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1. Introduction  1 

The Delta Reform Act of 2009 requires that the Delta Stewardship Council (Council) 2 
adopt a Delta Plan (the Plan) to achieve the coequal goals of providing a more reliable 3 
water supply for California and protecting, restoring, and enhancing the Sacramento – 4 
San Joaquin Delta (Delta) ecosystem. The Delta Reform Act states that the coequal 5 
goals shall be achieved in a manner that protects and enhances the unique cultural, 6 
recreational, natural resource, and agricultural values of the Delta as an evolving place 7 
(Water Code Section 85000). The Plan was adopted in 2013. The Council will review 8 
the Delta Plan at least once every five years and may revise it, as the Council deems 9 
appropriate (Water Code Section 85300). 10 

In the time since 2013, a significant shift in State planning for Delta ecosystem 11 
protection, restoration, and enhancement has occurred, prompting review of the Delta 12 
Plan approach to ecosystem restoration, and examination of whether its policies and 13 
recommendations are still suited to achieve the ecological goals of the Delta Reform 14 
Act. Specifically, the Delta Reform Act of 2009 directed the Delta Stewardship Council 15 
to consider the Habitat Conservation Plan (HCP) and Natural Community Conservation 16 
Plan (NCCP), which were under development by State and Federal agencies to address 17 
permitting requirements associated with State Water Project (SWP) and Central Valley 18 
Project (CVP) facility upgrades. The combined HCP/NCCP was to consist of 19 
comprehensive, broad-based ecosystem planning, including protection and restoration 20 
of plant, fish, and wildlife communities, in an effort to achieve comprehensive 21 
biodiversity protection. However, in April 2015, State and Federal agencies selected an 22 
alternative approach to meeting environmental permitting requirements that focused on 23 
offsetting project impacts but did not include the comprehensive biodiversity protection 24 
originally envisioned with the comprehensive HCP/HCCP. In addition, new science and 25 
other information on the Delta ecosystem has become available since the Delta Plan 26 
was adopted in 2013. As a result, the Council is developing an amendment of the Plan’s 27 
Chapter 4, Protect, Restore, and Enhance the Delta Ecosystem to reflect these 28 
changes. 29 

Council staff are reviewing the best available science to inform an amendment of 30 
Chapter 4 of the Delta Plan. To support this effort, Council staff have developed three 31 
science synthesis papers. This paper focuses on the form and function of the Delta’s 32 
aquatic and terrestrial ecosystems, and identifies implications and considerations for 33 
restoration and management. Two additional papers synthesize science related to 34 
climate change and sea-level rise (Climate Change Paper), and approaches to 35 
ecosystem protection, restoration, and enhancement (Restoration Paper), including the 36 
human dimension of restoration and societal benefits of a healthy ecosystem. 37 

The Delta is recognized as one of a handful of large and important estuaries globally 38 
that provide significant riparian and wetland resources and support significant 39 
biodiversity. Multiple stressors including flow impairment and floodplain disconnection, 40 
large-scale loss of wetlands and native vegetation communities, water quality 41 
degradation, and non-native species introductions have affected species populations 42 
and overall ecosystem health within the watershed. Climate change and sea-level rise 43 
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will continue to further stress the Delta ecosystem. Despite constraints from 1 
urbanization, land subsidence, and non-native species, substantial opportunities exist to 2 
protect, restore, and enhance the Delta ecosystem.  3 

The Delta Reform Act defines restoration as “the application of ecological principles to 4 
restore a degraded or fragmented ecosystem and return it to a condition in which its 5 
biological and structural components achieve a close approximation of its natural 6 
potential, take into consideration the physical changes that have occurred in the past 7 
and the future impact of climate change and sea level rise” (Water Code Section 8 
85066). 9 

The Delta Reform Act also provides specific guidance for the Delta Plan, directing the 10 
inclusion of the following measures that promote all of the following characteristics of a 11 
healthy Delta ecosystem (Water Code Section 85302(c)): 12 

 Viable populations of native resident and migratory species. 13 

 Functional corridors for migratory species. 14 

 Diverse and biologically appropriate habitats and ecosystem processes. 15 

 Reduced threats and stresses on the Delta ecosystem. 16 

 Conditions conducive to meeting or exceeding the goals in existing species recovery 17 
plans and state and federal goals with respect to doubling salmon populations. 18 

Furthermore, the Delta Plan also includes the following sub-goals and strategies for 19 
restoring a healthy ecosystem (Water Code Section 85302(e)): 20 

 Restore large areas of interconnected habitats within the Delta and its watershed by 21 
2100. 22 

 Establish migratory corridors for fish, birds, and other animals along selected Delta 23 
river channels. 24 

 Promote self-sustaining, diverse populations of native and valued species by 25 
reducing the risk of take and harm from invasive species. 26 

 Restore Delta flows and channels to support a healthy estuary and other 27 
ecosystems. 28 

 Improve water quality to meet drinking water, agriculture, and ecosystem long-term 29 
goals. 30 

 Restore habitat necessary to avoid a net loss of migratory bird habitat and, where 31 
feasible, increase migratory bird habitat to promote viable populations of migratory 32 
birds. 33 

Using the measures, sub-goals and strategies of the Delta Reform Act as guidance, this 34 
synthesis paper identifies implications for policy and practice related to restoration and 35 
management of the Delta ecosystem, and provides considerations for a planned 36 
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amendment to Chapter 4. Following this Introduction (Section 1), Section 2 provides a 1 
summary overview of the topics addressed in this synthesis paper. Section 3 discusses 2 
the historical and current geomorphic setting of the Delta, including a description of 3 
landforms, flows and sediment, and the process of land subsidence. Section 4 provides 4 
a similar level of review of the Delta ecosystem, including vegetation communities, fish 5 
and wildlife, the food web, and environmental water quality. Section 5 describes primary 6 
stressors acting on the Delta ecosystem. Section 6 provides examples of restoration 7 
actions that target ecological resilience. Section 7 describes the key findings of the 8 
review and associated implications for restoration and management of the Delta 9 
ecosystems. Section 8 provides a summary of considerations for the amendment of 10 
Chapter 4 of the Delta Plan. Section 9 contains the references cited. 11 

For the purposes of this paper, "the Delta" refers to the statutory legal Delta and Suisun 12 
Marsh collectively, consistent with the Delta Plan (see Figure 1).  13 

2. The Delta Ecosystem 14 
The Delta and its watershed once supported a dynamic food web and rich array of 15 
native plant and animal species that contributed to exceptional biological diversity at 16 
regional, state, continental, and global scales (Myers et al. 2000). This included diverse 17 
fish community that included Delta Smelt (Hypomesus transpacificus) and Longfin 18 
Smelt (Spirinchus thaleichthys), multiple large runs of Chinook Salmon (Oncorhynchus 19 
tshawytscha), numerous other freshwater, estuarine, and anadromous fish, as well as a 20 
diverse suite of wildlife, including waterbirds, mammals, reptiles, and amphibians (Bay 21 
Institute 1998; Moyle 2002; Whipple et al. 2012). However, since the start of the Gold 22 
Rush in the middle of the 19th century, the ecosystem has undergone a dramatic 23 
transformation due to flow alterations, large-scale landform modifications associated 24 
with changes in land use, degradation of water quality, and the introduction of numerous 25 
non-native species (Bay Institute 1998; Whipple et al. 2012; SFEI-ASC 2014, 2016). 26 

A multitude of stressors has acted on the Delta ecosystem (Healy et al. 2008, 2016; 27 
Luoma et al. 2015). Construction of dams for water supply and flood control have 28 
substantially altered the natural hydrograph. Small impoundments and water diversions 29 
occur throughout the freshwater portion of the estuary, but the largest facilities are 30 
associated with the CVP and the SWP. These facilities impound water at several 31 
locations in the Sacramento and San Joaquin river basins, divert water upstream of the 32 
Delta, and export water from the southwestern Delta to agricultural and urban areas to 33 
the south and the San Francisco Bay Area. Levee construction and land conversion has 34 
reduced the vast wetlands that once covered and surrounded the Delta to small 35 
remnants. There has been an 80-fold decrease in the ratio of wetland to open water 36 
area in the Delta, from a historical ratio of 14:1 to a current ratio of 1:6 (Whipple et al. 37 
2012; Herbold et al. 2014; SFEI-ASC 2016). Levee construction and dredging have also 38 
led to a substantial reconfiguration of the bays, sloughs, and channels, while large-scale 39 
water diversions and discharge of contaminants have altered water quantity and quality. 40 
Construction of levees has largely disconnected rivers from floodplain terraces, resulting 41 
in substantial loss of riparian vegetation communities. Water quality is impaired, largely 42 
because of urban and agricultural inputs within the watershed (Preece et al. 2017). In 43 
addition, a wide variety of non-native plants and animals have established in the Delta  44 
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Figure 1. Sacramento – San Joaquin Delta Planning Area 1 

 2 
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(Cohen and Carlton 1998; Light et al. 2005; Winder et al. 2011; Carlton et al. 1990). 1 
These species are modifying a number of ecological processes in the Delta by altering 2 
physically processes (e.g., non-native vegetation establishment and changes to 3 
hydrodynamics, water quality, light, turbidity), and disrupting the food web through 4 
bottom-up (e.g., Asian clam grazing, zooplankton species shifts) and top-down (e.g., 5 
predation by non-native predatory fish species) effects (Mount et al. 2012). 6 

