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• Modern and future climate effects on watershed sedimentary 
processes?

• New river management options, including dam removal

• How can we make advances over the next 10-20 years?
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Human land-use effects on watershed sediment 
yield

• Human activity, 
mostly agricultural 
use (farming) and 
deforestation, has 
been increasing 
sediment yields from 
most landscapes for 
thousands of years

Years (1000s) before present
Review paper by 
DuBois et al., 2018



Human land-use effects on 
watershed sediment yield

• Some “urbanizing” activities increase sediment 
production (dirt roads); other urbanization decreases 
sediment production (paved roads)

Hong Kong 
(photo: Peter Clift)

Logging roads on 
a hillslope in 
Malaysia;
Sidle and Ziegler, 
2012, Nature 
Geoscience



Human land-use effects on watershed sediment 
yield

• Overall, human activities have strong effects on landscape sediment 
yields, increasing them above natural levels

Russell et al., 2017, 
Earth-Science Reviews



Human land-use effects on watershed sediment: dams 
on rivers

• Human-built dams and reservoirs trap much sediment on land: 100 billion 
tons of sediment and 1-3 billion tons of carbon (Syvitski et al. 2005)

292 large river systems analyzed by Nilsson et al. 2005, Science



Human land-use effects on watershed sediment 
yield

• Thus, many coastal systems are sediment-starved, not only from direct shoreline 
management action but also from trapping of sediment on land by dams and reservoirs

Mississippi River mouth, USA



Watershed response to modern climate and land use: How 
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• Modern and future climate: effects on watershed sedimentary 
processes?

• New river management options, including dam removal

• How can we make advances over the next 10-20 years?



Modern and future climate change: effects on watershed 
sedimentary processes?

IPCC 2014 Synthesis Report, Fig. SPM.1

Warming land and ocean temperatures now affect geomorphology, 
landscape evolution through:

• Thermal (heating) effects

• Hydrologic changes

• Fire effects

• [Sea-level rise]



Predicted hydroclimatic changes

IPCC Synthesis report, 2014



Hydroclimatic changes and landscape responses

• Thermal effects: permafrost thaw (Arctic and high-elevation Alpine regions) can 
increase local sediment yields by 1 to 3 orders of magnitude

• Can bring new sediment supply to the coast; can also directly increase coastal erosion

Permafrost thaw slumps since 1970 locally add 104 m3 yr-1

new sediment to streams (Kokelj et al., 2013), and can 
worsen coastal erosion significantly

Eroding permafrost coastline, Alaska (USGS image)



Hydroclimatic changes and landscape responses
As Earth warms:

• Hydrology – greater risk of extreme precipitation, shift from snow to rain, melting of ice and 
perennial snow, earlier snowmelt, less soil moisture, greater risk of drought 

• Greater river sediment loads predicted, as new sediment supply become exposed and transport 
capacity increases to move that sediment

1990 2017

200 m

Rapid glacier loss in a coastal watershed (Hoh River basin), Washington state, northwestern U.S.A.



Predicted hydrologic changes: greater extremes

University of California, Los Angeles graphic, based on Swain et al., 2018  Nature Climate Change



Sediment fluxes and recent hydroclimate swings

Jan 2015 
Rainfall

Jan 2016 
Rainfall

Jan 2017
Rainfall

Jan 2018 
Rainfall

• Storm magnitude, frequency could increase; major drought alternating with very wet 
years (like 2012-2017)

• How does this variability affect watershed sediment flux?
• Implications: hazards, coastal sediment management, ecosystems, water-resource 

security (reservoir sedimentation)



Sediment export from San Lorenzo River, California

San Lorenzo basin, 357 km2

Jan 2017
Rainfall

Percent of normal rainfall



San Lorenzo River annual sediment export

2017 sediment load was 
10 times that of an 
average year, 550 times 
that of very dry years

Such order-of-magnitude 
variations are not unique 
to this river



San Lorenzo River annual sediment export

Landslide activity corresponded with timing of river sediment-flux increase



Landslides: increased suspended-sediment flux, coarser 
grain sizes in San Lorenzo River

In very wet years, landslides add much more sediment to river discharge, and grain 
size becomes coarser (East et al., 2018)



• Net sediment deposition 
210,000 m3 at river mouth in 
winter 2017

• That’s 330,000 tonnes, or 1-2 
years worth of net longshore 
sediment flux

• Sediment ‘pile’ has stayed for 
about 2 years

Coastal effects

East et al., 2018, Earth Surf. Proc. Landforms

San Lorenzo River 
mouth, northern 
Monterey Bay, 
California



Coastal effects

East et al., 2018, Earth Surf. Proc. Landforms

• Nearshore sediment deposition and 
morphology similar to 100-year flood 

• Subaqueous deposition > subaerial



Coastal effects of extreme rainfall –
Santa Clara River, California

Barnard and Warrick, 
2010, Marine Geology

• 500-year flood delivered 5 million m3 of littoral-
grade sediment. Coastal accretion and subsequent 
erosion took 14 years to stabilize (2005 to 2019)

