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Abstract
Microorganisms are key players in terrestrial and aquatic ecosystems, controlling all
major biogeochemical fluxes of elements. Although the study of microbial ecology goes
back several decades, our ability to understand or predict the taxonomic and functional
responses of microbial communities to changes in environmental conditions remains
limited. One of the reasons may be that microbial communities may contain species that
are not adapted to the local environment and do not contribute to community functioning, given that microorganisms can be dispersed long distances and can persist inactive
out of their suitable habitats for long periods. The advent of sequencing technologies,
which enabled an improved access to microbial diversity and expanded the scale of studies, revealed that microbes often form part of larger metacommunities in which local assemblages are linked by the dispersal of species. However, disciplines such as microbial
limnology and oceanography (the study of freshwater and marine microorganisms, respectively) often operate in isolation, providing a fragmented view of a naturally connected microbial world. This review seeks to summarize what we have learnt over the past few
years regarding the effect of microbial dispersal and connectivity on the structuring and
functioning of aquatic microbial communities, with particular emphasis on bacterioplankton assemblages. These investigations have highlighted that terrestrial, freshwater
and marine microbiomes are intimately linked by the transport of taxa through flowing
water, the air, or processes such as marine particle sinking, and hence that understanding
the drivers and ecological consequences of microbial ecology and biogeography requires
going beyond ecosystem boundaries. Sharing knowledge and expertise between traditionally independent disciplines will be essential to advance towards a more holistic view of
microbial ecology that considers species linkages between different ecosystems.
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1. Aquatic bacterioplankton: Major players in freshwater
and marine ecosystems
The Earth is a microbial planet. Microbes are present in all kinds of habitats
and are responsible for innumerable chemical reactions that influence our environment and our own organism. Despite their tiny size, their collective biomass surpasses that of humans or whales, and their diverse functions impact on
biogeochemical cycles of global importance (Whitman et al., 1998; Falkowski
et al., 2008).
In aquatic ecosystems, the aquatic biogeochemical and food web functioning
is intimately linked to microbial communities. At the base of the food webs, suspended bacteria or bacterioplankton, which are the most abundant free-living
aquatic microorganisms, control the flow and fate of carbon and nutrients in
these ecosystems; they can take up a large fraction of the dissolved organic matter
(DOM) present in the environment, and can either respire it to carbon dioxide
(CO2) or incorporate it into their biomass. This bacterial carbon is then transferred to higher trophic levels, given that aquatic bacteria are actively consumed
by other microorganisms such as flagellates or ciliates (Figure 1). In aquatic ecosystems, the DOM available for bacterioplankton derives from different sources:
it can be autochthonously produced by algae and phytoplanktonic microorganisms (microalgae and cyanobacteria) which, just like terrestrial plants, convert
CO2 into organic material through photosynthesis, or it can be allochthonous carbon reaching the aquatic environment from the surrounding terrestrial ecosystems (Figure 1). Other food-web processes such as grazing or viral lysis can also
result in the release of DOM to the environment (Nagata, 2000).
The discovery of this carbon and energy pathway mediated by bacteria,
known as the microbial loop (Azam et al., 1983), led to an important change of
paradigm with respect to the classical food web, a view that considered that phytoplankton organisms were situated at the base of the food webs and bacteria
played an insignificant role. Today, however, it is well established that community-level processes such as bacterial respiration or biomass production have implications at the ecosystem level (Del Giorgio & Williams, 2005; Gasol et al., 2008).
For example, it has been estimated that marine photosynthetic bacteria (i.e., unicellular cyanobacteria belonging to the genera Synechococcus or Prochlorococcus)
are responsible for up to 25% of the primary production of the planet (Kirchman,
2012), producing a significant amount of the oxygen that we breathe. In addition,
the activity of bacteria and archaea (other unicellular microorganisms that are
also prokaryotes, like bacteria) can sustain net CO2 and methane emissions from
lakes to the atmosphere, both of which are important greenhouse gasses of significance in global carbon budgets (Duarte & Prairie, 2005; Bastviken et al., 2008;

MetacomunitatsANG_TRIPA.indd 10

1/12/2020 13:15:15

microbial metacommunities

11

Figure 1. Schematic representation of an aquatic microbial food web, showing that bacterioplankton are significant consumers of the dissolved organic matter (DOM) that is produced internally by
photosynthetic organisms (phytoplankton), released during different food-web processes such as
predation and viral lysis, or transported from the surrounding terrestrial landscape. Bacteria respire
some of the carbon they incorporate, releasing CO2 and contributing to CO2 emissions from lakes. In
turn, the carbon incorporated into the bacterial biomass can be transferred to higher trophic levels
through the so-called microbial loop (Azam et al., 1983).

McCallister & Del Giorgio, 2008; Raymond et al., 2013). In turn, certain bacterial
groups such as methanotrophs, which consume the methane produced by
methanogenic archaea in lakes, can remove up to 99% of this greenhouse gas
before it escapes to the atmosphere (Bastviken et al., 2008). Aquatic microorganisms and their interactions thus play essential roles in biogeochemical processes of global importance, which explains the large interest in understanding
their ecology and roles in ecosystems.
For more than three decades, the awareness of the importance of microbes in
this respect motivated a great deal of research on their distribution and functioning across all kinds of ecosystems, and our knowledge about the ecology, diversity
and biogeography of aquatic and terrestrial microorganisms has enormously expanded since then. However, our ability to understand and/or predict the responses
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of microbial communities to changes in environmental conditions is limited, and
establishing the links between microbial community structure and ecosystem
function remains a fundamental challenge in microbial ecology (Fuhrman, 2009).
This is partly because shifts in microbial species composition do not always translate into changes in community function (and consequently, in ecosystem processes, Bier et al., 2015; Rocca et al., 2015). In addition, we now know that, due to
the small cell size of microbes and their large populations, these tiny microbes can
be dispersed much more efficiently than larger organisms and are able to persist
inactive out of their suitable habitats for a long time (Jones & Lennon, 2010; Martiny, 2015; Langenheder et al., 2016; Sebastián et al., 2018). This implies that some
taxa within communities may represent inactive allochthonous bacteria that have
been transported from elsewhere, so their presence does not reflect adaptation to
the environment and they are not contributing to community functioning. As
most current knowledge on natural microbial communities derives from studies
targeting individual ecosystem types (i.e., only soils, only rivers, or only the
ocean), these potential implications of microbial dispersal from other ecosystems
are seldom considered.