Despite these impaired conditions, significant opportunities exist to 1) restore 7 
geomorphic and ecological processes through reconnection of tidal marsh plain and 8 
flood plain, 2) re-establish native vegetation communities, and 3) improve water quality. 9 
These actions are critical steps in supporting the ecological needs of fish and wildlife 10 
species, providing increases in currently limited marsh and floodplain for both habitat 11 
and primary production (i.e., food web function). Further these actions can work in step 12 
with active management of non-native invasive species by reducing non-native habitat 13 
suitability and contributing to the health of native species such that effects may be more 14 
compensatory (Dybala et al. 2014; Mordecai et al. 2015). In sub-regions of the Delta 15 
where subsidence has limited the potential for hydrologic reconnection, subsidence 16 
reversal activities can halt and reverse continued loss of land elevation, and limit the 17 
impacts of sea-level rise. The following sections synthesize best available science 18 
related to key stressors acting on ecosystem function within the Delta, focusing on the 19 
geomorphic and ecological aspects of the Delta that support ecosystem function. 20 

3. Geomorphic Setting 21 

The inland position of the Delta is unique among other coastal deltas (Atwater and 22 
Belknap 1980). The Delta lies at the confluence of the Sacramento and San Joaquin 23 
rivers and is constrained by the Coast Range along the western extent. The Delta 24 
connects to the ocean through a series of bays and associated intertidal plains. The 25 
inland Delta formed sometime between 10,000 and 6,000 years ago when the rising sea 26 
level inundated a broad valley (Atwater et al. 1979; Atwater and Belknap 1980). The 27 
landscape maintained its elevation over the past 10,000 years through a balance 28 
between tectonic subsidence, sea-level rise, watershed sediment input and wetland 29 
organic (i.e., plant detritus) deposits (Atwater et al. 1979; Atwater and Belknap 1980). 30 
Surficial geology indicates that the Delta landscape consisted of marsh plains, channel 31 
network systems, flood basins, and natural levees that supported freshwater emergent 32 
and riparian vegetation, ponds, and salt pannes over the millennia (Shlemon and Begg 33 
1975; Atwater and Belknap 1980; Whipple et al. 2012).  34 

Landscape-scale reclamation, levee construction, and land cover conversion has 35 
reduced wetland extent and limited the interaction of water and sediment over the 36 
majority of the Delta landscape, as has occurred in many similar ecosystems (Pethick 37 
and Crook 2000; Reed 2002; SFEI-ASC 2014). Exposure of the Delta’s peat soils to 38 
oxidation, compaction, and wind erosion have caused widespread subsidence, with 39 
ongoing regional subsidence rates ranging from <0.3 to >1.8 cm yr-1 (Deverel and 40 
Rojstaczer 1996; Deverel and Leighton 2010; Deverel et al. 2016; Sharma et al. 2016). 41 
Because of subsidence over the past century, island elevations throughout the Delta are 42 
substantially below mean sea level, with some islands being as low as eight meters 43 
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(26 feet) below sea level (Deverel and Rojstaczer 1996; Ingebritsen et al. 2000; Mount 1 
and Twiss 2005; California Department of Water Resources [DWR] 2007). Levee failure 2 
in this context poses a number of dire consequences including effects on tidal and flow 3 
forcing, water quality (e.g., salinity intrusion), loss of agricultural lands, and the potential 4 
for the development of deep-water lakes similar to Franks Tract (Durand 2017). 5 

Runoff from more than 40 percent of California’s land area drains through the Delta, and 6 
out to San Francisco Bay and the Pacific Ocean (Ingebritsen et al. 2000) (see Figure 2). 7 
California’s two largest river systems—the Sacramento and San Joaquin rivers—along 8 
with other major tributaries on the east and west sides of the Delta deliver freshwater, 9 
coarse and fine sediment, nutrients, and other materials to the tidally-influenced Delta. 10 
The river systems of the Central Valley and Delta experience large intra- and inter-11 
annual flow variations due to California’s Mediterranean climate. Tidal forcing modulates 12 
these flows, having a greater influence during dry periods (Moyle et al. 2010). These 13 
hydrologic variations lead to a dynamic estuarine salinity gradient. The construction of 14 
dams and diversions has reduced and altered in-flows, outflows, and in-Delta 15 
hydrodynamics (Fleenor et al. 2010; National Research Council [NRC] 2012; Swanson 16 
2015; SWRCB 2017). These changes have implications for geomorphic processes, 17 
species habitat conditions and migration, and water quality and food web function (Poff 18 
et al. 2010; Moyle et al. 2011). Coupled with the disconnection of floodplains and tidal 19 
marsh plains, dams and diversions have reduced and altered sediment dynamics 20 
throughout the Delta watershed (Schoellhamer et al. 2013). This reduction has affected 21 
multiple aspects of the Delta ecosystem, including erosion and depositional processes 22 
that affect tidal marsh accretion and long-term stability, vegetation dynamics, water 23 
quality (e.g., turbidity, salinity) and food web function. Figure 3 illustrates the extent of 24 
flood and marsh plain disconnection within the Delta.  25 

Seasonal and inter-annual variability of the flow and sediment inputs drive physical 26 
processes that support a range of ecosystems and ecological processes (Poff 1997; 27 
Bolger et al. 2011; Fox et al. 2015; SFEI-ASC 2016). Ecosystem processes include 28 
vegetation recruitment and succession, movement of organisms across ecosystem 29 
types, and food web productivity (Nilsson and Berggren 2000; Greco et al. 2007). In the 30 
winter and spring, fresh water often extends into San Pablo Bay, while in the summer 31 
and fall brackish water can intrude into the western Delta. In addition, inter-annual 32 
precipitation (i.e., rain and snow) varies unpredictably with extremely dry years with little 33 
precipitation and very wet years with widespread flooding (Kirby et al. 2005, 2010). 34 
Climate change is altering precipitation and runoff patterns within the Delta watershed 35 
(Dettinger and Cayan 1995; Null et al. 2010; Dettinger 2011). This could affect both 36 
magnitudes and frequencies of floods by increasing the intensity of large storms and 37 
rain and snowmelt-generated runoff events (Das et al. 2011). These changes will also 38 
result in lower summertime flows, with reduced snow pack, increasing stresses on 39 
ecosystems, and potentially increasing the risk of fire (Dettinger et al. 2004; Moyle et al. 40 
2013) (see Climate Change Paper). 41 
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Figure 2. Delta and Watershed Planning Area 1 

 2 
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Figure 3. Changes in Flooding Patterns in the Historical and Modern Delta 1 
Source: SFEI-ASC 2014 2 

 3 

The historical Delta landscape consisted of three primary sub-regions based on physical 4 
characteristics: flood basins in the north Delta, tidal islands in the central Delta and 5 
distributary rivers (rivers with multiple branches flowing away from main channels) in the 6 
south Delta (Atwater and Belknap 1980; Whipple et al. 2012) (see Figure 4). Historically 7 
the flood basins of the north Delta were adjacent to the rivers, accommodating large-8 
magnitude floods occurring regularly on the Sacramento River and other tributaries. 9 
These connections have been lost due to the construction of levees. Prior to 1850, this 10 
sub-region contained broad zones of non-tidal freshwater emergent wetlands relatively 11 
free of dendritic channel networks, which transitioned into tidal freshwater emergent 12 
wetlands of the central Delta. The central Delta sub-region was tidally influenced, with 13 
little topographic relief, and flooded during spring tides and riverine flooding  14 
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Figure 4. Primary Landscapes in the Historical Delta 1 
Source: Whipple et al. 2011  2 

 3 

(Atwater et al. 1979; Bay Institute 1998; Whipple et al. 2012). Large tidal sloughs with 4 
low banks intersected to form islands. Channel density and sinuosity in the central Delta 5 
appears to have been greater than in the less tidally dominated northern and southern 6 
parts of the Delta (but lower than the brackish and saline marshes of the estuary 7 
downstream in the Suisun region that has greater tidal energy). The physical landscape 8 
of the modern Delta has been disconnected from tidal connection, simplified, and 9 
channelized (Bay Institute 1998; ASC-SFEI 2014). Within the central Delta, exposure of 10 
peat soils in impounded islands has led to the most significant instances of subsidence 11 
(Mount and Twiss 2005; Bates and Lund 2013). In the western extent of the central 12 
Delta, sand mounds (i.e., small dunes) extended above the marsh plains, providing dry 13 
land forms in an otherwise wet landscape. These dune complexes have been stabilized 14 
by non-native invasive stands of Arundo donax. The south Delta was shaped by the 15 
three distributary branches of the San Joaquin River. These branches produced 16 
numerous secondary overflow channels that seasonally inundated floodplain terraces, 17 
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which broadened downstream and merged gradually with tidal wetlands. This complex 1 
network of distributary channels with associated natural levees of variable height along 2 
the margins intersected the fluvial-tidal transition zone, conveying floodwaters toward 3 
the more heavily tidal central Delta (Atwater et al. 1979). 4 

Transitions between these sub-regions occur gradually and across broad areas. Sub-5 
regional differences in landscape form, watershed input, and tidal dynamics all affect 6 
the geomorphic processes and resulting ecosystem structure and function (Atwater et 7 
al. 1979; Bay Institute 1998; Whipple et al. 2012). These sub-regional characteristics 8 
are fundamental considerations in evaluating current and future restoration strategies in 9 
the Delta, (Moyle et al. 2012; SFEI-ASC 2016). 10 

