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3. Water Quality

Samuel Luoma,' Susan Anderson,”
Brian Bergamaschi,’ Lisa Holm,* Cathy Ruhl,’
David Schoellhamer,® Robin Stewart ?

Sustainable water policy in California will require maintaining or improving water quality.
The Delta is an important source of drinking water for Californians, but sustaining a quality
sufficient for human and agricultural consumption presents a number of problems and
challenges to water managers. Similarly, poor environmental water quality is recognized

as one of the influential stressors contributing to the ecological problems of the Delta
(Bennett 2005; Kimmerer 2004).

1 United States Geological Survey and University of California, Davis
Independent Consultant

United States Geological Survey
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Both drinking water and ecosystem water quality
are affected by the legacy of toxic discharges to the
Delta, as well as inputs of new chemicals whose
effects are poorly understood. The characteristics
that define high quality drinking water often seem
to conflict with the characteristics needed for high
quality water for ecosystems. On the other hand,
the only real solutions to complex water quality
issues will be those that consider the demands
from all beneficial uses and directly address bal-
ances to potential conflicts. Continued advances in
scientific understanding are essential to addressing
these challenges, but scientific insights must also be
better incorporated into the ongoing dynamic
interplay between water quality and water policy.

Risks to beneficial uses of Delta water (including
uses by humans and ecosystems) have been iden-
tified and increasingly clarified in the last decade.
Direct evidence that ecological changes in the Delta
are caused solely by poor water quality is difficult
to obtain. The system is complex, as is the problem
oflinking specific water quality problems to specific
ecological changes. But much evidence supports
the potential for water quality to cause problems.
Toxicity is observed in water and sediments. The
generation of methylmercury is linked to wetland
restoration. New pesticides (like pyrethroids) are
appearing in water and sediments and are, at least
in tests, linked to ecological toxicity. Sources and
types of organic matter can be linked to cancer-
causing water-treatment byproducts in drinking
water (Presser and Luoma 2006; Weston, You, and
Lydy 2004; Brown 2003). There is also a grow-
ing body of knowledge explaining how ecological
effects of water quality are manifested. For
example, selenium inputs to the Bay-Delta threaten
sturgeon and diving ducks more than Delta smelt
(Hypomesus transpacificus) or longfin smelt (Spir-
inchus thaleichthys). Mercury and polychlorinated
biphenyls (PCBs) threaten larger, older and higher
trophic-level organisms more than organisms at the
base of food webs. New contaminants have also
been identified with effects we can only surmise
from their significant role elsewhere (for example,
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endocrine disruption in wildlife, Tyler, Jobling,
and Sumpter 1998). These must be recognized and
incorporated into our priorities accordingly.

Some of the advances in understanding water qual-
ity have very specific connections to important
policy issues. Water managers and public health
officials have known for twenty years that cancer-
causing byproducts can be produced when drinking
water is disinfected. We now know that Delta water
contains a number of precursors of those byprod-
ucts, including organic carbon, bromide, nutrients
and algae. Water managers now understand that
a high quality source of water is just as necessary
as the treatment if we are to sustain the Delta as a
reliable source of drinking water.

The fate of irrigation drainage has been a policy
bottleneck for decades. In the 1980s, it was shown
that improper disposal of irrigation drainage poses
serious threats to wildlife because of the selenium
associated with salts in the drainage. The linkage
between selenium contamination and toxicity
to wildlife was unambiguous when drainage was
disposed of in Kesterson Reservoir. In the last
ten years, it has become clear that wildlife in San
Francisco Bay, including white sturgeon (Acipenser
transmontanus), Sacramento splittail (Pogonichthys
macrolepidotus) and some migratory birds (Presser
and Luoma 2006; Linville et al. 2002) may be espe-
cially vulnerable to selenium inputs, making out-of-
valley solutions to irrigation problematic.

Nowhere is the interplay between water quality and
water policy more significant than in the renewed
debates about systems for conveying water for
export. Some proposals for new infrastructure
involve reducing Sacramento River inflows to the
Delta while increasing San Joaquin River inflows.
Under present-day water management, when the
Delta inflows include a high proportion of San
Joaquin water, water quality in the Delta is notice-
ably poorer, and the effects of changing inflows
from the two rivers are made complex by tidally-
driven circulation (Monsen, Cloern, and Burau
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2007). Water quality policy is already affected by the
degraded quality of the interlinked waters of the
Bay-Delta. Human health advisories currently
limit fish consumption because fish are contami-
nated with PCBs, selenium and mercury. Compli-
ance with water quality objectives is an ongoing
problem, as evidenced by active or proposed Total
Maximum Daily Load (TMDL) investigations for
PCBs, selenium and mercury. All could be influ-
enced by policies that affect conveyance.

Management of drinking water,
conveyance, irrigation drainage, levee
repair, risks from chemical contamination
and ecosystem restoration all have
benefited from advances in understanding
of water quality over the last decade.
Perhaps the greatest advance, however,

is the general recognition that water
quality issues must be viewed holistically,
acknowledging the interlinked needs and

conflicts of human and ecological uses.

In this chapter, we will discuss specific examples
of how science has contributed to the interplay
between water quality and water policy (see Table
3.1). Our examples illustrate how new science
is necessary not only to flesh out the details of
particular water quality issues, but also to yield new
ideas for solutions, or shift the dialogue in new and
constructive ways. The Delta suffers from many
water quality issues that cannot be covered in detail
in a short synthesis. The examples we have chosen
highlight only some of the most important water
quality impacts to the diverse constituencies of the
state. Drinking water supply, ecosystem health and
agricultural management are all critical aspects of
our quality oflife and the state economy, and all rely
on addressing water quality issues in informed and
creative ways.
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High Priority Water
Quality Issues

Salinity

Salinity has the single broadest influence on drink-
ing water, agricultural water and environmental
conditions in the Bay-Delta. Salinity is a common
issue for all aspects of the water supply management
system. It affects every beneficial use. For agricul-
tural supplies, salinity levels are a concern because
salt in irrigation water can reduce crop yield, build
up in shallow groundwater and reduce soil qual-
ity. Salination of soils and disposal of the drainage
from those soils in the western San Joaquin Valley is
one of today’s great policy challenges. Salinity also
reduces the reusability of the water supply. For
municipal drinking water and industrial supplies,
salinity is extremely expensive to remove. In fact, the
entire water supply system was built to avoid treat-
ing salinity. High-salinity waters corrode pipes and
produce hard water deposits, affecting industrial
processes and shortening the lives of appliances.
High-salinity waters taste bad, add a daily load
of salt to the human diet and reduce the yield of
water supplies. Physical removal of salts from water
requires large amounts of energy and produces
large amounts of very saline water that must be dis-
posed of. Estuarine salts also contain high levels of
bromide. Bromide reacts with ozone in drinking

Water supply reliability is reduced by high
salinity: In the Bay-Delta system, water
serves one use, then it is discharged back
into a conveyance or groundwater basin
or run through a treatment plant, and then
it serves another use. The ability to reuse
water ultimately depends on its initial
salinity and the accumulation of salinity
throughout the process.




4. Aquatic Ecosystems

Wim Kimmerer,' Larry Brown,* Steven
Culberson,’® Peter Moyle,* Matt Nobriga,’
Jan Thompson®

We live in a time of rapid change and rapid discovery in ecosystems of the region. This
discovery is changing how we view the Bay-Delta system and its responses, even as the system
itselfis changing. Knowledge is accumulating rapidly through field studies, laboratory
experiments, modeling and analysis of data from a large suite of long-term monitoring
programs. Yet key questions central to management and to the future trajectory of the
ecosystem remain unanswered.

1 Romberg Tiburon Center for Environmental Studies, San Francisco State University
United States Geological Survey
CALFED Science Program
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University of California, Davis
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S. Levee System Fragility

Johnnie Moore,' Roy Shlemon”

The approximately 1,100 miles of levees that support the framework of the modern
Sacramento-San Joaquin Delta were not engineered and planned as a system. They were
built piecemeal to protect local human structures and activities as the Delta developed

(see Chapter 1; Lund et al. 2007; Hundley 2001; Kelley 1998). The bulk of the present-day
Delta levees were in place by about 1930 (Florsheim and Dettinger 2005; Thompson 1957)
and allowed agriculture to expand, cities to grow, and infrastructure to be built on the islands
behind the levees. Originally, the islands were close to sea level, but as they were farmed a
combination of water extraction, burning and oxidation of peat and organic-rich soils and
wind erosion rapidly decreased the elevation of the island interiors (Lund et al. 2007; Mount
and Twiss 2005). Because of this erosion, farmers are now working peat layers that were
deposited as long as 6,700 years ago (Drexler, de Fontaine, and Knifong 2007). Human
actions have removed, in 140 years, what natural processes took over 6,000 years to form. As a
result of this loss of soil, much of the Delta now lies well below sea level (see Figure 5.1).

