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A role for hydraulic heterogeneity

Environmental heterogeneity across spatial
scales
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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?
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Conceptual models

Relating biodiversity to ecosystem
functioning

How do ecosystem functions/processes
respond to biodiversity loss?
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doi:10.1038/nature23886

Biodiversity effects in the wild are common and as
strong as key drivers of productivity

J. Emmett Duffy!, Casey M. Godwin? & Bradley J. Cardinale?

Evidence from experimental and observational
studies that species richness increases biomass
production across various systems.

How would this observation relate to monocultures?

shutterstock.com - 1662168922
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Figure 3 | Comparison of diversity effects on biomass production in
observational versus experimental studies. Mean effect sizes are from
experiments (red) and observational studies after accounting for covariates
(blue). Observational estimates are calculated from the full dataset (circles)
and over the narrower range of species richness (SR) used in experiments
(diamonds). Triangles show log-response ratios calculated directly from
experiments with >2 levels of species richness (without fitting a power
function), whereas red circles show log response ratios calculated from

the fitted power function. Numbers of experiments or sites included are
shown. Horizontal bands denote standard errors. Extended Data Figs 1
and 2 show direct estimates of (3 and illustrate derivation of estimates,
respectively.



REVIEW: ECOLOGY

Biodiversity and Ecosyste Functioning:

A
Current Knowledge and Future Challenges m O CO¥
M. Loreau,™ 5. N 2 P. Inct " J. Bengt 1,* ). P. Grime,* A. Hector,® D. U. Hooper,® M. A. Huston,” D. Raffaelli,® SPEEiEE‘ F":'DI v .. * ..::}
B. Schrnld D. Tilman, D. A. Wardle*
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Mechanisms underlying the relationship \ l /
between biodiversity and ecosystem functioning

Ecosystem processes Higher productvity

« Dominance or selection effect
« Complementarity

Fig. 2. Hypothesized mecha-
nisms involved in biodiversity
experiments using synthetic
communities. Sampling effects
are involved in community as-
sembly, such that communi-
ties that have more species
have a greater probability of
containing a higher pheno-
typic trait diversity. Pheno-
typic diversity then maps
onto ecosystem processes
through two main mecha-
nisms: dominance of species
with particular traits, and
complementarity among spe-
cies with different traits. In-
termediate scenarios involve
complementarity among par-
ticular species or functional
groups or, equivalently, dom-
inance of particular subsets
of complementary species.



LETTER

Biodiversity improves water quality through
niche partitioning

Bradley J. Cardinale'

Relating environmental heterogeneity to
biodiversity and ecosystem functioning
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LETTER

Biodiversity improves water quality through
niche partitioning

doi:10.1038/nature09904

Bradley J. Cardinale’
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Figure 1 | Algal diversity effects on NO; ™, algal biomass and final as solid lines. The horizontal line and the grey shaded area show mean * s.e.m.
population sizes. a—c, Heterogeneous streams, with flow varyingspatiallyand  for Stigeoclonium, which achieved the highest values of all of the monocultures.
habitats varying in successional age. d—f, Homogeneous streams, in which ¢, f, The proportion of increased polyculture cell densities driven by niche

niche opportunities had been removed. Data are presented as mean * s.em.of complementarity (CE) or selection effects (SE; that is, the influence of
24 replicates for monocultures, 15 replicates for 2-6 species polycultures and 6  dominant species).
replicates for 8-species polycultures. Best fitting functions (Table 1) are plotted
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Spatial and temporal
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Environmental and community
turnover

Intermediate disturbances
across scales
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Ecology, 83(2). 2002, pp. 412-422
© 2002 by the Ecological Society of America

THE INFLUENCE OF SUBSTRATE HETEROGENEITY ON BIOFILM
METABOLISM IN A STREAM ECOSYSTEM

BRADLEY J. CARDINALE,'® MARGARET A. PALMER,' CHRISTOPHER M. SWAN,! SHANE BROOKS,!
AND N. LERoY Pofrr?

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

Fic. 1. (A) One of ten tile units that were placed on the benthic habitat of a low heterogeneity riffle. (B) The central
incubation site showing tiles sealed inside 0.5-L metabolism chambers being held at a constant temperature in water baths.

Also shown are examples of (C) low heterogeneity (LH) and (D) high heterogeneity (HH) riffles after manipulation of
substrate variability.
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© 2002 by the Ecological Society of America

THE INFLUENCE OF SUBSTRATE HETEROGENEITY ON BIOFILM
METABOLISM IN A STREAM ECOSYSTEM

BRADLEY J. CARDINALE,'”® MARGARET A. PALMER,! CHRISTOPHER M. SWAN,! SHANE BROOKS !
AND N. LEROY POFF?

