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A role for hydraulic heterogeneity

Environmental heterogeneity across spatial 

scales



Stream and river beds are heterogeneous

Does heterogeneity (space and time) affect biodiversity and functions?

Relating biodiversity to ecosystem functioning

How do ecosystem functions/processes respond to biodiversity loss?



Relating biodiversity to ecosystem 

functioning

How do ecosystem functions/processes 

respond to biodiversity loss?

Conceptual models



Evidence from experimental and observational 

studies that species richness increases biomass 

production across various systems.

How would this observation relate to monocultures?



Mechanisms underlying the relationship 

between biodiversity and ecosystem functioning

• Dominance or selection effect

• Complementarity



Relating environmental heterogeneity to 

biodiversity and ecosystem functioning



Disturbance/environmental heterogeneity

• Nitrate removal increases with species 

richness

• Algal biomass increases with richness

• Niche complementarity overwhelms; more 
diverse species drive nitrate removal

No disurbance/environmental ‘homogeneity’

• Nitrate removal saturates with species 

richness

• Algal biomass saturates with richness

• Selection effects overwhelms; one dominant 
species drives nitrate removal



• Spatial and temporal 

heterogeneity

• Environmental and community 

turnover

• Intermediate disturbances 

across scales

• Niche diversification

• Avoidance of dominance

• Biodiversity and ecosystem 

fucntions



Homogenization of streambeds (environmental 

flows, regulation etc)

How would this affect community metabolism?

Experimental homogenization of the streambed 

(sediment distribution, associated hydraulics) at 

reach scale



LH: low heterogeneity reach

HH: High heterogeneity reach

• Median sediment size similar, spatial 

variance differs

• Elevated streambed roughness in HH 

reach



Turbulent kinetic energy

Flow velocity

• Median flow velocity and turbulent kinetic energy 

(TKE) higher in HH reach

• TKE influences vertical mass transfer towards 

and through the laminar boundary layer

• Solute and gas replenishment for benthic biota



• Elevated respiration and gross primary 

production (GPP) in HH reach; same for 

biomass-specific GPP

• More hydraulic niches, elevated mass transfer

• Increased ecosystem processes



Environmental heterogeneity does matter for biodiversity 

and ecosystem processes and functioning

Human alterations reduce environmental heterogeneity, 

thereby reducing biodiversity and deteriorating 

ecosystem functioning



From the benthic to the hyporheic 

zone



The hyporheic zone of streams 

and rivers

• Interface between surface and 
subsurface (groundwater) water

• Porous flow

• No light available

• Very garge sedimentary surface area

• Biofilm growth
• Chemical gradients (redox)



Stream biofilms
• Surface-attached microbial communities

• Encapsulated in a polymeric matrix
• Highly diverse — spanning all three domains of 

life, plus viruses

• Biofilm activity induces microscale chemical 

gradients within the streambed/hyporheic zone

Streambed biofilms

The microbial skin of the catchment



Advantages of the biofilm mode of life?
(since 3.2 billion years)

• Largely mediated by the extracellular matrix (extracellular polymeric 

substances; EPS)

• Spatial proximity and biotic interactions

• Formation of micro-niches



Bedforms impact near bottom 

hydraulics and biofilms

Water depth 3D velocity



Flow heterogeneity promotes 

• biofilm architectural heterogeneity 

(crest versus through)

• absolute algal biomass 
• spatial variation of biomass (related to 

architecture)



Flow heterogeneity promotes 

• biofilm betadiversity

• uptake of glucose via mass transfer

• uptake of complex DOC via beta diversity
• more diverse DOC (not shown here)



Glucose:

upper layers of the biofilm

Arabinose:

throughout the entire biofilm

• Hydraulics affects sugar uptake rates

• Glucose: highly available to the microbial metabolism

• Arabinose: less available to the microbial metabolism

• Metabolic layering withing biofilms (glucose versus arabinose)

• Hydraulic heterogeneity increases the width of DOC molecules 
removed from the water

A combination of physical and biological processes



Mechanisms underpinning self-purification

• Spatial heterogeneity of streambed features and hydraulcis

• Biofilm archtitecture (physical structure) and biomass

• Microbial diversity

• DOC uptake



Bedform features and related hydraulic gradients 

promote hyporheic exchange

Advective transport of solutes and gases into the 

hyporheic zone — increased residence times (porous 

flow!) facilitate chemical reaction and microbial growth

Bedform features (i.e., roughness) also promote 

turbulence, hence gas (e.g., O2) transfer through the 

water surface

Replenishing gas transport into the hyporheic zone — as 

a bioreactor



The hyporheic zone as a bioreactor

• Increased residence times and inputs from 

various sources (e.g., surface water, 

groundwater)

• Transformation and greenhouse gas production

• Impacts for downstream biogeochemistry

• ‘Self-purification’ – removal of pollutants

Requires a holistic view across disciplines



Restoring the bioreactor
• Forcing surface water flow into the streambed

• Engineering the streambed

• Learn from nature (riffle-pool-riffle sequence)



2015: ‘….there is no microplastics in Swiss rivers…’ 



Microplastics in rivers

• There is microplastics in Swiss rivers 

and streams

• Regional/catchment heterogeneity

• Downstream accumulation of MP

• Deposition in lakes and rivers 

Expanded polystyrene (EPS), polypropylene (PP), low density polyethylene (LDPE), 

high-density polyethylene (HDPE), polystyrene (PS), polyvinyl chloride (PVC) and 

polyethylene terephthalate (PET)



Microplastics in rivers

• There is microplastics in Swiss 

rivers and streams

• Regional/catchment 

heterogeneity

• Downstream accumulation of MP

• Deposition in lakes and rivers 

Expanded polystyrene (EPS), polypropylene (PP), lowdensity polyethylene (LDPE), 
high-density polyethylene (HDPE), polystyrene (PS), polyvinyl chloride (PVC) and 

polyethylene terephthalate (PET)

Modeled scenarios of microplastics loads

• S0: no accumulation and sedimentation

• Slake: accumulation and sedimentation in lakes

• Sall: accumulation and sedimentation in lakes 

and rivers

A role for streams and rivers

A role for the hyporheic zone?



Microplastics in rivers and the hyporheic zone

• Legacy effects

• Fragmentation

• Degradation



• Simulations indicate that the longest microplastic 

residence times occur in headwaters, the most 

abundant stream classification.

• In headwaters, residence times averaged 5 

hours/km and increased to 7 years/km during low 

flow.

Microplastics in rivers and the hyporheic zone



• A field experiment showed that 23% of all microplastic combinations have a hyporheic 

exchange rate that is higher than their settling rate. This fraction was as high as 42% for 

microplastics composed of low-density polymers, such as polyethylene.

• Hyporheic exchange is important for the transport and fate of particles that are <100 μm in 

diameter, irrespective of polymer type.

• Biofilms increase residence time – through stickiness

Microplastics in rivers and the hyporheic zone



Hyporheic processes matter for 

stream/river ecosystem functioning and 

health



Hyporheic zone: Contribute to the role streams and 

rivers play for global biogeochemistry



• Streams and rivers are inherent components of the landscape

• Streams and rivers are highly biodiverse

• Biodiversity in streams and rivers at risk

• Anthropogenic alterations across scales (from global change to damming, flow regulation and 

pollution)

• Environmental heterogeneity critical for biodiversity and ecosystem functions

• Hyporheic processes (physical, chemical and biological) are fundamental for stream and river 

ecosystem functioning and biogeochemical fluxes

Summary
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