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Hydrological and hydraulic perspectives of
fluvial ecosystems

Rivers as networks
* The four dimensions of river ecosystems
« Spatial heterogeneity



River networks SPan } St The Looming Climate and Water Crisis
e Catch t % B - 5 ' in the Middle East and North Africa
a C m e n S t g : 5 Addressing water scarcity and improving water management will be immensely

important for ensuring the region’s stability, sustainability, and well-being in the
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Rivers derived
at 500 m resolution
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from SRTM elevation data
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» A hydrologically conditioned version of the digital elevation model (CON)

o N W 8 by o § . . . . ot .
_ ~— .‘:”" Q’: -“ W b ¢ A drainage direction map derived from the conditioned elevation data (DIR)

» A flow accumulation map derived from the flow direction map, either as number of upstream grid
cells (ACC) or as upstream area (ACA)

» A flow length map derived from the flow direction map, either measured in upstream direction
(LUP) or in downstream direction (LDN)

¢ Alandmask grid which indicates the land-ocean distribution and the location of coastal and inland
sinks (MSK)

Lehner, B., Verdin, K., Jarvis, A. (2008). New global hydrography derived from spaceborne elevation data.
Eos, Transactions, American Geophysical Union, 89(10): 93-94. https://doi.org/10.1029/2008e0100001
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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.
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Evolution and selection of river networks: Statics,

dynamics, and complexity

Andrea Rinaldo™®", Riccardo Rigon®, Jayanth R. Banavar?, Amos Maritan®, and Ignacio Rodrlguez-kurbe'

*Laboratory of Institute, School of . Civil and Enwi ing, Ecole
Fedérale de Lauxanne, CH-1015 Lausanne, land; gneria Civile Edile e Université di Padova, 1-35131 Padus, Italy,
Civile e Universita di Trento, 138122 Trento, Raly: “Department of Physics, University of Maryland, College Park,

di
MD 20742; “Dipartimento di Fisica, Istituto Nazionale di Fisica Nucleare, 35131 Padua, Italy; and ‘Department of Civil and Environmental Engineering,

Princeton University, Princeton, NJ 08544

Contributed by Andrea Rinaldo, December 27, 2013 (sent for review November 30, 2013)

This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected in 2012.

Mwmg from the exact re-suh that drainage network configurations

total energy are y solutions of the
general equation dscnbmg landscape evolution, we review the static
properties and the dynamic origins of the scale-invariant structure of
optimal river patterns. Optimal channel networks (OCNs) are feasible
optimal configurations of a spanning network mimicking landscape
evolution and network selection through imperfect searches for
dynamically accessible states. OCNs are spanning loopless configu-
rations, however, only under precise physical reqmemems that anse
under the constraints imposed by river dy

water flows downhill, it loses potential energy. Could it be that
mlun: selected those spannm;, trees for which lhc lulal energy
ipation was a mini ? Remarkably,

wmparcd with data suggested that this was likely the case. In a
puzzling twist, it was found that one wuld solve OCNs exactly and
the resulting associs ith the global mini dnl not
match cither the ok ional dala or the ical si

The puzzles were resolved through a study of the dynamics of
cmswn sculphng the landscape. It was shown lhal the simpl:sl

tree is exacw a ioGl minimum of total energy dnspauon It is re-

jons, the local optima,
stabilize into dlvefse metastable forms that are nevertheless charac-
terized by universal statistical features. Such universal features ex-
plain very well the statistics of, and the linkages among, the scaling
features measured for fluvial landforms across a broad range of scales
regardless of geology, exposed lithology, vegetation, or cimate, and
differ significantly from those of the ground state, known exactly.

trees and networks | adaptive evolution | feasible optimality |
erosional mechanics | river network patterns

drainage basin of a river is the region from which rainfall

becomes mnul! ﬂuwm}, dmmhn]l an a“,rcgalmg to form the
river streams. ching river s in areas
are naturally fractal (1)—there are busms 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 (2). Observa-
tional data reveal the fine detail and large-scale patterns of fluvial
landforms. Such data have been used to characterize river basins
across our planet (2). 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. The scaling associated with the observed spanning trees is
a topic of great interest (3-25). Remarkably, one observes approx-
imate universality in the set of scaling exponents even though one
is comdcnn;, nuncquxhbnum conditions. As characteristic of con-

