
Sample questions

• Describe the microbial loop and discuss its relevance for energy fluxes in a 

lake.

• Why would the relevance of allochthonous versus autochthonous energy 

sources to the aquatic metabolism change from small to large lakes?

• Describe the flood pulse concept and discuss its relevance for biodiversity 

across the aquatic-terrestrial continuum.

• What are the processes causing internal streambed clogging?



Ecosystem metabolism and restoration



• From an incised channel to a wider 

channel with floodplains

• Implications for hydraulic geometry

Restoration and stream metabolism



Restoration changes the relationship between 

discharge and water depthbefore after



Control reach Treatment reach



GPP, ER as difference between 

treatment (restored) and control (non 

restored)

Restoration of the channel 

geomorphology increases ecosystem 

metabolism, both for ER and GPP.

Restored reach with 

higher rates

Restored reach with 

higher rates



Restoring a stream by constructing a 

wastewater treatment plant

before

after



WWTP:

• Immediate effect on ammonium concentration

• Gradual effect on DOM concentration

Ammonium 

Dissolved organic matter



• GPP summer peaks decreased

• ER decreased over the entire year

• Less heterotrophic ecosystem

• Gas exchange rate increased (absence of 

algal mats and increasing turbulence)

• Improved aeration

• Higher fish biodiversity



𝐹𝐶𝑂2 = 𝑘𝐶𝑂2× ∆𝐶𝑂2

kCO2 is the gas exchange velocity for CO2 (including its diffusivity and

solubility)

CO2 is the difference in CO2 concentration between water and CO2 

equilibrium, which is the atmospheric-equilibrium concentration of CO2.

Areal CO2 evasion flux decreases 

downstream
(Why is it so high upstream?)



Areal CO2 evasion flux decreases downstream

(Why is it so high upstream?)

• Headwater streams often drain terrain with

elevated slope.

• This implies higher flow velocity and higher bed

roughness (see Hjulstroem).

• Roughness and velocity affect energy dissipation

(eD; velocity, slope and gravity) at the streambed

— increasing turbulence at the streambed

propagated to the water surface.

• Turbulence advects gases through the water

surface.

• High turbulence entrains air bubbles (white waters) 

into the water — increasing surface area for gas 

exchange.



Areal CO2 evasion flux decreases downstream

(Why is it so high upstream?)

• Hydraulics and hydraulic geometry different in 

high- than low-energy streams.

• Hydraulics related to roughness affects gas 

exchange velocity

• Changes predictably along the fluvial continuum

High energy

Low energy



Mountain streams worldwide are major 

sources of CO2 to the atmosphere.

Unexpected because of their relatively 

low surface area and catchments that 

are often devoid of terrestrial 

vegetation and soils. 

Steep slopes, high gas transfer

Well connected to groundwater – CO2 

from soil respiration and rock 

weathering



339 gas tracer experiments to measure gas transfer 

velociy (k600)

Relate k600 to discharge and energy dissipation (eD)

How does k600 react to varying discharge in high- 
versus low-slope streams?



k600 = aQb

• Gas exchange velocity in high-slope 

streams reacts more to increases in 

discharge then in low-slope streams

• Effect of energy dissipation (velocity, 

slope and gravity) more pronounced in 
high-slope streams

• Results from turbulence as induced by

roughness and velocity

E
x
p

o
n
e

n
t 
b



• Both sources and magnitude of the CO2 

evasion change downstream

• Allochthonous organic carbon and CO2 

prevail in headwaters

• Allochthonous sources decline 

downstream because connectivity with 

the catchment decreases

• Ecosystems (internal) production of CO2 

decreases as well because the ratio of 

sediment to water decreases (see 

streambed as bioreactor)



Areal CO2 evasion flux decreases downstream

(Why is it so high upstream?)

CO2 contributions from the groundwater decrease 

downstream

NEP

Groundwater

Emission



• Channel and valley geomorphology drives groundwater 

inputs

• Groundwater inputs are hotspots of CO2 outgassing

• Particularly pronounced in headwater streams that are 

tightly connected to groundwater
• Rapid outgassing depending on channel 

geomorphology and turbulence

CO2 contributions from the groundwater 

decrease downstream

(Why are they so high upstream?)



