
Hydrological and hydraulic perspectives of 
fluvial ecosystems
• Spatial heterogeneity
• Hyporheic exchange
• Atmospheric exchange



How do various flow paths of water through the landscape 
affect streamwater chemistry?



Hydrological flow paths and the chemical birth of water
Hysteresis loops
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• The steeper the slope of the hysteresis loop 
(solid line), the higher the solute gradient 
between terrestrial solute source areas and the 
stream — that is potentially high terrestrial inputs

• A clockwise direction of change over the course 
of the storm event indicates that solute sources 
are proximal to the stream and spatially 
connected to each other

• A counter-clockwise direction indicates solute 
sources are spatially disconnected from each 
other and distal from the stream

• The greater the loop amplitude, the greater the 
hydrological expansion into terrestrial solute 
sources — high hydrological connectivity
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Spatial heterogeneity of streams and rivers



Spatial heterogeneity of streams and rivers
[spanning catchments and biomes — hence elevational gradients] 

Landscape-scale spatial heterogeneity

• Gradients in terrain and geomorphology
• Gradients in contributing area (see 

hydraulic geometry)
• Gradients in land cover (use)



Spatial heterogeneity of streams and rivers
From networks to microhabitats

• Cross-scale spatial heterogeneity — at 
the interface beween geomorphology and 
hydraulics — from the reach to 
microhabitats

• Critical for biodiversity and ecosystem 
functioning



Bedforms

Water depth 
distributions

Three-dimensional flow 
velocity distributions

Small-scale hydraulic heterogeneity
Microhabitats

• Roughness structures and non-compressibility 
of water induce flow structures

• Turbulence-related phenomena (e.g., 
transport, shear forces, uplift, gas transfer) 
affect life and biogeochemistry in streams and 
rivers



Reach-scale satial heterogeneity
Step-pool and riffle-pool sequences

Elevated slope: step-pool
Reduced slope: riffle-pool

• Differences in water depth, velocity, 
residence time (continuity equation 
Q=vhw)

• Consequences for microhabitat 
formation and hyporheic exchange



Larger-scale channel features: meandering and braided rivers



From braided to meandering streams and rivers 

• Slope and energy
• Channel and bed stability
• Sediment load and size distribution

Consequences: connectivity, residence times, 
vegetation, biodiversity and ecosystem functioning

• High gradient channels
• Elevated bed load
• Incised and relatively 

confined channels
• Sediment dynamics with 

river corridor (alternating 
bars)

• Low-gradient channels
• Reduced bed load – more 

suspended load
• Less incised and confined, 

more dynamic channels
• Reduced sediment size



From braided to meandering streams and rivers 

• Meandering rivers occupy large 
surface ares in the lowlands

• Conflict with land use 
(urbanisation, agriculture)

• Channelisation



https://www.youtube.com/watch?v=dHERpWgA84Y



Meander formation

• Interplay between downstream directed sequences of erosion and 
deposition

• Sediment erosion of an outer bend and deposition of this material on 
inner bends downstream

• Depending on in-channel velocity distributions and stability of parent 
material 



Hyporheic exchange



Hyporheic exchange across spatial and temporal scales
• Residence times
• Biogeochemical reaction rates



There are both static and dynamic contributors to hyporheic 
flow

• At a point on the streambed the “hydrostatic” component 
represents the contribution to total hydraulic head given 
by water height regardless of flow. 

• The “hydrodynamic” component represents the forces 
arising from surface water flow around roughness 
features on the streambed and the resulting momentum 
transfer to the streambed.



• Hydrostatic conditions in streams imply that the hydraulic 
head at the streambed interface is equal to the height of 
overlying surface water. 

• Hydrostatically influenced hyporheic flow will therefore be 
affected by the variability in the height and slope of the 
streamwater surface and its effect on head gradients in 
the subsurface.

• Hydrostatically driven hyporheic flow tends to have its 
greatest influence at spatial scales governed by the 
streambed’s larger topographic undulations that emerge 
above stream and guide streamflow around bars and 
over steps, cascades, and riffles, and between 
meandering banks.



• Hydrodynamically driven hyporheic flow has its 
greatest influence at finer scales of variability in 
streamwater velocity flowing over submerged 
bedforms, which affects momentum transfer to the 
streambed.

• Hydrodynamic forces tend to be most influential in 
driving shallow hyporheic flows through pathways that 
are typically smaller than streamwater depth



• The spatial extent of exchange and the associated time 
that river water spends in storage are positively related 
and scale approximately with the size of bedforms, 
barforms, and other roughness features such as 
downed wood in channels, as well as frequency, size, 
and duration of spates and floods.



