
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



What about methane?

Biological sources (methanogenesis by archaea and bacteria)

Geogenic sources

Anthropogenic sources



• Methane is a potent greenhouse gas

• Its emissions are globally increasing at a rapid 

pace

Leaky gas infrastructures as one 

major source of methane to the 

atmosphere

…what else?



Streams and rivers are major sources of methane to the atmosphere

BU: Bottom up

TD: Top down

1Tg = 1012 g

Sources Sinks



• Streams and rivers emit 27.9 (16.7–39.7) Tg CH4 

per year, roughly equal emissions from lakes and 

ponds

• Physical ecosystem attributes and land use as 

some of the best predictors for CH4 
concentrations



• Clear seasonal and latitudinal patterns of 

CH4 emissions 

• Important to account for temporal and 

spatial variation of CH4 emissions when 
scaling up to the global scale



Methanogenesis

in anoxic sediments

Transportation of methane from aquatic 

ecosystemsEbullition is the major transportation path from sediments to the water and 

atmosphere

Bastviken et al. 2004 GBC



Wehrli 2011 Nature Geoscience

Hydropower reservoirs emit greenhouse 
gases



Del Sontro et al. 2010 ES&T

dam

The contribution of dams to CH4 production and outgassing

CH4 can accumulate in reservois towards the dam



Del Sontro et al. 2010 ES&T

Evasion flux: 150 mg CH4 m
-2 d-1

The contribution of dams to CH4 

production and outgassing

ebullition

diffusion

total

Model including

ebullition & temperature

• Ebullition dominates the CH4 evasion from 

Lake Wohlen reservoire. 

• Indicative of high CH4 production rates in the 

acculmulated sediments.



Maeck et al. 2013 ES&T

• Even low-land rivers with hydraulic 

constructions are sources of CH4

• Sediment accumulation and elevated 

CH4 production upriver from 

watergates for navigation



Maeck et al. 2013 ES&T

Reaches with elevated sediment accumulation are hotspots of CH4 

production and ebullition in rivers



• GHG emissions from reservoirs 

changing with latitude and age

• Highest in the Amazonas

• Topography, temperature and flooded 

biomass 

Petit Saut Reservoir French Guyane



• Reservoirs are significant emittors of 

greenhouse gases (CH4, CO2 and N2O) to the 

atmosphere

• Degradation of flooded biomass

• Degradation of accumulating organic matter in 

the sediments

• Increased temperature and primary production
How carbon-free is hydropower?

CH4

N2O

CO2



Ecosystem size matters for GHG emissions

• Small ponds emit more CH4 than large 

ponds - also relative to CO2 emissions

• Large receivers of organic matter and 

nutrients from the surroundsing 

landscape (geometry effect)

• Organic matter burial and 

decomposition leading to hypoxic 

sedimentary habitats that promote 

methanogenesis



Nitrous oxide (N2O)



• N2O emssions from streams and rivers are increasing

• Major contributions from fertilizers (N rich), manure and 

atmospheric depositions

• Headwaters contribute most to N2O emissions

• Tightly connected via shallow groundwater to land (with agricultural 
practices)



The dimension-less flux of N2O, FN2O, as the ratio 

between FN2O and the total flux per unit streambed 

area of dissolved inorganic nitrogen species [NO3 

and NH4] in the stream (FDIN0).

Damköhler number for the benthic–hyporheic zone 

is defined as the ratio between the median 

hyporheic residence time (50), which is an index of 

the time that streamwater spends within the 

hyporheic sediment, and the characteristic time of 

denitrification (D)

The time of turbulent vertical mixing, m, which is 

the average time for any neutrally buoyant particle 

to sweep through the water column because of 

turbulence. Damköhler number for rivers, DaDS 

=m/D, with m replacing 50 and stating a shift from 

hyporheic to water column dominated N2O 

production.



Damköhler number for the benthic–hyporheic zone 

is defined as the ratio between the median 

hyporheic residence time (50), which is an index of 

the time that streamwater spends within the 

hyporheic sediment, and the characteristic time of 

denitrification (D)

The time of turbulent vertical mixing, m, which is 

the average time for any neutrally buoyant particle 

to sweep through the water column because of 

turbulence. Damköhler number for rivers, DaDS 

=m/D, with m replacing 50 and stating a shift from 

hyporheic to water column dominated N2O 

production.

The dimension-less flux of N2O, FN2O, as the ratio 

between FN2O and the total flux per unit streambed 

area of dissolved inorganic nitrogen species [NO3 

and NH4] in the stream (FDIN0).



The application of this hybrid modelling approach reveals 

that small streams (width < 10 m) are the primary sources 

of riverine N2O emissions to the atmosphere. 

They contribute nearly 36 Gg N2O−N/yr; almost 50% of 

the entire N2O emissions from riverine systems (72.8 Gg 

N2O−N/yr), although they account for only 13% of the 

total riverine surface area worldwide. 

Large rivers (widths >175 m), such as the main stems of 

the Amazon River (~ 6 Gg N2O−N/yr), the Mississippi 

River (~ 2 Gg N2O−N/yr), the Congo River (~ 1 Gg 

N2O−N/yr) and the Yang Tze River (~ 0.7 Gg N2O−N/yr), 

only contribute 26% of global N2O emissions, which 

primarily originate from their water column.

Underscores the role of hyporheic processes in small 

streams for N2O production and emissions



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



GHG emissions from inland waters

Lauerwald et al. (in preparation)

Global Warming Potential at 100 year horizon 

(GWP100)
• GWP100 of inland water GHG 

emissions amounts to ~7.6 (4.7-

13.0) Pg CO2-eq yr-1. 

• Roughly three quarters are 
contributed by net emissions of CO2, 

the remainder mainly CH4, while 

contributions of N2O emissions are 

nearly negligible.

• Overall streams and rivers emit ca. 

80% of inland water GHG



Inland waters and the carbon cycle

Streams, rivers, lakes and ponds  are critical components of the global 

carbon cycle

Tight connection with the terrestrial environment; they receive large 

terrestrial deliveries of organic matter and CO2 (from weathering and 
soil respiration)

Important sources of CO2, CH4 and N2O to the atmosphere 

(uncertainties are large)

Inland waters are biogeochemical connectors between terrestrial 

ecosystems, atmosphere and the ocean
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