Here I will review the largely overlooked role of dispersal in microbial ecology
and biogeography, and will give several examples supporting the idea that it is essential to consider connectivity between communities and ecosystems in order to
accurately interpret the observed community structure and biodiversity patterns.
In particular, there is a need to go beyond the presumed limits of ecosystems, given that terrestrial, freshwater and marine microbiomes and their processes are
intimately connected in nature (Xenopoulos et al., 2017; Doods et al., 2020).
2. The development of methodological techniques
and the origin of microbial biogeography
The discovery of the microbial loop dates from 1974 (Pomeroy, 1974), which
is when scientists started to become aware of the importance of these microorganisms in natural ecosystems (see Williams & Ducklow, 2019, for a good overview of the initial investigations leading to the establishment of the microbial loop
concept). This discovery, like almost every other discovery in the field of microbiology, was linked to methodological developments.
The initial belief that bacteria were unimportant in aquatic ecosystems was due
to the fact that they had been severely underestimated in terms of their quantitative
biomass. The first estimates of bacterial abundance were based on the growth of
bacterial isolates on agar plates (e.g. ZoBell, 1946, Figure 2), i.e., plates containing a
solidified growth medium amended with nutrients in which individual bacterial
cells grow and form visually detectable colonies. However, it was later shown that
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this technique largely underestimates the actual number of viable bacteria present in a community, as only a few bacterial species can grow under such culturing conditions; indeed, it is now well established that we have not been able to
cultivate the vast majority of the bacterial diversity present across most biomes
(Steen et al., 2019). Later, the development of epifluorescence microcopy (e.g.
Hobbie et al., 1977) allowed to visualize bacterial cells by staining their genetic
material with fluorescent dyes, and researchers started to form a realistic idea of
the actual bacterial abundance in the ocean and other ecosystems (Figure 2).
The identification of bacterial groups based on their morphology (e.g., coccoid, rod-shape, elongated cells, Figure 2) or on other phenotypic characteristics
such as the presence of pigments (e.g. different colors of bacterial colonies in
Figure 2) or the chemical or structural characteristics of the bacterial cell walls
(e.g. Saida et al., 1998) is very limited in its resolution and does not allow to classify the enormous diversity of species present in natural bacterial communities.
The revolution in the taxonomy of bacteria began with the microbiologist Carl R.
Woese, who created a new molecular classification based on the comparison of one
gene between species, the 16S ribosomal RNA (rRNA) gene (Woese & Fox, 1977).
Bacterial isolates
growing on an agar plate

Stained bacteria under
the epifluorescence microscope

Figure 2. The first estimates of the abundance of bacteria in natural ecosystems were based on
bacterial isolates growing on agar plates, which severely underestimated bacterial abundance because only a small fraction of bacterial taxa can grow on these plates. Later, the development of epifluorescence microscopy allowed to visualize bacteria in natural samples by labeling them with
fluorescent stains that bind to their genetic material, enabling the first accurate estimates of the actual number of bacteria in natural ecosystems.
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Woese believed that the information contained in DNA could reveal the hidden
evolutionary relationships between all living organisms because, when cells divide
and copy their DNA, there are mistakes that accumulate over time in the gene sequences. Genes that mutate at a known rate can be used as evolutionary clocks to
determine the time when two species differentiated from a common ancestor, thus
allowing the placement of all living organisms in a single evolutionary tree of life.
The bacterial 16S rRNA gene was chosen because it is present and has the same
function in all organisms (in eukaryotes, i.e., in all animals, plants, fungi and protists, the gene is slightly bigger and is called the 18S rRNA gene) and was known to
change slowly in time. It codes for the small subunit of ribosomes, structures made
of rRNA and proteins that translate the expression of genes into proteins. Comparing the sequences of these rRNAs across different microbial cultures, Woese
and Fox (1977) found that individual bacterial taxa could be distinguished based
on their 16S rRNA gene sequences. In addition, they discovered a new branch of
the tree of life, the archaea, which clearly differed from bacteria and eukaryotes.
This was the spark of the subsequent explosion of studies and methodological developments that have brought us to the current state of bacterial ecology, and numerous advances in the ecology and biogeography of microorganisms in natural
ecosystems have been based on surveys of the 16S and 18S rRNA gene markers
(e.g. Salazar & Sunagawa, 2017).
Initially, studies assessing bacterial diversity were based on clone libraries of
the 16S rRNA genes and on genetic fingerprinting methods, such as DGGE (denaturing gradient gel electrophoresis, Muyzer et al., 1993), that enabled the first
comparisons between natural communities. These approaches are currently
known to detect only the most abundant community members, but their application to natural microbial communities provided much insight into the environmental and biotic drivers of bacterial community composition. These studies
revealed that, like plants and animals, microbes are subjected to ecological forces
such as environmental selection of species and biological interactions that explain
their distribution in nature. For example, the species composition of microbial
communities can change greatly along salinity or temperature gradients (Bouvier
& Del Giorgio, 2002; Lozupone & Knight, 2007; Barberán & Casamayor, 2012;
Logue et al., 2015a). Biological processes, such as interactions with phytoplankton species, grazing by bacterivores or infection by viruses can also impact significantly on the species composition of bacterial communities (Bouvier & Del
Giorgio, 2007; Boras et al., 2009; Sarmento & Gasol, 2012).
More recently, the advent of high-throughput sequencing platforms such
as 454 or Illumina, which allow a massive sequencing of environmental DNA, revolutionized the field of microbial ecology by enabling an extremely detailed assessment of the diversity within microbial communities. Since then, an immense
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amount of knowledge has been generated by scientific groups around the globe,
leading to a massive accumulation of genetic information in public databases.
Today it is clear that bacteria and archaea occupy almost the entire tree of life,
showing an enormous diversification of species, and that all the plants and animals are just a tiny branch of the tree (Hug et al., 2015). Each year, new microbial
groups are discovered (e.g. 47 new bacterial and archaeal phyla were discovered
in a single aquifer, Anantharaman et al., 2016), so it seems that we are far from
having a complete view of microbial diversity.