4. Ecological Setting 11 

4.1 Land Cover and Vegetation Communities 12 
The flood basins, tidal marsh plain and channel networks, and natural levees within the 13 
three sub-regions of the Delta once supported a diverse array of riparian, wetland, and 14 
upland land cover types (Figure 5). Table 1 describes the extent of dominant land cover 15 
types, including the pre-1850 and modern areal extent of each. Within the north Delta, 16 
dense stands of tules over ten feet (three meters) tall were present. Complex multi-17 
layered riparian forest and scrub existed on natural levees, and upland margins 18 
supported grasslands and vernal pool complexes wetlands (Geographic Information 19 
Center [GIC] 2003; Whipple et al. 2012). The dominant land cover of the tidal plains and 20 
channel networks of the central Delta was a matrix of tules, willows, and other 21 
freshwater wetland plant species (Whipple et al. 2012). Dune complexes in the western-22 
central Delta hosted unique plant communities adapted to dynamic conditions (Pickart 23 
and Barbour 2007). The flood plains of the south Delta included heterogeneous 24 
distributions of emergent wetland, willow thickets, and peripheral upland areas with 25 
alkali wetlands, oaks, and grassland (GIC 2003; Whipple et al. 2012). These vegetation 26 
communities were affected by physical processes including tidal action, shifting 27 
seasonal salinity, and flooding regimes; vegetation also interacted with sediment 28 
erosion and deposition, creating complex community composition and structure (Vaghti 29 
and Greco 2007; Grewell et al. 2007). The riparian and wetland ecosystems of the Delta 30 
and its watershed supported a significant amount of the biodiversity on the Central 31 
Valley landscape (Thompson 1957; Bay Institute 1998; Lund et al. 2007; Whipple et al. 32 
2012; Robinson et al. 2016). 33 

Shaded riverine aquatic cover is an important component of the riparian ecosystems 34 
that are typically found upstream of tidal marshes, and is defined as the nearshore 35 
aquatic area occurring at the interface between a river and adjacent woody riparian 36 
habitat (DeHaven 1989). The principal attributes of this valuable cover type include: 37 
(a) the adjacent bank being composed of natural, eroding substrates supporting riparian 38 
vegetation that either overhangs or protrudes into the water, and (b) the water 39 
containing variable amounts of woody debris, such as leaves, logs, branches and roots, 40 
as well as variable depths, velocities, and currents. These attributes provide high-value 41 
feeding areas, burrowing substrates, escape cover, and reproductive cover for 42 
numerous regionally important fish and wildlife species, including Chinook Salmon, 43 
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Steelhead (Oncorhynchus mykiss), and bank swallow. However, this cover-type on the 1 
Sacramento and San Joaquin rivers and their major tributaries has been substantially 2 
lost over the past several decades, primarily due to bank protection projects (USFWS 3 
1992; DeHaven 1989; Whipple et al. 2012; Moyle et al. 2012). 4 

Figure 5. Land Cover and Vegetation Community Types within the Delta and 5 
Suisun Marsh 6 

Source: Expanded from Whipple et al. (2012) and SFEI-ASC (2014) using VegCAMP (Hickson and Keeler-Wolf 7 
2007) to include Suisun Marsh and missing regions of the legal Delta. 8 

 9 
 10 

  11 
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Table 1. Summary of Land Cover and Land Use Extent (Acres) for the Historical 1 
and Modern Delta and Suisun Marsh 2 

Land Cover/Land Use Type Historical 
Acres 

Modern 
Acres 

Percent 
Change 

Agriculture/Non-native/Ruderal - 508,938 - 
Managed wetlands - 73,400 - 
Urban/Barren - 63,731 - 
Willow thicket 826 372 -55% 
Willow riparian scrub/shrub 2,332 6,906 196% 
Stabilized interior dune veg 2,550 19 -99% 
Grassland 7,792 32,994 323% 
Alkali seasonal wetland complex 13,607 698 -95% 
Vernal pool complex 16,935 4,240 -74% 
Oak woodland/savanna 17,331 - -100% 
Valley foothill riparian 28,439 6,889 -76% 
Tidal Marsh/Freshwater emergent  
(hydraulically connected, includes fresh/brackish/saline) 506,562 19,892 -96% 

Wet meadow/Seasonal wetland  
(fluvial, hydraulically connected) 57,671 5,029 -91% 

Water 64,697 92,532 43% 
Total Natural Land Cover Acres 
(does not include agriculture, managed wetlands, 
urban/barren, water) 

654,045 77,039 -88% 

Source: Expanded from Whipple et al. (2012) and SFEI-ASC (2014) using VegCAMP (Hickson and 
Keeler-Wolf 2007) to include Suisun Marsh and missing regions of the legal Delta. 

 3 

Agriculture is now the dominant land use in the Delta, with wetland and riparian 4 
vegetation communities lost to land reclamation (Katibah 1984; Bay Institute 1998; 5 
Whipple et al. 2012). Land use data from the California Department of Conservation’s 6 
(DOC) Farmland Mapping and Monitoring Program (FMMP) (DOC 2017) documents 7 
agriculture occupying 73.2 percent (555,807 acres) of the Delta landscape in 2014, 8 
despite declining 9.5 percent since 1990. Urban land use occupies 10.7 percent (81,221 9 
acres) and increased 49.4 percent (since 1990). Natural lands occupy 15.5 percent 10 
(117,912 acres) and have increased 21.4 percent since 1990 (see Figure 6). Note that 11 
“natural lands” as defined by the FMMP include any areas not in agricultural production, 12 
rather than necessarily native communities. Such natural lands generally exist in the 13 
linear margins of agricultural fields, on levees or leveed channel margins, or on instream 14 
islands, and thus may be too small or degraded to be fully functional ecologically.  15 
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Figure 6. Land Use Trends in the Delta and Suisun Marsh from 1990 to 2014 1 
Source: DOC 2017 2 

 3 
Despite regular human disturbance, some cultivated, or working lands, act as analogue 4 
habitats to a limited number of wildlife species. For example, flooded rice fields provide 5 
surrogate wetland habitats for species such as giant garter snake (Thamnophis gigas). 6 
Hay crops and some annually cultivated crops provide important foraging habitat for 7 
raptors, including Swainson’s hawk (Buteo swainsoni), and winter-flooded croplands 8 
provide essential foraging and roosting habitat for the greater sandhill crane (Antigone 9 
canadensis tabida), as well as waterfowl and shore birds (SFEI-ASC 2016; Dybala et al. 10 
2017a; Strum et al. 2017). Agricultural fields can also support other species, including 11 
tricolored blackbirds and anadromous fish, under targeted flooding and management 12 
regimes (Herzog 1996; Katz et al. 2013). 13 

While not accounted for in Table 1, more than 19 species of non-native invasive aquatic 14 
weeds have invaded waterways throughout the Delta (Boyer and Sutula 2015) and are 15 
having a significant impact on open water habitats. Submersed and floating aquatic 16 
vegetation covered roughly 4,400 hectares (10,872 acres) of the Delta in 2014 (Khanna 17 
and Ustin, unpublished data, cited in Robinson et al. 2016). This included 2,880 18 
hectares (7,100 acres) of submersed vegetation, dominated by Egeria, and 1,550 19 
hectares (3,800 acres) of floating vegetation, composed of roughly half water hyacinth 20 
and half Ludwigia spp. (and very little native pennywort, which was previously more 21 
common). Importantly, non-native submersed and floating aquatic vegetation provides 22 
favorable habitat conditions for non-native predatory fish species that have impacts on 23 
the native fish community (Ferrari et al. 2014; Conrad et al. 2016). 24 

4.2 Fish and Wildlife Biodiversity 25 
The Delta is of global importance in supporting biological diversity (Myers et al. 2000; 26 
Healy et al. 2016). Within the arid and semi-arid regions of the continent, rivers and 27 
wetlands (fresh water systems) are critical ecosystems which support more than 80 28 
percent of the terrestrial biodiversity despite their limited spatial distribution on the 29 
landscape (<2 percent of the land cover; see Restoration Paper). The historical wetland, 30 
riparian, and grassland ecosystems of the Central Valley and Delta supported more 31 
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than 700 species of plants, fish, and other wildlife (Healy et al. 2008; Healy et al. 2016). 1 
Complete documentation of the biodiversity that the Delta supported is limited to 2 
anecdotal accounts, but though to be the most species-rich region of the watershed 3 
(Bay Institute 1998). Roberts et al. (1977) provide a survey of the riparian forest flora 4 
and fauna of the Central Valley riverine ecosystems including plants, birds, mammals, 5 
and insects. Gilmer et al. (1982) discuss the importance of the Delta and its watershed 6 
as a habitat resource for millions of migratory and resident bird species including 7 
waterfowl, shorebirds, waders, raptors, and passerines. More than 200 species of 8 
marine and freshwater fish rely on its unique habitat resources for one or more of their 9 
life stages. The Delta serves as a migration corridor for all anadromous fish species in 10 
the Central Valley as they return to their natal rivers to spawn, and during juvenile 11 
outmigration downstream to the ocean. Four runs of adult Chinook Salmon (i.e., fall-, 12 
late fall, winter, and spring run), Steelhead, and Green Sturgeon (Acipenser medirostris) 13 
and White Sturgeon (Acipenser transmontanus) move through the Delta during most 14 
months of the year. Chinook salmon and steelhead juveniles depend on the Delta as 15 
transient rearing habitat while they migrate through the system to the ocean; these 16 
juveniles can remain for several months, feeding in marshes, tidal flats, and sloughs. All 17 
life stages of the non-native Striped Bass (Morone saxatilis) are found in the Delta. 18 
Numerous species are year-round Delta residents, such as the native Delta Smelt, 19 
Longfin Smelt, Sacramento Splittail, and introduced Threadfin Shad (Dorosoma 20 
petenense). 21 

