
Chytridiomycota 10 0 0 1.42 0 0
Ciliophora 2 2 2 0.33 0.65 0.62
Kathablepharidae 6 7 2 0.45 1.66 0.59
Choanomonada 2 6 1 0.28 1.66 0.34
Cryptomonadales 6 10 2 0.55 1.89 0.5
Diatomea 4 23 31 0.55 2.37 2.31
Chlorophyta 10 17 6 1.15 2.46 1.05
Cercozoa 11 19 6 1.37 2.57 1.19
Chrysophyceae 68 25 2 2.17 2.8 0.62
Dinoflagellata 30 321 216 1.44 4.5 4.12

Richness (OTU nr) H’
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The high richness and diversity of  Dinoflagellata and Diatomea per marine sample 
remain when the overall metacommunity diversity is compared amalgamating all 
the samples and rarefying per individuals (Figure S2). However, the situation chang-
es for the other groups. The freshwater metacommunity results more diverse for 
Chrysophyceae, Chlorophyta, Cryptomonadales, Cercozoa, Katablepharidae and 
Ciliophora, and similar for Choanomonada. This difference between average fea-
tures per sample (alpha diversity) and the patterns of  the overall ensemble (gamma 
diversity) indicates more different assemblages between the mountain lake samples 
than between the marine ones.  This indicates higher beta-diversity in the freshwater 
studied area than in the marine samples.
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