One of the main discoveries linked to this technical revolution was that, compared to plants or animals, bacterial communities contain an exceptionally high
number of rare taxa (taxa present in very low abundance), representing the largest
reservoir of biological and metabolic diversity in the biosphere (Pedrós-Alió, 2012;
Locey & Lennon, 2016). These methodological advances allowed us to move beyond the description of only the dominant taxa and revealed that, the deeper the
microbial communities are characterized, the higher the number of rare species that
appear. On the one hand, this reservoir of rare bacteria (the so-called rare biosphere,
Sogin et al., 2006), attracted great attention as it was proposed that it might comprise a microbial seed bank (Lennon & Jones, 2011, see section 4). On the other
hand, the accessibility of these technologies boosted the number of microbial studies
covering increasingly larger environmental and spatiotemporal gradients, moving
from e.g. the description of the microbial communities within a single lake (Crump
et al., 2003) to the characterization of communities from hundreds of lakes (NiñoGarcía et al., 2016b; Ortiz-Álvarez et al., 2020). This expansion in the scale of study,
coupled to the improved access to microbial diversity, revealed that besides the
local environmental or biological conditions, mechanisms related to the dispersal
of species play a much larger role in structuring microbial communities than previously thought (Martiny et al., 2006; Lindström & Langenheder, 2012; Martiny,
2015; Langenheder & Lindström, 2019).
3. Microbial biogeography and the metacommunity concept
As in plant and animal communities, bacterial assemblages linked by the dispersal of species would make up the so-called metacommunities (Leibold et al.,
2004). This metacommunity framework establishes that taxonomic differences
between communities can result from different processes, such as the selection
(or sorting) of species by the local environmental or biological conditions, or the
dispersal or lack of dispersal between them (Figure 3). For example, low dispersal rates between two communities exposed to different environments will result in taxonomic differences caused mainly by the local sorting of species.
Intense immigration or transport of species from one community to another
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could homogenize communities regardless of the local environmental conditions, a mechanism known as mass effects. And finally, dispersal limitation due to
geographical isolation or physical barriers may lead to the circumstance that, the
more distant two communities are, the more different in terms of taxonomic composition they will be regardless of the local environmental conditions (Figure 3).
The metacommunity framework was developed for plants and animals, but
its application to microbial communities has been essential to push forward our
understanding of microbial biogeography. In recent years there has been a growing number of studies trying to apply theoretical ecology concepts to microbial

Figure 3. Examples of potential scenarios included within the metacommunity framework, which
establishes that differences between communities can result from different processes, like selection
or sorting of species by local conditions, or dispersal or lack of dispersal between communities. For
example, low dispersal rates between two communities exposed to contrasting environmental conditions will result in spatial differences in taxonomic composition driven mostly by local sorting of
species (indicated by matching colors between the environment and the community, 1). Intense immigration or transport of species from one community to another could homogenize communities
regardless of the local environmental or biotic conditions, a mechanism known as mass effects that
might result in communities having large numbers of mal-adapted allochthonous taxa (2). And lastly, dispersal limitation (lack of dispersal) between two communities due to geographical isolation
may lead to the circumstance that two distant communities differ in their taxonomic composition
even if they are exposed to similar conditions (3).
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communities in an attempt to interpret the observed patterns in community
composition (e.g. Barberán et al., 2014; Logue et al., 2015b). However, the application of such concepts to microbial communities remains challenging; on the one
hand, the concept of species is not clear for bacteria, and we know that the taxonomic markers used (i.e., 16S rRNA gene) can hide taxa that are ecologically different but have identical sequences of that gene (Acinas et al., 2009). In addition, the
deeper we sequence, the more taxa we detect, so we do not even have precise estimates of the number of species in a given community, which obviously precludes
defining their real distribution areas. Finally, despite all these technical and theoretical advances, most current work on microbial biogeography is still restricted to
single types of ecosystems, thus disregarding the potential linkages between communities from different habitats. For all these reasons, the study of microbial biogeography is still far behind that of macroorganisms.
Below I have compiled some of the recent discoveries regarding the role of
dispersal and connectivity in freshwater and marine ecosystems, which have been
possible by setting the study of microbial assemblages within this theoretical
metacommunity framework. In particular, I have focused on the directional
transport of microbes through the movement of air or water, which has received
much less attention than the effect of dispersal limitation due to geographical distance.
4. Microbial dispersal in freshwater ecosystems: Directional
transport by flowing waters and connectivity
with the terrestrial landscape
Freshwater ecosystems range from highly isolated lakes or ponds to complex
networks where lakes, rivers and wetlands are all connected by the directional flow
of water in the landscape. In these systems, local freshwater bacterioplankton assemblages could be considered part of larger aquatic metacommunities, as they are
connected by the directional movement of water. The taxonomic structure of bacterioplankton communities at a given point should therefore result from the balance between the immigration of bacteria from upstream ecosystems and the
selection of species due to local aquatic conditions or biotic interactions. Intuitively,
the relative importance of these two processes in structuring the taxonomic composition of bacterioplankton would change gradually depending on the water flow velocity, as bacteria in fast flowing systems would not have the time to adapt and
respond to the local environment.
This role of hydrology in shaping freshwater bacterioplankton was proposed
in early studies using fingerprinting methods, showing for example that high flow
episodes stimulated bacterial production in a lake by importing large amounts of
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degradable material (Bergström & Jansson, 2000). Moreover, these authors suggested that the bacteria transported into the lake might serve as an inoculum if
some taxa could prosper and grow in the lake, but they did not address this matter. A few subsequent studies established a significant role of water residence time
on the taxonomic composition of lake bacterioplankton, showing that communities from small lakes with short retention times were very similar to those of their
inlets (i.e., streams flowing into the lakes), whereas communities from lakes with
long water residence time differed largely from inlet microbial assemblages (Lindström & Bergström, 2004; Lindström et al., 2005, 2006). This means that lakes are
continuously receiving bacterial communities from their inlets and that only if
bacteria have enough time will they adapt to lake conditions and differentiate
from the immigrant communities. Similarly, sampling a series of connected lakes
and streams in an Arctic tundra landscape, Crump et al. (2007) observed that,
whereas communities in streams draining lakes resembled lake assemblages,
communities in streams draining tundra were very different. These authors concluded that hydrologic connectivity and water residence time of aquatic bodies
largely influenced the spatial patterns of bacterial communities even on such
small (< 10 km) spatial scales. The study of individual types of systems, such as
lakes alone or rivers alone, may therefore lead to a really partial or biased understanding of these mechanisms of assembly. However, although the number of
studies addressing metacommunity questions in aquatic systems has largely increased in recent years, different types of ecosystems are almost always studied
independently (see refs. in Heino et al., 2015).