The transient storage model simulates
• in-channel advection and longitudinal dispersion in a 

stream 

• hydrologic connections with groundwater and with 
‘‘transient storage zones,’’ (i.e., slowly moving surface 
water at channel sides and hyporheic waters)

• reactive processes which may occur at different rates 
within various hydrologic compartments
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• Residence time controls the development of 
biochemical gradients and available habitats 

• Biochemical gradients will be limited in channel 
types characterized by short, rapid hyporheic flow 
paths (cascade, step-pool channels), resulting in 
more uniform biochemical conditions and more 
uniform habitats compared to channels 
characterized by a broad range of hyporheic path 
lengths and travel times

Consequences of hyporheic flow and storage
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Length scale for complete mixing between surface and 
hyporheic waters, or the hydrological turnover length

Qr stream flow (discharge)
qh downwelling flux (per unit streambed area)
P    wetted channel perimeter

Downstream gradient
(Hydraulic geometry)

Low turnover length
High mixing
Elevated residence time

High turnover length
Low mixing
Low residence time

• Discharge (Q) changing predictably from up- to downstream (see hydraulic geometry)
• Downwelling (qh) typically decreases downstream (slope, roughness, sediment)
• Develop a predictable framework for hyporheic importance
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Length scale for complete mixing between surface and 
hyporheic waters, or the hydrological turnover length

Qr stream flow (discharge)
qh downwelling flux (per unit streambed area)
P    wetted channel perimeter

• Discharge (Q) changing predictably from up- to downstream
• Downwelling (qh) typically decreases downstream (slope, roughness, sediment)
• Develop a predictable framework for hyporheic importance
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Consequences of hyporheic flow and storage
Reaction Significance Factor

• Hydrologic and biogeochemical factors combine to determine 
reach scale significance of a stream for ecosystem 
processes

• On the one hand greater reaction progress in individual 
hyporheic flow paths (i.e. higher rate and/or longer 
subsurface residence time) increases significance.

• Alternatively, significance is increased by greater hyporheic 
flux and by greater turnover rate of the stream through the 
hyporheic zone. The resulting whole-stream significance is 
expressed as the dimensionless product Rs, comprised of 
average hyporheic flow path-scale factors and reach-scale 
hydrologic factors.

• The dashed lines are isolines with increasing values of Rs 
toward the upper right denoting the fraction of the reactant 
removed per characteristic (dimensionless) distance travelled 
in the stream.



Consequences of hyporheic flow and storage
Reaction Significance Factor

Median hydrological turnover length

Median hyporheic residence time Reaction Significance Factor for denitrification 

Median hydrological turnover length

Promoting the development of permeable bedforms
at the streambed—and thus vertical hyporheic
exchange — is effective at enhancing river
denitrification in large river basins



Streambed topographic heterogeneity and gas exchange

• Oxygenation — biodiversity & fish population; degradation and purification
• GHG emissions



𝑘=𝛼(𝜀𝜈)1/4𝑆𝑐−𝑛

ν is the kinematic viscosity of water, 
Sc is the Schmidt number (i.e. the 
ratio of kinematic viscosity and the 
diffusion coefficient of the 
corresponding gas in water) and α is a 
scaling coefficient

A universal scaling for the air-water gas 
transfer velocity k as a function of the 
dissipation rate of turbulent kinetic 
energy ε



Gas exchange velocity (k600) scales with surface 
flow type /turbulence structure



Two distinct regimes of gas exchange velocity k600 
(depending on energy dissipation)
• Low-energy streams (low slopes, lowlands)
• High-energy streams (high slopes, mountainous terrain)

Relationship between gas exchange velocity and streambed 
roughness
• Shear stress and bottom energy dissipation
• Turbulent energy disspiated to water surface (low 

submergence)



Two distinct regimes of gas exchange velocity k600 
(depending on energy dissipation)
• Low-energy streams (low slopes, lowlands)
• High-energy streams (high slopes, mountainous terrain)

Breakpoint: 
• Air entrainment into the water
• Bubbles increase surface area, hence gas exchange



• Step-pool geomorphology  (as frequent in 
mountain catchments) increases turbulent 
dissipation and air entrainment (white water)

• Increases gas exhange velocity

• Potentially increasing CO2 evasion fluxes



• Why do surface area and both bed and channel 
heterogeneity matter?

• Exchange fluxes and residence times with bed 
sediments

• Exchange fluxes with atmosphere (oxygen, 
GHG)

• Streams and rivers as bioreactors with high 
transformation performance

• Systems underpinning for their global relevance 

Wrapping up