Groundwater CO2 inputs matter, but is it all?

CO2 transport model for the  continental USA 

simulating carbon transport and transformation in 

more than 22 million hydraulically connected 
rivers, lakes, and reservoirs

Stream corridor (comprising stream benthic zones, 

the hyporheic zone, and near‐stream

riparian zones and floodplains) CO2 production 
dominates over groundwater inputs at the 

continental scale

Water column respiration more important 

downstream

Depending on stream order!



Temporal variation of CO2 outgassing
Seasonal

• Distinct seasonal patterns of streamwater pCO2

• More pronounced in the hyporheic than surface 

water

• Few instances of CO2 undersaturation — in 

spring, because of positive NEP



Temporal variation of CO2 outgassing
Diel and event-driven

Sub-seasonal variation

• Pronounced day-night cycles of streamwater pCO2 in 

summer, less in winter

• Night peaks indicate ecosystem respiration dominating 
over production

• Post-storm diel pattern indicates recovery and active 

biomass buildup



Temporal variation of CO2 outgassing
Diel

• Overall higher nocturnal CO2 emssions – independent of the 

biome

• Highest diel variation in open-canopy streams during summer 

(light, primary production)

• Important when scaling CO2 emissions up to assess the role 
of streams and rivers for the global carbon cycle



Temporal variation of CO2 outgassing
Drying and diel

• Stronger diel variation in CO2 concentration in 

small streams compared to larger rivers

• Drought effect on diel variation stronger in 

streams

• Attributable to decreasing depth, rather than 

temperature and light availability – probably 

linked to oxygenation



Greenhouse gas emissions from drying streams and rivers 

• Climate change

• Irrigation

• Water diversion



Greenhouse gas emissions from drying streams and rivers 

Drying and rewetting streams and rivers 

are significant sources of greenhouse 

gases to the atmosphere

• Elevated temperature

• Anoxic/hypoxic conditions

• Increased residence times

• Organic matter accumulation



Greenhouse gas emissions from drying streams and rivers 

• Drawdown areas significantly contribute to areal 

extent to reservoirs

• Increasing trend with warming and droughts



Greenhouse gas emissions from drying streams and rivers 

OC burial in reservoirs decreases with 

drawdown area, CO2 emissions increase

Therefore, elevated net loss flux of carbon 

with increasing drawdown area

burial

CO2 emissions



Greenhouse gas emissions from drying streams and rivers 

OC burial in reservoirs decreases with 

drawdown area, CO2 emissions increase

Therefore, elevated net loss flux of carbon 

with increasing drawdown area



Most streams are CO2 emittors, but not all!



Styllas et al. in review

CO2 sink

CO2 source

Glacier-fed streams and lakes

• Glacier-fed streams are CO2 sinks 

depending on parent geology 

• Chemical weathering consumes CO2

• Likely in equilibrium with the atmosphere 

before industrialisation



• CO2 emissions from streams and 

rivers similar to the drawdown fluxes of 

atmospheric CO2 by the world’s

oceans

• Ecosystem metabolism contributes

ca.10% to global CO2 emissions – up 

to 90% locally.

• Remaining CO2 from terrestrial primary

production and chemical weathering

Streams and rivers are major components of the global 

carbon cycle



• Contributions from river NEP to CO2 

evasion from rivers vary widely

• Depend on gas exchange rate, 

carbonate dissolution, photochemistry

etc

River networks matter

for the global carbon

cycle



River networks shift the IC:OC ratio en route 

from land to the ocean

Potential impacts on coastal biogeochemistry

Streams and rivers are major components of the global 

carbon cycle



Stream and river networks
The multiple dimensions

Vertical

• Connected to the atmosphere through the turbulent surface

• Conencted to the groundwater

Lateral

• Connected to  groundwater, riparian zone and corridor

Longitudinal

• Ample opportunities for downstream processing (see RCC)

Network

• Small streams are mots abundant and tightly connected to the terrestrial 

environment

Makes streams and rivers so important for carbon fluxes despite their minor 

contribution by alreal extent
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