To further complicate the picture, a few years later it was shown that the bacterial communities from an Arctic lake and its inlet were dominated by taxa found
in upstream soil water, meaning that some of these terrestrial bacteria washed
from the catchment were able to grow and dominate the lake (Crump et al., 2012).
This was possible by sampling both a terrestrial and a freshwater site, and by
tracking the presence of terrestrial taxa in the aquatic environment. This finding
implies that the terrestrial assemblages surrounding aquatic systems may also
form part of aquatic metacommunities, and thus that it will not be possible to fully understand the assembly and distribution of freshwater microbial communities unless this terrestrial source of microbial dispersal is considered.
Aquatic systems could thus be roughly categorized along a hydrologic gradient, ranging from small fast-flowing headwater streams with short water residence time towards larger rivers and lakes and finally the ocean. In turn, they
could be placed along a gradient of connectivity with the surrounding terrestrial landscape, which should be the highest in the smaller streams and the lowest
in the ocean (Figure 4). This terrestrial connectivity should vary greatly among
water bodies depending on features such as catchment area and slope, water
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residence time, precipitation, soil properties, and so on. In consequence, the
dominant mechanisms of community assembly should change along this continuum, moving from communities strongly subjected to mass effects in the
case of small flowing streams to assemblages where the local sorting of species
will prevail (Figure 4).
For a long time, it was not known whether these early observations represented general or localized patterns, or to what extent these terrestrial assemblages
could be considered part of the aquatic metacommunities. Seeking to shed light
on this issue, we performed a large-scale sampling in a boreal region, characterizing more than 200 bacterial communities inhabiting the whole terrestrial-aquatic
continuum, from soils, soil waters, small streams, large rivers and finally lakes
(Ruiz-González et al., 2015a). This connectivity between boreal terrestrial and

Figure 4. Aquatic systems can be roughly categorized along a hydrologic gradient, ranging from
the smallest fast-flowing headwater streams, with very short water residence times (WRT), to large
rivers and lakes, and finally the ocean. In turn, these systems vary in their degree of connectivity
with the surrounding terrestrial or aquatic landscape components, a connectivity that will be the
highest in small fast-flowing streams and the lowest in the ocean. In consequence, the relative influence of the mechanisms of assembly will vary gradually along this continuum, ranging from communities strongly subjected to mass effects (i.e., intense immigration of taxa from the surrounding
systems) to communities in large rivers, lakes, or the ocean, where the local sorting of species will
prevail because bacteria have enough time to grow and adapt to the local environment.
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aquatic ecosystems had been largely studied from a carbon point of view (e.g.,
Lapierre et al., 2013; Lapierre & Del Giorgio, 2014), but almost nothing was
known about it in terms of the dispersal of microbes. Our results revealed that the
studied bacterial communities were sequentially organized, following a directional structure changing gradually from soils and soil waters, through the smallest
headwater streams, towards rivers and finally lakes (Ruiz-González et al., 2015a).
More interestingly, we observed that although the proportion of terrestriallyderived taxa decreased from the smallest streams towards the lakes, all communities were consistently dominated by these taxa with presence in soils, even in
lakes with very long water residence times. This pattern was due to a dual mechanism; on the one hand, most of the terrestrially derived bacteria were progressively diluted, meaning that they were probably unable to thrive in the aquatic
environment. On the other hand, the abundance of a few of these soil taxa increased notably up to mid-sized rivers, beyond which they consistently comprised around 70% of the community sequences in larger rivers and lakes.
Interestingly, this stabilization in their abundance corresponded approximately
to a local water residence time of 10 days, supporting the notion that hydrology
determines the time that bacteria spend in a given ecosystem and therefore their
capacity to grow in response to the local conditions. We concluded that community shifts were controlled by changes in hydrological conditions in systems with
water residence times shorter than 10 days. In systems with longer water residence times, hydrology no longer played a role, and thus any further changes in
communities should be due to selection of species as a result of local environmental or biotic conditions (Ruiz-González et al., 2015a). This supports the
idea that the relative role of mass effects and environmental sorting changes
gradually along the aquatic continuum, this whole process being ultimately controlled by hydrology (Figure 4).
We could therefore determine that soils form part of these aquatic metacommunities: First, they provide many bacteria which cannot thrive in the aquatic
environment and progressively disappear along the networks, but which are
nonetheless detected through sequencing approaches. Besides influencing our
perception of the local taxonomic composition, some of these bacteria may also
represent a source of carbon for the receiving communities if they die or are consumed by grazers. At the same time, a few of these soil-transported taxa seem
able to grow and dominate downstream aquatic communities. This observation
implies that some aquatic bacteria may have the potential to persist in dry soils.
Such bacteria would comprise a seed bank, which is a reservoir of dormant or
inactive cells that persist in low abundance and that can be revived upon changes
in conditions (Lennon & Jones, 2011), as when transported to the water. This
concept was initially developed for plants, referring to all the viable seeds
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contained in soils (Roberts, 1981), but it gained importance in microbial ecology
since it was suggested that rare bacteria could form part of a microbial seed bank
(Pedrós-Alió, 2006). Seed banks imply dormancy, which is the capacity to enter in
a reversible state of low metabolic activity, and now we know that all microbial
communities harbor large numbers of inactive or dormant bacteria, with soils
displaying higher percentages of dormant cells than other ecosystems (Lennon &
Jones, 2011). As an example, covering dry river sediments with sterile river water, up to 4 million bacteria per milliliter were recovered in less than 30 hours,
supporting the idea that dry sediments and soils harbor inactive but viable aquatic bacteria (Fazi et al., 2008). More recently, Langenheder et al. (2016) were able
to retrieve living marine bacterial communities from deep lake sediments that
had been deposited when the lakes were part of the Baltic Sea (more than 8,000
years ago), highlighting an impressive capacity of bacteria to persist dormant or
with extremely low metabolic activity for very long periods. Identifying the actual size of bacterial seed banks, their limits and their role in nature is still an open
question in microbial ecology. In particular, given the persistence capacities of
bacteria, how many of the rare taxa comprising the rare bacterial biosphere can
actually act as seeds within or across habitats remains poorly understood (RuizGonzález et al., 2017b).
