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“Wrap-up. What the research and modeling 
tells us about flow and ecosystem response. 
Take-home messages.” 
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1. The only constant is change 
2. We know it’s not just one thing 
3. We know it’s not just one season or place 
4. Higher outflow → more fish & shrimp 
5. Management, mechanisms, and effects 
6. Observe, model, predict, synthesize 
7. “This is difficult” 
8. But we must do it - together 

I. Main Themes and Thoughts 



II. The BIG picture: CA Water and Climate 

“The only constant is change.” 
Heraclitus of Ephesus (535 BC – 475 BC) 

UC Press, 2013 UC Press, 1949 



CA Water: Exceptionally Variable 

Dettinger et al. 2011 

• North-South Differences 
• Water Supplies Depend on a Few Storms 



Sometimes Exceptionally Dry 

http://www.r-bloggers.com/usa-drought-of-2013-analysis-of-high-resolution-rainfall-data-using-r/, 
See also http://www.ncdc.noaa.gov/sotc/summary-info/national/2013/9 

2013 



http://www.esrl.noaa.gov/psd/atmrivers/ 

Sometimes Really Wet 
Atmospheric Rivers 
• From SW, Warm Moist Air 
• 30-50% of West Coast 

Precipitation 
• “Drought Busters” 
     (33-40% of all CA droughts)* 
• Catastrophic Floods 
 

1861-62: CA bankrupt 

Today? $725B Damage** 

*Dettinger 2013 
**USGS 2010, http://pubs.usgs.gov/of/2010/1312/ 

Nov 30, 2012 



Cook et al. 2004 
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→ Constantly Changing CA Water Supply 
Changes Over the Long Term: Regimes 

DRY 

~500 Year Wet Period! 

? Drought Area Index 

“Epic Drought” 
in AD 900 to 1300, 

then 500 Year Wet Period 



Variability Over the Shorter Term 

Whipple et al. 2012 redrawn from Meko et al. 2001 

San Carlos, 1775 

RV San Carlos,  1976 

Sacramento River Flow (Tree Rings) 

36 Records 

Meko et al. 2001 



Variability Over Two Jerry Brown Terms* 

CA Governor Jerry Brown declares a drought state of emergency, 1-17-2014 

1977 
2014 
(so far) 

*CA Governor: 1975-1983, 2011-Present 



Variability Over the Last 3.4 Water Years 
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Sacramento River

 

SWP+CVP Exports
 

Data: SWP & CVP: Dayflow (WY 2011-210); CDEC (WY 2014); 
Sacramento River at Freeport: CDEC 



Finally, this Past Weekend: AR! 
“Busted” through the “ridiculously resilient ridge” of high pressure that kept storms away from CA 

http://www.esrl.noaa.gov/psd/atmrivers/ 



But we may need ~6 more of these…? 

http://www.wunderground.com/blog/JeffMasters/comment.html?entrynum=2627 



Today 

http://www.esrl.noaa.gov/psd/psd2/coastal/satres/data/html/ar_detect_gfs.php 

Tomorrow 
Thursday 



And then: The Future!? 
Different, with and even without man-made CC 

Wetter 
Winters 

Drier 
Summers 

Saltier Summers 

Fresher Winters 

 Changes in Outflow, 2060 vs. Present…     & in % Freshwater in the Bay 
 

Knowles and Cayan 2004 

Cook et al. 2004 



California Water: 

“The only constant is change.” 
Heraclitus of Ephesus (535 BC – 475 BC) 

UC Press, 2013 

“California has the highest year-to-year 
variability in precipitation of all the western 
states.  […] California’s precarious water 
situation is apparent in the fact that a shortfall 
of just one or two major storms  can mean the 
difference between a “normal” and a dry year. 
As a result, water management is particularly 
challenging in this state.” 



California Water: 

“The only constant is change.” 
Heraclitus of Ephesus (535 BC – 475 BC) 

.. and changing water 
supplies are no longer the 
only management challenge: 
Changing ecosystems are 
now co-equal, 
and “place” is, too: 
Trade-offs, Balancing… 



“It is a tall order. 
But it is what we must do.”*  

 

1977 
2014 
(so far) 

* from CA Governor Jerry Brown’s State of The State Speech, 1-22-2014 



SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 

Changes in 

III. The Medium Picture – Changing Drivers 
And Ecological Change 



SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 

Changes in 

E.g. Temperature, Turbidity 
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Hestir et al. 2013 

1983: 
Step Change 1: 
-27% 

1998 
Step Change 2: 
-23% 

Changes in Temperature & Turbidity 

Cloern et al. 2013 

? 
? 

