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“…	we	can	bring	back	the	coho salmon	
and	steelhead	runs.	But	we	need	to	deal	with	issues	of	
sediment,	pollution	and	threats	to	the	integrity	of	the	

riparian	corridors.”	

‐‐Lois	Robins,	Oct.	23,	2013



“Hundreds	of	dams	on	California's	streams	have	trapped	
millions	of	cubic	yards	of	sand	that	would	have	been	
carried	to	the	shoreline	under	natural	conditions	and	

nourished our	beaches.”	

‐‐Gary	Griggs,	Aug.	29,	2009



Things	to	take	home:

1.		Sediment	is	an	important	part	of	the	natural	geologic	cycle.

2.		Sediment	may	both	enhance	and	degrade river	and	coastal	habitats.		

3.		Humans have	disrupted	U.S.	West	Coast	sediment	cycles	for	at	least	
hundreds	of	years.

4.		Sediment	is	being	managed	in	novel	ways up	and	down	our	coast.



What	is	“Sediment?”	

Which	sediment	is	good?!?!

Which	sediment	is	bad?!?!

Which	sediment	is	ugly?!?!



Things	to	take	home:

1.		Sediment	is	an	important	part	of	the	natural	geologic	cycle.

2.		Sediment	may	both	enhance	and degrade	river	and	coastal	habitats.		

3.		Humans have	disrupted	U.S.	West	Coast	sediment	cycles	for	at	least	
hundreds	of	years.

4.		Sediment	is	being	managed	in	novel	ways up	and	down	our	coast.



The	geologic	cycle...

“Active tectonic	margins”	
are	hot	spots	of	
mountain	building	
and	erosion

Milliman and	Farnsworth	(2012)



Drawn and animated by Tanya Atwater (UCSB) 



Plio‐Pleistocene 
Oblique Shortening against the "Big Bend"

Drawn and animated by Tanya Atwater (UCSB) 



Deposition	of	River	Sediment	in	the	Sea…
Moore	(1969)



Earthquakes	and	erosion...

2008	Sichuan Earthquake
(M =	8.0)



Earthquakes	and	erosion...

1994	Northridge	Earthquake
(M =	6.7)

USGS	(1995)



Fire!!!
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Fire can dramatically increase 
sediment production from Coastal 

California hillslopes.
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Floods!!!

California	coastal	rivers
respond	to	

wet	winter	storms.

99% of time

1% of time



Infrequent events are important.

Warrick and Milliman (2003)
Farnsworth and Warrick (2007)



Infrequent years are important too… 

Warrick and Milliman (2003)
Farnsworth and Warrick (2007)

Santa Clara River sediment discharge (75 yr)



California Coastal Watershed
Mud Flux

Does not include San Francisco 
Bay Drainage

1.8

Total Annual Mud Flux
~ 35 Million Tonnes

Average Annual 
Suspended‐Sediment 

Discharge from 
California Rivers

(1950‐1999)

Farnsworth and Warrick (2007)
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Salinas
Total 

~34 Mt/yr
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How much sediment is 34 million tonnes per year??

These	trucks	can	haul	25	tonnes

~1.5	million	trucks/year
[approx.	one	every	2	seconds]

<0.5% of global total
Milliman and Farnsworth, 2011

Milliman and	Farnsworth	(2011)
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River and Floodplain Substrate



Substrate for Wetlands



Photo courtesy of the 
California Coastal Conservancy, taken in 2005

ADD QUOTE FROM 
SCIENCE

Barnard and Warrick (2009) 
Marine Geology 
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ADD QUOTE FROM 
SCIENCE

Barnard and Warrick (2009) 
Marine Geology 

“A	2010	study	…	underscored	the	importance	of	sediment	supply.		
…		Under	slower	(sea	level	rise)	scenarios	there	was	hope.	
…	those	(marshes)	with	ample	supplies	often	survived.	

