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Abstract
The San Francisco Bay-Delta estuary, the largest estuary on the west coast of North America, has lost over 90% of its tidal
wetlands through conversion to agriculture, grazing or urban development. Accelerated sea-level rise poses an additional threat to
the remaining wetlands, and keeping pace requires that they increase in relative elevation through trapping of suspended sediment
or increasing organic productivity in the root zone. Suspended sediment concentrations (SSC) have been declining in rivers and
deep channels, and although little is known about sediment dynamics in shallow areas, sediment supply to tidal wetlands may not
be sufficient to maintain their elevations in the future. Wetlands will be constrained by existing development and mountainous
terrain. Increases in tidal wetland salinity have been occurring in saline, brackish and the western edges of freshwater tidal
wetlands. To mitigate for sea-level rise, considerable acreages currently are being restored, with and without active management
practices. Restoration techniques are being piloted to increase shoreline protection, resiliency, and high tide refuge in adaptation
to current and projected sea level rise. We recommend additional research into plant physiological responses to combinations of
climate change impacts, as well as suggest potential practical policy positions.
Keywords Tidal wetlands . Restoration . Hydrological alterations . Living shorelines

Introduction
Sea level rise (SLR) is predicted to be one of the main future
influences threatening the resiliency of tidal wetlands. Rates of
SLR have increased considerably in the past century (Church
and White 2006; Meehl et al. 2007; Vermeer and Rahmstorf
2009; Rahmstorf 2010). While uncertainty exists for the absolute values of SLR (Meehl et al. 2007; NRC 2012), several
researchers suggest that future rates will increase dramatically
(Rahmstorf 2010; Hansen et al. 2016). Much uncertainty about
future rates lies with the extent to which ice sheets may melt;
Greenland and Antarctica melting will contribute not only to
absolute sea level, but may also influence ocean currents and

* V. Thomas Parker
parker@sfsu.edu
1

Department of Biology, San Francisco State University, 1600
Holloway Avenue, San Francisco, CA 94132, USA

2

Romberg Tiburon Center for Environmental Studies, San Francisco
State University, 3150 Paradise Drive, Tiburon, CA 94920, USA

future climates (Kopp et al. 2014; Carson et al. 2016; DeConto
and Pollard 2016; Hansen et al. 2016; Nowicki et al. 2016).
Some of these studies modeling future changes in ice sheets
indicate Antarctica may contribute 1 m in SLR by 2100
(DeConto and Pollard 2016). As SLR accelerates, tidal wetlands will either increase in elevation at the same pace as SLR,
retreat to higher elevations farther inland, or drown.
SLR along the Pacific Coast of North America has been
slower than many areas globally (Kirwan et al. 2016; Carson
et al. 2016), but still is predicted to eventually increase at a rate
that threatens the sustainability of tidal wetlands. Human development in western North America strongly constrains the
potential for wetland retreat to higher elevations. Pacific coast
mountains already topographically limit wetland retreat and
low-lying areas surrounding tidal wetlands are extensively
developed into human infrastructure. Water diversions and
dams are influencing suspended sediment, putting at risk future wetland elevation growth. The influence of warmer temperatures, higher salinity and CO2 concentrations on plant
productivity are mostly unknown for local plant species.
Human development is especially prevalent in the San
Francisco (SF) Bay-Delta estuary, where sea level has risen
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over 20 cm during the last century (Flick et al. 2003; Cayan
et al. 2012). This estuary illustrates considerable changes of
estuarine and watershed conditions, with most tidal wetlands
having been diked and converted, and numerous dams, levees
and canals contributing to a highly modified watershed hydrologic regime (Cloern et al. 2011a, b; Dettinger et al. 2016).
Substantial human development and infrastructure is vulnerable to modest SLR under storm surge conditions (Cayan et al.
2012; Pinto and Kondolf 2016; Ju et al. 2017). Challenges to
tidal wetlands in the SF Estuary include not only SLR, but also
decreasing suspended sediment concentrations, rising water
temperatures, and increasing salinity (Stralberg et al. 2011;
Cloern et al. 2011a, b; Schoellhamer 2011; Schile et al. 2014).
In this paper, we discuss the effects of SLR and other climate
change impacts on tidal wetlands in the SF Estuary, show current responses, and suggest additional directions. We describe
adaptation strategies including large scale planning for wetland
restoration, the development of ‘living shorelines’ as a way to

buffer SLR and storm surges, and policies that examine threatened infrastructure and particular communities.

