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Largest biogeochemical 

nexus between land, the 

oceans and atmosphere

Span multiple catchments 

and biomes

High biodiversity

Provide critical ecosystem 

services (e.g., drinking 

water, proteins, 

hydropower)

The superlatives 

of rivers



Rivers

• Natural channels configured to ensure 

transportation of water and sediments

• Flood events (current: warm 

Mediterranean, impermeabilisation, 

channelisation)

Perception of hydrologists long 

shaped our understanding of rivers 

as ‘pipelines’

[Physical transport overwhelms 

biogeochemical transformations]



Small by areal extent

Earth: 510 million km2

Ocean: 360 million km2

Rivers: 0.773 million km2

(0.58% of non-glaciated land surface)

Allen & Pavelsky 2018 Science



Largest biogeochemical nexus between 

land, the oceans and atmosphere

• Rivers figure among the most heterotrophic 

ecosystems (that is, they respire more than they 

produce)

• The world’s rivers are major CO2 sources to the 

atmosphere […this is a natural process]

• They receive OC from the terrestrial promary 

production, which they respire, store or transport 

downstream 

• They receive CO2 from terrestrial respiration and 

rock weathering, which they outgas to the 

atmosphere

• These processes shift the ratio of organic-to-

inorganic carbon en route from small streams to the 

coastal ocean

1 Gigatonne (Gt) = 1 billion tonnes = 1×1015g = 1 Petagram (Pg)



The world’s rivers are now part of 

the IPCC Global Carbon Budget



Global change, river ecosystem processes 

and biogeochemistry

• Global-change impacts on river ecosystem processes 

and related biogeochemistry are complex and poorly 

understood.

• Intricate connection with the terrestrial environment 

and coupling of physical, chemical and biological 

processes.



Mountains account for 25% of Earth’s land 

surface and their streams contribute more 

than 30% to global runoff.

Mountains are highly vulnerable to climate 

change.



Vanishing water towers

Millions of people rely 

on water from the 

world’s glaciers

Immerzeel et al. 2029 Nature

Consequences of melting mountain glaciers



Taking the ‘heartbeat’ of glacier-fed streams
https://metalp.epfl.ch/

A unique sensor network for monitoring 

impacts of glacier shrinkage on stream 

biogeochemistry  



Taking the ‘heartbeat’ of glacier-fed streams
https://metalp.epfl.ch/



How do glacier-fed stream ecosystems 

react to global warming?

Consequences of melting 

glaciers



Cruising the roof of our planet



16,585 samples

An amazing ‘field team’
Mike Styllas, Martina Schön, Matteo Tolosano, Vincent de Staercke



Glacier-fed streams 
Interface between the cryosphere and hydrosphere

o Freezing cold

o Long darkness in winter

o High UV-radiation

o High turbulence

o Unstable sediments

o Ultra-oligotrophic (like the deep sea)



Kohler et al. 2024 Nature Geoscience 

Resource limitation and 

microbial starvation

• Microbial metabolism limitated by carbon and 

phosphorus

• Low microbial carbon use efficiency (median: 

0.15)

• Starvation and little growth



A ‘green transition’ takes place

• Streamwater turbidity decreases as glacier become smaller

• More light reaches the stream bottom

• Algal biomass is stimulated and streams become greener

Kohler et al. 2024 Nature Geoscience 

Global trends indicate:

A space-for-time substitution approach

Bourquin et al.(2025) Nature Communications



• Algae provide organic carbon as a resource to the microbial 

metabolism

• Relieves microbes from energy limitation and starvation

• Increases carbon use efficiency — relatively more organic 

carbon allocated to biomass growth

A ‘green transition’ takes place



https://www.glacierstreams.ch/

https://www.epfl.ch/labs/river/

• Streams and rivers matter for global 

biogeochemical cycles despite their small 

contributions by areal extent

• High-mountain streams are highly 

vulnerable to climate change — yet poorly 

studied

• Glacier-fed streams are emblematic of 

climate change

• As glaciers melt, the environment of glacier-

fed streams changes dramatically

• Transitional ecosystems — undergoing 

major environmental and biogeochemical 

shifts

• Changing microbial energetics and 

ecosystem functioning
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Microbial biofilms

PART 2 



Microbial biofilms

Flemming and Würtz 2019 Nature Review Microbiology

Battin et al. 2016 Nature Review Microbiology

Battin et al. 2007 Nature Review Microbiology

Most successful form of life over  

3.2 billion years



Most microbes live attached to surfaces!

Flemming and Würtz 2019 Nature Review Microbiology

Battin et al. 2016 Nature Review Microbiology

Battin et al. 2007 Nature Review Microbiology





In streams and rivers, biofilm communities are highly
complex /diverse and perform important ecosystem
functions (e.g. metabolism, water purification, retention
of nutrients, cycling of elements, …





the small scale…

Microfluidics is a powerful
tool to study biofilms under
controlled conditions.

Biofilm structure (e.g. 
streamer formation) can help 
microbes colonize porous
substrates.

Architectural plasticity allows
a maximization of carrying
capacity.



Biofilm colonization can enhance/lead to the 
formation of preferential flow paths in porous
environments.

Motile bacteria can escape these trajectories



Interactions between biofilm structure 
and small-scale hydraulics lead to 
different biofilm morphologies



Biofilm morphology, local hydraulics
and the diffusion of oxygen shape the 
micro-meter scale 3D structure of 
complex phototrophic biofilms.

slow flow

fast flow



the ecosystem scale



from the field…



to the lab…



to the computer…



16S rRNA gene



Despite the harsh conditions GFS 
microbial communities are highly
diverse.

Across the world, GFS microbiomes are 
structured by spatial distance, 
regionality and environmental
selection.

The selective environment (e.g. low
nutrient availability=oligotrophy, cold 
temperature, unstable streambed) is
similar in GFS around the world.



Extreme environmental conditions select for phylogenetically 
related clades. These clades can regionally diversify and become 
microdiverse.



Metagenome-Assembled Genomes (MAGs)

Functional potential, phylogeny, 



Mapping the metagenomic diversity of the multi-kingdom 
glacier-fed stream microbiome
Gregoire Michoud, Hannes Peter, Susheel Busi, Massimo Bourquin, Tyler Kohler, Aileen Geers, Leila 
Ezzat, Tom Battin

Many microbes in GFS encode similar/same functions => 
functional redundancy (provides «insurance» in unstable
habitats)

Chemolithoautotrophy and mixotrophy are important in 
GFS



Caudovirales

Myoviridae Siphoviridae

PodoviridaeAutographiviridae

Studies on viruses in stream biofilms are scarce – metagenomics
(viromics) allows first insights into their diversity.

Stream biofilm viral communities are highly diverse.

Viral and bacterial community composition is coupled (correlated).



Viruses specific to bacteria
living in glacier-fed streams
carry beneficial genes
(auxiliary metabolic genes)



Climate-change experiments

Microbial communities 
act as sentinels of climate 
change.



Microbial communities
respond very sensitively to 
simulated climate change.



• Most microbes prefer a sessile (attached) lifestyle - embedded in 
complex biofilm communities

• River biofilms are highly diverse, the microbes in these communities
drive important ecosystem functions

• The flow of water, the diffusion of oxygen and nutrients shape biofilm 
morphology

• Molecular tools provide insights into the diversity, distribution and 
function of complex microbial communities

• Despite the harsh environmental conditions, GFS harbor a high degree
of microbial diversity

• Viruses are understudied in stream biofilms but may be important

• Global-change experiments allow mechanistic insights into the 
responses of microbial assemblages to change
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Thank you for your attention!

Questions?!
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