…	if	a	marsh	doesn’t	have	a	sediment	source	that	will	allow	it	to	
build	up,	‘	then	the	question	becomes	will	it	be	able	to	migrate,’	
Kirwan (USGS)	says.		Increasing	the	answer	is	no.”		



Photo courtesy of the 
California Coastal Conservancy, taken in 2005

Beach Sediment

Barnard and Warrick (2009) 
Marine Geology 



Marine Sediment

Holocene

Grey Whale Feeding



Negative	biological	effects	of	
suspended	sediment

…		Although	suspended	sediment	represents	the	largest	volume	of	
aquatic	contaminants,	pesticides,	nutrients,	and	organic	enrichment	are	also	
major	stressors	of	aquatic	life.”

‐‐Cooper	(1993)			

“In	water,	agricultural	contaminants	are	most	
noticeable	when	they	produce	immediate,	dramatic	toxic	
effects	on	aquatic	life,	although	more	subtle,	sublethal
chronic	effects	may	be	just	as	damaging	over	long	
periods.		…



Negative	biological	effects	of	
suspended	sediment

(i)	Effects	of	sediment:
‐Behavioral	– alarm	reaction,	avoidance,	attraction,	…
‐Physiological	– respiration	changes,	choking,	reduced	filtering,	…

(ii)	Effects	of	turbidity	on	light:
‐Behavioral	– reduced	feeding,	avoidance,	attraction,	…
‐Physiological	– lower	photosynthesis,	…

Results:		Increased	mortality,	decreased	growth,	lower	reproduction

‐‐after	Wilber	and	Clarke	(2001)



How	can	we	understand	these	biological	effects?

Wilber	and	Clarke	(2001)

Juvenile	
salmonids



Larval	
Bivalves

How	can	we	understand	these	biological	effects?

Wilber	and	Clarke	(2001)
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DAMS

38% of the coastal CA 
watershed is dammed.

~25% decrease in sand
discharge to beaches.

Willis and Griggs (2003)



Rapid 
Urbanization

(1940-present)

Population Growth

U.S. Census



Trimble (1997)

Channel Erosion Following Urbanization



Santa Ana River 
Watershed
(4200 km2)

Southern California Imagery by NASA MODIS



Suspended Sediment Rating Curve

Warrick and Rubin (2007)  JGR



~20x 
Drop

Suspended Sediment Rating Curve

Warrick and Rubin (2007)  JGR



Discharge has increased substantially!!

Water Year

Annual 
Peak 
Q 

(m3/sec)

pre‐dam

post‐dam

Warrick and Rubin (2007)  JGR



Two ways “rating curves” may change…

Warrick and Rubin (2007)  JGR



Warrick	et	al	(2013)	J.	Hydrology

Northern	California	
Rivers	

Redwood	Creek



What about other 
Human Impacts?

Pulling (1944)

20001700 1800 1900
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Consider	the	cattle	industry…

GOLD 
RUSH

DROUGHT

“No Fence” Laws

Pulling (1944)

Feed 
Lots



“Stock	…	(are)	forced	to	depend	upon	the	scant	feed
found	upon	the	waste	lands now	devoted	to	grazing.”		

‐Napa	Reporter	(1873)

“It	is	a	fact	to	be	regretted	that	the	grass	ranges	are not	what	they	formerly	were
…	We	have	not	taken	sufficient	care	of	our	stock	and	our	grazing	lands.”		

‐Los	Angeles	Evening	Express	(1873)

“During	the	three	years	from	1868	to	1871,	south	of	Monterey
neither	grass	nor	grain	grew ...	Hundreds	of	farms	were	abandoned	...
In	February,	1870	not	a	blade	of	grasswas	to	be	seen	over	the	extensive	valley	of	
the	Santa	Clara	…”	

‐Hazel	Pulling	(1944)



Mudflat	
Sedimentation	

Rates

After:   Cole and Liu (1994), Davis (1992), Cole and Wahl (2000), and Mudie and Byrne (1980)



Sediment	Load	
to	the	Bay	Delta

After Ganju et al. (2008)
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Beach nourishment of Imperial Beach, CA  ‐ 2012

Active Nourishment of the California Shoreline

Barnard and Warrick (2009) 
Marine Geology 

VS.



