
River ecosystems



‘…~1.5 billion people (24% of the 

world’s lowland population) are 

projected to depend critically on 

runoff contributions from 

mountains by 2025 under a 

‘middle of the road’ scenario, 

compared with ~0.2 billion (7%) in 

the 1960s. This striking rise is

mainly due to increased local

water consumption in the

lowlands, whereas changes in

mountain and lowland runoff play

only a minor role.…’



‘…nearly 80% of the world’s population 

is exposed to high levels of threat to 

water security.

Massive investment in water technology

enables rich nations to offset high

stressor levels without remedying their

underlying causes, whereas less

wealthy nations remain vulnerable.

A similar lack of precautionary 

investment jeopardizes biodiversity, with 

habitats associated with 65% of 

continental discharge classified as 

moderately to highly threatened…’



Drivers of water security and river biodiversity imperilment



‘…Free-flowing rivers (FFRs) 

support diverse, complex and 

dynamic ecosystems globally, 

providing important societal and 

economic services. 

Infrastructure development 

threatens the ecosystem processes, 

biodiversity and services that these 

rivers support…’



‘…Only 37% of rivers longer 

than 1,000 kilometres remain 

free-flowing over their entire 

length and 23% flow 

uninterrupted to the ocean.

Very long FFRs are largely 

restricted to remote regions of 

the Arctic and of the Amazon 

and Congo basins.…’

CSI: Connectivity Status Index



Using a global database of planform river 

hydromorphology and a statistical approach, 

the authors show that global river and stream 

surface area at mean annual discharge is 

773,000±79,000 km2 (0.58±0.06%) of Earth’s 

non-glaciated land surface, an area 44±15% 

larger than previous spatial estimates.

By spatial extent, rivers contribute relatively 

little to the continents — but rivers are hotspots 

of biodiversity and biogeochemical cycling.



Stream and river 

networks



Large-scale organisation of streams and rivers
Catchments, watersheds and networks



Large-scale organisation of streams and rivers

Networks



Stream order

Surface area

Number of streams

per order

Basic scaling relationships

This has implications for

• Hydrology (e.g., responsiveness to precipitation)

• Biogeochemistry (e.g., terrestrial subsidies)

• Transport and transformation processes

Large-scale organisation of streams and rivers



Basic scaling relationships

Large-scale organisation of streams and rivers



Stanford 2005

The 3-dimensional nature of stream and river 

ecosystems

The Riverscape

• River corridor, parafluvial zone

• Longitudinal, lateral, vertical dimensions

• Connectivity of streams and rivers with 

the catchment



The riparian zone

• Vegetation along stream and river channels

• Consolidation of geomorphological features

• Buffering capacity towards terrestrial nutrient 

inputs

• Shading and thermal regimes

• Allochthonous energy sources

The 3-dimensional nature of stream and river 

ecosystemsThe lateral dimension



Floodplains

• Fringing inundation areas 

• Regular overtopping of channel banks (e.g., snowmelt, 

monsoon)

• Hydrological residence time

• Lateral connectivity critical for biodiversity and 

biogeochemistry (see transition zones/ecotones)

The 3D nature of stream and river ecosystems

The lateral dimension



Until the 1990ties:

The stream as a hydrological “pipe”

The stream as an integrative

part of the catchment

The 3D nature of stream and river ecosystems

The vertical dimension



Benthic zone (the bottom of the stream/river bed)
• Interface between surface water and streambed/riverbed

• Exposed to light, primary production

• Exposed to open channel hydraulics
wikipedia

The 3-dimensional nature of stream and river 

ecosystemsThe vertical dimension



Hyporheic zone
• Interface in the streambed between 

surface water and groundwater

• No light, hence no primary production

• Porous - Darcy flow

The 3-dimensional nature of stream and river 

ecosystemsThe vertical dimension



Pool-riffle sequence: downwelling

Riffle-pool sequence: upwelling

Q = v A (m/s m2)

area = width * depth

Q = v1A1 = v2A2

The 3-dimensional nature of stream and river 

ecosystemsThe vertical dimension



Hydrodynamic connectivity of 

streams to the adjacent groundwater

Similar as seen for lakes

The 3-dimensional nature of stream and river 

ecosystemsThe vertical dimension



Surface water and groundwater

One single water resource

• Contaminant management

• Bank filtration, wells

• Irrigation, agriculture

The 3-dimensional nature of stream and river 

ecosystems



Reasons why the hyporheic zone matters

(1) “Bioreactor” 

• Large surface area (sediments)

• Increased residence time

• Chemical and biological processes (biogeochemistry)

• Filtration (fine particles)

• Contaminant and organics degradation (selfpurification)

(2) Ecology

• Resilience/stability → buffering capacity

• Refugium for animals during storm events, droughts etc

• Biodiversity 



Hyporheos
(the organisms living in the hyporheic zone)

• Several millions of organisms per m3 within the hyporheic zone

• Colorless and elongated body shape



• Hierarchical organization of drivers that act 

across spatial scales on the biodiversity 

within the hyporheic zone

• Physical, chemical and biological in nature

The 3D nature of stream and river ecosystems

The vertical dimension



• Hydrology, geomorphology

• Ecosystem metabolism and biogeochemistry

• Ecology and biodiversity

The 3D nature of stream and river ecosystems

The longitudinal 

dimension



• Confluences change the hydraulics, sediment 

dynamics (often with bar formation)