1 University of Montana

2 Roy]. Shlemon and Associates, Inc.
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Figure S.1. Delta topography. (Source: Lund et al. 2007, Figure 3.5)

The levees now function as dikes, continuously
protecting islands from inundation by both the
river and the sea, instead of just protecting the land
during high-river flows. This vast complex of nar-
row man-made ridges constructed of river sand,
and delta plain mud and peat now surrounds about
2.5 billion cubic meters of space that is below sea
level (Mount and Twiss 2005). The islands really
constitute a set of bowls containing over 200,000
hectares of land. The vulnerability to flooding of the
land within these bowls depends on the fragility of
the levees surrounding them.

Delta levee fragility depends on two main charac-
teristics of the levee system:

1. Strength of the levee itself and its foundation,
and
2. External forces acting on the levee.

When external forces overpower the strength of
the levee, the levee fails, allowing water to flood
the island. There is a long history of levee breaches:
from two hundred to three hundred in the Delta
and its associated rivers over the last 150 years (see
Florsheim and Dettinger 2007; 2005). If the climate
and the Delta were a static system, we could rely on
these past events to predict the frequency, if not the
location, of levee failures in the future. As the levees
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age, and if maintenance does not keep up with dete-
rioration, we might expect a gradual increase in the
levee failure rate. Again, that would assume that the
external forces on the levees remain unchanged. In
fact, the external forces on the levees are continu-
ally increasing (for example, from sea-level rise and
subsidence) and the levees are becoming progres-
sively more fragile. Maintenance is becoming more
difficult and costly, likely leading to an increase in
levee failures over time. Catastrophic failures of
multiple levees may also occur simultaneously, driv-
en by either large floods or earthquakes (Mount
and Twiss 2005; Torres et al. 2000), which would
have far-reaching disastrous effects, not only within
the Delta, but as far away as Southern California.
Because of the importance of the Delta as a water
distribution system (Lund et al. 2007), it is critical
that we understand the levee system and identify
the additional scientific studies needed to assess
the susceptibility of the levees to failure. That is the
focus of this chapter.

Evolution and Structure
of Delta Levees

Prior to about 1850, sandy-bedded channels cut
through the Delta’s tidal marshes carrying mineral
sediment from the highlands to San Francisco Bay.
Tides moved this sand back and forth in the west-
ern Delta, but it ultimately moved out into the Bay.
During floods, sand was also carried out of the
channels and onto the surrounding delta plain in
crevasse splays, and mud suspended in the flood-
water was transported farther out into the marshes
on the delta plain. All this was part of the dynamic
interplay between water and land that characterizes
a natural delta. Near the active channels, the sandy
crevasse splay deposits inter-fingered with marsh,
mud and peat, forming a natural levee that sloped
away from the channel onto the delta plain. These
natural levees were low features that just main-
tained the channel and graded into the surrounding

108

tidal marsh complex (see Figure 5.2), connecting
the marsh and floodplain to the channels. As the
main channels and their natural levees migrated
and avulsed across the delta plain, they left behind a
mosaic of sand and mud lenses inter-bedded with
the thick peat deposits formed in the marsh.

When Delta marshes were drained and reclaimed,
the first levees were constructed on the existing
natural levees. Sediment from the channel or the
adjacent marsh was used to raise the crest of the
natural levee, protecting the surrounding land from
high flows. This allowed the islands to be drained
and farmed. Farming, and the associated burning
of the peat to reduce pests, oxidized the organic-
rich sediment in the islands (see Figure 5.2) and
caused them to subside well below their original el-
evation (Deverel, Wang, and Rojstaczer 1998; De-
verel and Rojstaczer 1996; Rojstaczer and Deverel
1995). The levees protected the resulting islands
from flooding, but also kept out the rich mineral
sediment that had been deposited during high flows
onto the surrounding delta plain. The floors of the
islands were subsiding due to soil loss, but the adja-
cent river channels were also rising due to sediment
deposits in the channel bed. The height of the levees
had to be increased through time to keep up with
subsidence and channel bed rise, and the bases of
the levees spread onto the adjacent marsh and par-
tially sank into the mud and peat beneath the levee.
Continual maintenance was needed to increase the
height of the sinking levees and repair damage from
large floods. Nearly all the material for levee main-
tenance was originally taken from the marsh and
delta plain adjacent to the levee. The present levees
are a combination of the original sedimentation that
formed the natural levee and additional layers from
various Sources that were added as the levees were
raised, resulting in a complex internal stratigraphy
that in many places is structurally weak.
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Natural levees were formed by

sediments deposited during spring
floods and stabilized —
by vegetation. Tule” (bulrush

and reed species)

Main channel

Peat soils were formed
from decaying vegetation
over thousands of years.

Water table

Channel

POSTDEVELOPMENT

Riparian vegetation was
cleared and levees were
built to create farmland.

Semicontinuous pumps
remove agricultural
drainage to maintain a
low water table.

Saucer-shaped profile reflects
greatest thickness and subsi-
dence of peat soils near the
center of islands.

Levees must be periodically
reinforced to support increasing
stresses from stream channels.

Not to scale

Figure 5.2. Development of modern levees on preexisting natural levees and subsidence of islands
as peat soils are farmed. (Source: Ingebritsen and Ikehara 1999)

Measuring Levee
Structure and Fragility

Determining the internal structure of 1,100 miles
of levees to establish their safety and predict how
they may respond to floods and earthquakes is an
extremely difficult task. Assessinglevee strength and
fragility requires determining their internal struc-
ture at a fine scale. Ideally, levee managers need to
identify incipient cracks, burrows, saturated zones,
and other potential weaknesses within the levee or
its foundation. Some of these features can be found
by diligent surface inspection, but most are hidden
within the levee. Details about the inter-layering
of the material within and adjacent to the levee are
also critical for building realistic numerical models
of how levees will respond to stress and for planning
large-scale levee maintenance.

There are two approaches to determining the
detailed internal structure of levees to estimate
their strength: boreholes (discussed below) and
geophysical methods (discussed later). Tradition-
ally, borings are used to establish both the type and
strength of materials forming the levees, as well
as the materials lying beneath and adjacent to the
levees. Boreholes can also be used to determine
water levels and pressures within and beneath the
levees, as well as the strength of materials by con-
ducting tests within the borehole or by testing
materials recovered from the drilling in the labo-
ratory. Delta levees have been bored extensively
but not uniformly (URS Corporation and Jack R.
Benjamin and Associates, Inc. 2007a). Boreholes
can penetrate many tens of feet into the levee and its
foundationand give a vertical picture of the subterra-
nean structure of the levee. A limitation of borehole
data is that it represents only the few inches of the
borehole, and the material is ground up by the drill-
ing process so original layering or structure can only
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be determined coarsely. Core samples can be taken
in areas adjacent to the levees, and these give a more
detailed picture of the underlying material (Brown
and Pasternak 2004). With multiple boreholes or
cores taken across the levee and adjacent areas,
a cross-section of the levee can be constructed.
However, the complex inter-layering of the mate-
rials may make it difficult to correlate details from
one borehole to another.

To construct engineering models of levees, the com-
plexinter-layers of the levees are commonly grouped
and depicted as simple parallelograms resting on
continuous layers of underlying sand, mud, or peat.
This allows computer-modeling experiments to be
carried out to examine levee response to increased
water pressure from floods or shaking due to earth-
quakes (URS Corporation and Jack R. Benjamin
and Associates, Inc. 2007a; Tobita, Iai, and Ueda
2006). However, these approaches simplify a com-
plex system and may deviate substantially from the
original distribution of materials.