Data to 2019 by P.L. 
Barnard and D. J. Hoover



Coastal effects of extreme rainfall – Flash-floods causing submarine 
landslides, hyperpycnal flows: Sicily

Casalbore et al., 2011, Marine Geophysical Research:

• October 2009 Fiumara flooding destructive to coastal towns, 
forming large debris fans, submarine landslides 

Changes offshore between 2007 and November 2009



Predicted landscape response to changing rainfall

• Greater risk of extreme rainfall 
affects risk of landslides, debris 
flows, sediment transport and 
geomorphic work by large floods

• Threshold conditions for 
landsliding likely to be exceeded 
more often

• River channel widening, 
reorganization, bank erosion by 
larger floods

Gariano & Guzzetti, 2016, 
Earth-Science Reviews



Predicted landscape response to changing rainfall

• Different responses for shallow vs. deep-seated landslides? – sensitivity to 
individual storms vs. seasonal to multi-year groundwater flow

Shallow landslides, Tuolumne basin, California, 2018
Deep-seated Oso landslide, Washington, USA, 2014



Effects of more extreme droughts?

• Higher temperatures: more evapotranspiration, less river runoff in dry years 
means less sediment export to the coast

• But vegetation die-off during drought means that when storms occur, there is 
less vegetation to stabilize soil: more sediment runoff can result

Teuling, Nature, 2018



Predicted hydroclimatic changes: Fire

• Longer fire seasons, larger burn area, greater 
risk of high-intensity fires, extreme fire 
behavior

• Humans start most wildfires, but weather and 
climate determine if they become large fires

• IPCC (2014) reports “medium to high 
confidence” that wildfire increase is already 
attributable to climate change in the 
Americas, Africa, Europe

Carr Fire, California: Lareau et al., 2018, GRL



Landscape responses to wildfire

• Burned soils: less infiltration of water, more overland flow, erosion by rill formation

• Higher sediment yields (by factor of 2 to 1600) for at least 3 to 6 years

• Debris-flow risk is also greater

Carmel watershed, California, 2017 
(photo: L. Hampson) Shakesby, 2011, Earth-Science Reviews



Landscape response to wildfire + rain: debris flows

Montecito, CA: debris flows, Jan 2018, after Thomas Fire of Dec 2017; Lai et al., 2018 GRL



Predicted landscape response to future wildfire?

• Generally, widespread increase in watershed sediment yields expected in future 
decades especially in semi-arid and Mediterranean regions

Goode et al., 2012, GeomorphologyVegetation density
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Predicted/ongoing landscape responses to 
climate change?

• Melting ice and perennial 
snow: sediment yields 

• More extreme storm rainfall: 
sediment yields

• More extreme drought: 
sediment yields

• More wildfire: sediment yields

• Expected net result? Sediment 
yields



Predicted/ongoing landscape responses to 
climate change?

• Expect increased sediment 
yield from watersheds, which 
will reach the coast except 
where blocked by dams

• But temporal and spatial 
variability are very important



Watershed response to modern climate and land use: How 
does this affect coastal morphodynamics?

• Human (land use) effects on watershed sediment supply

• Modern and future climate effects on watershed sedimentary 
processes?

• New river management options, including dam removal

• How can we make advances over the next 10-20 years?



The importance of connectivity

• Whether watershed and coastal change “co-evolves” in the 21st century 
depends strongly on the degree of connectivity in sediment transfer from 
land to ocean

• Sediment storage in 
floodplains or lakes 
“buffers” signals of 
climate, land use, 
or tectonic activity, 
delaying and 
limiting their 
appearance at the 
coast Romans et al., 2016



Currently, many dams block sediment supply to 
the coast, disrupting connectivity

• Dams provide hydropower, 
flood control, and water storage

• Dams change river flows, water 
temperature, and trap 
sediment, carbon, nutrients in 
reservoirs

• Ecosystem changes: fish, 
vegetation, etc.



Dams greatly affect sediment load and budget for many rivers, 
blocking sediment connection to the coast

• Ebro River, Spain: dams reduced
sediment load by 95%

• Coastal erosion has resulted 
(e.g., Jimenez et al., 1997)

• Many deltas worldwide affected 
by reduced sediment load after
dam construction (e.g., Mekong, 
Huanghe, Nile)

• Dams get old, expensive to 
maintain; reservoirs fill with 
sediment; obsolete or unsafe 
dams may be removed

Tena and Batalla 2013



Dam removal is becoming a more widely used river-
management option in the U.S.A.