Interestingly, the directional structuring of communities that we observed
when pooling together all our different boreal lake and river samples has also
been reported along the flow path of individual rivers. For example, following
bacterial communities along 16 km of a small creek, it was shown that certain
populations quickly decreased whereas others, which were very rare at the headwaters, increased (Teachey et al., 2019). On a much larger scale, the relative
abundance of terrestrial bacteria decreased progressively along 2,600 km of the
Danube river, whereas the relative proportion of typical freshwater taxa increased (Savio et al., 2015). Flowing waters thus represent an ideal scenario to
explore questions related to microbial colonization and succession, since each
moving drop of water will contain a newly inoculated community that starts to
grow along the way and that is gradually shaped on the basis of the local conditions encountered.
These directional changes in aquatic bacterial communities are maintained
even on the cross-regional scale. For example, we conducted a large-scale survey
in which we characterized the taxonomic composition of about 400 boreal bacterioplankton communities inhabiting freshwater systems located in seven different regions of northern Quebec (Canada), covering approximately 900,000 km2.
The sampled water bodies covered the whole hydrologic continuum, ranging from
the smallest headwater streams to the largest rivers and lakes, but this time we did
not collect soil samples. Once again our results showed a sequential structuring
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of aquatic bacterioplankton communities, which changed gradually from the smallest headwater streams towards large rivers and finally lakes (Niño-García et al.,
2016b), strongly resembling the metacommunity organization that we had observed for a single region (Ruiz-González et al., 2015a). This supports the idea that
the hydrological control of freshwater bacterioplankton communities is actually a
consistent pattern, shaping their spatial structure on scales ranging from single
river reaches to whole watersheds, and even across regions. We further observed a
much stronger response of microbial communities to local physicochemical conditions in lakes than in the small headwater streams, supporting again the idea
that hydrology modulates the relative influence of mass effects versus local sorting
in the structuring of communities (Figure 4). Finally, the fact that this hydrologic
effect was more important than the geographical distance suggests that microbes
can be dispersed long distances and that there might be a regional pool of bacterial diversity from which the local conditions select the dominant taxa (NiñoGarcía et al., 2016b).
Artificial modifications of hydrologic conditions, such as river channeling
and damming, should thus have a profound impact on microbial communities.
Indeed, the damming of the river Ebro (Spain) led to drastic shifts in the structure and functioning of bacterial communities along the flow path (Artigas et al.,
2012, Ruiz-González et al., 2013, 2015b), resulting in upstream and downstream
communities being dominated by very different groups. More importantly, these
reservoir-driven structural changes in bacterial assemblages were maintained
along 100 km, nearly reaching the river mouth (Ruiz-González et al., 2013). This
suggests that assemblages flowing out of the reservoir did not reset into a river-like
community, and thus that the microbial changes due to damming may have
long-lasting effects in downstream portions of rivers.
One pattern that seems to hold across studies is that these directional changes are underlain by a trend of decreasing bacterioplankton diversity and richness
(i.e., number of bacterial taxa) from headwater communities to downstream
sites (Crump et al., 2012; Ruiz-González et al., 2015a; Niño-García et al., 2016b;
Ruiz-González et al., 2017a), and this seems to happen also in stream biofilm
communities (microorganisms attached to rocks and substrates of streams,
Besemer et al., 2013). Notably, we observed that headwater streams showed the
highest taxonomic diversity in the landscape, even higher than soils and soil waters, meaning that streams channel this heterogeneous terrestrial diversity into
the aquatic environment (Ruiz-González et al., 2015a). However, some studies
have shown that this decrease in bacterial taxonomic richness along rivers may be
more or less pronounced depending on seasonal or sporadic changes in hydrology
and precipitation, as these factors will affect the intensity of the terrestrial-aquatic
connectivity (Hassell et al., 2018).
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This pattern of decreasing diversity is not necessarily obvious; given that
downstream sites receive water from much larger and heterogeneous catchments
than headwater streams, downstream communities should accumulate species
(Figure 5). Indeed, studies with phytoplankton, invertebrates and fish have reported increases in diversity towards mid- or lower-river reaches. This actually
agrees with the trends predicted by the River Continuum Concept, which postulates that predicable changes in conditions along the river lead to biotic adjustments (Vannote et al., 1980). The exact opposite pattern displayed by bacteria
indicates that intrinsic features of bacteria, such as the high capacity of being dispersed and of persisting inactive out of their suitable habitats, may break ecological patterns observed for other organisms (Figure 5). Hence, these microbial
peculiarities must be taken into account when attempting to interpret the observed biogeographical patterns of freshwater bacterioplankton assemblages.

Figure 5. Trends in taxonomic diversity or richness (i.e., number of species) observed for different
groups of organisms along rivers. The reported bacterial patterns are opposed to the trends observed
or predicted for other organisms, probably due to the fact that bacteria can be easily dispersed and
can persist out of their suitable habitats for long times. These microbial features must be taken into
account when we attempt to draw conclusions from the observed biogeographical patterns of freshwater bacterioplankton assemblages.
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Besides this terrestrial and aquatic connectivity, freshwater communities are
subjected to immigration from many other potential sources. For example, wind
can transport microorganisms which appear to be viable over long distances, given
that typical freshwater taxa grew when inoculating sterile water from different
Pyrenean lakes (Spain) with dust transported from the Sahara (Hervàs et al., 2009).
Interestingly, depending on air mass origins and trajectories, the air can be charged
with microbes of different terrestrial or aquatic sources, and this taxonomic
composition of airborne bacterial communities changes predictably over the
seasons (Cáliz et al., 2018). It is thus likely that the contribution and implications
of atmospheric dispersal on communities from surface waters will also change
over time, but almost nothing is known about their actual influence on the
structure and functioning of aquatic assemblages. In particular, it remains
unknown whether microbes transported from other sources can successfully
outcompete already established aquatic communities.