The materials making up levees (sand, mud, and
peat) are inherently weak structurally. Wet peat
has a very high porosity (80 to 97 percent), a bulk
density of about 1,120 kilograms per cubic meter
(kg m®)! (water is 1,000 kg m*®) and has very little
strength. Mud (made up of clay and silt) can also
have very high porosity when deposited (typically
70 to 90 percent), with bulk densities from 1,730
to 1,900 kg m™. Of all the levee materials, sand has
the lowest porosity (30 to S0 percent), and, when
wet, a bulk density from about 1,900 to 2,080 kg m*
depending on how consolidated it is. All these
materials are easily compacted when loaded, but
the differing porosity and permeability between
layers can cause the pressure in pores between sedi-
ment particles to build within individual layers as
weight is added. These materials are compacted in
the levee itself, but beneath the levee, especially
adjacent to the levee, they are much less compacted
and their water content is very high. In high-water-

1 All bulk density numbers from:
http://www.simetric.co.uk/si_materials.htm
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content layers, the pore pressure can build up to the
point that the levee is virtually floating and liable to
slip sideways under pressure. Thus, the upper part
of the levee is generally stronger than its foundation
or the adjacent channel or island. These differences
can lead to very different responses during floods or
earthquakes, causing differential movements that
cause cracking, subsidence, or failure due to lique-
faction.

Because the land surface in the interior of adja-
cent islands is well below the level of water in the
channels, water moves from the channel into the
surrounding subsurface, saturating these materials
(see Figure 5.2). The levee crests are relatively dry,
but the soils in the interior islands are wet except
the uppermost layers that are drained by pump-
ing. The results are that, when loaded, all the satu-
rated materials beneath the levee and islands are
easily compacted as the water is squeezed out. Well-
packed sand is less compressible than mud or peat.
However, if the pore water cannot escape as sand
is loaded, pore pressures can build up sufficiently
to actually support the overburden. Under these
conditions, the sand has very little strength. The
sand can liquefy and flow as the grains move within
the over-pressurized pore water. This kind of lig-
uefaction is commonly induced by shaking during
earthquakes.

The basic structure of the levees, although inher-
ently fragile because of the materials involved,
still functions to hold back a huge mass of water
in the adjacent channels and sloughs. The partially
compacted materials act as a relatively efficient
dam, allowing the islands to be pumped dry to
farm. However, water continues to flow through
the levee and the adjacent island materials so that
the islands are kept dry only by continual pump-
ing. Internal disruption of the levee can weaken the
dam by allowing water to channel or pipe through
the levee. Large conduits allow high velocities to
flow through the levee, eroding them from within.
If a large amount of material is removed, this may
lead to failure. Cracks can develop from differen-
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6. Water Supply

Michael Healey,' Michael Dettinger,”
Steven Culberson,' Loren Bottorff?

Water is the lifeblood of the California economy. However, the natural distribution of water
in California, abundant in the north but scarce in the south, is almost the reverse of the
distribution of population and demand for water (Carle 2004). California’s 1930 State
Water Plan (Department of Public Works 1930) recognized the large inequalities in the
geographical and seasonal distribution of water compared to the demand for it. The
document states that “the most complete conservation and utilization of water resources,
therefore, involves construction of storage reservoirs and utilization of underground basins
for full development of water supplies, and also conveyance conduits to carry the supplies
from areas of surplus waters to areas with insufficient local water supplies to meet their
demands.” Successive administrations have responded to this need, and California now has
one of the most advanced water supply systems in the nation.

1 CALFED Science Program
2 United States Geological Survey and Scripps Institution of Oceanography
3 URS Corporation
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Figure 6.1. Conceptual model of exchange of Delta water supply among California regions.
(Source: California Department of Water Resources)

The system is large, complex, highly managed and
owned and operated by thousands of entities.
The Delta is an important hub in the distribution
system, and what happens in the Delta has profound
implications for the water supply for twenty-
three million Californians and billions of dollars
in agricultural production (see Figure 6.1). Details
of the water management process and future pro-
jections can be found in the California Water Plan
(California Department of Water Resources 2005).

This chapter examines recent science related to
water supply within the Delta, its watershed and its
service area. Water supply is the amount of water
available for consumptive and non-consumptive
uses. As demonstrated in Chapter 2, California’s
Mediterranean climate creates wide variations in
precipitation, evaporation and in the amount of
water that flows in rivers and streams or infiltrates
into the ground. As a consequence, water supply
varies widely from year to year and season to sea-
son. Water supply is also closely related to water

quality because quality influences how the water
can be used. Water managers often refer to water
supply “reliability” as a measure of how well water
supplies match various users’ needs for water.

We will summarize the science of water supply in
this chapter in relation to three major issues:

1. Water supply measurement and forecasting,

2. Managing distribution and allocation of water
for beneficial uses, and

3. Understanding the environmental costs and
benefits of water allocation, with particular
emphasis on the Delta.

Although these issues have always been important
to California water policy, they are taking on new
significance. Natural water supplies from Central
Valley rivers are fully allocated or over-allocated
in most years, and there appear to be no attractive
options for major new storage. This means that
existing water supply must be used smarter and
more efficiently and that each new demand for water
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7. Integration Among Issues
of Water and Environmental
Management

Samuel Luoma,' Michael Healey,”

Steven Culberson,” Roy Shlemon,> Maurice Roos*

Chapters 3 through 6 of this report address the state of science related to the four pillars of
the CALFED program: water quality, ecosystem restoration, levee integrity, and water supply.
These chapters point out how scientific thinking about the Bay-Delta has changed in recent
years. During the last decade, the joint work of academic institutions, government agencies,
and stakeholders has contributed to a better understanding of the challenges that face all
Californians—challenges that occupants and users of the Bay-Delta face in particular.

United States Geological Survey and University of California, Davis
CALFED Science Program

Roy J. Shlemon and Associates, Inc.

E S S

California Department of Water Resources, retired
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Each of the earlier chapters addresses the interact-
ing components within its subject area; however,
the interactions that cut across the chapters are
not addressed. Yet, these interactions often define
the system as a whole, its dynamics and its frailties.
And it is to these cross-cutting interactions that
we often must look to understand the problems
of the Bay-Delta and potential solutions to those
problems. In this chapter, we reiterate the driv-
ers of change in the Bay-Delta and define through
examples what we mean by linkages among com-
ponents of the system. We then use a slightly more
detailed analysis to demonstrate how these drivers
and linkages lead to interconnectedness in the Bay-
Delta system. Seismic-induced catastrophic levee
failure, manifestations of climate change like pro-
longed drought, threats of species extinction and
approaches to ecosystem restoration all cut across
ecosystem restoration, water supply, water quality
and levee integrity in ways that are integral to the
hard choices that must be made about the future of
the Bay-Delta.

Drivers of Change

Six of the major drivers of change that affect the
Delta, its integrity and future health have been
highlighted in recent scientific discussions (Lund et
al. 2007; Mount, Twiss, and Adams 2006 ): seismic-
ity; land subsidence in Delta islands; sea-level rise;
regional climate change; population growth and
urbanization; and exotic invasive species. The avail-
ability of high quality water for agriculture, urban
uses, and ecosystems is affected by climate and the
other five drivers. But it is also a driver of change
itself. Concerns about availability of high quality
water drive the management of endangered species,
the fate of irrigation drainage and treatment of
drinking water, for example. Chapter 4 emphasizes
several specific ways in which human activities
are important drivers in the Bay-Delta ecosystem.
Human uses of water for agriculture, for in-
dustry, for drinking and as a waste dump can
conflict directly with ecosystem uses of water.
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Likewise, building levees and draining wet-
lands for agriculture, constructing roads and
utility corridors, urban development and other
human uses of land all have negative impacts on
native aquatic and terrestrial species. It is well-
recognized that management policies need to
balance human uses of water and land in the Delta
with respect for, and stewardship of, nonhuman
species and natural ecosystems (Governor’s Delta
Vision Blue Ribbon Task Force 2008). But there
is no consensus on how to accomplish that goal,
partly because of the complexity of the drivers of
change. Scientific studies continue to show us that
every policy choice involves tradeoffs. Providing
water to support the needs of both people and the
ecosystem requires that we understand the driv-
ers of change, develop management strategies that
embrace the change they will bring, and face up to
the hard choices that must be made.