The San Francisco Bay-Delta Estuary
The SF Estuary is the largest estuary on the US Pacific Coast,
at over 4100 km2, and the second largest estuary in the United
States (Conomos et al. 1985). The estuary exhibits a series of
interconnected bays and channels connecting the SacramentoSan Joaquin River Delta to San Francisco Bay. The SF
Estuary region is topographically diverse with mountain
ranges that dissect the system (Fig. 1). The estuary also resides
in the middle of a large urban and agricultural region with a
human population that exceeds seven million people.
Approximately 80% of the tidal wetlands in SF Bay (including the Suisun Bay region) and 95% of the tidal wetlands in
the Sacramento-San Joaquin Delta have been lost (The Bay

Fig. 1 Satellite view of the San
Francisco Bay-Delta Estuary
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Institute 1998; Foxgrover et al. 2004). Within SF Bay, these
losses were due to substantial areas of fill for urban development in the Central Bay and diking of the baylands to permit
farming and solar salt production along San Pablo Bay and
South Bay shores (Fig. 2). The extensive loss of tidal marsh
habitat has prompted calls for marsh restoration in SF Bay and
the Delta (e.g., Goals Project 1999; CALFED 2001; Steere
and Schaefer 2001; SFEI 2014; Goals Project 2015).
The roughly 162,000 km2 watershed of the SF Estuary includes the Sierra Nevada and coastal mountains that surround
California’s Central Valley. These mountain ranges drive the
water flow in the Sacramento and San Joaquin Rivers and other
tributaries. Freshwater from these rivers flows into the Delta that
is situated at the western edge of the Central Valley where a gap
in the mountain ranges permits water flow into the SF Bay.
Consequently, the Delta region was historically freshwater tidal
wetlands; salinity gradually increases from the Delta to where
Bay water connects to the Pacific Ocean at the Golden Gate,
another gap in the coastal mountain ranges (SFEI 2014).
But California also has a strong Mediterranean-type climate with most precipitation arriving in the winter and little
to no precipitation in the summer. Because of that climate, the
SF Estuary is also interconnected with a human-altered system
of canals and levees, one of the largest human-adapted

hydrologic systems globally (Knowles and Cayan 2004;
Lund 2016; Dettinger et al. 2016). This water management
complex has highly modified the water and salinity dynamics
of the SF Estuary, and consequently, left a system with questionable resilience in the face of rapid sea-level rise, modified
precipitation regimes, and increased water and atmospheric
temperatures. With flooding, freshwater conditions can penetrate into the bay, although the frequency of those events has
declined due to extensive hydrologic controls by anthropogenic activities over the past 150 years (The Bay Institute
1998; Goals Project 1999; Brown 2003).
The lack of rainfall in the summer also has a strong influence
on tidal wetland vegetation due to soil salinity increases through
the rainless summers. Consequently, areas below mean high
water are the lowest in salinity, and marsh plains usually the
highest. Vegetation patterns follow salinity and result in the
greatest differences in channel-side and below-mean-high water
sites in comparison to the more extensive marsh plains (Fig. 3).
Salt marshes, for example, are dominated by the succulent
Salicornia pacifica (Callaway et al. 2012; Parker et al. 2012a;
Vasey et al. 2012). Spartina foliosa (the local endemic Spartina)
is restricted to areas below mean high water due not only to its
greater tolerance for inundation, but also to the high salinity in
the marsh plain. A number of other species are principally
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Fig. 2 Distribution of tidal wetlands in San Francisco Bay. 2a Historic distribution; 2b Current distribution and other land uses
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Fig. 3 Example of salt marsh vegetation in San Francisco Bay. 3a
Overview of a salt marsh at China Camp State Park, Marin County,
showing the marsh plain with large tidal channels. 3b The dark colors
along the channels in 3a represent a structurally and biotically diverse
collection of halophytes, including Grindelia stricta, Jaumea carnosa,
Distichlis spicata, Limonium californicum, Frankenia salina, and

