
Global change ecology and fluvial ecosystems

Biogeochemistry



Biogeochemistry is the scientific discipline that explores the 
interactions between living organisms and the physical and 
chemical components of the environment.

It combines principles from biology, geology, chemistry, and 
environmental science to study the processes that govern 
the cycling of elements in ecosystems.

In biogeochemical cycles, elements and compounds move 
through the atmosphere, hydrosphere, lithosphere, and 
biosphere in a series of complex processes. 

These ecosystem processes include primary production, 
respiration, decomposition, weathering, erosion, and 
sedimentation. 

Human activities deeply impact biogeochemical cycles –
with feedbacks to the climate.

What is biogeochemistry?



Gobal biogeochemical cycles
Streams and rivers depicted 
as pipelines transporting 
carbon, nitrogen, phosphorus 
and sulfur from land to the 
oceans (‘runoff’)

A passive role for fluvial 
ecosystems

This is wrong!



Streams and rivers are no passive pipes at global scale

• The notion of pipes: hydrology and sediment transport
• ‘Bioreactors’ (see hyporheic flow) 



• Fluvial ecosystems receive terrestrial subsidies of 
organic and inorganic carbon

• Metabolise organic carbon
• Produce and emit CO2 (and CH4) to the 

atmosphere (gas exchange)
• Bury organic carbon (sediments, floodplains)
• Export organic and inorganic carbon to the 

coastal waters  

Stream and river networks are the largest 
biogeochemical nexus between land, 
ocean and atmosphere

Vertical (hyporheic) 
and lateral exchange

Vertical exchange 
with atmosphere

Downstream transport 
(longitudinal dimension)

Vertical exchange 
with sediments

Metabolism



• World’s streams and rivers are major emittors of N2O 
to the atmosphere

• N2O emissions increasing in time
• Driven by excess N fertilisation and atmospheric 

deposition



• N2O evasion fluxes decrease with river width (that is, downstream)
• High surface-to-volume ration upstream, decreasing downstream 

(that is, water-benthic processes become more important 
downstream)

• Damköhler number for the benthic–hyporheic zone is defined as the
ratio between the median hyporheic residence time (t50), which is
an index of the time that stream water spends within the hyporheic
sediment, and the characteristic time of denitrification (tD), where tD
=1/kD, with kD being the denitrification reaction rate

• Dimensionless flux of N2O, F*N2O, as the ratio between FN2O and the
total flux per unit streambed area of dissolved inorganic nitrogen
species



• Dimensionless N2O emission flux increases with 
denitrification Damköhler number

• Elevated residence times (relative to characteristic 
denitrification time) in hyporheic and benthic zones 
promote denitrification

• Higher denitrification potential when hyporheic and 
benthic zones are integrated

Highlights the role of streambed processes and 
interaction between streamwater (rich in nitrate and
organic carbon) and groundwater (low in oxygen, rich 
in nitrate)



Global streams and rivers do matter for biogeochemical fluxes

What is the engine?



Photosynthesis:
6CO2 + 6H2O à C6H12O6 + 6O2

Respiration:
C6H12O6 + 6O2 à 6CO2 + 6H2O 

Gross Primary Production (GPP)

Ecosystem Respiration (ER)

Net Ecosystem Production (NEP) = GPP-ER

Ecosystem level

A story of carbon and oxygen



Fluvial ecosystems are the most 
heterotrophic ecosystems 

• NEP<0: Heterotrophic; excess energy comes 
from terrestrial environment

• NEP>0: Autotrophic; excess energy can be 
exported downstream



Fluvial ecosystems are the most 
heterotrophic ecosystems 

• Comparison of annual regimes of terrestrial and 
river metabolism

• Higher heterotrophy of river ecosystems



• Streams most heterotrophic among the aquatic ecosystems
• Pronounced hydrological and energetic connectivity with the terrestrial milieu
• Lakes and estuaries have higher GPP and a more balanced ecosystem metabolism



What are the drivers of fluvial ecosystem metabolism?



• GPP and ER increase with catchment size
• Larger drainage area from where nutrients (N, P) and organic 

carbon can be mobilized



• Catchment (‘watershed’) area affects channel 
width

• Wider channels receive more PAR per unit 
surface area

• PAR stimulates GPP
• Higher GPP sustains higher ER

StreamPulse Data



• Light availability (potential versus realized GPP)
• Nutrients (N, P; bottom-up control) and grazing (top-down control)
• Physical disturbance (bed scouring flow events)



Conceptual understanding of ecosystem 
metabolism in rivers where productivity is often 
limited by light and constrained by physical 
disturbance.

• Blue arrows: riparian vegetation, river size, 
topography

• Read arrows: climate change
• Black arrows: local anthropogenic alterations Alps & Cities



https://metalp.epfl.ch/

Towards annual regimes of ecosystem metabolism
Environmental sensor technology



• Leveraging oxygen time series to infer 
annual regimes of stream ecosystem 
energetics

• Higher value of daily entropy indicates a 
greater range of diurnal variability of DO 
saturation as compared to the daily mean 
value.

• Essentially daily DO entropy informs on the 
departure of percent DO saturation from its 
baseline and is thus assumed to reflect 
biological (e.g., GPP) and physical (e.g., gas 
exchange) processes.

Glacier-, snowmelt- and groundwater-fed streams



• Leveraging oxygen time series to infer 
annual regimes of stream ecosystem 
energetics

• Energetic regimes depend on light 
availability mediated by turbidity (suspended 
load) and streambed movement (bedload)

• Depending on stream types (i.e., glacier-, 
snowmelt- or groundwater-fed)

• Look into the future when glacier-fed 
streams will look more alike as groundwater-
fed streams today



Urban streams
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Urban streams: Channelized, little 
canopy cover, high degree of flashiness, 
high inputs of organic matter (OM)
• Unpredicted peak-flow events keep 

GPP low
• ER greatly exceeds GPP – owing to 

OM inputs
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Urban streams: Channelized, little 
canopy cover, high degree of flashiness, 
high inputs of organic matter (OM)
• High oxygen deficit
• Rarely supersaturated in oxygen
• Increased probability for hypoxia 

(DO%<30%)
• Ecosystem health deterioration and 

biodiversity loss



Global change, ecosystem metabolism, 
deoxygenation and GHG emissions



A large number of streams and rivers worldwide 
threatened by hypoxia (i.e., DO concnetration < 
2 mg L-1)



Maximum water temperature and channel slope as most 
important predictors for river hypoxia occurrences, followed 
watershed area, human development index…

Small streams with flat channels are likely most prone to 
hypoxia as temperature increases



Global change, hypoxia and riverine methane emissions



• Annual methane emissions of 
27.9 (16.7–39.7) Tg CH4 —
comparable to other freshwater 
ecosystems

• Oxygenation (gas exchange 
velocity), OM (peatland), 
temperature and population 
density as significant predictors 
of CH4 concentration

Rivers as a significant source of methane to the atmosphere?



• Half of the global CH4 emissions from aquatic 
ecosystems

• High uncertainties related to emission fluxes from 
various freshwater systems 

• Rivers: mean (31 Tg CH4 yr-1) versus median (6 Tg 
CH4 yr-1)

• Compare to 16.7–39.7 Tg CH4 yr-1 from previous 
paper



Next class:

Nutrient dynamics and cycling
….



• Ecosystem GPP affects drive concentration of 
nitrate in streams

• Primary procuders rely on inorganic nitrogen for 
growth

• Extend of spring blooms shape annual nitrogen 
uptake 

• Overall low during summer because of shading 
through canopy