Linkages Among
Components

The drivers of change illustrate the cross-cutting
ecological, social and economic interactions that
are characteristic of every challenge we face in the
Delta. Solutions to such complex, multifaceted
challenges are not impossible. But they lie in a
broad, holistic view of the system that is sometimes
lost when we feel compelled to focus on the most
immediate crisis. In addition, it is likely that we will
continually have to reexamine and redesign every
solution on a regular basis if we are to keep up with
the pace of change. As our understanding grows,
it is increasingly apparent that the drivers and the
Bay-Delta ecosystem itself are in a constant state
of change. Chapter 8 emphasizes that dealing with
the drivers of change will require that water man-
agement strategies of the future, including changes
in infrastructure, be “robust to uncertainty and
designed torespond to conditions that might change
rapidly” Solutions will have to evolve as the system
changes. The need to adapt California’s massive
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water management system to a very different
climate in the future is a good example. Such exam-
ples suggest that robust solutions are more likely if
they are multifaceted and flexible.

It is also important that we recognize the tradeoffs
among linked issues, even if they might seem
insurmountable. Understanding tradeoffs can point
toward mitigation or even unexpected solutions;
denying tradeoffs can lead to deadlock or unpleas-
ant and unpopular surprises. High concentrations
of salts, including selenium, in the irrigation drain-
age of the western San Joaquin Valley that contami-
nate soil, the San Joaquin River and the Bay-Delta, is
an example of a complex problem that raises many
contentious tradeoffs. Large-scale solutions that
involve pumping the contaminated drainage out
of the valley appear simply to transport the prob-
lem or create new problems elsewhere. Not deal-
ing with the problem brings its own unpalatable
consequences. All the proposed solutions demand
difficult tradeofls, but even as the debate continues
over large-scale out-of-valley fixes, positive progress
in addressing some tradeoffs is being made through
multiple small-scale, local actions. The lessons of
this example are that large-scale engineering solu-
tions, even if technically feasible, may create more
problems than they solve, and may be neither very
robust nor flexible. Small-scale solutions, on the
other hand, may address local problems efficiently
and involve tradeoffs that are more tractable.

The complex linkages that make problem-resolu-
tion difficult are not always obvious, especially in
the heat of debate. Table 7.1 presents six sets of such
linkages to show how a number of difficult consid-
erations affect every issue. These sets of linkages are
themselves interrelated. Some of the interrelation-
ships sketched in Table 7.1 are illustrated by the life
cycle of one of the icon species of the Bay-Delta,
the Chinook salmon (Oncorhynchus tschawytscha)
(see Text Box 7.1).
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Text Box 7 7.1. Chinook Salmon

(Photo by: California Department of Water Resources)

The ecology and management of Chinook salmon illustrate large
geographic-scale linkages involving the Bay-Delta, its watershed,
and the Pacific Ocean. Prior to major dam construction, Chinook
salmon spawned in upstream tributaries and the main channels
of both the Sacramento and San Joaquin Rivers. Much of their
historic spawning habitat has been lost due to dam construction,
but four races of Chinook still spawn in the Sacramento-San
Joaquin systems, more than any other river system (Williams
2006; Healey 1991). Some Chinook fry use the tributaries and
the main channels of the rivers as nursery habitat, whereas others
simply pass through these waterways on their way to the Delta or
the Bay. In terms of flow, temperature, and water quality; all Cen-
tral Valley river habitats have been degraded by land and water
development (Williams 2006). The Delta also provides nursery
habitat for Chinook salmon. However, the kinds of tidal marsh
and adjacent tidal channel habitats that Chinook typically use in
other estuaries have been largely eliminated by the construction
of levees to create agricultural land in the Delta. Whether the
Delta was a valuable nursery for Chinook salmon in the past is
unknown, but scientific study over the past few decades suggests
that it is of limited value in its present configuration. Salmon pass-
ing through the Delta do not grow very well and appear to suffer
high mortality in the Central and South Delta (in part because
of entrainment into the export pumps and into Clifton Court
Forebay, where they are vulnerable to a suite of non-native preda-
tors, including striped bass and largemouth bass). Continuing
species invasions in the Bay-Delta have also eliminated preferred
prey species (large copepods and mysid shrimp). Evidence for
the importance of former floodplain habitats emerged when
migrating salmon in the flooded Yolo Bypass were found to grow
very rapidly (Sommer et al. 2001). Unfortunately, intermittent
flooding of remnant floodplain habitats, like Yolo Bypass, can also
enhance the production of methylmercury, the most bioavailable
and toxic form of mercury).*

(continued)

*  Discussed in greater detail in Chapter 3
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(Text Box 7.1 continued)

In the ocean, Chinook salmon are vulnerable to a number of
factors that are known to affect overall abundance, including
recreational and commercial fisheries and changing ocean
conditions. Maturing adults returning from the ocean must find
their way through the Delta and upstream to spawning areas. The
cues that salmon use to find their way during this migration (flow
patterns, odors in the water) and water quality conditions that
permit the fish to migrate at all (dissolved oxygen, temperature,
toxic contaminants) are greatly affected by water development
and by discharge of toxic substances from urban, industrial and
agricultural development. For Chinook salmon bound for the
San Joaquin River in particular, low flows through the Stockton
Deep Water Ship Channel can result in low oxygen levels that
block upstream migration, while export pumping can reverse
flows in Old and Middle Rivers, confusing and delaying upstream
migration.

The linkages for salmon, thus, run from the oceans to the highest
accessible headwaters. Human activities from water exports to
waste disposal affect their well-being. Natural conditions from
flooding to temperature determine the success or failure of
populations. Salmon are an icon for how the Bay-Delta ecosystem
is interconnected in complex and intimate ways.

Four Examples of
Complex Multifaceted
Problems

Detailed analysis of an issue can illustrate link-
ages among processes affecting the Bay-Delta, and
thereby point toward potential surprises and per-
haps even unsuspected avenues of resolution. Below,
we briefly discuss four case studies as a way to illus-
trate such linkage analyses. These are all cases that
have been increasingly recognized to be critical as
scientific understanding of the Delta has grown.
The linkages that characterize each case are many
and diverse. Most experts reason that ecosystem-
based management, taking some risks with adaptive
experimentation, and learning from both successes
and mistakes are the most effective ways to address
the issues raised by such cases (Healey 1998).
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Case Study 1: Catastrophic Levee
Failures Due to Earthquake

Managers have long recognized the risks posed by
a major earthquake in the Delta, but the poten-
tial deleterious economic, social and ecological
impacts are now a much more serious concern.
This is in part because implications are now better-
understood. The risk of massive levee collapse is a
good example of an issue with impacts that extend
through levee integrity, water supply, water quality
and ecosystem function (see Text Box 7.2). Conse-
quences include massive large-scale flooding, loss of
water for export, destruction of local infrastructure,
loss of property and perhaps loss of life (Mount
and Twiss 2005 ). These consequences will be even
more devastating if Delta urbanization and land
subsidence continue unchecked. Such a disruption
would also have complex but uncertain ecological
implications, both negative and positive (Lund et
al. 2007).

Case Study 2: Regional Climatic
Variability and Unidirectional
Climatic Change

California’s water managers once viewed climate
variability and change as beyond their purview.
With advances in the science, it is now well
recognized that climate change and variability have
broad implications for every aspect of water and
environmental management and are essential con-
siderations in any plan for the future. The trends
toward reduced water storage due to theloss of snow-
pack, earlier runoff, larger floods and more extreme
events have obvious fundamental implications for
life in semi-arid California. But the interconnected-
ness of the issue is perhaps best illustrated by a link-
age analysis of one scenario: prolonged drought.
A regional drought has implications for freshwater
inflows to the Delta. But a drought would also affect:
water quality; the availability of water for export to
other parts of the state; the survival of endangered
species; the health and safety of Delta occupants;









8. Science in Policy
Development for the Bay-Delta

Michael Healey'

Science is an integral part of the policymaking process. Much has been written about the
uneasy relationship between scientists and policymakers, stemming from the differences in
motivations, objectives and time dependencies of the two professions (Lawton 2007; Pouyat
1999; Committee on Science and Policy for the Coastal Ocean 1995). While the tension
between science and policy is real, the interrelationship has been fruitful and continues to be
so. In this chapter, I explore conceptual models of the roles of science in the policy process,
assess how science has contributed to policy development in the CALFED context and
conclude with some recommendations about how to ensure that science continues to provide
the knowledge and understanding needed as new water and environmental management

policies are developed.