Foley et al., 2017
Water Resources Research
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Marmot Dam, Oregon, USA, removed 2007
Photo: Stillwater Sciences



Largest dam removal worldwide: Elwha River, USA

Removing two large dams (64 m and 32 m tall) 
released ~20 million tons of sediment downstream

Elwha watershed (833 km2), Washington state, USA



Two reservoirs stored 21 million m3 of sediment

“Lake Mills”, above Glines Canyon Dam (Elwha River), during dam removal, 2012



Largest dam removal worldwide: Elwha River, USA

• 90% of the sediment reached the river mouth in 
5 years (2011 to 2016; Ritchie et al., 2018)

2011

2017



Largest dam removal worldwide: Elwha River, USA –
coastal effects

• Sediment deposition 
rates during dam 
removal were 100x 
background levels, 
causing major coastal 
accretion. Sediment 
deposit spread 
downdrift (to east) 
over 8 years

• Estuary, coastal delta 
(subtidal and 
supratidal) rearranged 
substantially 

Gelfenbaum et al., 2015, Geomorphology, plus new data from A.W. Stevens, A. Ritchie, J. Warrick, USGS



Salinity changes in estuary during 
morphodynamic evolution

Foley et al., 2017
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• 500 m seaward shift in location of brackish water, estuary as coastal delta grew

• Decreased abundance of fish and macroinvertebrates during peak of sediment 
pulse, had begun to recover by 2014 (year 3 of dam removal)



Dam removal is becoming a more widely used river-
management option

5 years before dam removal 1 year after dam removal

• Recovery after dam removal is surprisingly fast, ~2 years for 
new morphology to establish

• Restored connectivity between watershed and coast

• What about dam failure, during storms?
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How can we make meaningful progress in next 10-20 
years to fill gaps in knowledge?

1. Scales: how does the scale of landscape response correspond to scale 
of the disturbance? Non-linearity in geomorphic drivers vs. response.



Scale of disturbance vs. landscape response? 

• What factors set and move morphodynamic thresholds? We 
still do not know well.

• For example, the same magnitude flood might cause 
aggradation or degradation in the same river reach at different 
times

1977-1978:

2016-2017:

High-
intensity 
fire

High-
intensity 
fire

10-year 
flood

10-year 
flood

10-year 
flood

30-year 
flood

Four 2-
year 
floods

+

+ ++ +

Carmel watershed, California (D. Smith, B. Hecht data):

678,415 m3

sediment

161,586 m3

sediment

Fire in Carmel watershed, 2016 
Photo: L. Hampson



Scale of disturbance vs. landscape response? 
Some disturbance events are small in temporal or spatial scale, but intense enough to 
have major sedimentary effects

Tuolumne River, California, 
March 22, 2018:
• >500 landslides, debris 

flows from extreme rain
• Occurred in dry year
• Produced 40-100x more 

sediment than this 
river’s typical annual 
load



How can we make meaningful progress in next 10-20 
years to fill gaps in knowledge?

2. Lag times: what drives the time frame of signal transfer in landscape 
response after a forcing event? 



Lag times, hysteresis in landscape response

• New, climate-generated sediment can move downstream over 
decades, but what controls those lag times is not well understood, 
and varies widely from place to place

Nooksack River, Washington, USA: 
Anderson & Konrad, 2019, JGR Earth 
Surface Lag time relative to climate (years)



How can we make meaningful progress in next 10-20 
years to fill gaps in knowledge?

3. Untangling superposition of multiple disturbance events and types of 
disturbance, understanding the role of system "memory" 



Untangling superposition of multiple events and types 
of events; system "memory"

Time

Sediment 
yield

Threshold 
basin 
instability

Large rain 
events

Wildfires

Keller et al., 1997



Human land-use effects on watershed sediment 
yield

• After having built so many dams, the net effect is major DECREASE in sediment reaching 
the oceans, globally

Syvitski et al., 2005, Science



Summary

• Ongoing climate change has important implications for sediment 
production in coastal watersheds, due to hydroclimatic changes and 
increased fire risk

• Although in many places sediment is trapped by dams and does not reach 
the shoreline, dam removal or failure can send large, abrupt sediment 
supply to the coast

• Better understanding (1) scales of geomorphic response to disturbances, 
(2) lag times in landscape response, and (3) system ‘memory’ of 
disturbance events is necessary to plan for integrated watershed-coastal 
interactions of the 21st century



Thank you for listening


