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Rapid changes to global river suspended sediment

flux by humans

Evan N. Dethier'?*, Carl E. Renshaw’, Francis J. Magilligan®

Rivers support indispensable ecological functions and human health and infrastructure. Yet
limited river sampling hinders our understanding of consequential changes to river systems.

SSC remains regionally consistent (Fig. 1 and
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fig $4). However, our
spatial and temporal detai the ofects of i
rect human activity in altering suspended sedi-
‘ment transport, resulting in major changes to
Sediment transport in rivers and delivery of
physical materials and nutrients to global
estuaries and oceans. Decreasing sediment
flux has been the prevailing global signal
since the mid-20th century (Fig. 2), primarily
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Hydrological and hydraulic perspectives of
fluvial ecosystems

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



River networks sSpan .' g, | i ¥ The Looming Climate and Water Crisis

in the Middle East and North Africa

Addressing water scarcity and improving water management will be immensely

. o 2 . important for ensuring the region’s stability, sustainability, and well-being in the
B I O I I | eS : face of a changing climate.
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Lehner, B., Verdin, K., Jarvis, A. (2008). New global hydrography derived from spaceborne elevation data.
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Rivers derived
at 500 m resolution

0 500 1000
Kilometers

River network derived
from SRTM elevation data
at 1 km resolution
1000 2000

Kilomelers

The core data products of HydroSHEDS v1 are:

« Avoid-filled digital elevation model underpinning HydroSHEDS v1 (DEM)

= A hydrologically conditioned version of the digital elevation model (CON)

« 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)



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: there is a route for water to flow
from every location of the basin to the main
stream;

- Trees: absence of loops.

@ CroszMark

Evolution and selection of river networks: Statics,
dynamics, and complexity
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Describing river networks

Global abundance and size distribution of streams and rivers

J A Downing?, J.J. Cole?, CM. Duarte® JJ Middelburg*, TM. Melack®, Y.T. Prairie?, P. Kortelainen”, R.G.
Striegl®*, WH. McDowell®, and L.J. Tranvik'
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Stream Order (Strahler)

S t ra h I e r O rd e r Order () Ty 1, (km) Total length (km)  Width (m) Area (km?)

1 28 550 000 1.6 45 660 000 08 36 500

2 6 000 000 37 22 061 000 1.8 39200

e 662’000 km2, 0.45 % of the continental land ; e e e o P
surface SR TR A 1

« around 35% of global stream length and number : P S o
is made up of streams smaller than Strahler order g Lo el e o B
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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...

RIVER NETWORKS

Global extent of rivers and streams

George H. Allen*| and Tamlin M. Pavelsky

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 GREWL orthogonals over which river width was calculated, with
only every eighth orthogonal shown for clarity.
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Why would changes in width, area and depth matter?

-
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Downstream change of River Dimensions

Connectivity with terrestrial
environmentand terrestrial
subsidies

Flow regime

Sediment composition and
hydraulics

Gas exchange

Energetics and biology
Land use



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

Longitudinal

Behavioral Temporal Evolutionary
e Scale :
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An Expansive Perspective of
Riverine Landscapes:
Pattern and Process Across Scales’

James V. Ward*

Mountain Braided
Headwater Reach

Reach ., f\

Meandering
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 i

Interactive
Pathways
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The four-dimensional nature of stream and river ecosystems T Longitcina
1) Lateral

Behaviora \ Temporal Evolutionary
I A = S SUES PR
i Scale change

7

A

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

< hydrologic floodplain >

bankfull width f

m Fw bankfull

elevation

""‘; \

bankfull depth

* Active channel within ‘bankfull width’
* Floodplain beyond ‘bankfull width’
* Innundation: over-topping of banks
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The four-dimensional nature of stream and river ecosystems Lteral Longitudinal
1) Lateral %

Behavioral ‘Temporal Evolutionary
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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

1) Lateral
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The four-dimensional nature of stream and river ecosystems
2) 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

Groundwater Basin Perspective

Recharge Area

Discharge Area

Inflow

Longitudinal




Lateral Longitudinal

The four-dimensional nature of stream and river ecosystems .
2) Vertical ’

Meander Driven
Exchange a8

Behavioral Temporal Evolutionary
response Scale change
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« Vertical flow driven by various
bedform features

« Diverse geomorphologies matter for
hydrodynamic exchange

Bedform Driven
Exchange
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The four-dimensional nature of stream and river ecosystems
3) Longitudinal

>
Behavioral Temporal Evolutionary
I e R e B S S
Scale change

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

-

~

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
3) Longitudinal

?
Behavioral Temporal Evolutionary
Scale change

Ct
Aquifer

. Temporary Streams
Perennial Streams

Intermittent Ephemeral

e la C. e

O

L e e U e U N IR Ephemeral stream

@

® .