1 CALFED Science Program
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Although scientific input to water and environ-
mental management policy has a long history in
California and elsewhere,)! CALFED and the
CALFED Science Program embarked onanoveland
forward-looking approach to integrating the broad
spectrum of scientific and technical advice needed
to address the highly complex problems of today.
The CALFED Record of Decision (ROD) identi-
fied afundamental role for science in supporting and
informing all of the CALFED program elements.
Science was to be included in policy and program
designin three primaryways. First,the CALFED Sci-
ence Program was to ensure that CALFED policies
and programs were based on high quality science.
Second, the participating agencies were to imple-
ment program elements using science-based adap-
tive management. Third, the Independent Science
Board (a team of internationally recognized scien-
tists) was to provide high-level scientific review and
oversight of CALFED. The ways in which science
was integrated into the program and the governance
structureslinking science to the program were them-
selves experiments in strengthening the science and
policy interface (Jacobs, Luoma, and Taylor 2003).
The tools used by the CALFED Science Program
included interdisciplinary workshops, support
for research that cut across agency mandates and
knowledge integration that incorporated the experi-

1  Discussed in greater detail in Chapter 1

Policy
Adaptation/Modification
Policy
Termination
Policy
Assessment
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ential knowledge of practitioners. In applying these
tools, the CALFED Science Program took a step
beyond the standards of interdisciplinary inquiry
that are being adopted by the scientific community,
and, thus CALFED Science provides a model for
other large, complex projects that integrate science
and policy. That the CALFED Science Program
achieved and sustains a high level of credibility
while other elements of CALFED have had more
variable public and political support suggests that
the experiment was at least partially successful.

Science and the Policy
Process

The policy process can be conceived as a cycle of six
steps that include policy development, implemen-
tation, review, and revision (see Figure 8.1).

Science plays specific roles in each of the six steps in
the policy process and in the overall process through
adaptive management. The conceptual model (see
Figure 8.1) suggests a unidirectional flow of infor-
mation and decision-making in policy development
and evolution. The reality is much messier and
iterative (Lawton 2007), with science and policy
working together in a socially constructed and

Problem

Identification

Policy
Identification

Policy
Implementation

Figure 8.1. A conceptual model of the policy cycle. (Source: Adapted from Knecht 1995)
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mutually reinforcing way (Jager 1998). There are
other models of the policy process such as the
Advocacy Coalition Framework (Sabatier and
Jenkins-Smith 1999), which conceptualizes policy
development as a contest between coalitions of
interests, and Institutional Analysis and Design
(Imperial 1999; Ostrom Gardner, and Walker
1994), which conceptualizes policy development
as a negotiation among networks of institutions.
These alternative models provide important
insights into the policy process and capture
some elements of policy development better
than the cyclical model in Figure 8.1. Nevertheless,
the model provides a useful framework within
which to discuss the science-policy interface (Sato
1999).

The first step, problem identification (and agenda
setting, in which a problem gets included in the
political agenda) can result from a few highly visible
events that have scientific legitimacy or from a long
accumulation of information and experience that
eventually confirms that existing policies are not
working and new policies are needed (Healey and
Hennessey 1994; Brewer and DeLeon 1983). The
protracted process that led to the Bay-Delta Accord
and ultimately to CALFED is an example of the
latter process, whereas the flurry of policy analy-
sis and review stimulated by the pelagic organism
decline (POD) is an example of the former process.
Science can initiate the policy process by focusing
attention on hitherto unanticipated or underrated
problems. For example, recentscientificassessments
of seismic risk to Delta levees, sea-level rise, future
precipitation patterns and land subsidence in Delta
islands have led decision-makers to acknowledge
that the existing policy infrastructure to manage the
Delta’s water and environment is unsustainable
(URS Corporation 2007; Mount and Twiss 2005).
An active search for new policies is now under-
way, for example, Delta Vision® and the Bay-Delta
Conservation Plan.?

2 See Delta Vision at http://deltavision.ca.gov

3 See Bay-Delta Conservation Plan at
http://resources.ca.gov/bdcp
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Science, or more specifically, scientific uncertainty,
can also be used to divert or postpone the policy
process (Henessey and Healey 2000; Ludwig,
Hilborn, and Walters 1993). There are many chill-
ing examples of this phenomenon in public health
(Gee and Stirling 2003) but decision-makers have
also frequently used scientific uncertainty to
delay action on the environment (for example, the
debate over the impacts of acid precipitation in
the 1970s (Forster 1993) and, more recently, over
climate change).

The
development projects were generally accorded
low importance in policy development during
most of the twentieth century, such impacts
being considered the price of progress (Healey and
Hennessey 1994). However, with passage of the
National Environmental Policy Act in 1969 and
the flurry of both state and federal environmental
legislation in the 1970s and 1980s (Pouyat 1999),*
the environmental consequences of development
came to the forefront in decision-making. Envi-
ronmental issues, nevertheless, remained a sub-
ject of mitigation rather than a primary driver of
decisions about water development and manage-
ment. At the beginning of CALFED, this was still the
vision; ecosystem issues were to be resolved through
habitat restoration, without substantial changes
in water management and without reallocation of
water. In part, this was a pragmatic decision. Despite
decades of research, the amount of water needed
to sustain environmental services in the Delta

environmental consequences of water

could not be specified with certainty. Incremental
remedial changes in water management within the
existing allocation system seemed to make more
sense as a policy approach (Lindblom 1968). With
the POD, however, especially the dire condition of
Delta smelt, water management agencies are now
being forced to consider radical water reallocation,
even though the scientific foundation of a solution
remains unclear.®

4 Discussed in greater detail in Chapter 1

S Discussed in greater detail in Chapter 4
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Most of the problems CALFED has faced are like
the POD: they involve multiple variables and are
difficult to define. Ecosystem restoration and water
quality assurance are good examples. Such prob-
lems are large in scale, socially and economically
significant and transcend the established institu-
tional design for problem-solving. They are the class
of problems that Rittel and Webber (1973) termed
“wicked.” Specific aspects of wicked problems
include:

1. The problem involves an evolving set of inter-
locking issues and constraints; hence, there
is no definitive formulation of “the” problem.
Perceptions of the problem and its causes are
likely to differ dramatically among interests;

2. Since there is no definitive formulation of the
problem, there is also no definitive solution;

3. Solutions are not right or wrong, only better or
worse;

4. Experience with analogous problems in other
contexts may not be relevant;

S. Potential solutions are costly and usually
irreversible; and

6. There is no immediate or ultimate test of a solu-
tion. Rather, all solutions have successive waves
of consequences and it is impossible to know
how all will play out.

Problems with these characteristics are difficult not
only for policymakers but also for science because
every potential solution involves multiple and
often conflicting hypotheses. For wicked prob-
lems, science can offer useful insight and infor-
mation but not solutions. Agreement on the
problem to be tackled by science or by policy-
makers requires negotiation among stakeholders.
Core values play a central role in how different
actors perceive the problem, and a collaborative
approach to definingboth the problem and potential
solutions is essential (Weible 2006).