? 



SFEI/ASC 2012 (Pulse of the Delta), Redrawn from *Baxter et al. 2010 

Changes in 

“We hypothesize that in spite of recent human-caused flow alterations, the remaining 
strong, climate-driven variability in outflows may presently act as the most important 

critical slow variable that helps maintain the remaining original resilience of the system.”* 



CA Water Plan Update 2009 DSC Delta Plan 2013 

& in Water Use by a Growing Human Population 
Changes in Delta Outflow 

$ 
$ 

$ 



CA Human Population, 1900-2012 38M 



Changes in Delta Outflow/Inflow 
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Data: Dayflow 



Changes in Delta Outflow by Month 

Cloern & Jassby 2012 

1956-2010 



Changes in the Salinity Gradient/X2? 
Water operations have an effect 

Kimmerer et al. 2013 

X2, km
San Pablo Carq. Suisun Delta
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Winter-Spring X2 After 1950 
“Straighter,” More Eastward 
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Critically Dry D BN AN Wet 

Suisun 

Data: Dayflow 
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Critically Dry D BN AN Wet 

Suisun 

Data: Dayflow 

Fall X2 After 1995 
“Flatter,” More Eastward in Wetter Years 
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SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 

Changes in 

IV. Medium Picture – Species Changes, Fish  
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~4 new species/year 
Cohen and Carlton 1998 



Thomson et al. Ecol. Apps. 2010 

While Native Species Decline: Trends & Steps… 
Downward 
Trend with 
Wet-Year 
Boosts 

Winter Exports, 
Clarity 

Spring X2, 
Clarity 

Downward 
Steps 
& now a 
Downward 
Trend 

Longfin Smelt 

Delta Smelt 
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SFEI/ASC 2012 
(Pulse of the Delta) 

Mueller-Solger et al. 2002 

Food Limitation 

Food Saturation 

Daphnia 

Food 
Quality 

SFEI/ASC 2012 (Pulse of the Delta), see also Winder & Jassby 2011 

Delta 

And it’s Not Just The Fish 



SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 

Changes in 

V. Small Picture – Drivers and Species Interactions 



Zooplankton Invasions 
During Low Outflow/High X2 Periods  

Winder et al. 2011 



Kimmerer et al. 2009 

Lower Spring X2 Is Still Better for Many Fish & Shrimp, 
But Several Fish-X2 Relationships Have Shifted Down 

Abundance Matters 

Fish Abundance Declines: 
Less Fish “Bang” 

per Outflow “Buck” 

Before 1988 

1988-1999 

2000-2006/7 

Summer 

Regime Shifts, 
Resilience! 



Life Stage Matters 
Spring & Fall X2 in Suisun Benefit Young Delta Smelt 
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Mueller-Solger  for IEP MAST report, in prep. 



Spring X2 Benefit: Recruitment? 
Young Fish (20mm Index)/Adults (SKT, started in 2003) 
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Mueller-Solger for IEP MAST report, in prep. 



Fall X2 in Suisun also Benefits Older Delta Smelt 
Log (Juveniles) ~ Log (Previous Year Subadults) + Previous Year Fall X2 

 ln TNS = 2.7+0.62*ln(FMWTy-1) - 0.061*(Fall X2y-1) 
Model Fit: n=25, R2=0.68  

Kimmerer for Mount et al. 2013 
http://mavensnotebook.com/wp-content/uploads/2013/09/FINAL-BDCP-REVIEW-for-TNC-and-AR-Sept-2013.pdf 

1988-2011 
Robust Linear Model 

Update to Analysis 
in 2008 FWS BiOp 

(Starting in 1988 makes sense 
because this is about Suisun and 
Suisun ecology changed a lot after 
the clam invasion!) 



Fall X2 in Suisun also Benefits Older Delta Smelt, 
But Fall Abundance (Stock) Matters More 

Log (Juveniles) ~ Log (Previous Year Subadults) + Previous Year Fall X2 

 ln TNS = 2.7+0.62*ln(FMWTy-1) - 0.061*(Fall X2y-1) 
Model Fit: n=25, R2=0.68  

Kimmerer for Mount et al. 2013 
http://mavensnotebook.com/wp-content/uploads/2013/09/FINAL-BDCP-REVIEW-for-TNC-and-AR-Sept-2013.pdf 
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Robust Linear Model Least Squares Linear Model 

 ln TNS = 1.5+0.63*ln(FMWTy-1) - 0.048*(Fall X2y-1) 
Model Fit: n=26, R2

adj.=0.58, P<0.001, 
P(Int.)=0.57; P(ln(FMWTy-1))<0.01; P(Fall X2y-1)=0.11 

Mueller-Solger for IEP MAST report, in prep. 
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LS Fit Residual Statistics:  
Skewness =-0.15; Kurtosis =0.77; 
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Least Squares Linear Model 

Log (Juveniles) ~ Log (Previous Year Subadults) + Previous Year Fall X2 

Mueller-Solger for IEP MAST report, in prep. 