.§ - |ntermittent stream

3

& Perennial stream

¥

A=

T ) Ephemeral flow zone
I — 5
C._ ) Intermittent flow zone

@ 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
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The four-dimensional nature of stream and river ecosystems | Lonitudinal
3) Longitudinal
Behavioral Temporal Evolutionary
response Scale change

Channel -
Aquifer

Article

Global prevalence of non-perennial rivers
and streams

MathisL s hner'=, Charlotte 1, Nicolas L
Hervé Pella’, Ton Snelder’, Klement Tockner*%, Tim Trautmann®, Caltlin 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

Mean annual discharge

fine it andl tranaperency] Probability of flow intermittence ri vers an d Strea ms are th eru Ie
$§ 8 SEFFT e e e S e St rather than the exception on Earth
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The four-dimensional nature of stream and river ecosystems

4) Temporal- River network contraction and expansion

» 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

Dry conditions

» 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

Complete network

Annual Review of Earth and Planetary Sciences
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Network contraction and disconnection in the Upper Studibach catchment, Alptal, Switzerland. (a) Map of flow states and estimated
flow rates on November 2, 2016, highlighting the variability in flows across the stream network, including gaining and losing reaches, as
well as the dry sections that cause disconnections. Data collected by Rick Assendelft. (b—g) Maps of the flowing stream network (dark
biue) during contrasting wetness conditions (/eft panels), and calculated transit time distributions (right panels) assuming a subsurface
velocity through the soil of § x 10~* m 5! and a surface velocity in the stream of 0.5 m s—!. As the flowing stream network cxpands,

James W. Kirchner,** Paolo Benettin,
and Ilja van Meerveld®

the distances to the stream become shorter, resulting in a shorter transit time and a less uniform transit time distribution because many
more points in the landscape are now close to a flowing stream. Figure adapted from van Meerveld et al. (2019) (CC BY 4.0).
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The four-dimensional nature of stream and river ecosystems
4) Temporal — Residence times
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Residence times of water decrease
downstream

Linked to hydrodynamic exchange
Consequences for ecosystem
processes and biogeochemistry

Total Cumulative Residence Time in HTS
from Source to River Mouth (days) _ River
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The four-dimensional nature of stream and river ecosystems *Lateral
4) Temporal — Flow regimes
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Despite similar climate (precipitation and temperature) streams
exhibit different flow regimes

 Pluvial
 Nival
 Glacial

Flow regimes differ in inter-annual predictability, which is important
L for system phenology
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 Different annual flow regimes
 Contributions from rain, snowmelt —jonsey N

The four-dimensional nature of stream and river ecosystems

n '?}’
4) Temporal — Flow regimes
(@)
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Figure 2.2: The role of ice melt along the Rhine River during drought conditions GlaCIGFS

° Relatlve Importance from these 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 HYDRO-CH2018 SYNTHESIS REPORT CHAPTERS: “FUTURE

COntrlbUtIOnS ChangeS downstream and Lobith in year 2003. Q.ns: Observed discharge, Qr: Rain component, Qs: Snow

component, Q;: Ice component. Adapted from Stahl et al. (2017). A AVALA, D.FARINOTTL M. STOFFEL, AND M. HUSS



Longitudinal

* Runoff generation
Behavioral Temporal Evolutionary .
response —HHREEREESSSSH Gange — * Flow regimes
« Consequences for ecosystem functioning




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

Overland Flow * 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
ferstitol flow to annual flow regimes)
f » Contributions of each depend on precipitation events,
geology, vegetation cover, soil texture, slope, land use etc

m
]
|
-



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

uoneudoaid

uoneydaid

saturated

» 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?

Discharge in cumecs

=PrL

Rainfall (mm) _

Storm Hydrograph
— 60
Peak Dilscharge
=90
Bankfull discharge
— 40
Rising limb
Falling limb
=30
Peak rainfall
—20 |ff—

Hydrograph separation

« Baseflow (from groundwater)

* Throughflow (interstitial flow)

« Surface runoff (overland flow)



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

Storm Hydrograph
L, —60
]
% Peak Dilscharge
S50
@
e
i} "
= Bankfull discharge
Zha
Rising limb
Falling limb
=30

Peak rainfall

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

40% evapotranspiration

25% shallow
infiltration

Natural Ground Cover

25% deep
* infiltration

35% evapotranspiration

ll ll Il

21% shallow
infiltration

20% shallow
15% deep
w‘ infiltration

infiltration
35%-50% Impervious Surface

=PrL

38% evapotranspiration

21% deep
‘r infiltration
10%-20% Impervious Surface

30% evapotranspiration
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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

" 10%
= runoff

25% shallow
infiltration

Natural Ground Cover

25% deep
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What about river channelization (straightening and
deepening channels)?