Alterations to flows, loss of connection between land and water, and loss of natural land 22 
cover have had significant effects on the native fish and wildlife species within the Delta 23 
and its watershed. More than 230 species within the region carry heightened 24 
conservation status (ICF 2013:Appendix 1a). Regional populations of many species 25 
have been extirpated from the Delta landscape, or are facing functional extinction (e.g., 26 
least Bell’s vireo, Delta Smelt). Currently more than 34 species have garnered elevated 27 
protections through the State and Federal Endangered Species Acts. These changes 28 
have also created significant shifts in species composition that is effecting the broader 29 
health of the aquatic communities.  30 

Occurrence of non-native invasive species in all trophic levels have been found within 31 
the Delta, including phytoplankton, invertebrates, and non-native fishes (Nobriga and 32 
Feyrer 2007; Hestir 2011; Lucas and Thompson 2012; Mahardja et al. 2017). 33 
Modification of the Delta ecosystem over the last century has resulted in system-wide 34 
and localized conditions that favor non-native predatory fish (Moyle et al. 2012; DWR 35 
2015, 2016; Perry et al. 2013, 2015; Buchanan et al. 2013; Conrad et al. 2016). These 36 
changes include the disconnection of channels from tidal marsh, channelization and 37 
simplification of in-river and riparian vegetation and structure, and introduction and 38 
colonization of non-native vegetation and invertebrates. In turn, these changes have 39 
modified the ecosystem and resulted in a substantial loss of rearing and foraging 40 
habitat, and the reduction in salmonid food resources through alterations in water 41 
chemistry and the food web. Grossman et al. (2013) has identified predation hot spots 42 
within the Delta where barriers to movement create high mortality. Collectively, these 43 
changes have resulted in conditions that favor many non-native predators, and reduce 44 
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native species productivity, which has resulted in increased predation success and 1 
additive effects on native species populations (Grossman 2016; Conrad et al. 2016). 2 

4.3 Food Web 3 
Estuaries are incredibly productive ecosystems, in large part driven by the input of 4 
nutrients from the watershed, along with tidal mixing and relatively long residence time 5 
of water in the estuary (Schelske and Odum 1962). Primary production is the process 6 
by which carbon and nutrients become bio-available in organic compounds (Odum 7 
1971; Day et al. 2013). The capture of carbon and nutrients occurs through 8 
photosynthetic or chemosynthetic processes, and forms the base of the food web. 9 
Stream channel, floodplain, and tidal marsh connectivity are also critical sources of 10 
primary production (Ward 1989; Vannote et al. 1980; also see Restoration Paper). The 11 
health and function of ecosystems are dependent on these fundamental processes. 12 
Robinson et al. (2016) provides a conceptual model of primary production in the Delta 13 
(Figure 7) and a graphic representing the five major producer groups along with 14 
environmental regulating factors and the associated land cover types (Figure 8).  15 

Figure 7. Conceptual model of primary production 16 
Source: Robinson et al. 2016, Figure 4 17 

 18 
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Figure 8. Conceptual representation of the regulating factors of primary 1 
productivity, including producer groups and corresponding land cover 2 
categories.  3 

Source: Robinson et al. 2016, Figure 5 4 

 5 

The high rates of primary productivity that are typical of estuarine ecosystems support 6 
complex food webs, which also are a function of the variable freshwater-marine 7 
interface (Odum 1971; Day et al. 2013; Cloern et al. 2016). The condition and function 8 
of the food web in the Delta defines the fundamental capacity of the region to support 9 
fish, bird, and other wildlife populations (Robinson et al. 2016). The reduction of flow 10 
and land-water connectivity, coupled with the landscape-scale loss of riparian and 11 
wetland vegetation communities has significantly reduced the function of the lower 12 
trophic levels of the Delta food web (Cloern et al. 2016; Robinson et al. 2016). 13 

The producer groups within the Delta are phytoplankton, non-phytoplankton microalgae, 14 
submersed and floating aquatic vegetation, marsh vascular plants, and riparian 15 
vegetation. While marsh vascular plants would have historically comprised the dominant 16 
primary producer, the loss of tidal marsh has shifted the producer group composition, 17 
and the most significant contributor is now phytoplankton (Figure 9; Jassby and Cloern 18 
2000; Jassby et al. 2002; Robinson et al. 2016). It is important to note, however, that 19 
phytoplankton productivity in the Delta is ranked among the lowest 15 percent of the 20 
world’s estuaries – with both productivity processes and resulting bio-available carbon 21 
limited by herbivory from non-native clams (Kimmerer et al. 1994; Greene et al. 2011; 22 
Cloern et al. 2014). The pre-1850 conditions of the Delta included landscape scale 23 
distribution of each of these producer groups (Whipple et al. 2012; Robinson et al. 2016; 24 
Cloern et al. 2016). The hydrologically connected nature of the historical condition 25 
supported the transfer of energy from primary producers to consumers across these 26 
ecosystem types (Cloern 2007; Lehman et al. 2010; Herbold et al. 2014).  27 
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Figure 9. Historical and Modern Relative Contribution of Primary Producer 1 
groups. 2 

Source: Robinson et al. 2016, Figure 1 3 

 4 

It is hypothesized that the historical Delta supported a rich and complex food web given 5 
the complex interconnections between in-Delta and upstream ecosystems (Atwater et 6 
al. 1979; Robinson et al. 2016; Cloern et al. 2016). The reduction in extent and 7 
disconnection of tidal and floodplains from stream channels has significantly reduced 8 
the footprint of marsh, riparian and non-phytoplankton microalgal producer groups, and 9 
the processes and resources they depend upon (Figure 9; Cloern et al. 2016; Robinson 10 
et al. 2016). In addition, the location of floodplains and tidal wetlands is important 11 
because local hydrology and water quality have effects on the production and flow of 12 
nutrients at the wetland patch scale (Day et al. 2013; Robinson 2016; Cloern et al. 13 
2016). For example, tidally connected areas in the interior Delta would have historically 14 
experienced less tidal energy, different salinity gradients, and varying residence times 15 
than areas further upstream or downstream (Robinson et al. 2016). Restoring such 16 
connectivity throughout the Delta landscape may provide one of the largest beneficial 17 
impacts on the Delta food web (Cloern et al. 2016). 18 

While detritus is not a source of primary production, it has a major role in the 19 
incorporation of carbon into the aquatic food web. The largest source of detritus in 20 
wetlands is highly productive marsh vegetation (Darnell 1967). Detritus-based 21 
production was likely an extremely important component of the historical Delta and is 22 
important in other estuaries, where it is often the most important carbon source for 23 
juvenile out-migrating salmon (Maier and Simenstad 2009). Detrital carbon is not readily 24 
consumed by zooplankton, so it must first be processed by microbes before entering the 25 
pelagic food web (Muller-Solger et al. 2002; Robinson et al. 2016). A large proportion of 26 
detritus may not be bioavailable, and only about 10 percent of what is available will 27 
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become incorporated into higher trophic levels (Cloern et al. 2016). Decomposition of 1 
organic matter, especially detritus from wetland, riparian, and floodplain habitats, is an 2 
important consideration related to food web response to future restoration actions in the 3 
Delta.  4 

Food web function at trophic levels above primary production varies due to hydrologic 5 
conditions (e.g., fluvial vs. tidal), water quality, and multiple aspects of physical and 6 
ecological connectivity (Gray et al. 2002; Peterson and Vayssieres 2010; Whitley and 7 
Bollens 2014). Howe et al. (2014), and Grimaldo et al. (2009) describe the linkages of 8 
primary production and consumers in shallow versus open-water ecosystems. Within 9 
floodplains, zooplankton and other invertebrates (e.g., benthic and epi-benthic 10 
invertebrates) play an important role as a primary food source for the fish and wildlife 11 
species within the Delta ecosystem (Sommer et al. 2004; Sommer and Nobriga 2001). 12 
Gray et al. (2002) describes the food web linkages within dead-end sloughs high-13 
residence time creates warm, low dissolved oxygen (DO) conditions. Primary production 14 
benefits fish species indirectly through phytoplankton biomass being consumed at 15 
intermediate trophic levels (e.g. zooplankton and benthic invertebrates), at which point it 16 
becomes available to fish at higher trophic levels (Howe et al. 2014; Grimaldo et al. 17 
2009; Whitley and Bollens 2014). Submerged and aquatic vegetation supports 18 
invertebrate consumers important in fish diets, however, can be difficult to access given 19 
the substantial structure and impacts to water quality from non-native aquatic weeds 20 
(Rozas and Odum 1988; Orsi and Mecum 1996; Simenstad et al. 1999). Productivity 21 
pathways exist through proximity (i.e., connectivity) of terrestrial riparian systems and 22 
aquatic ecosystems, which can provide trophic connections between fish and terrestrial 23 
invertebrates (Bryant and Arnold 2007; Grimaldo et al. 2009; and Whitely and Bollens 24 
2014). 25 