Beach nourishment of Imperial 
Beach, CA  ‐ 2012

Desilting Reservoirs
Xiaolangdi Dam

Huange He	(Yellow	River),	China	

Barnard and Warrick (2009) 
Marine Geology 



Dam	Removal
Elwha	River	Dams
Washington,	USA

Barnard and Warrick (2009) 
Marine Geology Images courtesy NPS



Lake	
Mills	
Delta

April	2012



Barnard and Warrick (2009) 
Marine Geology 

Dam	Removal
Elwha	River	Dams
Washington,	USA



Sediment Nourishment of the Beach
Beneficial	Reuse	

Tijuana	River	Estuary
California,	USA



Study Site

• Private Sector and Non-Profits:
– Southwest Wetlands Interpretive Association (SWIA)
– Moffatt & Nichol Engineers
– Nordby Biological Consulting
– Nautilus Environmental

• Academic Partners/Collaborators
– University of California, Santa Cruz 
– University of California, San Diego
– Delft Hydraulics (a.k.a. Deltares)

PROJECT PARTNERS:

• Government Agencies:
– California Coastal Conservancy 
– California Ocean Protection Council (OPC)
– Tijuana Estuary National Research Reserve
– California State Parks
– California Department of Boating and Waterways (DBW)
– California Sediment Management Workgroup (CSMW) 
– U.S. Army Corps of Engineers
– U.S. Geological Survey



Swash 
Fine Sediment 
Concentrations 

Beach	Water	Samples	
During	Beneficial	Reuse	Project		

Tijuana	River	Estuary
California,	USA

Warrick	(2013)



Numerical Modeling 
with Deltares

Maximum
Suspended-

Sediment
Concentration

(mg/L)



Numerical Modeling 
with Deltares

Maximum
Suspended-

Sediment
Concentration

In the
Surface Waters

(mg/L)



Concentration – Duration Relationships 
(1 mg/L for 24 hours)



Concentration – Duration Relationships 
(100 mg/L for 24 hours)



Comparison to River Discharge EventClosing	Thoughts…

Sediment	is	very	different from	other	pollutants.

Sediment	supply	is	important for	our	coastal	rivers	and	wetlands.

Management	and	regulation	of	sediment	should	aim	to	
reintroduce	and	mimic	natural	geologic	and	hydrologic	processes.

Monitoring,	analyses	and	open	sources	of	data	are	increasing	
important	in	this	time	of	change	and	limited	resources.					



Contact:
jwarrick@usgs.gov

Thank You.



Warrick	et	al	(2013)	J.	Hydrology

Northern	California	
Rivers	

Redwood	Creek



Comparison to Discharge Event

Coastal turbidity following the 
17 Dec 08 discharge event from 

the Tijuana River

Coastal turbidity following the 
15 Dec 08 discharge event from 

the Tijuana River

Turbid	Plumes	from	the	Tijuana	River



Arroyo	Seco
Monterey	County,	CA

Discharge (m3/s)

1977 Marble Cone Fire

30x

Warrick et al. (2012) GSAB



Slater et al. (2002)

Holocene

Holocene isopach (m)
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Mud	Deposition	on	the	Continental	Shelf



Santa Ana River
Sediment Budget

Chang (2003)
USGS Gauge

USGS Gauge

Dam Sedimentation

Warrick and Rubin (2007)  JGR



Two ways “rating curves” change…

Warrick and Rubin (2007)  JGR



What	is	the	story?	



What	is	the	story?	

Environmental 
Disaster

Sediment	
Darkens	
Waters	



What	is	the	story?
Rebirth of a River 

Natural	Processes	
Restored	to	River	
Long	Dammed.	