critical ph the exp were found not to be
independent of each other. Rather, cach of them can be dcn\'cd
through scaling relations p I the knowledge of g

constraints. In addition, as is common in any good detective nuvtl.
our story comes with unexpected twists. The first surprise was that
the observational exponents do not fall into any known stan-
dard universality class of spanning or directed trees with equal
weight. A pivotal step in the story came through the notion of
optimal channel networks (OCNs). This was directly inspired
by the notable success of variational principles in phy:

wiww.pnas.orgicgildoi1 0.107 X/pnas. 1322700111

I equation, under rep
that river networks were necessarily trees and had no luupa Even
more interestingly, one could show that every local minimum of the
OCN functional is a stationary solution of the general landscape
evolution equation. The above observations suggested that the
adaptation of the fluvial landscape to the geological and climatic
environment corresponds to the dynamical settling of optimal
structures into suboptimal niches of their fitness landscape and
that feasible optimality, i.c., the search for optima that are accessible
to the dynamics given the initial conditions, might apply to a broad
spectrum of problems in nature. The puzzle was solved: The
statics and dynamics of river networks had been collected in
a neat package. It all fit in and a surprising outcome was the
robust statistical features of the dynamically accessible minima.
This Inaugural Article provides technical details and references
for the various steps of the development of the theory, explores
results on the role of heterogeneity, and reviews recent develop-
ments and applications of the OCN concept in a variety of fields.

Scaling Fluvial Land: Comp. phol

Accurate d P of the fluvial land: across scales stem
from digital terrain maps, i.c., discretized clevation fields {z,} on
a lattice of pixels of unit area. The drainage network is determined
by assigning to each site ¢ a drainage direction through steepest

Significance

Our focus is on a rich |menisaplmary problem touching on earth
sdence, hy

of the statics and dynamlzs of the network structures that we
observe in the fluvial landscape, and their relation to evolution
and selection of recurrent patterns of self-organization. It is an
exemplar of how diverse ideas, numerical simulation, and ele-
mentary mathematics can come together to help solve the mys-
tery of understanding a ubiquitous pattern of nature.

Author contributions: AR, RR., JRE, AM, and LRI deslgned research; AR, RR. and
LRA. performed research; AR, RR, AM., and LR-L anayzed data; and AR. wrate
the paper.

The authors deciare no conflict of interest.

Freely avalable orine through the PNAS open access option.
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Describing river networks

Global abundance and size distribution of streams and rivers

JA. Downing!, J.J. Cole?, C. M. Duarte?, J.J. Middelburg*, M. Melack®, Y.T. Prairie®, P. Kortelainen’, R.G.
Striegl®, WH. McDowell°, and L.J. Tranvik™
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Quantifying global river surface area

RIVER NETWORKS

Global extent of rivers and streams

George H. Allen*} and Tamlin M. Pavelsky

Use Landsate imagery for streams and rivers
near annual mean discharge (from 3693 gaging I-

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 2|
<O58 + OO@%) of Earth’s non—glaciated land surface Fig. 1. The Global River Widths from Landsat (GRWL) Database contains more than 58 million

measurements of planform river geometry. The line plot on the right shows observed river
coverage as a percentage of land area by latitude, and the bottom insets show GRWL at increasing

zoom. The rightmost inset shows GRWL orthogonals over which river width was calculated, with

SU l’faC@ al’@a matte I’S fOl’ Ve only every eighth orthogonal shown for clarity.



Why would changes in width, area and depth matter?

« (Connectivity with terrestrial
environmentand terrestrial subsidies

* Flow regime

« Sediment composition and
nydraulics

« (Gas exchange

* Energetics and biology

 Land use

Downstream change of river dimensions
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The four-dimensional nature of stream and river ecosystems

Lateral Longitudinal

Behavioral Temporal Evolutionary
response change
' Scale 9
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An Expansive Perspective of
Riverine Landscapes:
Pattern and Process Across Scales’

James V. Ward*

Mountain Braided Meandering
Headwater Reach Reach
Reach .
Channel single thread, multiple thalweg, single thread,
Pattern straight braids meanders
Channel constrained highly unstable migrating
Stability
Floodplain little or none moderate expansive
Development
Wetland narrow pioneer pioneer to
Vegetation riparian corridor community mature stages
Aquatic lotic lotic, semi-lotic lotic, semi-lotic
Habitat