Loss of primary production from hydrologic disconnection, land conversion, and poor 26 
water quality limit the food web potential across multiple pathways. Given limited 27 
primary resources, competition across consumer groups can become an additive and 28 
an important stressor (Kimmerer et al. 1994; Feyrer et al. 2003; Kimmerer and Lougee 29 
2014). Non-native invasive species such as Potamocorbula amurensis and Corbicula 30 
fluminea can greatly reduce phytoplankton biomass and have been implicated in 31 
associated reductions in zooplankton biomass (Kimmerer et al. 1994; Feyrer et al. 2003; 32 
Kimmerer and Lougee 2014). Declines of aquatic fish species, including non-native 33 
species, have been attributed to the additive effects of food web decline, lower trophic 34 
level non-native species (e.g., Asian overbite clam -Potamocorbula amurensis) further 35 
reducing available resources, and environmental stressors such as drought (Sommer et 36 
al. 2007; McNally et al. 2010; Nobriga et al. 2016). This issue collectivity became known 37 
as the Pelagic Organism Decline (POD) (Sommer et al. 2007) 38 

4.4 Environmental Water Quality 39 
The daily, seasonal, and inter-annual variability in flows and water quality constituents 40 
drive temporal and spatial variability for species distributions and food web conditions 41 
throughout the Delta (Schoellhamer et al. 2016). Although inundation patterns are a 42 
primary driver of aquatic ecosystem form, the interaction of stream flow, tidal influence, 43 
and water quality also directly affect physical, chemical, and ecological processes 44 
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throughout the Delta (Cloern et al. 2016; Schoellhamer et al. 2016). This section 1 
focuses on the effects of water quality on aquatic ecosystems. The Climate Change 2 
Paper reviews the effects of climate change and the expected shifts in water quality 3 
constituents important to ecosystem function.  4 

Nutrients, salinity, temperature, turbidity, and dissolved oxygen all serve as regulators of 5 
food web function and species habitat quality throughout the Delta. Alterations to these 6 
gradients have had influences on the species composition within the aquatic food web 7 
(Peterson and Vayssieres 2010; Hasenbein et al. 2013; Hennessy and Enderlein 2013; 8 
Borgnis and Boyer 2015). For example, some species have wide salinity tolerances, 9 
whereas others do not. In nutrient-limited conditions, primary production (e.g., 10 
phytoplankton production) can be constrained by the lack of necessary compounds 11 
(Glibert et al. 2014a; Brown et al. 2016a). These factors are described in more detail 12 
below. 13 

Nutrient (e.g., nitrogen and phosphorus) concentrations influence ecological conditions 14 
as fundamental components of primary production. Nutrients are drivers of 15 
phytoplankton and microalgae community composition and growth. Typically increases 16 
in nutrients result in increased productivity; however, high concentrations of nutrient 17 
compounds can be toxic to organisms and can result in excessive blooms of 18 
macroalgae that eventually decompose and lead to conditions of low dissolved oxygen 19 
(Cloern 2001). In the Delta, high nutrient concentrations, along with warm temperature 20 
and low salinity, provides favorable conditions for toxic Microcystis blooms (Paerl 1988; 21 
Sellner et al. 1988; Rocha et al. 2002; Robson and Hamilton 2003; Lehman et al. 2015; 22 
Lehman et al. 2017). 23 

The chief sources of anthropogenic nutrients to the Delta are agricultural drains and 24 
wastewater treatment plants (Hager and Schemel 1992). There are higher 25 
concentrations of nitrogen and phosphorus in the San Joaquin River than the 26 
Sacramento River due to lower flow and greater agricultural land use; however, the 27 
Sacramento River has higher total nutrient (i.e., ammonium) loading, largely because of 28 
major wastewater treatment plants (Monsen et al. 2007; Lehman et al. 2015). The 29 
largest of these, the Sacramento Regional Sanitation District Wastewater Treatment 30 
Plant on the Sacramento River near Clarksburg (opposite, east bank), provides a very 31 
large point source of nutrients. There has been debate regarding the effects of these 32 
increased nutrients on aquatic ecosystems downstream of this plant. It is important to 33 
note that this plant is being upgraded to improve treatment processes, so any such 34 
effects are likely to change (see: www.regionalsan.com/echowater-project for more 35 
information) (Dahm et al. 2016).  36 

Salinity gradients are determined by the interaction of riverine flows, landward tidal 37 
movement of saline water, and geography. Salinity strongly influences species 38 
composition across the food web (Peterson and Vayssieres 2010; Hasenbein et al. 39 
2013; Hennessy and Enderlein 2013; Borgnis and Boyer 2015).  40 

Some species have wide salinity tolerances, whereas others do not. Salinity tolerances 41 
may interact with species competition and predator-prey relationships to drive 42 
community composition. For example, the invasive clam Potamocorbula amurensis is 43 

http://www.regionalsan.com/echowater-project


Delta Ecosystem Stressors: A Synthesis  

 
April 5, 2018 20 

most abundant in brackish water areas, and grazing by this species has been 1 
associated with changes in both total phytoplankton biomass and community 2 
composition across the low salinity zone (Kimmerer and Thompson 2014; Lucas et al. 3 
2016; Baumsteiger et al. 2017; Kayfetz and Kimmerer 2017).  4 

All species have certain temperature requirements and thresholds; as a result, changes 5 
in temperatures can affect species distribution and abundance, with cascading effects 6 
on the food web. Seasonal changes in water temperature, driven by increased 7 
atmospheric temperature can result in higher temperatures during summer months. 8 
However, the seasonal temperature swings vary by location, with smaller temperature 9 
changes and cooler water overall in the westward Suisun Bay and Grizzly Bay area 10 
because of marine water influences, when compared to the more-eastward Delta 11 
(Kimmerer 2004). Higher temperatures increase metabolic rates, which may increase 12 
phytoplankton production (Durand 2008, 2015) but also may favor harmful algal blooms 13 
(Lehman et al. 2013). These events have become more pervasive in the Bay-Delta and 14 
may become an increasing problem as climate change affects upstream aquatic 15 
ecosystems where there are greater ranges in air temperature (Dettinger et al. 2016; 16 
Otten et al. 2017). 17 

High turbidity in the Delta results from both suspended sediment and organic particles 18 
(algae and detritus) in the water column. The Delta generally has high suspended 19 
sediment concentrations when compared to other estuaries (Schoellhamer 2011), and 20 
turbidity is a major limiting factor on phytoplankton production in the Bay-Delta, where 21 
production is generally light-limited rather than nutrient-limited (Jassby 2005). 22 
Resuspension of sediment in shallow areas with long fetch that allows wind waves and 23 
suspension of sediments may increase turbidity, particularly at certain points in the 24 
spring-neap tidal cycle (May et al. 2003). While community composition, nutrients, 25 
contaminants, and temperature also contribute to regulating phytoplankton productivity, 26 
light availability may explain as much as 80 percent of observed patterns in net primary 27 
productivity for the Bay-Delta (Cole and Cloern 1984). Because of the ubiquity of high 28 
turbidity in the Delta, the algal species that were historically dominant (diatoms) may be 29 
adapted to low light conditions, experiencing photo-inhibition in high light (Glibert et al. 30 
2014b).  31 

In addition to effects on primary productivity, high turbidity may be beneficial for Delta 32 
Smelt and Chinook Salmon, two fish species of concern. Delta Smelt abundance is 33 
positively correlated with high-turbidity habitat conditions, and long-term, general 34 
reductions in turbidity may be restricting Smelt habitat availability in the Delta (Nobriga 35 
et al. 2008). Turbidity has been hypothesized to reduce predation risk for all Delta Smelt 36 
life stages because it provides a visual defense from sight-feeding predatory species 37 
(Ferrari et al. 2014). Turbidity also may increase feeding success by decreasing stress, 38 
though it reduces feeding efficiency at very high turbidity levels (Hasenbein et al. 2013; 39 
Baxter et al. 2015). Turbidity has also been shown to reduce perceived predation risk in 40 
Chinook Salmon (Gregory 1993).  41 

Dissolved oxygen (DO) in the water has the potential to be a major limiting factor for fish 42 
and other organisms in a wetland. The Delta rarely experiences extreme low DO 43 
conditions owing to high vertical mixing rates and low productivity, though temporary 44 
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periods of low DO have occurred in Suisun Marsh (Brooks et al. 2011), and the 1 
Stockton Deep-water Ship Channel (National Marine Fisheries Service 2009; 2 
Schoellhamer et al. 2016). Drivers of low DO at these locations include long residence 3 
times, high temperatures, and high biological oxygen demand caused by accumulation 4 
of organic matter. Food limitation (hypothesized to be a major factor in recent pelagic 5 
organism declines) can exacerbate the effects of hypoxia because energy reserves are 6 
not available to compensate for increased stress (Baxter et al. 2010; Brooks et al. 2011; 7 
Komoroske et al. 2015). 8 