Using microbial source tracking analysis, which allows the assignment of the
most plausible habitat to different bacterial taxa, Ortiz-Álvarez et al. (2020) recently showed large spatial variations in the contribution of different microbial
dispersal sources to lake communities. They characterized the potential origin of
the bacterial taxa found across 300 high mountain lakes in the Pyrenees and observed that all the lakes showed a significant fraction of sequences associated with
external sources (i.e., groundwater, wetland, sediment, soil). The relative contribution of the different sources varied across lakes, likely due to different landscape features, degree of connectivity, hydrology, etc. Similarly, the importance of
different dispersal sources (i.e., lake mixing, rain, surface runoff and sediment resuspension) was found to vary seasonally within two individual lakes. However,
while the effect seemed small in general, only occasionally could the appearance
of certain bacterial populations be explained by inoculation from the river inlet
(Comte et al., 2017). Other sources such as snow and glacier melt have also been
shown to have an impact on the receiving aquatic microbial communities (Hauptmann et al., 2016; Comte et al., 2018).
In view of the high dispersibility and persistence capacities of bacteria, a question that arises is whether there are any limits to microbial metacommunities.
Actually, we do not have an answer to this question, but one might intuitively
think that some components within metacommunities should be much more intensely connected than others. For example, when we compared all our sampled
terrestrial and aquatic boreal bacterial communities with 20 bacterial communities from living tree leaves (i.e., phyllosphere communities) collected in the same
area, we observed that the latter were much less connected to all the other aquatic
and terrestrial ecosystems (Ruiz-González et al., 2017b). We did find, however,
that phyllosphere and soil assemblages shared several taxa, meaning that there
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was also a certain exchange of species between them. Actually, the rain washing
the canopies of different trees is loaded with different bacterial assemblages depending on the tree species (Charles Nock, unpublished data) and this influences
in turn the taxonomic composition of the receiving soil communities, which differ depending on the tree species (Ruiz-González et al., 2018). However, when we
experimentally inoculated lake water with these different soil assemblages, we did
not see a clear signature on the growing lake communities according to the soil
origin, probably because they could not outcompete the already established lake
bacterioplankton community (Ruiz-González et al., 2018). In any case, all this illustrates that multiple landscape components can be connected through the
transport of microbes, but the intensity of these connections will vary widely depending on dispersal pathways, direction, and transport rates. This fact clearly
challenges our current ecosystem-specific approaches to the study of bacterial
communities and highlights that it will not be possible to understand how communities are assembled without considering the actual limits of microbial metacommunities.
5. Microbial dispersal in marine ecosystems: Currents, water
masses, sinking particles and continental sources
Oceanic environments represent one of the extremes of the continuum presented in Figure 4, where water residence time is extremely long and connectivity
with the surrounding environments is much lower than in freshwater ecosystems. Consequently, the biogeographical patterns of marine bacterioplankton
should be mainly driven by local sorting or selection of species. From what we
know about bacterial communities in the ocean, however, it seems that the dominant taxa are found everywhere. For example, using data from the Malaspina
Expedition 2010, which was a global ocean circumnavigation expedition conducted in 2010 throughout the tropical and subtropical ocean (Duarte, 2015), we
observed that most bacterioplankton communities in the surface ocean are dominated by a few ubiquitous abundant bacterial taxa that are present almost in
every station, regardless of the variations in physical-chemical factors (RuizGonzález et al., 2019). Similarly, other studies suggested that a single marine
community can contain nearly all the diversity that dominates throughout the
year in a marine site (Caporaso et al., 2012) or across different marine habitats
(Gibbons et al., 2013) if a sequencing deep enough to detect the rarest taxa is applied. This apparent ubiquity of many bacterial taxa implies that there must be
dispersal mechanisms operating in the ocean, such as, for example, the movement
of water masses and currents. Although this hydrologic dimension is rarely considered in marine microbial biogeographical studies, a few recent investigations
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have shown that the advection or sinking of water masses can structure microbial
communities by allowing the colonization of new habitats (Wilkins et al., 2013;
Luna et al., 2016). Other studies have shown that oceanic features such as boundaries between different water masses act as strong barriers and delimit the distribution of microbes in the ocean (Baltar et al., 2010, 2016). Lastly, it was recently
proposed that the trajectories of the microbial communities drifting with currents in the surface ocean determine their intergenerational thermal exposure,
resulting in assemblages with different thermal tolerances and highlighting the
need to consider the dispersal history of microorganisms in order to understand
their responses (Doblin & Sebille, 2016).
Besides hydrography, other dispersal mechanisms in the ocean have also been
proposed. For example, collecting air bacterial samples during the Malaspina
expedition, Mayol et al. (2017) provided evidence of long-range atmospheric
transport of terrestrial and marine bacteria over the ocean, showing that microbes can be transported thousands of kilometers before re-entering the marine
environment. Among other things, this might explain the reported widespread
distribution of some oceanic bacterial taxa, given that experimental studies have
shown that is it possible to retrieve typical marine bacteria from air samples
(Comte et al., 2014).
Another dispersal pathway that had been overlooked until recently is the sinking of marine particles. Sinking particles are the basis of a mechanism known as
the biological carbon pump, which refers to the processes by which the carbon captured by phytoplankton in the sunlit surface ocean sinks to deeper ocean layers as
dead organic matter and fecal material (Figure 6). This sinking of particles is
known to be a widespread process throughout the global ocean. The quality,
amount and sinking rates of particles depend largely on the nature of the phytoplankton communities and other processes such as grazing. This sinking material
constitutes a major source of carbon for deep-ocean living organisms, which have
to survive in a harsh ecosystem where the lack of light prevents the photosynthetic
production of dissolved organic matter (Figure 6, see refs. in Herndl & Reinthaler,
2013). There has been a lot of research on marine particle sinking, but studies have
focused mostly on the biogeochemistry of carbon (Arístegui et al., 2009; Herndl &
Reinthaler, 2013) and only recently has it been demonstrated that sinking particles
seem to act as dispersal vectors of prokaryotic diversity (Mestre et al., 2018). This
was achieved by characterizing the composition of the microbial communities associated with particles of different sizes from the surface down to the dark bathypelagic ocean (ca. 4,000 m deep) during the Malaspina expedition, and by exploring
whether we could detect the presence of surface bacterial taxa in communities
from deeper waters. We found that all deep sea communities were numerically
dominated by bacterial taxa that were also detected in the surface ocean. This
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points to a large vertical connectivity of microbial communities, which we found
was mostly mediated by the sinking of the largest particles (Mestre et al., 2018).