Interactive
Pathways

w>




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

7
Behavioral Temporal Evolutiona ry
ettt
Scale change
|

B

« Geology (e.g., erodibility) and related geomorphology (e.g., slope)are first-order
controls on the lateral dimension
 [and use as well
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The four-dimensional nature of stream and river ecosystems
o [ateral

A

hydrologic floodplain >

bankfull width f ‘ol
y \ ‘ \

W f ‘@' bankfull

elevation
bankfull depth

» Active channel within ‘oankfull width’
» Floodplain beyond ‘bankfull width’
* |Innundation: over-topping of banks

=PrL
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Temporal
Scale

Evolutionary
change




The four-dimensional nature of stream and river ecosystems el Longitucinal
 Lateral

7
Behavioral Temporal Evolutionary
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s A 18 oot . : : : (* author for correspondence, e-mail: sverry@fs.fed.us; fax: 218 326 7123)
< corridor >

* 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 BT Longtucinai
 Lateral 0 %

Behavioral Temporal Evolutionary
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The four-dimensional nature of stream and river ecosystems
e \ertical

Catchment perspective  Groundwater Basin Perspective

Recharge Area Discharge Area

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

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

=PrL
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The four-dimensional nature of stream and river ecosystems
e \ertical

Meander Driven
Exchange &

« \ertical flow driven by various
bedform features

« Diverse geomorphologies matter for
hydrodynamic exchange

Bedform Driven
Exchange

=PrL

Lateral

Longitudinal

Behavioral Temporal
response Scale

Evolutionary
change

Channel -
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The four-dimensional nature of stream and river ecosystems
« Longitudinal

Behavioral Temporal Evolutionary
I e e
response Scale Cna”qt‘

(a) Wetted river network,  (b) Wet and dry river network,
longitudinally connected longitudinally disconnected

Channel -
Aquifer

S

.-,

~

Longitudinal
Longitudinal

* The longitudinal distribution of flow
« Discharge increases downstream as the size of the drainage basin increases
» Flow is continuous or interrupted
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The four-dimensional nature of stream and river ecosystems

« Longitudinal
Temporary Streams
Perennial Streams -
Intermittent Ephemeral
2 a C. e
ol e, S . N ... (TS DI oLt Ephemeral stream
j}
;?: - == |ntermittent stream
-]
5 Perennial stream
L
R
b

) Ephemeral flow zone
~)  Intermittent flow zone

&S Perennial flow zone

Low Groundwater Table

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

Behavioral
response

Temporal
Scale

Evolutionary
change



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

Longitudinal

Behavioral
response

Evolutionary
change

Article

Global prevalence of non-perennial rivers
andstreams

Mathis Loic Messager'*Z, Bernhard Lehner'Z, Charlotte Cockburn®, Nicolas Lamouroux’,
Hervé Pella?, Ton Snelder’, Klement Tockner*, Tim Trautmann®, Caitlin Watt' &
Thibault Datry?=

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

a/i'::r\lvﬂgu:r:gitsr;z:faerency) Probability of flow intermittence ri\/erS and Streams are the rU|e
S SIS we e e rather than the exception on Earth
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Longitudinal

The four-dimensional nature of stream and river ecosystems
e [emporal- River network contraction and expansion

Upper Studibach catchme
Alptal, Switzerland

Temporal Evolutionary

e Dry
Standing water
<1/min
1=21/min
— 25 |/min
— >5 |/min

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

Relative frequency (1/day)
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* 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

o
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Relative frequency (1/day)

0

0 2 4 6 8 10 12 14

Transit time (days)
Annual Review of Earth and Planetary Sciences Network contraction and disconnection in the Upper Studibach catchment, Alptal, Switzerland. () Map of flow states and estimated
DS TR Lo ETess L WETI flow rates on November 2, 2016, highlighting the variability in flows across the stream network, including gaining and losing reaches, as
ll’l%fl ucty C S Ul})l 156? Hl‘ the ) well as the dry sections that cause disconnections. Data collected by Rick Assendelft. (b—g) Maps of the flowing stream network (dark
H .\'(11'( 1 )g1Ca ] Functionin g« ot blue) during contrasting wetness conditions (/eft panels), and calculated transit time distributions (ight panels) assuming a subsurface
[.andsca pes velocity through the soil of 5 x 10~* m s~! and a surface velocity in the stream of 0.5 m s~ As the flowing stream network expands,
e B the distances to the stream become shorter, resulting in a shorter transit time and a less uniform transit time distribution because man
g y
E P :: L Tossics Wi Kikchirvee 123 Dl Berierdin® more points in the landscape are now close to a flowing stream. Figure adapted from van Meerveld et al. (2019) (CC BY 4.0).