A wide array of toxins have been implicated in declining ecosystem conditions (Fong et 9 
al. 2016). Agriculture practices (e.g., drain water) and urbanization (e.g., stormwater 10 
runoff, wastewater effluent) result in the discharge of many contaminants into the Delta 11 
and its tributaries (Fong et al. 2016). In 2010, the Delta was listed on the Environmental 12 
Protection Agency 2010 List of Impaired Water Bodies (SWRCB 2010). The 2010 list of 13 
contaminants includes metals (copper, cadmium, mercury, and zinc), pesticides 14 
(chlordane, chlorpyrifos, DDE, DDT, diazinon, dieldrin, organophosphate insecticides, 15 
and toxaphene), and chlorinated compounds (dioxins, furans, and polychlorinated 16 
biphenyls [PCBs]). The Delta is also listed for sediment toxicity and unknown toxicity.1 17 
Since the 2010 list was adopted, additional contaminants of concern have been 18 
identified including additional pesticides, flame retardants, nutrients, naturally occurring 19 
toxins, micro-plastics (e.g., from synthetic clothing), and pharmaceuticals and personal 20 
care products (PPCPs). Essential elements (e.g., selenium) and nutrients, when outside 21 
the beneficial ranges, may negatively affect organism or community health. A legacy of 22 
contaminants in the Delta, such as persistent organic chemicals and mercury, can 23 
accumulate through the food web, leading to health risks for humans and wildlife (Fong 24 
et al. 2016). Several investigations have conceptualized but not quantified the role of 25 
contaminants in Delta fish declines (Brooks et al. 2012; Scholz et al. 2012). For 26 
example, new analysis presented in Fong et al. (2016) indicates that pyrethroid 27 
insecticide use in the Delta is strongly correlated with fish abundances. Additional 28 
quantification of correlative relationships is need to include contaminant effects in 29 
ecosystem evaluations in order to better understand underlying mechanistic 30 
relationships (Fong et al. 2016). 31 

Water quality is a key factor affecting primary productivity. Key water quality 32 
constituents that should be considered as part of an ecosystem restoration strategy 33 
include turbidity, salinity, nutrient loading and concentration, and dissolved oxygen. 34 
Turbidity is typically limiting for overall productivity. Salinity is spatially and temporally 35 
variable, and is a key determinant of species distributions within the Delta. Nutrients, 36 
while often limiting in other systems, are not typically limiting within the Delta, although 37 
they may affect some species (including Harmful Algal Blooms and Microcystis). 38 
Addressing these issues will require a comprehensive approach that considers the 39 
often-complex interactions between these and other biophysical factors. 40 

                                              
1 An unknown toxicity listing results from toxicity being detected in lab or field studies, but not yet being 
linked to a specific chemical. 
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5. Stressors on the Delta Ecosystem 1 

Anthropogenic (human) actions on the Delta landscape have altered the geomorphic 2 
and ecological conditions of the region (Bay Institute 1998; Healy et al. 2008, 2016). 3 
Effects on the geomorphic setting have created constraints on the location and type of 4 
restoration actions that can be taken to re-establish ecological function. The loss of 5 
natural land cover has limited the capacity of the landscape to meet the life history 6 
requirements of fish and wildlife populations. Additionally, impaired water quality and the 7 
introduction of non-native species have further altered ecosystem structure and food 8 
web dynamics. Direct management of fish populations with hatcheries have further 9 
stressed native salmon populations. 10 

Multiple peer reviewed works and technical reports have identified a set of primary 11 
stressors that are acting upon the Delta ecosystem (i.e., Mount et al. 2012; Gray et al. 12 
2013; Luoma et al. 2015; Healy et al. 2016). Table 2 provides a summary of these 13 
stressors and a high-level description of the effects on ecosystem conditions within the 14 
Delta. This summary builds on the five stressors addressed in the Delta Plan (2013) by 15 
considering issues of hydrologic connectivity, vegetation, and fish migration obstacles 16 
as more refined aspects of habitat. An additional crosscutting stressor, climate change, 17 
is considered here and discussed in more detail in the Climate Change Paper. 18 
Improving ecosystem health within the Delta will require addressing each of these 19 
stressors given their cumulative effects (Gray et al. 2013; Luoma et al. 2015; Healy et 20 
al. 2016). 21 

Several important considerations constrain the re-establishment of connected lands that 22 
support food web processes and native fish and wildlife species populations. Floodplain 23 
and tidal plain disconnection, the loss of riparian and wetland vegetation, and fish 24 
migration barriers have significantly limited the space on the landscape which can serve 25 
as species habitat (see Table 2; Figure 5; DWR 2014; SFEI-ASC 2016). Similarly, the 26 
loss and disconnection of floodplain and tidal plan ecosystems has reduced overall 27 
primary production (Cloern et al. 2016; Robinson et al. 2016). Actions that address flow 28 
dynamics, water quality, invasive species, and fish management alone will not resolve 29 
these reductions in the extent and distribution of the Delta ecosystem (Lund et al. 2010; 30 
NRC 2012; PPIC 2018). A crucial conservation target is the re-establishment of space 31 
on the landscape which has connectivity (e.g., hydrologic, migratory, vegetation extent; 32 
both in-Delta and upstream/downstream) and supports natural vegetation communities 33 
(SFEI-ASC 2016; Dybala et al. 2017b).  34 

In addition to addressing habitat loss and connectivity, best management practices on 35 
agricultural lands that lessen the impacts to native species, or provide analogue habitat 36 
resources represent an important component of landscape-scale conservation, 37 
especially given the dominance of agriculture on the Central Valley and Delta landscape 38 
(Dybala et al. 2017a; Strum et al. 2017). Specific approaches for supporting biodiversity 39 
on agricultural lands are summarized in Table 3. The Restoration Paper provides a 40 
more in-depth discussion of the opportunities and science needs associated with these 41 
practices. 42 
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Table 2. Summary of primary stressors of the Delta ecosystem. 1 

Stressor Category Affected Ecosystem Condition 

Climate Change Sea-level rise, shifts in temperature and precipitation, and changes in 
hydrograph will affect salinity and inundation patters for the Delta 
ecosystem and reduce flexibility in ecosystem management of the 
existing ecosystem. See Climate Change Paper 

Flow Alteration Dam construction, operation, and diversions have altered the 
magnitude, timing, and direction of flows (i.e., inflow, in-Delta flow, out 
flow) within the Delta (Fleenor et al. 2010; SWRCB 2017; NRC 2012). 
These alterations have effects on geomorphic processes, water 
quality, and food web function, all which reduce ecological health (Poff 
2010; Moyle et al. 2011; Yarnell et al. 2015; Zimmerman et al. 2017; 
Hutton et al. 2017a, 2017b) 

Floodplain and Tidal Plain 
Disconnection 

Hydrologic connectivity and geomorphic function have been impaired 
through channel simplification, levee construction, and bank 
stabilization. Wetland and floodplain complexity, vegetation dynamics, 
and food web function have been lost on disconnected lands. 
Exposure of peat soils has led to the subsidence of Delta lands, 
resulting in constraints for where existing and future tidal marsh 
restoration could take place (Deverel et al. 2016). 

Loss of Riparian and Wetland 
Vegetation 

Approximately 95% of the native ecosystems and vegetation 
communities were lost in the late 1800s and early 1900s (Thompson 
1957; Bay Institute 1998; ASC-SFEI 2014). Physical habitat extent, 
distribution, and resilience (i.e., connectivity, complexity, redundancy, 
biologically relevant ecosystem scale) has been lost or greatly 
simplified for many aquatic and terrestrial species (ASC-SFEI 2014, 
2016).  

Water Quality Impairment Flow alterations, and nutrient and contaminant inputs from agriculture 
and wastewater treatment facilities affect food web function (i.e., 
primary production), facilitate non-native aquatic plant growth, and 
create toxic conditions for native species (Luoma et al. 2015). Aquatic 
species are directly impacted and water quality is implicated as a 
major driver of the Pelagic Organism Decline (Luoma et al. 2008; 
Baxter et al. 2010). 

Non-native Invasive Species The Delta is one of the most heavily invaded ecosystems in the world 
(Luoma et al. 2015; Healy et al. 2016). Non-native species alter 
ecosystem structure and function, including food web processes, 
water quality, and physical habitats of terrestrial and aquatic species. 
Non-native species directly and indirectly affect native species 
populations through predation and competition for limited resources 
(Perry et al. 2013, 2015; Buchanan et al. 2012, 2013).  

Fish Management Genetic integrity of Central Valley salmonids is threatened by artificial 
propagation programs (Moyle 2002; Myers et al. 2004; Araki et al. 
2007). Hatchery fish compete and interbreed with wild fish, displacing 
or lowering fitness of native stocks (Williams 2006; Perry et al. 2016). 

Fish Migration Barriers Barriers to fish migration cause mortality or limit rearing opportunities 
(DWR 2014). 