LH: low heterogeneity reach
HH: High heterogeneity reach

 Median sediment size similar, spatial
variance differs

« Elevated streambed roughness in HH
reach
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Fie. 2. (A) The median particle size in a nffle (4,,) and two measures of particle size heterogeneity: (B) the geomorphic
ratio d,fd,,. and (C) the standard dewviation from the median particle size. Histograms show the means * 1 s for N = 3
low and N = 4 high heterogeneity riffles measured on day 20 of the experiment. Columns marked with different letters are
significantly different from each other (r tests, P << 0.05). For comparison to natural characteristics of substrata in the stream,
dotted lines show the maximum and minimum values, and the solid arrows show the mean value of N = 3 reference riffles
that were not manipulated during the experiment. Also shown is (D) the frequency distribution of all particle measurements
in the treatment and reference riffles. Smoothed trend lines are presented for clarity.
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THE INFLUENCE OF SUBSTRATE HETEROGENEITY ON BIOFILM
METABOLISM IN A STREAM ECOSYSTEM

BRADLEY J. CARDINALE,!? l\’IARGARE)Ib;L\D.;’A—AiII\E/IEii ggileTOPHER M. SwaN,! SHANE BroOOKS,! N A % 0.40 -
E ®] i : 0.30
% 12 a ' E 020
s 6 é 0.10
% 0 | gﬂ.ﬂﬂ
LH HH o
Turbulent kinetic energy
C L]
. : L i 5 100
* Median flow velocity and turbulent kinetic energy =/ — 5]
(TKE) higher in HH reach = 4 :
. . o a 0.50 4
« TKE influences vertical mass transfer towards $b—— 5
and through the laminar boundary layer | 7
« Solute and gas replenishment for benthic biota S HH s 00

M
T
"
=

Flow velocity

Fic.3. (A) Median velocity, (B) the frequency distribution of velocity measurements, (C) median turbulent kinetic energy
(TEE), and (D) the frequency distribution of TEE measurements in riffles on day 20 of the experiment. Data in plots (A)
and (C) are mean values = 1 s of N = 3 low and & = 4 high heterogeneity riffles. Columns with different letters are
significantly different from each other (r tests, P << 0.05). For comparison to natural characteristics of the stream, dotted
lines show the maximum and minimum values, and the solid arrows show the mean value of N = 3 reference riffles that
were not manipulated during the experiment. Data in plots (B) and (D) represent all measurements collected in the treatments

and reference riffles with smoothed trend lines presented for clanty.
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THE INFLUENCE OF SUBSTRATE HETEROGENEITY ON BIOFILM
METABOLISM IN A STREAM ECOSYSTEM

BRADLEY J. CARDINALE,!® MARGARET A. PALMER,! CHRISTOPHER M. SwAN,! SHANE BROOKS,!
AnD N. LERoY Porr?

Elevated respiration and gross primary
production (GPP) in HH reach; same for
biomass-specific GPP

More hydraulic niches, elevated mass transfer

Increased ecosystem processes
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Fic. 4. (A) Respiration, (B) GPP, (C) algal biomass, and (D) biomass-specific productivity of the benthic biofilm on
standardized ceramic tiles colonized in the riffle habitats. Data points are the mean * 1 se of N = 3 low heterogeneity, N
= 4 high heterogeneity, and N’ = 3 reference riffles. Open triangles show the maximum and minimum values for the reference
riffles on each date. P values from repeated-measures ANOVAs comparing the LH and HH treatments are displayed for each
variable. Mean temperatures during incubation of the tiles were held at ambient stream temperature (day 1 = 23.5°C, day 4
= 23.3°C, day 8 = 234°C, day 15 = 23.6°C, and day 25 = 24.7°C), and lighting conditions were identical for all tiles
within a date (see Merhods).



Environmental heterogeneity does matter for biodiversity
and ecosystem processes and functioning

Human alterations reduce environmental heterogeneity,
thereby reducing biodiversity and deteriorating
ecosystem functioning
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From the benthic to the hyporheic
zone
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Communication
Is the Hyporheic Zone Relevant beyond the
Scientific Community?