• Because of increased environmental 

heterogeneity, confluences can also be hotspots 

for biodiversity

• Depends on stream/river size

The 3D nature of stream and river ecosystems

The longitudinal 

dimension



• From a linear model (see River Continuum 

Concept) to a network perspective

• Branching interrupts the downstream longitudinal 

continuum of geomorphological, hydrological and 

ecological properties

The 3D nature of stream and river ecosystems

The longitudinal 

dimension



Riffle-pool sequence

Step-pool sequence

Basic stream and river geomorphological units



• shallow (& wide)

• high velocity

• steep water surface gradient

• coarse-grained bed material

• deep (& narrow)

• low velocity

• gentle water surface gradient

• fine-grained bed material

convergent flow

(scouring)
divergent flow

(deposition)

Riffle Pool

Basic stream and river geomorphological units



Debris dams

Induce hyporheic exchange

Biodiversity

Geomorphology, habitats and functions 



• Macrophyte stands

• Residence time

• Biodiversity

• Primary production

Geomorphology, habitats and functions 



• Channel regulation

• Removal of riparian vegetation

• Stream bottom sealing

Geomorphology, habitats and functions 

Channel geomorphology and hydraulics



Hydraulic geometry
The downstream change of channel geometry to accomodate discharge

and sediments

• The geometry of the channel is configured 

such that is can receive and transport 

upstream deliveries of water and sediments.

• Channel width (w), water depth (d) and flow 

velocity (v).



Depending on the catchment geology, position 

within the network, terrain slope, but also 

riparian vegetation (land use), stream channels 

can differ in average width and depth, as does 

velocity.

Hydraulic geometry
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Hydraulic geometry



Relationships between the mean stream channel 

form and discharge downstream along a stream 

network (or at a station).

Hydraulic geometry:  relationship for a channel in the form 
of power functions of discharge as:

  w = aQb     d = cQf  v = kQm

where w = width, d = depth, v = velocity

Exponents (b, f, m) indicate rate of increase in a hydraulic 
variable (w, d, v) with increasing Q

Hydraulic geometry



Q is the product of w, d and v,

therefore

  

  Q = (aQb) (cQf) (kQm) or 

  Q = ack Q b+f+m

  and b+f+m = 1

Exponents (b, f, m) change with position in the  

network, climate, and discharge conditions 

Hydraulic geometry



Hydraulic geometry

Hydraulic geometry relates to 

• hydrogeomorphology to position in the stream 

network

• sediment characteristis

• hydraulics

• benthic life

• ecosystem processes



Sedimentary dynamics

• Stream energy (e.g., channel slope, velocity)

• Sediment composition



Sedimentary dynamics
Downstream gradients

• Mean flow velocity and channel properties 

change downstream (see hydraulic 

geometry)

• How are sedimentary dynamics affected?



Sedimentary dynamics and the Hjulstrom

curve

Wash load

Bedload

Suspended load



erosion

Sedimentary dynamics and the Hjulstrom

curve

Wash load

Bedload

Suspended load

size
cohesion



erosion

Sedimentary dynamics and the Hjulstrom curve

Downstream sorting

• Coarser sediments accumulate 

upstream

• Fine sediments accumulate 

downstream

• Turbidity increases downstream 

(implications for light availability)



Consequences
Downstream fining/sorting



Consequences
Downstream fining/sorting



Downstream and lateral gradients, and the legacy of Hjulstrom

Aswan Dam

Consequences

• High productivity of floodplains, estuaries

• (hydraulic geometry, Hjulstroem)

• Downstream accumulation of fine sediments

• Lateral accumulation of fine sediments within the 

floodplain during the receding limb of the storm 

hydrograph



Boano et al. 2014 Reviews in Geophysics

Vertical sorting of sediments
Consequences
Hydrodynamic exchange

External cloggingInternal clogging

Reduced permeability and hydrodynamic 

exchange



• Reduction of permeability

• From macro-porous to micro-porous flow

• Impacts on hydrodynamic exchange

• Shifting chemical gradients

• Habitat deterioration (siltation and anoxia)

Consequences
Hydrodynamic exchange



• Low gradients

• Easily eroded banks

• Straight channels eventually eroding into meandering channels

• Erosion: outer parts of the meander bends with highest velocity

• Sediment deposition along the inner meander bends with lowest velocity

erosion

accumulation

Consequences for channel geomorphology



• Low gradients

• Easily eroded banks

• Straight channels eventually eroding into meandering channels

• Erosion: outer parts of the meander bends with highest velocity

• Sediment deposition along the inner meander bends with lowest velocity

erosion

accumulation
Consequences for channel geomorphology



Meanders

• Interplay between erosion and accumulation

• Horizontal sorting of sediments

• Shaping the landscape, its environmental heterogeneity and biodiversity

• Shaping hydrodynamic exchange

Consequences for channel geomorphology
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