 2 
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Table 3. Select approaches for supporting biodiversity on agricultural lands  1 

Best Management Practice Scientific Studies 

Creating seasonal or permanent wetlands within 
fields 

Sullivan et al. 2014; Meadows 2014 

Flooding fields to mimic floodplain processes Katz et al. 2013; Conrad et al. 2016; Katz et al. 
2017; Corline et al. 2017 

Planting hedgerows and buffer strips Hinsley and Bellamy 2000; Heath et al. 2017 
Planting oaks to simulate oak savannahs in the 
agricultural landscape 

Grossinger and Whipple 2009; Whipple et al. 2010; 
Jedlicka et al. 2014 

Adjusting timing of field work Strum et al. 2017; Dybala et al. 2017b 
Reducing pesticide and herbicide application Wiederholt et al. 2017; Shackleford et al. 2015 
Implementation of water conservation methods SFEI-ASC 2016 

 2 

In evaluating the tradeoffs between existing agricultural land uses and restoration, it is 3 
important to acknowledge that subsidence has limited opportunities for reconnection of 4 
tidal plains, as many of the islands in the central Delta are 10 to nearly 25 feet below 5 
sea level, see Figure 10 (Wang and Ateljevich 2012). In addition, urbanization has and 6 
will further constrain opportunities for reconnection of tidal and flood plains (Wilson and 7 
Sleeter 2017). Sub-regional assessment of land elevation and urban land use 8 
trajectories should inform selection of conservation actions at a site scale (i.e., selection 9 
of wildlife friendly agriculture vs. restoration of natural communities). For example, 10 
subsidence reversal efforts that seek to restore suitable intertidal habitat elevations 11 
should occur on areas that will keep pace with sea-level rise and ideally occur by 2100 12 
(DRA 2009). While Deverel et al. (2014) did not include potential levee failures or 13 
improvements; they identified areas in the periphery of the Delta that could be restored 14 
to tidal elevations within 50 to 100 years. Importantly, Deverel et al. (2017) found that 15 
the economic outcomes associated with a conversion to a mosaic of wetlands and 16 
crops including rice appears to be financially viable, and offer landowners a critical 17 
incentive to participate. Given the limits on hydrologic reconnection, subsidence 18 
reversal requires prioritization where the physical landscape supports its implementation 19 
and limited financial resources, such as carbon credit revenues, can be utilized. In 20 
areas where subsidence is less severe, elevations can be built through managed 21 
wetlands targeted at carbon sequestration and subsidence reversal, direct placement of 22 
sediment, and or related tactics like warping, a method where sediment accretion is 23 
increased by intermittently flooding areas just long enough for sediment to precipitate 24 
out of the water column (Doody 2007; SFEI-ASC 2016). Pilot subsidence reversal 25 
wetlands are currently under study at two sites in the Delta, where maximum land-26 
surface elevation gains of 7–9 cm per year have been achieved (Miller et al. 2008; 27 
SFEI-ASC 2016). Given observed rates of accretion at subsidence reversal wetlands, 28 
the practice be less effective given the long periods (e.g., 50 to 100 years) required at 29 
deeply subsided regions of the Delta (Deverel et al. 2014). Effective implementation of 30 
this practice is time sensitive (i.e., it requires near-term action) and requires strategic 31 
siting and accompanying levee investments.  32 
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Figure 10. Map of Subsidence in Delta 1 
Source: Wang and Altjevich 2012 2 

 3 
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6. Examples of Restoration Actions that Target Resilience 1 

Resilient ecosystems are to recover from disturbance without significant loss of 2 
structure or function, which is thought to be an important consideration in light of a 3 
rapidly changing climate (see discussion in Restoration Paper). Increasing ecosystem 4 
resilience within the Delta at a landscape level is a key conservation target and requires 5 
considerations of connectivity, complexity, redundancy, and scale (see discussion in 6 
Restoration Paper). Implementation of restoration actions that reconnect tidal plains and 7 
re-establish native vegetation communities within the Delta has been limited to date 8 
(Delta Independent Science Board [ISB] 2013; Melcer and Anderson 2017; see the 9 
Restoration Paper). Projects that target these outcomes provide opportunity for species 10 
to migrate in response to changes in sea level (i.e., “marsh migration”), salinity, and 11 
other factors. Motile species such as fish would also have increased access to a range 12 
of habitats and refugia across the Delta as well as upstream and downstream of the 13 
Delta itself. Table 4 provides several examples, at various spatial scales, of the types of 14 
restoration and management actions needed to address the loss of resilient natural 15 
systems within the Delta.  16 

Table 4. Selected examples of restoration projects that address loss of natural 17 
ecosystems and connectivity within the Delta. 18 

Project or Action Ecological Target Status 

Cosumnes River 
Preserve (CRP)a 

Floodplain and tidal plain reconnection; riparian 
and wetland vegetation restoration; managed 
marsh creation; agricultural practices and crops 
which support wildlife; nature-based recreation 

Preserve established in 
1987; currently under 
management; future 
expansion planned 

North Delta Flood 
Control and Ecosystem 
Restoration Projectb 

Floodplain and tidal plain reconnection; riparian 
and wetland vegetation restoration; nature-
based recreation 

Planning; implementation 
in fall 2018 

Dutch Slough Tidal 
Restoration Projectc 

Subtidal and tidal plain reconnection; riparian 
and wetland vegetation restoration; managed 
marsh creation 

Planning; implementation 
in summer 2018. 

Yolo Bypass Salmonid 
Habitat Restoration and 
Fish Passage Projectd 

Flood plain reconnection; fish passage 
improvement 

Planning; implementation 
in 2020 

Aquatic Invasive Plant 
Control Programe 

Reduction of non-native invasive aquatic plants Implementation in 2018 

Sources:  
a. CRP 2008  
b. California Natural Resources Agency 2018a 
c. California Natural Resources Agency 2018b 
d. California Natural Resources Agency 2018c 
e. California Division of Boating and Waterways 2018. 

 19 

Establishing migratory corridors for fish, birds, and other animals along selected Delta 20 
river channels is one of the Delta Plan’s sub-goals for restoring a healthy ecosystem 21 
(Water Code Section 85302(e)). In order to achieve this sub-goal, the restoration of 22 
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physical and ecological processes within and along large, open-water channels will be 1 
required. Restoring processes will require frequent disturbance from floods and channel 2 
migration to support recruitment and succession processes (Greco and Larsen 2014). 3 
Approaches for restoring these processes include: levee setbacks, reservoir releases 4 
that mimic naturalistic hydrographs, sediment augmentation, bank set-backs and 5 
channel-to-floodplain reconnection (Moyle et al. 2012; SFEI-ASC 2016). The Delta also 6 
has substantial remnant fluvial topographic features, such as natural levees along the 7 
rivers and depressions at the former sites of flood basin lakes that should be 8 
incorporated into plans for recovering fluvial processes and habitats (SFEI-ASC 2016; 9 
Moyle et al. 2012). 10 

The Cosumnes River Preserve (CRP) provides an example of a sub-regional-scale 11 
restoration and management complex where actions to re-establish hydrologic 12 
connections and natural vegetation communities are being combined with agricultural 13 
practices that support fish and wildlife (CRP 2008). Restoration projects within the CRP 14 
are establishing sub-regional connectivity along waterways. Studies of both aquatic and 15 
terrestrial ecosystems demonstrate that significant benefits result from the reconnection 16 
of floodplains and re-establishment of riparian and wetland vegetation (Swenson et al. 17 
2003; Jeffres et al. 2008; Viers et al. 2012; Ivey et al. 2014).  18 

Within the footprint of the CRP, the North Delta Flood Control and Restoration Project is 19 
targeting reconnection of flood and tidal plains. Landscape position at both project 20 
landscape units (i.e., McCormack Williamson Tract and Grizzly Slough) provide 21 
significant opportunities for intertidal ecosystem re-establishment. They provide 22 
connectivity with previously restored wetland and riparian land cover. An unintentional 23 
levee breach at the McCormack Williamson Tract in 2017 provided early indications 24 
demonstrated significant food web benefits (e.g., primary production, secondary 25 
production via first level consumers) of floodplain restoration at this scale (Corline et al. 26 
2017; Nakoto et al. 2017). The Aquatic Invasive Plant Management Program targets 27 
non-native invasive submerged and floating aquatic weeds. Aquatic weed management 28 
across sub-regions of the Delta is an important component of restoration of hydrologic 29 
connectivity and native vegetation re-establishment. Implementation within experimental 30 
components will allow for evaluation of the efficacy of these actions. 31 

The Restoration Paper provides discussion the importance of scale and patch size. It 32 
includes an appendix (Restoration Paper, Appendix A) summarizing the current 33 
conservation needs of species according to existing conservation and recovery plans. 34 
These resources provide an understanding of the scale of tidal plain, flood plain and 35 
natural vegetation community re-establishment that may be required through projects 36 
described in Table 4 to meeting the life history needs of endangered species. 37 

7. Implications for Protection, Restoration and Enhancement of 38 
the Delta Ecosystem 39 

The initial sections of this paper summarize the geomorphic and ecological setting 40 
within the Delta. Subsequent sections identify primary stressors acting on the Delta, and 41 
review a series of restoration projects aimed at addressing major limiters on food web 42 
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function and species habitats. Those sections review the best available science within 1 
focused subject areas covered in this paper. The subject areas addressed in this paper 2 
were identified because of their potential influence on achieving the coequal goals and 3 
relevance in amending Chapter 4 of the Delta Plan. This section summarizes and 4 
discusses the implications of the preceding science synthesis relative to the protection, 5 
restoration, and management of the Delta ecosystem. These implications provide the 6 
basis for the considerations included in Section 8, Considerations for Amending Chapter 7 
4 of the Delta Plan. 8 

 The Delta is unique and of global ecological importance as an estuary. 9 

Estuarine systems with healthy ecosystems are the most productive landscapes in 10 
the world. The Delta’s riparian wetland systems historically supported a significant 11 
amount of biodiversity, including endemic plant, wildlife, and fish species.  12 

 Restoration potential varies sub-regionally within the Delta.  13 

The Delta landscape consists of three geomorphically distinct sub-regions that vary 14 
in landscape form, watershed input, and tidal dynamics. These characteristics 15 
determine the ecosystem types that can be effectively restored. This includes 16 
differences in the feasibility of flood plain and tidal reconnection due to land 17 
elevation, variability in the vegetation community composition and structure, and 18 
issues of water quality, and non-native species. 19 