and Ilja van Meerveld’



The four-dimensional nature of stream and river ecosystems

e Jemporal — Residence times

° Residence times O'r Water decrease Total Cumulative Residence Time in HTS

from Source to River Mouth (days)

downstream =°°°-

‘ ‘ 0.25-

» Linked to hydrodynamic exchange "
° 075-
Consequences er ecosystelm —
processes and biogeochemistry ='=s-
150-
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The four-dimensional nature of stream and river ecosystems

e Temporal — Flow regimes

Pluvial
OYSTER RIVER
BELOW WOODHUS CREEK
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Despite similar climate (precipitation and temperature) streams exhibit
different flow regimes

e Pluvial
* Nival
e (Glacial

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

system phenology

Nival
PARSNIP RIVER
ABOVE MISINCHINKA RIVER

R

&

Glacial
BRIDGE RIVER (SOUTH BRANCH)
BELOW BRIDGE GLACIER

Precipitation
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DQr S : # +
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Evolutionary

' change

Interpreting Deep Machine Learning
for Streamflow Modeling Across
Glacial, Nival, and Pluvial Regimes in

Southwestern Canada

Sam

ina Radic
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The four-dimensional nature of stream and river ecosystems

e Temporal — Flow regimes

« Different annual flow regimes

« Contributions from rain, snowmelt
and glacier ice

« Relative importance from these
contributions changes downstream

L

Lobith / Rhein 100

&0

R

40

JEMAMJIJI ASOND 2

— Qus® QRO
Qs Q

Basel / Rhein

— Rhine River and tributaries
Contributing basin
[ Natonal borders

0
JFMAMIJJASOND

Figure 2.2: The role of ice melt along the Rhine River during drought conditions
according to the CHR project. Absolute and relative estimated contributions of rain,
snowmelt and ice melt to runoff are presented at the locations of Brienzwiler, Basel
and Lobith in year 2003. Q.s: Observed discharge, Qgr: Rain component, Qs: Snow
component, Q;: Ice component. Adapted from Stahl et al. (2017).
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HYDRO-CH2018 SYNTHESIS REPORT CHAPTERS: “FUTURE

CHANGES IN HYDROLOGY*“

A. AYALA, D.FARINOTTI, M. STOFFEL, AND M. HUSS



Lateral Longitudinal

* Runoff generation
Behavioral Temporal Evolutionary .
response Scale change — L I:lO\/\/ l’eglmeS
3|, « (Conseqguences for ecosystem functioning




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

Overland Flow

Infiltration

* Precipitation: Input into the catchment

Unsaturated Soil

« nierstitial flow . .
Moisture storage N\, >L_"o""% » Runoff & evapotranspiration: Outputs from the catchment
v « QOverland and interstitial flow, as well as groundwater
Groundwater ' .
Racharge discharge affect runoff dynamics at short scales (compared
to annual flow regimes)
L p{ [ Sepacies « Contributions of each depend on precipitation events,
Nscharge

geology, vegetation cover, soll texture, slope, land use etc



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

uonexndoaud

uonendaid

saturated

t 7 ... M, ) - Different flow paths mobilize different waters (e.g., age,
table. ‘\"’ o, ' A """ chemistry, temperature)

« Organic matter, nutrients, contaminants etc



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

Discharge in cumecs

=PrL

Rainfall (mm) ’

Storm Hydrograph
— 60
Peak Dilscharge
— 50
Bankfull discharge
— 40
Rising limb
Falling limb
30
Peak rainfall

— 20

Hydrograph separation

» Baseflow (from groundwater)
» Throughflow (interstitial flow)
» Surface runoff (overland flow)



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

40% evapotranspiration

.

10%
= runoff

25% shallow
infiltration

Natural Ground Cover

25% deep
infiltration

35% evapotranspiration

21% shallow
infiltration

20% shallow
infiltration

35%-50% Impervious Surface

15% deep
infiltration
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38% evapotranspiration

.