The second step in the policy cycle is policy identi-
fication. In both water and environmental manage-
ment, science is both a source of policy ideas and a
means of policy legitimization. Because science is
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socially constructed and socially supported, howev-
er, the kinds of policy alternatives offered by science
tend to reflect current social norms (Jager 1998).
As noted in Chapter 1, for the first century of water
development in California, science and policy
focused on engineering-based solutions. The solu-
tion to flooding was levees. The solution to farming
large tracts of soft soils was multi-bottom ploughs.
The solution to declining salmon runs was hatcher-
ies. With the environmental revolution of the 1960s
and 1970s, maintaining a healthy natural environ-
ment became strongly associated with quality of life
and policy prescriptions shifted toward sustaining
natural processes rather than substituting engineer-
ing processes. This was the point at which Bay-Delta
problems became predominantly wicked. Initially,
the focus of policy was on conservation and preser-
vation of remaining natural areas but, as this proved
insufficient, the restoration or rehabilitation of
natural habitats gained popularity. At first, restora-
tion was built on a foundation of engineering design
to recreate particular habitat configurations such as
replacement marshes or habitat complexity. The
CALFED Ecosystem Restoration Program (ERP),
however, was founded on a policy of restoring eco-
system function such that naturally productive sys-
tems would recreate themselves. This evolution of
policy from engineered solutions to engineered nat-
ural designs to working with natural processes re-
flectsbothadvancesin ecosystemscience and chang-
ing expectations of society. It also reflects a shift
from species-based to ecosystem-based approaches
to environmental management (Healey 1998;
Grumbine 1994), which signaled a further unfold-
ing of wickedness attributes. A similar evolution of
understanding has driven policy evolution in water
quality. As science has identified a growing list of
risks in drinking water, disinfection byproducts in
particular, regulations have become more stringent,
and attention has shifted from reliance on treatment
to multifactorial and more holistic approaches to
ensuring drinking water quality (Mitchell 2004).
That is to say, the problem of drinking water quality
has become more wicked.
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The evolution of policy is driven by a confluence
of three elements: a broadly recognized problem,
viable policy alternatives and political actors will-
ing to champion one or another policy alternative
(Heikkila and Gerlak 2005; Kingdon 1995). The
importance of willing political actors is often over-
looked. However, CALFED got its start because
California Governor Pete Wilson and United States
Interior Secretary Bruce Babbitt wanted to resolve
water conflicts and were willing to spend their
political capital to get it started. Delta Vision is in
progress because California’s current Governor,
Arnold Schwarzenegger, wants a sustainable
solution to the problems of water and environ-
mental management in the Bay-Delta. Without the
support, policy alterna-
tives well supported by science may never be
accepted. But before solutions can be cham-
pioned, viable policy alternatives must be
identified. This is a political process, but
final policies must be perceived as legitimate and
science can play a major role here.

necessary political

Science is particularly important in policy legiti-
mization because it facilitates the debate about
policy alternatives. As Weinberg (1972) points out,
science provides three things to the debate about
environmental problems and their solution:

1. Models of physical and biological systems that
illustrate how different policies might affect a
problem,

2. Objective information about the system and
how it behaves, and

3. Aformalized language that permits informed
debates.

Good examples of very generalized physical and
biological models that structure and legitimize
policy debate are the paradigm shifts presented in
the Public Policy Institute of California’s report,
Envisioning Futures for the Sacramento-San Joaquin
Delta (Lund et al. 2007) and in the new perspec-
tives on how the Bay-Delta functions that have
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helped structure this report.® The new perspectives
on the Bay-Delta lead to fundamentally different
policies for managing water and the environment
and these policies can be debated by reference to
objective scientific observations of the Bay-Delta
and its waters. Through debate, one or another
model of the system with its associated policies
will gain legitimacy and can then form the basis of
future management programs. This kind of debate
established the legitimacy of the policies that
defined Stage 1 of CALFED: integrated resource
management and the maintenance of established
patterns of water use and allocation. The debate is
under way again in the Delta Vision process and
the Bay-Delta Conservation Plan, because as the
policies of Stage 1 have proved unable to halt or re-
verse the continued loss of ecosystem services and
because new scientific discoveries have suggested
a new set of paradigms to guide policy (Lund et
al. 2007).” It is through this process of debate that
wicked problems can be made at least partially trac-
table. Science has an important role to play in resolv-
ing wicked problems, but because there is no way to
analyze all the potential cascading consequences of
any proposed solution, the consequences of policy
implementation will remain highly uncertain until
long after a policy is implemented.

The third step in the policy process is policy imple-
mentation. Here, science provides practical tools
and information on which to base programs of
implementation. (1999) that
environmental science has been good at identi-
tying problems but it has been poor at providing
solutions, and this is a source of considerable frus-
tration to policymakers. Although there are certain-
ly situations in which environmental and ecosystem
science could not offer clear-cut solutions (the
POD is a current example), there are many prob-
lems for which CALFED-supported science
has offered clear policy and program direc-

Pouyat argues

6  See Introduction: New Perspectives on Science and
Policy in the Bay-Delta, and Chapter 2

7  Discussed in greater detail in Chapter 2
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tion. For example, the Trush, McBain, and
Leopold (2000) model for channel
restoration that has been adopted in upstream
tributaries, or dam removal to provide migratory
salmonids (Oncorhynchus spp.) with access to addi-
tional habitat. In some cases, the policy solutions,
although clear, are costly or disruptive of established
processes, making implementation problematic.
Preventing new species invasions or further land
subsidence in Delta islands are examples of environ-
mental issues in the Bay-Delta for which solutions
are costly or socially disruptive. Nevertheless,
through applied research, The CALFED Sci-

river

ence Program has stimulated the emer-
gence of new potential solutions or im-
provements to old solutions. For example,

periodic floodplain inundation appears to be an
important technique for improving habitat con-
ditions for Sacramento splittail (Pogonichthys
macrolepidotus) and juvenile salmon in the
Delta (Sommer et al. 2001), and the installation of
hydraulic barriers on channels around Franks Tract
or in Three Mile Slough may greatly reduce salinity
intrusion into export water. The CALFED Science
Program has thus performed the dual function of
identifying problems and suggesting practical solu-
tions. Given that the problems are wicked, however,
it is inevitable that as solutions are implemented,
new issues will arise that may change the nature of
the problem, or our perception of the problem. As a
consequence, all solutions must be regarded as
provisional. This is particularly the case in the Bay-
Delta, where major changes will continue to be
imposed by drivers (like sea-level rise) that are not
under control of management (Mount, Twiss, and
Adams 2006).

The fourth step in the policy process is policy
assessment. This is a critical phase, particularly in
adaptive management (which will be discussed
in more detail below) but one that is often not
given sufficient emphasis in planning for policy
implementation. The ROD assigned the CALFED
Science Program the responsibility to ensure a
sound scientific foundation for monitoring and
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evaluating all elements of CALFED. Several
attempts have been made to develop comprehen-
sive monitoring and evaluation for CALFED, but
none have been fully successful. In 1997, the Unit-
ed States Geological Survey (USGS), San Francisco
Estuary Institute (SFEI) and the Interagency
Ecological Program (IEP) began to develop a com-
prehensive monitoring assessment and research
program (CMARP) for CALFED. CMARP was
never completed, although SFEI maintains a data-
base listing ongoing monitoring activities.® More
recently, the CALFED Science Program has been
working with agencies to develop a framework for
project and program performance evaluation for
each of the four main elements of CALFED.” The
framework proposes using three levels of indicators:
administrative indicators to track expenditures,
projectsimplemented, etc.; driverindicators to track
stressors or management actions that may influence
or direct project performance; and outcome indica-
tors to track the ultimate consequences of stressors
or management actions. This program is still largely
at the conceptual stage, although some program
elements have made progress toward implemen-
tation. The performance measures are forward-
looking and intended to provide an objective basis
for assessing future management actions.

Although assessment of future actions is important,
an ability to assess performance during CALFED
Stage 1is also needed. In 2006, the Bay-Delta Public
Advisory Committee (BDPAC) created a finance
and program performance subcommittee that, with
the help of CALFED staff, undertook a broad-scale
assessment of project performance during Stage
1 (Bay-Delta Public Advisory Committee 2007).
This assessment was largely based on subjective
evaluations of performance using highly aggregated
indicators but provided a useful overview of

8 See SFEI CMARP Monitoring Program Inventory at
www.sfei.org/cmarpquery

9 See CALFED Bay-Delta Program Performance Measures
Report, October 2007 at
http://www.science.calwater.ca.gov/pdf/monitoring/
monitoring_phase 1 _report final 101707.pdf
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CALFED performance based on expert opinion.
The indicators developed by BDPAC (2007) can
also be used for future program assessment once
they are connected with objective data through
the framework for project and program perfor-
mance evaluation being developed by the agencies.
Developing these connections is likely to require
a reexamination of existing monitoring programs,
but should lead to a much stronger foundation of
information for project and program evaluation.

The fifth and sixth steps in the policy cycle are
adaptation or modification and policy termination.
These steps, as with policy evaluation, are highly
dependent on scientific monitoring that is prop-
erly designed and implemented. At present, the
connection between monitoring data and policy
adaptation or termination is still rather ad hoc.
Nevertheless, monitoring data have provided
researchers and resource managers the opportunity
to explore trends and develop models of species
dynamics or ecosystem function, and these analyses
have helped with policy evolution (for example see,
Lund et al. 2007; Jassby, Cloern, and Cole 2002;
Jassby and Cloern 2000). These analyses have
contributed to our understanding that the current
management system for the Bay-Delta is not sus-
tainable, and to our greatly improved understand-
ing of the Bay-Delta ecosystem. But the analyses are
frequently disconnected from the policy process
rather than integral to it.