Notably, intact surface phytoplankton cells were found at 4,000 m during this same
expedition (Agustí et al., 2015), indicating fast sinking rates in most surveyed areas
and explaining the prevalence of surface-derived bacteria in the dark ocean. Interestingly, we have recently shown that the biogeography of these free-living and
particle-attached communities from the deep ocean is explained by surface properties related to particle formation and sinking (i.e., surface gradients in primary

Figure 6. A simplified diagram of the biological carbon pump (modified from Herndl & Reinthaler,
2013). Phytoplanktonic microorganisms take up carbon dioxide (CO2) in the sunlit surface ocean using solar energy and produce biomass (particulate organic matter, POM). Between 1% and 40% of the
surface primary production exported out of the sunlit (euphotic) zone does so as sinking particles that
are progressively degraded by microbes, and only a very small fraction of the surface production
reaches the sea floor. Other processes such as grazing and production of fecal pellets (feces) by zooplankton and other vertically migrating organisms can also deliver POM to the deep ocean. These
particles are quickly colonized by highly diverse bacterial communities and this role of sinking particles as transporters of microbial diversity from surface waters to the deep ocean has only been recently
reported.
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production, abundance of different phytoplankton groups) to a larger extent
than by the local physical-chemical conditions in the deep ocean (Ruiz-González
et al., 2020). This implies that understanding the spatial patterns across bathypelagic communities necessarily requires the consideration of this unexpected
vertical dispersal pathway. Thus, we will not be able to fully understand the
ecology and functioning of these deep-ocean communities if we focus only on
the bathypelagic environment.
Lastly, even though the relative influence of connectivity to the terrestrial environment is much smaller than in freshwater systems (Figure 4), overall the
ocean still receives large amounts of material from continents through rivers or
through other less studied hydrologic components such as submarine groundwater discharge. These terrestrial-marine linkages, however, have been very poorly
studied in terms of microbial dispersal. Moreover, although the contribution of
surface rivers, streams and estuaries to ocean geochemical budgets is well known,
only recently has attention turned towards the effect of groundwater inputs on
the ocean. Historically, such inputs were considered negligible, yet it has been recently shown that globally, groundwater discharge to the ocean can be higher
than that from rivers, significantly impacting marine biota and biogeochemical
cycles (Kwon et al., 2014; Lecher & Mackey, 2018).
Such linkages with the continental environment are of major importance in
coastal areas and in semi-enclosed nutrient-poor seas such as the Mediterranean;
due to its large shore length relative to surface area, the influence of continental
inputs on ecosystem functioning and the structuring of the communities will be
larger than in the open ocean. Interestingly, although atmospheric deposition and
riverine runoff had been traditionally considered the main external sources of
carbon and nutrients to the Mediterranean, it was recently shown that the exchange of groundwater between land and sea (the so-called submarine groundwater discharge, SGD) is a major component of the hydrological cycle in this system,
and that its associated inputs of nutrients are of similar magnitude as those from
rivers or atmospheric sources (Rodellas et al., 2015). Several studies carried out in
the Mediterranean have shown that allochthonous carbon deriving from continental sources is important for sustaining planktonic metabolism (Duarte et al.,
2004; Regaudie-de-Gioux et al., 2009), but it is not known how much of this biologically used carbon derives from groundwater sources. Lastly, whether the dispersal
of microorganisms associated to SGD has any influence on the diversity and functioning of coastal microbial communities has never been addressed. Although there
is experimental evidence showing that it is possible to retrieve marine bacterial
communities from freshwater sources or lake sediments (Comte et al., 2014), the
extent to which continents are reservoirs of marine diversity is an issue that deserves further attention (Ruiz-González et al., submitted).
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6. Implications of microbial dispersal for understanding
microbial biogeography and functioning
One major implication of all the above is that aquatic communities may harbor many taxa whose presence is accidental and which are thus not adapted to
aquatic conditions. For example, rivers may contain large amounts of terrestrially
derived bacteria that are progressively diluted because they cannot thrive in aquatic environments (Ruiz-González et al., 2015a; Savio et al., 2015; Niño-García et al.,
2016a; Wisnoski et al., 2020) and deep ocean communities may include typical
surface bacterial taxa that reach deeper waters attached to fast-sinking particles
(Mestre et al., 2018; Ruiz-González et al., 2020). In order to understand this, it is
important to bear in mind that when we characterize the microbial communities
based on DNA gene markers (e.g., sequencing the 16S rRNA gene), in addition to
the active prokaryotic taxa we also find inactive/dormant components and even
dead bacteria. It has even been shown that it is possible to find extracellular DNA,
which can persist for years in soils and can comprise a large fraction of the detected diversity, obscuring our estimates of the number of species present in a given
community (Carini et al., 2016). This relic DNA does not appear to create large
overestimations of diversity in well-established aquatic communities, but it could
be important in environmental transitions, such as in headwater streams (Lennon
et al., 2018).
In the ocean, we observed that deep ocean communities below highly productive surface sites were very similar to communities from surface waters, while this
was not the case in stations below less productive sites (Ruiz-González et al.,
2020). This may mean that, in situations of high sinking particle fluxes, deep sea
communities may harbor a significant fraction of typical surface bacteria that are
just a legacy of intense dispersal, thus playing no role in the environment. In addition, the periodic occurrence of freshwater bacteria in coastal bacterioplankton
communities was associated with fluctuations in groundwater flow (Lee et al.,
2017), but whether some of these groundwater taxa remained active in the marine
environment was not tested.