20%
runoff

. 21% deep
infiltration

10%-20% Impervious Surface
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after Leopold (1968)

Elevated impermeabilisation increases runoff
Reduces lag time between peak precipitation and
peak discharge
Augments peak discharge
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40% evapotranspiration 38% evapotranspiration

10% ;

20%
= runoff

runoff

25% shallow 21% shallow
infiltration infiltration

25% deep ‘ 21% deep
infiltration infiltration
Natural Ground Cover 10%-20% Impervious Surface
35% evapotranspiration 30% evapotranspiration
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20% shallow 10% shallow .
infiltration infiltration

15% deep 5% deep
infiltration infiltration

35%-50% Impervious Surface 75%-100% Impervious Surface

Catchment impermeabilisation,
nydrological response curves and
reduced residence times
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What about river channelization (straightening and
deepening channels)?




Hydraulic geometry

AHG
_________ i (®) —— at cross section 1
A7 Bankfull )
______________________ flow 7 Flood plain

Flood plain
Lhi=auw,

—

1 =A2/W3

Wetted perimeter P,

0, =4V,

Relationship for a channel in the form of power functions
of discharge as:

w=aQ d=cQ v=kQm

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

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

ean flow depth

Log Q,

Continuity equation, Q = wdy,
Q = (aQP) (cQ") (kQM) or
Q = ack Q b+f+m
the exponents are constrained to 1 (that is, b+f+m = 1)

The conseqguences of which are.....
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Hydraulic geometry

AHG
at cross section 1 depth

velocity

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



Hydraulic geometry

AHG
at cross section 1

Log Q,

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

hydrologic floodplain

bankfull width f

bankfull
elevation

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

Watershed Perspeciive

=PrL

Groundwater Basin Perspective

Discharge in cumecs

Storm Hydrograph

Peak Discharge

Bankfull discharge

Falling limb

;\V European Q

Environment
’/') Agency

Topics Analysis and data Countries Newsroom About us

Restoring floodplains would improve
state of water, ecosystems and climate
protection in Europe

Areas next to rivers hold potential for cost-effective flood protection and improving the health
of an entire river ecosystem. According to a European Environment Agency (EEA) briefing
published today, restoring European floodplains closer to their natural state would contribute
to the achievement of several European Union policies. Estimates suggest that 70-90 % of
Europe’s floodplain area is ecologically degraded.

Published 19 Nov 2018 — Last modified 19 Nov 2018 — 1 min read — Photo: © Suleyman Uzumcu, WaterPIX /EEA @ PDF

# > News > Restoring floodplains would ...

The EEA briefing ‘Why should we care about floodplains? analyses the potential
benefits of restoring natural areas next to rivers that are covered by water during
floods. According to the analysis, these areas can deliver valuable cultural and
ecosystem services, including a cost-effective alternative to structural flood
protection.



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

Watershed Perspective Groundwater Basin Perspective

-
2
@
£
=)
=
o
< g
s g
P p=
o, 5
5 Sy g
O/). "7'704 =
9, &49
”
S, %
“n, ) % saturated
Oy, overland
flow

punb:ﬁ

y N
&

=PrL



=P

Hydrological flow paths and the chemical birth of water

Hysteresis loops

Storm Hydrograph

L

Concentration

Hysteresis

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
nydrological expansion into terrestrial solute
sources
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Tournal of Hydrology 559 (2018) 262293
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Research papers
Seasonal variability of stream water quality response to storm events m

captured using high-frequency and multi-parameter data =

0. Fovet **, G. Humbert*, R. Dupas?, C. Gascuel-Odoux?, C. Gruau®, A. Jaffrezic®, G. Thelusma?,
M. Faucheux?, N. Gilliet*, Y. Hamon®, C. Grimaldi*

S
BASE FLOW « VRISING LIMB ——s FALLING LIMB
SGW: shallow groundwater 5 3

DGW: deep groundwater
RAIN overLanD

-
''''''
------

NO; rich NO; poor NO; free
DOC poor DOC poor to moderate DOC rich
Non turbid Potentially turbid Non turbid
Clockwise Turbidity -~ e Counterclockwise
Rising limb— < Decreasing limb
Decreasing limb . . Rising limb
7 1
Q Q Q

Fig. 4. Sketch of the successive dominant flow paths and related properties regarding their chemical composition. SGW: shallow groundwater; DGW: deep groundwater.
Such a succession leads to the typical observed hysteretic patterns: Clockwise Tu-Q with accretion, Clockwise NO3-Q with dilution and Anticlockwise DOC-Q with accretion.