Adaptive Management

Although science makes important contributions to
each step in the policy process, science also has the
capacity to inform the process as a whole through
adaptive management (Lee 1994). Adaptive man-
agement is a management process by which policies
are implemented as though they were experiments,
although this experimentation is more akin to
medical science than to natural science or engi-
neering. The scientific method is fundamentally
reductionist; problems are broken down into their
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component parts, each part is studied in isolation,
and the whole is reassembled from the understand-
ing of its parts. This approach has worked well in the
physical sciences, allowing chemists and engineers
to be reasonably confident in their predictions. It
has been less successful in ecology and environ-
mental science where predictions have high uncer-
tainty. Ecosystems respond in complex and non-
linear ways to stressors, sometimes absorbing stress
for a long period with seemingly little change, then
rapidly changing to a new stable configuration. An
approach that integrates science more fully into
policy implementation would allow better, more
timely assessment of how the system is respond-
ing. Adaptive management seeks to accomplish this
integration.

The multifactorial (wicked) nature of environmen-
tal problems and the difficulty of sorting out cause
and effect are well illustrated by the POD. Despite
intensive study and analysis, researchers cannot
determine whether the rapid decline of four pelagic
species in the Bay-Delta has a common cause or is
merely coincidence. Nor is it possible to narrow the
potential causes much, to assess the relative impor-
tance of the various candidate causes with existing
data, or to specify the quantitative benefits of any
potential solution. Adaptive management provides
a rational process for addressing problems like the
POD for which there are several competing but
uncertain explanations, and for which manage-
ment cannot be delayed until causes are better
understood. The appropriate approach is to treat
any management action to address the POD as
an experiment that can help us understand what
is driving the decline. The management program,
thus, becomes a source of new information about
the cause of the decline (Lee 1994). Adaptive man-
agement provides a powerful tool for increasing our
understanding of ecological systems at the same
time as we are managing them. Given the wicked
nature of the problems, however, we can expect that
increased understanding will not solve the prob-
lem but only point the way to better management
approaches.
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Figure 8.2. Conceptual model of the adaptive management cycle. (Source: Adapted from

Ecosystem Restoration Program 2000)

The CALFED ROD prescribes that all elements
of CALFED employ adaptive management.
The process was most fully developed for the
ERP (Ecosystem Restoration Program 2000)
and consisted of a cycle of six steps: problem
identification, goal-setting, conceptual model-
ing, restoration projects, monitoring, and assess-
ment and adaptation (see Figure 8.2). Although
the various conceptualizations of adaptive man-
agement in the resource management literature
differ somewhat in their details, these steps are
common to all (for example, Wilhere 2002; Lal,
Lim-Applegate, and Scoccimarro 2001). Over time,
the conceptualization of adaptive management
developed for the ERP has been incorporated into
other program elements. Implementation, howev-
er, has been weak. According to the Little Hoover
Commission, “The ROD has not been reinforced
by adaptive management” (2005, p. 37), and “ ... ]
adaptive management has not become a way of
doing business at CALFED” (2005, p. 70). The
benefits of adaptive management described by the

Little Hoover Commission have yet to be realized
by CALFED.

CALFED is not alone in experiencing difficulty
in implementing adaptive management (Wal-
ters 1997). In part, this reflects the wicked nature
of the problems for which adaptive manage-
ment has been prescribed. It also reflects the
fact that adaptive management constitutes a
significant change from the traditional agency
approach to management problems. Neverthe-
less, progress is being made. In Australia, for ex-
ample, Gilmour, Walkerden, and Scandol (1999)
report on thirteen adaptive management projects
and suggest ways to improve the implementa-
tion of adaptive management. CALFED has also
made progress, particularly in some of its tributary
restoration projects (Adaptive Management Forum,
and Technical Panel, the
Information Center for the Environment,
University of California Davis 2004). Particular
impediments to adaptive management in CALFED
appear to be those elements that fall outside normal

Scientific, and



CALFED SCIENCE PROGRAM

agency operating procedures, such as pre-project
modeling and identification of specific outcomes,
and post-project monitoring and evaluation. This
is not to say that planning and evaluation does not
occur. However, planning and evaluation in current
practice are not typically structured as part of an
overall adaptive management strategy.

Future Directions for
Bay-Delta Science

Science has been and will continue to be an
important part of the policy process as the Bay-
Delta evolves and changes over the coming
decades. Mount, Twiss, and Adams (2006) identi-
fied six primary drivers of change in the Bay-Delta
(land subsidence, sea-level rise, regional climate
change, seismicity, exotic species, and population
growth and urbanization). These drivers are forcing
significant change in the ecosystem of the Bay-
Delta, underscoring the argument that current
patterns of use in the Bay-Delta are not sustainable
(Lund et al. 2007). Uncertainty about the future of
the Bay-Delta is high, although the drivers of change
clearly tell us that the future will be very different
from the present. This both increases the need for
reliable information and renders historic scientific
understanding less reliable. Future science for the
Bay-Delta will need to be responsive, creative, bold
and collaborative. It will need to be engaged more
directly with managers and policymakers, and draw
analogies from elsewhere to help craft policy for a
changing environment. The Bay-Delta and its prob-
lems are unique, but as an ecosystem it must still
reflect the rules of ecology. The uncertainties of
the future give greater urgency to implementing
adaptive management so that information and
understanding can be both a stimulus for, and a
result of, management intervention. For the chang-
ing Bay-Delta, however, adaptive management
will be primarily a means to enhance information
and understanding rather than a tool to enhance
predictability.
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As science and management have addressed the
wicked problems of CALFED, the weakness of
the science infrastructure has become apparent.
Although all aspects of the science infrastructure for
CALFED and the Bay-Delta system are inadequate,
I want to address specifically the deployment of sci-
ence. Given the wicked nature of the problems to
be addressed, science needs to be deployed in a way
that is more collaborative and integrative yet still al-
lows the power of individual creativity. As Conklin
(2006) discussed, designing policy and manage-
ment to address wicked problems requires intense
discussion and social networking among the im-
portant actors. The traditional model of the scien-
tist as an isolated, individualized problem- solver
is not consistent with an efficient, effective design
process for wicked problems. Instead, scientists,
other professionals, policymakers, managers and
other interests need to engage in intense discus-
sion as a means to develop a shared understanding
of positions and perceptions about the problems
to be addressed (Connick and Innes 2003). The
scientist can then undertake analyses to explore
and assess opportunistic solutions and return to the
debate able to contribute whatever new insights
have emerged from the analysis. This is an open-
ended process in which provisional solutions must
be identified, implemented, and evaluated even as
debate about the problem proceeds. At times, there-
fore, scientific analysis will be concerned with the
consequences of management actions (adaptive
experimentation) and at other times with clarify-
ing new issues that emerge as the system and the
problems evolve. Since there is no final solution
to wicked problems, the iterative process of dis-
cussing and negotiating the nature of the problem,
using the results of that phase to inform the analy-
sis, implementing provisional solutions, followed
by further discussion and negotiation will continue
indefinitely.

The collaborative process established under the
CALFED Program is consistent with the need to
foster discussion and build shared understand-
ing among interests when dealing with wicked
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Table 8.1. Future Directions for The CALFED Science Program

Scientific Contribution
to Environmental
Problem-Solving

Strengthening CALFED’s Capacity

Provide objective information 1.
about the Bay-Delta system
and its behavior

Secure long-term support for the CALFED Proposal Solicitation
Package (PSP) program at about $20 million annually to support
research that targets key unknowns

2. Support development and implementation of a comprehensive

strategy for monitoring and assessment that takes advantage of

rapidly emerging technology
3. Integrate adaptive experimentation and adaptive management into
design and implementation of the Delta Vision Strategic Plan and

Bay-Delta Conservation Plan so that program performance can be

assessed in a timely manner
4. Integrate the CALFED Bay-Delta Program more fully into state-
wide and national networks of information-sharing and instrumen-

tation to support ecosystem management and restoration

Evaluate the response of the 1.
Bay-Delta system to policy
options

Support development of cross-disciplinary, system-wide models
of physical and biological processes in the Bay-Delta (for example,
the USGS CASCaDE project)

2. Establish within the CALFED Science Program the capacity for
high-level, integrative modeling of system response (for example,

through elaboration of DRERIP models, linkage to regional data-

bases, etc.)