Spartina foliosa in the channels. The light fringe against the bay in 3a
is a zone of Spartina foliosa, illustrated in early spring in 3c. 3d A view of
the marsh plain dominated by Salicornia pacifica (with some Cuscuta
salina) also illustrating the topography limiting potential retreat with
SLR. (All photos: V.T. Parker)

restricted to channel margins or the land interface (Grindelia
stricta, Jaumea carnosa, Limonium californicum, Distichlis
spicata, Frankenia salina), with additional rarer species found
primarily in the oldest marshes (Boyer and Thornton 2012).
Brackish marshes contain most of the more common salt marsh
species, but restricted more to the inner marsh plain, while areas
around the tidal channels are dominated by Bolboschoenus
maritimus and a number of other species, with diversity increasing as salinity declines in different parts of the estuary (Vasey
et al. 2012). The freshwater tidal wetlands are diverse as well
and tend to be dominated by Schoenoplectus acutus,
S. californicus, Typha latifolia, and Phragmites australis, as
well as with a variety of other herbaceous and woody species
(Leck et al. 2009; Callaway et al. 2012). The tidal range is mixed
semi-diurnal, with a high-high tide, low-high tide, high-low tide,
and low-low tide each ~24 h period; the extent of tidal range
averages 1.78 m in the salt marsh areas. The tidal range between
the lowest and highest tides narrows into the Delta.

retreat is possible to some extent (Heberger et al. 2009).
Using data based on a variety of sources, Heberger et al.
(2009) estimated that 58.6% of Bay Area wetlands have potential migration routes. These estimates are based on simple
elevation models and removal of dikes and other anthropogenic constraints. The potential for retreat varied considerably
among different parts of the region, and most migration routes
were found in the northern part of the Bay Region, which is
the least developed (Fig. 2).
Constraints for migration originate in the fact that the coast of
California is characterized by parallel mountain ranges that run
roughly north and south. San Francisco Bay is found within two
of those ranges, while the Delta is to the east of the interior
ranges and spreads out at the juncture of the Sacramento and
San Joaquin Valleys (Fig. 1). Because the Bay region is densely
populated on the lower mountain slopes down to the Bay edge,
these mountains provide major constraints for tidal wetland retreat during sea level rise. Partly, in some areas mountainous
topography actually limits retreat; in other areas, the constraint
comes from human infrastructure bottlenecked between the
mountains and Bay. In addition, with water extraction for potable and industrial uses, now some residential areas and industrial
zones are at or below sea level (Pinto and Kondolf 2016), a
major barrier to upslope migration even if these lands were
available for conversion back to wetlands. The west and east

Limitations of Topography and Urbanization
to Upward Migration
The wetlands of the Bay Area represent over three quarters of
all California wetlands and studies indicate that wetland
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sides of the Central Bay contain much of the urban infrastructure
of the Bay region (Fig. 2), including San Francisco, Richmond,
Berkeley, and Oakland. In the South Bay, low elevation land
adjacent to wetlands is highly urbanized, making up much of the
so-called Silicon Valley and the city of San Jose. Retreat is
difficult in these areas and would be extremely costly.
Percentage retreat potential of wetlands for some of these
counties is in single digits.
At the north end of the Bay, former wetlands have been
diked and drained and converted to agriculture or grazing
(Fig. 2). The low-lying lands are the entrances to Sonoma
and Napa Counties with their extensive viniculture and other
agricultural areas, as well as several cities along the Petaluma
and Napa Rivers. Dikes are already in place for much of the
region as a result of wetland conversion. While restoration of
tidal wetlands is proceeding in many areas, considerable retreat of these urban regions will be slow and met with resistance. Yet these are the areas with the greatest potential for
migration routes during SLR.
The freshwater flow into the Bay passes through the Suisun
Bay region, a mostly modified tidal wetland landscape with
some topographic barriers, and significant urban infrastructure
in low-lying spots like interstate freeways. To the east of Suisun
Bay is the tidal Delta region, now mainly represented by extensive diked agricultural areas, and connecting to the low elevation
Central Valley of California. Many of the Delta ‘islands’ (diked
former tidal freshwater wetlands) have subsided on the order of
several meters (Ingebritsen et al. 2000; Mount and Twiss 2005),
making conversion back to wetlands a difficult proposition, especially with increasing sea level rise.

