
Hydrological and hydraulic perspectives of 
fluvial ecosystems
• Rivers as networks
• The four dimensions of river ecosystems
• Spatial heterogeneity



River networks span
• Catchments
• Biomes
• Nations
• Cultures

Potential for conflicts
https://climate-diplomacy.org/case-studies/israel-palestine-water-sharing-conflict

https://www.cejiss.org/water-and-the-palestinian-israeli-conflict



River networks span
Catchments
Biomes
Nations
Cultures

Bear potential for conflicts



How river networks form

Branching river networks in runoff-generating areas
are naturally fractal — there are basins within basins 
within basins, all of them looking alike.

Fluvial landforms show deep similarities of the parts 
and the whole across up to six orders of magnitude 
despite the great diversity of their drivers and 
controls—geology, exposed lithology, vegetation, and 
climate

River networks are spanning trees: spanning,
because there is a route for water to flow from every 
location of the basin to the main stream; and a tree, 
because of the absence of loops.



Describing river networks

Strahler order
• 662’000 km2, 0.45 % of the continental land

surface
• around 35% of global stream length and number is

made up of streams smaller than Strahler order 6



Quantifying global river surface area

Use Landsate imagery for streams and rivers 
near annual mean discharge (from 3693 gaging 
stations), validate against field surveys

Rivers with channels wider than 90 meters —
still numerous headwaters missing

Global river and stream surface area at mean annual 
discharge is 773,000 ± 79,000 square kilometers
(0.58 ± 0.06%) of Earth’s non-glaciated land surface

Surface area matters for…



Why would changes in width, area and depth matter?

• Connectivity with terrestrial 
environmentand terrestrial subsidies

• Flow regime
• Sediment composition and 

hydraulics
• Gas exchange
• Energetics and biology
• Land use 

Downstream change of river dimensions 



The four-dimensional nature of stream and river ecosystems



The four-dimensional nature of stream and river ecosystems
• Lateral

• Geology  (e.g., erodibility) and related geomorphology (e.g., slope)are first-order 
controls on the lateral dimension

• Land use as well



The four-dimensional nature of stream and river ecosystems
• Lateral

• Active channel within ‘bankfull width’
• Floodplain beyond ‘bankfull width’
• Innundation: over-topping of banks



The four-dimensional nature of stream and river ecosystems
• Lateral

• The river corridor
• Riparian zone: stabilisation of banks, filtration, shade and thermal regime, energy subsidies…
• An aquatic-terrestrial ecotone (ecological transition zone promoting biodiversity)



The four-dimensional nature of stream and river ecosystems
• Lateral



The four-dimensional nature of stream and river ecosystems
• Vertical

• Streams and rivers connected to the 
catchment via vertical hydrological flow 
paths

• Hydrodynamic exchange between 
surface water and parent groundwater 
through the hyporheic zone

Catchment perspective



The four-dimensional nature of stream and river ecosystems
• Vertical

• Vertical flow driven by various 
bedform features

• Diverse geomorphologies matter for 
hydrodynamic exchange



The four-dimensional nature of stream and river ecosystems
• Longitudinal

• The longitudinal distribution of flow
• Discharge increases downstream as the size of the drainage basin increases
• Flow is continuous or interrupted



The four-dimensional nature of stream and river ecosystems
• Longitudinal

• Perennial: always flowing — gaining streams
• Intermittent: seasonally flowing — gaining and losing streams
• Epheremal: randomly flowing (after rain, snow melt) — losing streams



The four-dimensional nature of stream and river ecosystems
• Longitudinal

Water ceases to flow for at least 
one day per year along 51–60 per 
cent of the world’s rivers by length, 
demonstrating that non-perennial
rivers and streams are the rule 
rather than the exception on Earth



• Stream networks dynamically extend and retract, and 
connect and disconnect, both seasonally and during storm 
events, as the landscape wets up and dries out

• As the flowing stream network expands, it comes closer to 
each point on the landscape. This accelerates the runoff 
response at the catchment scale because hydraulic signals 
propagate faster along flowing channels than through 
hillslope soils or bedrock

• Expansion of the stream network shortens the average transit 
time and changes its distribution

• The onset of flow in previously dry or disconnected stream 
sections can flush out sediment and organic matter, leading 
to high sediment and nutrient fluxes to downstream reaches

The four-dimensional nature of stream and river ecosystems
• Temporal- River network contraction and expansion



The four-dimensional nature of stream and river ecosystems
• Temporal — Residence times

• Residence times of water decrease 
downstream

• Linked to hydrodynamic exchange
• Consequences for ecosystem 

processes and biogeochemistry



The four-dimensional nature of stream and river ecosystems
• Temporal — Flow regimes

Despite similar climate (precipitation and temperature) streams exhibit
different flow regimes
• Pluvial
• Nival
• Glacial

Flow regimes differ in inter-annual predictability, which is important for 
system phenology



The four-dimensional nature of stream and river ecosystems
• Temporal — Flow regimes

• Different annual flow regimes
• Contributions from rain, snowmelt 

and glacier ice 
• Relative importance from these 

contributions changes downstream



• Runoff generation
• Flow regimes
• Consequences for ecosystem functioning



How is runoff produced and what are (some of) its consequences?

• Precipitation: Input into the catchment
• Runoff & evapotranspiration: Outputs from the catchment
• Overland and interstitial flow, as well as groundwater 

discharge affect runoff dynamics at short scales (compared 
to annual flow regimes)

• Contributions of each depend on precipitation events, 
geology, vegetation cover, soil texture, slope, land use etc



How does runoff generate and what are (some of) its consequences?

• Different flow paths mobilize different waters (e.g., age, 
chemistry, temperature)

• Organic matter, nutrients, contaminants etc



How does runoff generate and what are (some of) its consequences?

Hydrograph separation
• Baseflow (from groundwater)
• Throughflow (interstitial flow)
• Surface runoff (overland flow)



How does runoff generate and what are (some of) its consequences?

• Elevated impermeabilisation increases runoff
• Reduces lag time between peak precipitation and 

peak discharge
• Augments peak discharge



Innundation in central and eastern Europe



Catchment impermeabilisation, 
hydrological response curves and 
reduced residence times



What about river channelization (straightening and 
deepening channels)?



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 indicate rate of increase of w, d and v with 
increasing Q

Continuity equation, Q = wdv,
Q = (aQb) (cQf) (kQm) or 
Q = ack Q b+f+m

the exponents are constrained to 1 (that is, b+f+m = 1)

The consequences of which are…..



Hydraulic geometry

Elevated response in depth and velocity for 
channels that are constrained in width

depth
velocity



Hydraulic geometry

Elevated response in width — can lead to over-topping 
of the river banks — creating innundations



Hydrological flow paths, reconnecting our streams and rivers
Towards restoration and risk management



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 high terrestrial inputs

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

• 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



Diluting effect on 
NO3-rich 

groundwater

Mobilisation 
of sediments

Mobilisation of 
DOC from 

sources other 
than sediments 

and NO3



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 hydrodynamic exchange





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



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
• Stability of parent material 



Next week: 

Hydrodynamic exchange and consequences