Hydraulic geometry

AHG

— (b) — — at cross section 1
Bankfull Z )
flow 7 Flood plain c
: | ,,,,, Width W, ———- 5
Flood plain L =
Mean flow depth e
|
| hj = A 2 / Wg 3
|
— e e —_— a
Velocity V, Kl 1.
lle

Wetted perimeter P,

Q2 =AV,

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

w=aQbt d=cQf v=kQm

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

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

m

PrL

Log Q,

Continuity equation, Q = wdy,
Q = (aQP) (cQf) (kQ™) 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

AHG
at cross section 1 depth

velocity

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

=PrL



hydrologic floodplain

i &
bankfull width f

bankfull
elevation

bankfull depth

=PrL

Hydraulic geometry

AHG
at cross section 1

Log Q,

Elevated response in width — can lead to over-topping
of the river banks — creating innundations
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Hydrological flow paths, reconnecting our streams and rivers
Towards restoration and risk management
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Watershed Perspective

Groundwater Basin Perspective

Discharge in cumecs

Rainfall (mm)

Storm Hydrograph

Peak Discharge

Bankfulldischarge

Falling limb.

European
Environment Q
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

# » News P 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.
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How do various flow paths of water through the landscape
affect streamwater chemistry?

Watershed Perspective Groundwater Basin Perspective

uoneudoaid

uoneydioaid

saturated




Hydrological flow paths and the chemical birth of water
Hysteresis loops

* 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

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

Concentration

* 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
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Research papers

Seasonal variability of stream water quality response to storm events
captured using high-frequency and multi-parameter data

0. Fovet ™", €. Humbert”, R. Dupas®, C. Gascuel-Odoux?, C. Cruau®, A. Jaffrezic?, G. Thelusma®,
M. Faucheux”, N. Gilliet”, Y. Hamon®, C. Grimaldi*
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BASE FLOW VRISING LIMB ——,  FALLING LIMB
SGW: shallow groundwater
DGW: deep groundwater

N ovERLAND
FLOW .
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NOj; rich NQO; poor NO, free

DOC poor DOC poor to moderate DOC rich

Non turbid Potentially turbid Non turbid
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Decreasing limb : < Rising limb

] |
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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 NOs-rich DOC from
groundwater sources other

than sediments
and NO,



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‘Shap‘?d valley. Low-elevation streams
Rapids and merge and flow down
waterfalls are gentler slopes. The
RRERITICN. 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.

Source: FISRWG, 1998

Landscape-scale spatial heterogeneity

e 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

leaf and stick
detritus in
margin

n& f ;
g @\ sand-silt
i @ € | over cobbles

transverse bar
— over cobbles
L

mass on
?y boulder

-‘ fine gravel
patch

debris dam

Stream Segment Segment System Reach System “Pool/Riffle” System Microhabitat System

=PrL

Cross-scale spatial heterogeneity — at
the interface beween geomorphology
and hydraulics — from the reach to
microhabitats

Critical for biodiversity and ecosystem
functioning



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

=PrL
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Reach-scale satial heterogeneity
Step-pool and riffle-pool sequences

G ) f'j“aa” Frapy, b )
/i

Mean
-y ____‘_gridre”r
i

—

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

PI_L . L R






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.

e
ad""aters

Source: FISRWG, 1998

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

Conseqguences: connectivity, residence times, vegetation,
biodiversity and ecosystem functioning

Ratio of bed material load

to total sediment load
Increasing channel gradient

K @

L

Bed material supply deminated channels
Decreasing channel stability——————»
Decreasing sediment size =

Mixed load channels
Decreasing sediment siee

Decreasing-chanhel-stabiliby— 5

Straight —= Meandering —p= Braided
Suspended load channels

Decreasing sediment sige =

Sand bar ] sin
Gravel bar Vegetation
HERE Gravel and boulders Flow



Meander formation

Meandering Channels

A A
— Low Velocity
— Med. Velocity
[~ High Velocity
B
B B'
- Low Velocity
~ Med. Velocity
Paoint Bars . &L ~ 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 inner bends downstream

« Depending on in-channel velocity distributions

« Stability of parent material

=PrL
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Next week:

Hydrodynamic exchange and consequences



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48