3. Strengthen the capacity for objective policy analysis through use

of these models in conjunction with adaptive management and

performance measures

Facilitate formalized and 1.
informed debate about science

Strengthen existing tools (for example, workshops, discussion
papers) for engaging science and policy

and policy for environmental 2. Strengthen the CALFED Science Program’s capacity to translate

and water management

science into policy-relevant knowledge

3. Strengthen public outreach about science issues to inform the

broader debate about science and policy

problems (Innes, Connick, and Booher 2007).
CALFED has provided an important forum
where scientists from different backgrounds have
been able to share ideas and look at problems in
new ways. The CALFED Science Program has
funded research across agencies and brought
scientists from multiple disciplines together in
workshops to address complex problems, an

approach that mirrors the most recent develop-
ments in science worldwide (for example, in
research on climate change). To a degree, the
CALFED Science Program has actually stepped
ahead of the global science community by also
bringing the experience of water managers and
other interested parties into the process. The
need for this kind of coordination and synthesis
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of science will increase as a new vision for the Bay-
Delta is debated and implemented. As Conklin
(2006) points out, the forces promoting fragmenta-
tion of ideas and interests are strong. A shared need
for scientific legitimacy is an equally powerful force
promoting collaboration and a search for coherent
solutions.

To meet these challenges, the CALFED Science
Program needs a clear plan for moving forward.
Weinberg’s (1972) three ways in which science
contributes to policy debates (objective infor-
mation, models of policy effects and formalized
language) were discussed earlier. The way forward
for the CALFED Science Program is to strength-
en its capacity to make these contributions (see
Table 8.1).

Science as a Source of
Objective Information
About the System and
its Behavior

There are systemic weaknesses in the science
infrastructure that supports water and environ-
mental management in the Bay-Delta. One of
these weaknesses is the lack of consistent sup-
port for targeted research on key unknowns in
the Bay-Delta ecosystem. The CALFED Science
Program has initiated a competitive program
for grants in support of critical research, but
has lacked the secure funding to carry this
program into the future. Given the pace of change,
future management decisions will be increasingly
dependent on scientific synthesis and insight and on
advice from scientists with hands-on experience in
the Bay-Delta. Assured support for policy-relevant
research is the best way to ensure that information
and advice will be available when needed.
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Since its inception, CALFED has striven to
enhance and extend observation networks,
including attempts to develop CMARP. As noted
earlier, CMARP has yet to be implemented, and
other attempts to develop performance measures
are incomplete. The ability to monitor existing and
future project performance objectively is desperate-
ly needed. More comprehensive monitoring would
provide the raw materials for timely decisions about
project direction and contribute to improved physi-
cal and biological models of the Bay-Delta.

The ROD specifies that adaptive management
should be the tool for integrating science more fully
into management. CALFED implementing agen-
cies have made considerable progress in implement-
ing adaptive management, but weaknesses remain.
Support for monitoring and assessment, which is
central to the adaptive process, is intermittent, as
is the use of prospective analysis to explore policy
alternatives. The CALFED Science Program has the
capacity to help the agencies make further progress
in institutionalizing adaptive management.

CALFED has a strong Bay-Delta focus, but is
addressing a set of problems that exist in various
guises throughout California. Nationally, several
major projects focus on water and environmen-
tal conflicts (for example, the Upper Mississippi,'°
Great Lakes,"! Everglades,'? and Columbia Basin'?).
These projects would all benefit from statewide and
national networks of information sharing. The
CALFED Science Program is regarded as a suc-
cessful model in science coordination and integra-
tion and could be a leader in establishing such a
network.

10 See Mississippi River Environmental Program www.mvp.
usace.army.mil/environment/default.asp?pageid=74

11 See Great Lakes Water Quality Agreement Review 2007
http://binational.net/glwqa_2007_e.html

12 See The Journey to Restore America’s Everglades www.
evergladesplan.org/index.aspx

13 See See Columbia River, Northwest Power and Conser-
vation Council http://www.nwcouncil.org
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Science as a Set of Tools
for Evaluating System
Responses to Policy
Alternatives

The complexity and interlinked character of the
Bay-Delta system and all of its most vexing problems
require a new generation of system-scale, cross-
disciplinary models. Several steps toward develop-
ing such tools have been supported by the CALFED
Science Program, including an ambitious attempt to
develop interlinked conceptual models for valued
species and various attempts to link physical mod-
els with ecosystem responses. Such modeling needs
to be more strongly supported so that policy can be
informed by mature scientific models of Bay-Delta
processes. Forecasting the consequences of policy
alternatives will always be uncertain, but models
provide the most objective means of integrating
complex ecosystem data into policy analysis.

At present, there is little capacity in CALFED or
the implementing agencies for cross-disciplinary
modeling of ecosystem behavior. For the future,
the CALFED Science Program should serve as a
node or catalyst for the development of integrative
models. As part of the CALFED Science Program,
such models would have legitimacy and would pro-
vide another avenue for coordination and commu-
nication among diverse interests in the Bay-Delta.
Policy analysis increasingly relies on quantitative
risk analysis and numerical analysis. To remain
relevant, the CALFED Science Program will need
to build its capacity to apply these tools and to
connect them in ways that provide a complete
picture of ecosystem response as a whole.
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Science as a Facilitator
of Informed Policy
Debate

CALFED needs to expand and strengthen its abil-
ity to bring science into policy debates. Notably, as a
new vision for the Bay-Delta is completed, debated
and implemented, it will be all the more important
that independent scientific information and meth-
ods are near the center of the storm. Making reli-
able science available to policy debates has always
been a weak link in the science-policy process. The
CALFED Science Program has a good track-record
of facilitating this information flow, but it needs to
be sustained and strengthened.

The CALFED Science Program employs a variety
of communication and outreach tools for scien-
tists (the online journal San Francisco Estuary and
Watershed Science, the CALFED Science Con-
ference), policymakers (workshops, discussion
papers), and the public (newsletters, public lec-
tures). These avenues need to be strengthened and
expanded in the future to ensure a smooth and
effective flow of scientific information to policy-
makers and other interests.

CALFED and the CALFED Science Program were
created in recognition of a need for stronger coor-
dination, integration and communication among
interests to address problems of water supply, water
quality, levee integrity and ecosystem restoration.
The CALFED Science Program has had
considerable success facilitating these processes
within the scientific community and has stimu-
lated new science to address important gaps in
knowledge. As a result, understanding of Bay-Delta
processes has improved and policymakers are bet-
ter informed. These science-based activities will
be even more important in the future, and a strong
science infrastructure will be a foundation of suc-
cessful strategic planning.
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turbidity 30, 41, 61-62,79, 92, 174

U

United States Geological Survey (also USGS) 25, 28, 53, 60,
70- 71,77, 88, 111, 123, 150, 174

Upper Mississippi 17, 165, 174

USGS (also United States Geological Survey) 118, 123, 133,
160, 164 (as in, USGS CASCaDE project), 174

\'%

Valley elderberry longhorn beetle (Desmocerus californicus
dimorphus) 39, 144, 174

variability 6,9, 38, 40-44, 47, 49, 51, 69, 74, 76, 87-89, 92,
95,96, 98, 114, 118, 142-143, 150, 174

w

water exports 8, 28, 142-143, 146-147, 151, 174

water management agencies 16, 28, 126, 157, 174

water pollution 10, 129, 174

waterweed (also Brazilian waterweed, Egeria densa) 14, 86,
89, 90-91, 171-172, 174

West Delta 76, 88, 174

white sturgeon (Acipenser transmontanus) 56, 63, 83, 174

wicked problem 152, 158-159, 163, 167, 174

X

X2 (see also X2 management regime) 21, 31, 75, 87, 89, 174
X2 management regime 21, 174

Y
Yolo Bypass 79, 86, 89, 100, 141, 174

Z

zooplankton 26, 28, 34, 78, 80, 82-83, 85, 88- 90, 96-99, 152,
174



As part of our mission, we at the CALFED Science Program strive to create
high quality communication products that are valuable and informative to the
public, policymakers and scientists.

In an effort gain feedback on The State of Bay-Delta Science, 2008 we ask that
you fill out a brief survey on the CALFED Science Program webpage.

http://www.science.calwater.ca.gov/publications/sbds.html
We value your opinions and comments.

Thank you.
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