 Lands with suitable elevations should be prioritized for hydrologic reconnection and 20 
restoration of natural vegetation communities.  21 

Loss of floodplain elevations due to subsidence and urbanization constrain the 22 
extent and location of marsh plain restoration that is currently feasible, and expected 23 
sea-level rise will continue to reduce those opportunities. Early restoration will re-24 
establish geomorphic processes that lead to accretion, shifts in marsh distribution, 25 
and sea-level rise accommodation, as further described in the (Climate Change 26 
Paper). 27 

 Reconciling land elevation with water surface elevation in select areas is critical to 28 
reducing the risk of levee failures leading to undesirable ecosystem conditions, and 29 
in protecting opportunities for restoration in the Delta. (Also see Climate Change 30 
Paper). 31 

Sediment dynamics and organic matter accretion are fundamental physical 32 
processes that have been interrupted by flow alteration, disconnection of flood and 33 
marsh plains, and bank stabilization with revetment. The loss or impairment of these 34 
processes has offset the dynamic equilibrium which allowed the Delta landscape to 35 
respond to tectonic subsidence, sea-level rise, and has also initiated oxidation and 36 
erosion of peat soils. This has resulted in land elevations that have subsided below 37 
sea level, and correspond with deep sub-tidal conditions. On lands where 38 
subsidence is mild to moderate, subsidence reversal may reconcile elevations, but 39 
near-term actions coupled with strategic levee maintenance are required. It may not 40 
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be feasible to reconcile elevations within deeply subsided islands within the interior 1 
Delta within short timeframes (<150 years). 2 

 Recovery of native species populations within the Delta will require targeting re-3 
establishment of vegetation communities that represent the historical species 4 
composition, structure, and function.  5 

The pre-1850 Delta landscape primarily consisted of tidal and seasonal emergent 6 
wetlands, riparian forests of composed of cottonwood and willows, and to a lesser 7 
extent, vernal pools, alkali seasonal wetlands, dune complexes, and oak and 8 
grassland savannahs. The species associations within each of these community 9 
types are described in VegCAMP (DFW 2007, 2016). These vegetation communities 10 
have been fragmented and lost to land cover conversion. To track progress in this 11 
regard, it is important to have routine updates of the Department of Fish and 12 
Wildlife’s VegCAMP land cover and land use dataset; continuous, adequate funding 13 
is crucial to understand trends in vegetation communities over time.  14 

 Re-establishing food web function and increasing species habitat requires restoring 15 
multiple aspects of connectivity and native vegetation community distribution.  16 

Loss and alteration of hydrologic connectivity and wetland and riparian vegetation 17 
communities has significantly limited the ecological space on the landscape where 18 
food web processes and physical habitats of species exist. Altered flow (i.e., inflow 19 
from the watershed, within-Delta flows, and outflows) and fish migration obstacles 20 
have reduced connectivity between upper watersheds and the bay and ocean, 21 
affecting the flow of energy and movement of organisms. Flood plain and tidal plain 22 
disconnection has altered and reduced the space available for food web processes 23 
(e.g., primary productivity), and the movement of energy and organisms between 24 
systems. The dominant primary producer groups of the pre-1850 Delta (i.e., wetland 25 
vascular plants) have been reduced by 95 percent, within only remnants of the 26 
historical extent of vegetation remaining. Management and enhancement of existing 27 
channels and remnant vegetation communities alone will not address the habitat 28 
requirements of native species within the Delta. 29 

 Water quality impairs the food web function and species habitat conditions within an 30 
already limited footprint.  31 

Alterations of the flow dynamics and the salinity gradient have reduced effects on 32 
primary productivity, species movements and competition, and species habitat 33 
structure and function. Water quality improvements (e.g., reduction in agricultural 34 
and urban nutrient inputs) will be required to improve primary production processes. 35 
Higher trophic level effects such as predation on rearing salmonids require reducing 36 
non-native fish habitat suitability, while restoring resilience in native species 37 
populations through increased habitat extent and improved conditions.  38 

 Impaired water quality has compounding effects on other ecosystem stressors such 39 
as non-native species and harmful algal blooms. 40 
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Nutrients support non-native species including submerged and floating aquatic 1 
plants and harmful algal blooms (e.g. Microcystis) creating structural differences in 2 
aquatic habitats, reducing light, and introducing toxins into waterways.   3 

 Improving the health of the Delta ecosystem will require actions that address 4 
multiple primary stressors (see Table 2). 5 

Issues of flow dynamics, water quality, non-native invasive species, predation of 6 
native fish and other issues degrade ecological conditions and stress the existing 7 
Delta ecosystem. Actions to address these stressors, coupled with re-establishment 8 
of ecological space to support food web function and species habitats will be 9 
required to support a healthy Delta ecosystem.  10 

 Adoption of best management practices on agricultural lands that reduce impacts to 11 
native species or create analogue habitat resources could help mitigate ecosystem 12 
stressors. 13 

Agriculture makes up a significant component of the Delta and Central Valley 14 
landscape. While re-establishment of natural land cover is a priority conservation 15 
target, best management practices implemented on agricultural lands where 16 
restoration is not possible can reduce stressors and provide resources and analogue 17 
habitats for some species. Additional research is needed, see Restoration Synthesis 18 
Paper. 19 

8. Considerations for the Delta Plan Amendment 20 

The Delta Plan includes 14 regulatory policies, a suite of recommendations, and 21 
performance measures. Amendment of Chapter 4- Protect, Restore, and Enhance the 22 
Delta Ecosystem could include changes or additions to the narrative text, new or refined 23 
recommendations and/or policies, new or refined performance measures, or a 24 
combination of all three. While recommendations are not regulatory policies, they can 25 
help inform activities and emphasize priorities. Performance measures help evaluate 26 
the response to management actions and the factors that may influence achievement of 27 
the coequal goals, and include metrics, baseline conditions, and targets for desired 28 
future conditions.  29 

The implications of the preceding science synthesis relative to the protection, 30 
restoration, and management of the Delta ecosystem yield a sufficient basis from which 31 
to consider changes to Chapter 4 of the Delta Plan. These implications were discussed 32 
in Section 8, Implications for the Protection, Restoration, and Management of the Delta 33 
Ecosystem. Periodic updates or amendments to the Delta Plan are intended to support 34 
successful achievement of the coequal goals by addressing factors such as new or 35 
changed conditions in the Delta and its watershed, best available science, changes to 36 
pertinent state policies or institutions, or others. The following discussion presents initial 37 
high-level considerations for amending Chapter 4 of the Delta Plan in light of the 38 
scientific information and implications presented herein. 39 
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 The findings of this synthesis paper do not foundationally change the core strategies 1 
of Chapter 4 of the Delta Plan. In combination with the findings of the Climate 2 
Change and Restoration papers, they do heighten the importance of re-3 
establishment of resilient ecosystems that provide benefits to both humans and 4 
native species. Discussions within Chapter 4 should explicitly consider the 5 
geomorphic aspects of the sub-regions of the Delta, and the opportunities to re-6 
establish physical processes and natural land cover in the context of landscape 7 
form, watershed input, and tidal dynamics.  8 

 The Delta is subject to subsidence and impacts from projected sea-level rise. 9 
Updates to the Chapter 4 narrative could discuss the implications of these processes 10 
and approaches to reconcile land elevations for risk reduction and ecosystem 11 
restoration opportunities. Plan policies and recommendations could consider 12 
incorporation of content that integrates these practices into policies and 13 
recommendations (Policy ER P3, ER P4, Recommendation ER R2). Plan 14 
performance measures could consider metrics and a baseline for assessing the 15 
condition of the Delta landscape with respect to a rising sea level. 16 

 Loss of floodplain elevations due to subsidence constrains the extent of marsh plain 17 
that is currently feasible, and expected sea-level rise will continue to reduce 18 
opportunities for re-establishment of hydrologic connectivity. Plan could update 19 
policies and recommendations related to hydrologic connectivity and re-20 
establishment of natural vegetation communities at sites where potential exists (see 21 
Consideration #2). Plan narrative could provide greater specificity in the 22 
characteristics of plant communities, for example plant species associations. Plan 23 
policies and recommendations could be updated to reflect the areas on the 24 
landscape with physical suitability. Plan performance measures could consider 25 
metrics and a base that would assess these ecosystem conditions, including 26 
vegetation community composition. Plan update could highlight the information need 27 
of continued mapping of land cover and land use within the Delta. 28 

 Advances in the scientific understanding of primary production, food web linkages, 29 
and state of those aspects of the Delta ecosystem have highlighted the importance 30 
of the loss of hydrologic connectivity, wetland and riparian vegetation communities, 31 
and water quality. Updates to Chapter 4 narrative could discuss the prioritization of 32 
improvements to address these fundamental limitations on primary production which 33 
foundation of the food web. Plan performance measures could consider metrics and 34 
a baseline to assess the condition of primary producer groups, and connectivity 35 
across ecosystems. Key information gaps related to these important topics should 36 
be identified.  37 

 Water quality is a significant stressor that requires comprehensive and in-depth 38 
treatment given the complexities of multiple constituents and their effects on habitat 39 
conditions, food web function, species health and condition. Acknowledgement of 40 
the need to address these topics could inform an update to Chapter 6 of the Delta 41 
Plan.  42 

  43 
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