Jérg Lewandowski 2*(, Shai Amon ', Eddie Banks ', Okke Batelaan *1,

Andrea Betterle 5, Tabea Broecker 7, Claudia Coll 3, Jennifer D. Drummond °©,

Jaime Gaona Garcia 1%, Jason Galloway 2, Jesus Gomez-Velez 120,

Robert C. Grabowski 1*(, Skuyler P. Herzog 140, Reinhard Hinkelmann 7, Anja Hihne 150,
Juliane Hollender >, Marcus A. Horn 175, Anna Jaeger 20, Stefan Krause *,

Adrian Léchner Prats 10, Chiara Magliozzi '>'°7), Karin Meinikmann 270,

Brian Babak Mojarrad 2!, Birgit Maria Mueller 1-22(, Ignacio Peralta-Maraver 23(,

Andrea L. Popp %2, Malte Posselt 80, Anke Putschew 20, Michael Radke 20,

Muhammad Raza **%(, Joakim Riml !, Anne Robertson #*), Cyrus Rutere '°0),

Jonas L. Schaper 225, Mario Schirmer >, Hanna Schulz 12, Margaret Shanafield 0,

Tanu Singh *©, Adam S. Ward ', Philipp Wolke *(, Anders Wirman ' and Liwen Wu 120

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)

=PrFL

Water-sediment-
interface

Figure 1. Conceptual model of the major hyporheic zone drivers and processes, as discussed in Section 2

of the present review. Dashed circles indicate the separation of disciplines in current hyporheic research,
despite the high system complexity and manifold interconnections of hyporheic processes. GW-SW
exchange is groundwater-surface water exchange; DOM and POM are dissolved or particulate organic
matter, respectively.



Streambed biofilms

The microbial skin of the catchment Stream biofilms 3
« Surface-attached microbial communities
The ecology and biogeochemistry « Encapsulated in a polymeric matrix
of stream biofilms « Highly diverse — spanning all three domains of
3:::;1 iﬂfgstf;afg:;gggrf Besemer?, Mia M. Bengtsson®, Anna M. Romani* I ife ’ pI u S Vi ru S e S
 Biofilm activity induces microscale chemical
. gradients within the streambed/hyporheic zone

micrecolony

Algas
b
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@@ microBIAL BIOFILMS

Biofilms: an emergent form of
bacterial life

Hans-Curt Flemming', Jost Wingender', Ulrich Szewzyk?, Peter Steinberg®, Scott A. Rice*
and Staffan Kjelleberg*

Habitat

formation

Matrix

* Architecture

* Stability

* Pores and channels

* Fills and forms the space
between the cells

* Localized nutrients and
waste

e Skin formation
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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

(" Localized Sorption Enzyme retention Cooperation Competition Tolerance and resistance
gradients
Provide habitat Resource External digestion Synergistic Continuous The biofilm as a fortress
diversity capture system micro-consortia  regeneration

S| B 11}

Nature Reviews | Microbiology
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Bedforms impact near bottom
. T Physical Heterogeneity Increases Biofilm Resource Use
hYd raulics and biofilms and Its Molecular Diversity in Stream Mesocosms

R \: Gabriel Singer'?, Katharina Besemer™?, Philippe Schmitt-Kopplin®, Iris HodI'?, Tom J. Battin'*
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Physical Heterogeneity Increases Biofilm Resource Use
and Its Molecular Diversity in Stream Mesocosms

Gabriel Singer'?, Katharina Besemer 2, Philippe Schmitt-Kopplin®, Iris HodI'2, Tom J. Battin'2*
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Physical Heterogeneity Increases Biofilm Resource Use
and Its Molecular Diversity in Stream Mesocosms

Gabriel Singer'?, Katharina Besemer 2, Philippe Schmitt-Kopplin®, Iris HodI'2, Tom J. Battin'2*
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« uptake of glucose via mass transfer

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



Vol. 62: 71-83, 2011
doi: 10.3354/ame01454

AQUATIC MICROBIAL ECOLOGY
Aquat Microb Ecol

Published January 4

Monomeric carbohydrate uptake and
structure-function coupling in stream biofilms

Gabriel Singer'-?, Katharina Besemer!?, Gerald Hochedlinger', Ann-Kathrin Chlup’,
Tom J. Battin"?*
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Laminar Transitional Turbulent
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« 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

Glucose:
upper layers of the biofilm

Arabinose:
~ throughout the entire biofilm
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Mechanisms underpinning self-purification

« Spatial heterogeneity of streambed features and hydraulcis
» Biofilm archtitecture (physical structure) and biomass

* Microbial diversity

 DOC uptake
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Advective transport of solutes and gases into the
hyporheic zone — increased residence times (porous
flow!) facilitate chemical reaction and microbial growth
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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

e.g. mixing, flow velocity,
residence time distribution e.g. bioclogging,

bioturbation

Biogeochemical Cycling «

y \
| e.g. metabolism, nutrient eg. micro%

and oxygen supply < substrate demand

Figure 5. Multi-directional interactions between physical controls of hyporheic exchange flow, streambed biogeochemical
cycling, and biological community structure and ecological (metabolic) functioning (red arrows), including ecological
feedbacks on streambed biogeochemistry biogeochemistry [e.g., microbial demand for substrate shifting porewater from oxic
to anoxic (aerobic to anaerobic metabolic pathways)] as well as hyporheic exchange (e.g., bioturbation, bioclogging, and
ecosystem engineering).