These active and inactive community components (Figure 7) should display
different spatial and temporal patterns along environmental gradients, given
that the former should be subjected to variability in local conditions and the later
to dispersal or stochastic processes. We tried to distinguish these two pools of
taxa by exploring the spatial patterns of individual taxa across 200 boreal lakes
and by retracing their abundance along the adjacent rivers and streams. This
analysis revealed that lake communities harbored both: a few dominant taxa, i.e.,
abundant taxa adapted to the local lake conditions that were responsive to environmental gradients, and a very large fraction of rare bacteria whose presence
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seemed accidental and linked to hydrologic transport from rivers into the lakes
(Niño-García et al., 2016a). In consequence, more than 90% of the bacterial diversity detected across these 200 lakes was probably just the result of hydrologic
dispersal, and thus would be meaningless when trying to understand community
functioning (Figure 7).
For example, a recent large-scale survey of the diversity of freshwater methanotrophic bacteria (bacteria that consume methane) revealed that the two main
groups of lake methanotrophs, which belong to the gammaproteobacteria and
alphaproteobacteria, appeared to differ in their origins; whereas lake gammaproteobacterial methanotrophs were mostly aquatic, showing no presence in the adjacent soils, the majority of the lake alphaproteobacterial methanotrophs
appeared to be of terrestrial origin (Crevecoeur et al., 2019). This suggests that
alphaproteobacterial methanotrophs are presumably inactive in aquatic systems,
and would not contribute to methane consumption in lakes. In support of this
idea, in a different study we found that gammaproteobacterial methanotrophs
displayed much stronger correlations with methane oxidation measured during
experimental incubations than alphaproteobacterial methanotrophs, supporting
the hypothesis that the gammaproteobacterial group plays a more important
role in lake methanotrophy (Reis et al., 2020). The presence of these allochthonous inactive taxa would preclude the observation of linkages between variations
in the composition of lake methanotrophic bacterial communities and methane
consumption and mitigation of emissions, thus limiting our capacity to understand and predict their role in nature. Similarly, the exploration of the drivers
shaping the distribution of methanotrophic communities across lakes would
also be muddled by the presence of taxa that are not responding to such local
conditions (Figure 7).
A recent study targeting both the active and the total (active + inactive) portions of bacterial communities along a reservoir gradient showed that most terrestrial taxa entering the reservoir were not detected in the active fraction and
decayed progressively away from the terrestrial-aquatic interface (Wisnoski et al.,
2020). The active fraction was detected by sequencing the RNA pool, not just the
DNA, given that rRNA makes up the ribosomes that are required for synthetizing
proteins and thus indicate activity. This comparison between the active and the
inactive components supports the hypothesis that a large fraction of the communities may not be contributing to community functioning, and that the relative
importance of this inactive pool to microbial communities will vary along aquatic
continua depending again on connectivity with upstream ecosystems and water
residence time (Figure 7).
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Figure 7. Depending on the degree of connectivity with sources of allochthonous microbial diversity, dispersal rates, and water residence time, microbial communities may contain different proportions of active and inactive components that may preclude the observation of clear links between
taxonomic composition and environmental/biotic conditions, or between taxonomic composition
and community functioning.

7. Concluding remarks and future directions
The advent of sequencing methodologies, which allowed the discovery of the
rarest members of communities and an expansion of the scale of studies, has
largely revolutionized our understanding of the structuring of microbial communities in recent years. We have progressively moved from a perspective in which
selection by local conditions seemed to be the most important factor, explaining
the presence of microbial taxa on a given site (a perception largely motivated by
the fact that only the most abundant taxa were detected with traditional approaches, Pedrós-Alió, 2012), to the view that the dispersal of microbes between
local communities, and the subsequent selection, seem to be of large importance.
However, current research on microbial ecology still frequently disregards any
potential linkages between communities from different habitats, which are studied separately, providing a rather fragmented view of microbial biogeography.
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The recent investigations that have considered such inter-habitat linkages
have revealed that microbial metacommunities often transcend ecosystem
boundaries. For example, freshwater bacterioplankton communities travelling
with flowing water are largely controlled by hydrology, which determines the relative influence of mass effects versus local sorting along aquatic continua including streams, rivers, wetlands, and lakes. The comparison, in terms of microbial
species, of terrestrial and freshwater microbial communities has revealed that soil
bacteria form part of aquatic metacommunities, and that due to dormancy and
persistence traits of bacteria, soils may be reservoirs of microbial diversity for
freshwater. In the ocean, sinking particles have been found to be important diversity transporters, promoting vertical connectivity between oceanic communities,
but other dispersal sources such as linkages with continents deserve further attention. Lastly, atmospheric transport (as well as other processes not discussed in
this review, such as transport by migrating birds, fish, etc.) may represent important long-distance dispersal pathways, but their influence on local freshwater and
ocean communities needs to be evaluated.
Microbial landscapes are thus much more complex and interconnected than
believed until recently, so studying isolated parcels of this complexity (Figure 8)
may lead to an incomplete understanding of microbial ecology and biogeography.
Depending on dispersal rates, connectivity pathways and water retention time, a
large fraction of the microbial diversity may not reflect local adaptation but is rather the result of passive dispersal, limiting our capacity to understand microbial responses to environmental gradients or any implications for ecosystem functioning. In addition, the capacity of bacteria to persist out of their preferred habitats
implies that external habitats may represent reservoirs and sustained sources of
potentially colonizing species. Future studies should be devoted to improving the
quantification of dispersal rates of different bacterial populations and to increase
our understanding of the persistence and resuscitation capacities of taxa. Likewise,
there is a need to ascertain how human activities, which have opened new dispersal
routes that move microbes around the globe (Zhu et al., 2017), impact and modify
the boundaries and linkages of natural microbial metacommunities. Fortunately,
the current technical and scientific scenarios allow us to advance towards a more
comprehensive and cross-disciplinary form of microbial ecology that better reflects the natural complexity of the microbial world.
I come to the end of my talk aware that I have not stated anything that
might be significant for the defense or protection of biodiversity. It is up to you
to imagine ways and means of slowing down or at least of not accelerating too
much the pace of change imposed on our present biosphere.
Margalef, 1999
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Figure 8. Schematic representation of some of the main microbial dispersal routes between natural terrestrial and aquatic habitats, highlighting that microbial metacommunities clearly transcend ecosystem boundaries. Consequently, the study of isolated parcels of this natural complexity
will lead to an incomplete understanding of microbial ecology, biogeography and their controlling
factors.
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