Mobilisation Diluting effect on  Mobilisation of
of sediments NO;-rich DOC from
groundwater sources other
than sediments
and NO,

L



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

Mountain headwater streams
flow swiftly down steep
slopes and cut a deep

V-shaped valley. Low-elevation streams
Rapids and merge and flow down
waterfalls are gentler slopes. The
o valley broadens and
the river begins to
meander.

At an even lower
elevation a river wanders
and meanders slowly
across a broad, nearly flat
valley. At its mouth it may
divide into many separate
channels as it flows across
a delta built up of river-
borne sediments and into
the sea.

Landscape-scale spatial heterogeneity

« Gradients in terrain and geomorphology
« Gradients in contributing area (see
nydraulic geometry)

e T «  Gradients in land cover (use)
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Spatial heterogeneity of streams and rivers
From networks to microhabitats

leaf and stick
detritus in
margin

: boulder

"

e @) sandssilt
”@ @ | over cobbles

m transverse bar

overcobbles e (Cross-scale spatial heterogeneity — at
the interface beween geomorphology and

@ Dodlder hydraulics — from the reach to

A microhabitats
/ fine gravel
debris dam patch

« Critical for biodiversity and ecosystem
functioning

Stream Segment Segment System Reach System “Pool/Riffle” System Microhabitat System
www.usda.gov/stream_restoration/chap1.htm
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Small-scale hydraulic heterogeneity
Microhabitats

» Roughness structures and non-
compressibility of water induce flow

<10 0 10 20 30 40 50 60 70 80 90 100 110 10 0 10 20 30 40 50 60 70 80 S0 100 110

structures ¢ % d fecnbi iz

« Turbulence-related phenomena (e.g., 2° . i
transport, shear forces, uplift, gas —————— o
transfer) affect life and biogeochemistry a somn
IN streams and rivers 10 %0 mm

-90 mm

% =100 mm

20 -110 mm

10

0.3 ms-1

30 0.26 ms-1

= 0.22 ms-1

10

0.18 ms-1

30 0.14 ms-1

20

1\ A
40 0 10 20 30 40 50 60 70 80 90 100 110 10 O 10 20 30 40 50 60 70 80 90 100 110

Water depth Three-dimensional flow
=pEL distributions velocity distributions



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)

« Conseqguences for microhabitat
formation and hydrodynamic exchange

Pl'L

a)

b)

Mean
—~— \grgem

—~—
—~——
——
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gh water Surface —i
s low water '
; ) P
riffle s A

pool
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From braided to meandering streams and rivers

Mountain headwater streams
. flow swiftly down steep
slopes and cut a deep
V-shaped valley.
Rapids and
waterfalls are
common.

Low-elevation streams
merge and flow down
gentler slopes. The
valley broadens and
the river begins to
meander.

At an even lower
elevation a river wanders
and meanders slowly
across a broad, nearly flat
valley. At its mouth it may
divide into many separate
channels as it flows across
a delta built up of river-
borne sediments and into

the sea. I

Source: FISRWG, 1998

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

Conseqguences: connectivity, residence times, vegetation,

piodiversity and ecosystem functioning
L

Ratio of bed material load

to total sediment load
Increasing channel gradient

2 . ‘ ,:

Bed material supply dominated channels
Decreasi it
Decreasing sediment size

AYARE T

Mixed load channels

Decr!

Straight - Meandering ~ Braided
Suspended load channels
Decreasing sediment size 5
. Sand bar D sin
I Gravel bar P vegetation
M50 Gravel and boulders Flow




Meander Tormation

Meandering Channels

A A
— Low Velocity
— Med. Velocity
[~ High Velocity
B
B B'
- Low Velocity
~ Med. Velocity
Point Bars 3 c ~ High Velocity
Line connecting '
deepest points in ¢ ¢
stream channel \@‘

* Interplay between downstream directed sequences of erosion and
deposition

« Sediment erosion of an outer bend and deposition of this material on
iINnner bends downstream

« Depending on in-channel velocity distributions

« Stability of parent material
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Next week:

Hydrodynamic exchange and consequences