Fall X2 in Suisun also Benefits Older Delta Smelt, 
But Fall Abundance (Stock) Matters More 

 ln TNS = 1.5+0.63*ln(FMWTy-1) - 0.048*(Fall X2y-1) 
Model Fit: n=26, R2

adj.=0.58, P<0.001, 
P(Int.)=0.57; P(ln(FMWTy-1))<0.01; P(Fall X2y-1)=0.11 

DRAFT 



Significant Fall X2 Benefit with Step Change 
Log (Juveniles) ~ Previous Year Fall X2 + Step Change (2002-2003) 

Mueller-Solger for IEP MAST report, in prep. 
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 ln TNS = 10.03-1.76*(Step Period) - 0.081*(Fall X2y-1) 
Least Squares Linear Model, n=26, R2

adj.=0.69, P<0.001, 

P(Int.)<0.01; P(Step)<0.01; P (Fall X2y-1)<0.01 

DRAFT 

Residuals: Skewness =-0.62; Kurtosis =-0.32; 
Shapiro-Wilk W =0.94; P =0.145, Residual Dispersion Ratio=0.41 

Something in 
addition to 

stock 
interacts 

with Fall X2  
– Regime 
Shift…? 



Heraclitus of Ephesus (535 BC – 475 BC) 

UC Press, 2013 UC Press, 1949 

VI. Final Wrap-up: Main Themes and Thoughts 
1. “The only constant is change.” 



2. We Know It’s Not Just One Thing 

SFEI/ASC 2012 (Pulse of the Delta) 
Redrawn from Baxter et al. 2010 

Rose et al. 2013 

Changes in 



3. We Know It’s Not Just One Season or Place 

San Francisco Estuary
Landscape Attributes

Delta Smelt Life 
Stage Transitions

Ecosystem Drivers

Habitat Attributes and
Community Dynamics

Delta Smelt
Population Responses

Local Site

San Francisco 
Estuary (SFE)

Watershed 
and Larger

Subregion
of the SFE

DailyTidal Seasonal Annual Decadal Longer-term

Mast Report: Spatial and Temporal Scales 

DRAFT 



4. More Outflow → More Fish & Shrimp 
- Resilience? 

Kimmerer et al. 2009 

R2=0.71
Adjusted R2=0.65
P<0.01, AIC=55.8

R2=0.80
Adjusted R2=0.76
P<0.01, AIC=36.2

(with step change)
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Mueller-Solger for IEP MAST report, 
in prep. 



5. Management, Mechanisms, and Effects 

“I’ll use/prescribe it 
because I know it will 
help and protect.” 
          →→SWRCB 

“I want to know 
how/why it works”  
John R. Vane,  
Nobel Prize 1982 

(It inhibits cyclooxygenase which converts 
arachidonic acid into a prostaglandin….) 

Aspirin 

→→Scientists 

3000 BC 



E.g.: 2014 
Delta Smelt 
TNS Index ~ 0.7 
(between ~0.2 
and 2.9)? 
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Delta Smelt: Listed since 1993

Need “Co-equal” Ecological Modeling Investment! 

6. Scientists Need to Observe, Model, Predict* Change, 
Check Change, Revise Models, Predict Again… 

*Forecast, Anticipate 



Some Predictions  
From FLaSH Report 

6. Scientists Need to Observe, Model, Predict* Change, 
Check Change, Revise Models, Predict Again… 

And Synthesize! 

Need “Co-equal” Ecological Synthesis Investment! 
*Forecast, Anticipate 



7. Understand that This Is Difficult 
“But It Is What We Must Do” 

Denise Reed, 8/1/2012 

• Learning will take time (n>1) – need commitment! 
• Acknowledge water scarcity as a fact of life (& deluge, too!) 

• Craft water plans and policies to address scarcity        
(& deluge, too!)  

• All Engage! 
 

From FLaSH Review Panel &  
NRC 2012, Sustainable Water and Environmental Management in the California Bay-Delta 



8. Do It Together 
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