Sea-Level Rise Projections for Bay Area
Relative sea level rise in the San Francisco Bay-Delta region
during the twentieth century was about 22 cm and similar to
global averages (Dettinger et al. 2016). Globally, rates of SLR
were generally less than 1 mm/y around a century ago, rising
to 2 mm/y between the 1930s and the 1950s, then declining
slightly during the 1960s and 1970s because of increases in
global volcanic activities (Church and White 2006). Global
average SLR, which has been close to 2–3 mm/y over the last
few decades (e.g., Stevenson et al. 2002; Church and White
2006; Meehl et al. 2007), is considered a result of thermal
expansion of the oceans, atmospheric pressures, and melting
of formerly permanent ice (Howat et al. 2007; NRC 2012).
Subsequently, increases in rates of relative SLR to 2–3 mm/y
have been reported in most parts of the world (Cazenave and
Nerem 2004; Holgate and Woodworth 2004; Hughes 2004;
Church and White 2006; Beckley et al. 2007). The IPCC
estimated SLR of 10–59 cm by 2100 but later raised estimates to 18–79 cm (Meehl et al. 2007). The conservative
IPCC rates are more than a doubling of current rates. These

1223

global values have to be adjusted for local conditions that
may affect relative sea levels, such as glacial isostatic adjustments of land masses, subsidence due to removal of water
from aquifers, and vertical land motion reflecting tectonic
activity (Wöppelmann and Marcos 2016; Hamlington et al.
2016).
Estimates of relative sea level rise by a variety of methods
suggests that the Pacific coast may be experiencing rates slower
than other regions (Kopp et al. 2014; Carson et al. 2016; Kirwan
et al. 2016; Raposa et al. 2016). These current rates should be
considered significant underestimates in the longer term because
most methods have not accounted for regional atmospheric influences (Bromirski et al. 2011) nor the processes involved with
melting ice sheets (Richardson et al. 2009; Vermeer and
Rahmstorf 2009; Rahmstorf 2010). Recent models focused on
ice sheets provide a variety of uncertain futures, conservatively
indicating an additional 1 m of SLR by 2100 (DeConto and
Pollard 2016), or even larger increases (Hansen et al. 2016;
Nowicki et al. 2016). Considering that Greenland and
Antarctica hold ice sheets equivalent to 7 m of SLR and 57 m
of SLR, respectively (Nowicki et al. 2016), there remains potential for considerable acceleration of SLR.
Forecasting future rates of SLR is a difficult process. Some
studies suggest that the IPCC rates may be relatively accurate for
the SF Bay region (NRC 2012; Dettinger et al. 2016). However,
tectonics, anthropogenic processes promoting subsidence, the
Pacific Ocean Decadal Oscillation, and the El Niño-Southern
Oscillation all affect local relative SLR. Generally, land areas
north of Cape Mendocino have been rising at about the same
rate as SLR due to subduction along the Cascadia Subduction
Zone. South of there, including the Bay Area, land has generally
been subsiding (NRC 2012). Combined, the SF Estuary should
end up with rates of SLR close to or slightly faster than global
averages (NRC 2012; Dettinger et al. 2016), a challenge for tidal
wetlands in the estuary.

Other Climatic Issues: Higher Temperatures,
Lower Precipitation, Reduced Snowpack
Accelerating sea level rise is not occurring in isolation to other
major environmental changes that can affect how wetlands
will respond. Resilience of wetlands depends to a great extent
on plant productivity to maintain wetland elevation as relative
sea level rises. Increases in both CO2 concentration and temperature will affect California wetland plant productivity in
ways that are complex. Many studies have shown increases
in plant above-ground and below-ground productivity in elevated CO2 compared to ambient concentrations, suggesting
greater wetland resilience (e.g., Erickson et al. 2013; Drake
2014). C3 plants outperform C4 plants in these studies, but
productivity was limited under high salinity or droughts and
differences between photosynthetic modes disappeared