Woater Resources Research’

REVIEW ARTICLE

10.1029/2021WR029771

Key Points:
o The complexity of HZ rivers and
controls exceeds the range of

conditions considered in previous

conceptualizations and model
formulations
o Understanding organizational

c,NO

Organizational Principles of Hyporheic Exchange Flow and
Biogeochemical Cycling in River Networks Across Scales

Stefan Krause' ', Benjamin W. Abbott? "', Viktor Baranov®, Susana Bernal* "/,
Phillip Blaen' ', Thibault Datry*® ‘', Jennifer Drummond* ‘*, Jan H. Fleckenstein® ",
Jesus Gomez Velez” ', David M. Hannah' ", Julia L. A. Knapp® ', Marie Kurz®,
Jorg Lewandowski' (', Eugénia Marti*, Clara Mendoza-Lera'' (', Alexander Milner',
Aaron Packman'? ", Gilles Pinay'®, Adam S. Ward' (", and Jay P. Zarnetzke's
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Restoring the bioreactor
= » Forcing surface water flow into the streambed

LSiER * Engineering the streambed
— : : : : :
valuating emerging organic contaminant e |earn from nature (nfﬂe-pool-rlfﬂe Sequence)

removal in an engineered hyporheic zone
using high resolution mass spectrometry

¥ S5
Pt Water Research
) Volume 150, 1 March 2019, Pages 140-152

Katherine T. Peter ®® o =, Skuyler Herzog ¢, Zhenyu Tian ® ®, Christopher Wu ° °,
John E. McCray ¢, Katherine Lynch 9, Edward P. Kolodziej ° ® ¢

@ Plunge pool @ Streambed surface @ Plunge pool liner @ Streambed aggregate
@ Downwelling piezometer @ Upwelling seepage meter @ Surface flow sampling location
Theoretical flowpath in absence of liner
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Confédération suisse

9 schweizerische Eidgenossenschaft Federal Office for the Environment FOEN
Confederazione Svizzera

Confederaziun svizra

2015: “....there is no microplastics in Swiss rivers...’

Microplastics profile along the
Rhine River

Thomas Mani', Armin Hauk?, Ulrich Walter? & Patricia Burkhardt-Holm'?

Figure 2. Typical microplastic categories in the Rhine. Left: Duisburg sample consisting of 65% opaque
spherules, further fragments and fibres, bar: 2mm. (a/b) transparent spherules with gas bubbles, polymethyl-
methacrylate (Zuilichem), bars: 1 mm; (¢/d) opaque spherules, polystyrene (Duisburg, Rees), bars: 500 um.



Microplastics in rivers

There is microplastics in Swiss rivers
and streams

Regional/catchment heterogeneity
Downstream accumulation of MP
Deposition in lakes and rivers
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Legend
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Article https://doi.org/10.1038/s44221-023-00090-9
Predicting microplasticmassesinriver
networks with high spatial resolution at
countrylevel
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Microplastics in rivers and the hyporheic zone

SCIENCE ADVANCES | RESEARCH ARTICLE

ENVIRONMENTAL STUDIES

Microplastic accumulation in riverbed sediment via
hyporheic exchange from headwaters to mainstems

Jennifer D. Drummond'*, Uwe Schneidewind', Angang Li2, Timothy J. Hoellein?,
Stefan Krause'*, Aaron|. Packman?
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Fig. 1. Processes that control MP accumulation in rivers. Both gravitational
settling and hyporheic exchange transport MPs into riverbed sediment, followed
by either long-term burial, biodegradation and fragmentation, or remobilization to
the water column.
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Significance of Hyporheic Exchange for Predicting Microplastic Fate '
in Rivers .
Jennifer D. Drummond,* Holly A. Nel, Aaron I. Packman, and Stefan Krause
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« Afield 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 um in
diameter, irrespective of polymer type.

« Biofilms increase residence time — through stickiness



Hyporheic processes matter for
stream/river ecosystem functioning and
health
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Hyporheic zone: Contribute to the role streams and
rivers play for global biogeochemistry
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Summary

« 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
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