1224

(Drake 2014). California is predicted to experience increasing
temperatures that will further concentrate wetland substrate
salinity in our rainless summers (Cayan et al. 2012).
Additionally, California’s Mediterranean climate already experiences high variability among years, yet models indicate
that this interannual-interdecadal variability will increase in
the near future (Cayan et al. 2008b, Dettinger et al. 2016,
Dettinger 2016). The issue remaining is whether increasing
CO2 will increase plant production or whether other environmental changes will constrain that potential.
The watershed providing freshwater input to the SF
Estuary is experiencing increasing variability while average
temperatures continue to increase. Globally climate is
responding to the differential increases in concentrations of
carbon dioxide and other greenhouse gasses over the last
few decades (Meehl et al. 2007; Richardson et al. 2009).
These gas concentrations are on increasing trajectories at rates
faster than predicted in recent Intergovernmental Panel on
Climate Change (IPCC) models (Richardson et al. 2009).
The extent to which these gasses may increase in the future
depends on what actions are taken to curb their production,
such as the recent Paris agreements. Models of only a few
years ago suggested that by 2100 carbon dioxide will increase
to 400 ppm or up to near 1000 ppm (Meehl et al. 2007; Cayan
et al. 2008b; Richardson et al. 2009); although the irony of
these models is that the average values measured at the Mauna
Loa Observatory in Hawaii already exceed 400 ppm. Clearly,
global climates already are affected by current levels of greenhouse gasses (Meehl et al. 2007). One prediction of all models
is a global increase in average temperatures, and temperature
changes apparently scale with atmospheric carbon concentration (Dettinger et al. 2016). This suggests future temperature
rises depend on how humans increase or reduce rates of greenhouse gas emissions.
Increased average air temperatures will modify regional
processes, and Northern California is predicted to experience
significant increases in temperature. Climate change models
scaled to Northern California indicate that temperatures may
rise significantly in the next 100 years, the extent of which,
1.5 °C – 7 °C, depends upon the magnitude of increase in
greenhouse gasses (Dettinger 2005; Cayan et al. 2008b;
Dettinger et al. 2016). The extent to which these gasses may
increase in the future depends on what actions are taken to
curb their production, such as the recent Paris agreements.
The net impact of these potential changes on tidal wetlands
is relatively uncertain. Predictions of these models scaled to
Northern California suggest a transition in the proportions of
precipitation arriving more as rain rather than snow in the
Sierran watershed (Lettenamier and Gan 1990; Knowles and
Cayan 2002; Knowles et al. 2006). Changes like this will
reduce the magnitude and duration of mountain snowpack
for the watershed of the Bay-Delta Estuary, a process that
has apparently already begun (Hayhoe et al. 2004; Cayan
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et al. 2008b, Kapnick and Hall 2012). The decline in the
duration of snowpack means that freshwater flows into the
Estuary will be modified, increasing flows in winter, with
potential flooding, and reducing summer river flows entering
the Estuary (Knowles and Cayan 2002; Miller et al. 2003;
Hayhoe et al. 2004). Recent studies also indicate that
California experiences the greatest and most variable storm
regimes (Ralph and Dettinger 2012). After four years of
drought, for example, the 2016–17 precipitation year was unusually high, with significant events of ‘atmospheric rivers’
bringing flooding in coastal areas and considerable snowpack
to the Sierra Nevada. The warm spring melted the snowpack
rapidly, and flooding in late spring 2017 occurred in some
areas; summer 2017 exhibited record-breaking heat waves.
Combined with increasing sea level, salinity will encroach
into brackish and freshwater systems and the increased temperatures, frequent drought, and occasional severe flooding
will tax the resilience of SF Estuary wetland ecosystems.

Modeled Results Depend on Rates of Plant
Growth and Suspended Sediment
Accelerating SLR threatens the persistence of tidal wetlands
but recent analyses, however, suggest that SF Estuary wetlands potentially will experience slower relative rates of SLR
than other regions (Kirwan and Megonigal 2013; Kirwan et al.
2016; Carson et al. 2016). Resiliency of SF Estuary tidal wetlands in the context of accelerating SLR strongly depends on
several processes. Suspended sediment settlement is a critical
process for wetland elevation accretion with rising sea level
and appears to be especially critical at the more saline edges of
estuaries (Thom 1992; Neubauer et al. 2002; Cloern et al.
2011; Stralberg et al. 2011). Plant productivity is the other
major source of materials for wetland accretion (Morris et al.
2002; Drexler et al. 2009; Mudd et al. 2010; Drexler 2011),
even though other processes can play a principal role in some
locations, such as subsidence or other processes of vertical
land movement.
Several studies have modeled projections of SLR for the
SF Estuary that indicated the extent of resilience of the tidal
wetland systems (Stralberg et al. 2011; Schile et al. 2014;
Swanson et al. 2013, 2015). These models used a variety of
approaches with ranges in starting elevations, SLR, concentrations of suspended sediment, and different ways to account
for organic matter accumulation. Tidal wetlands in the SF
Estuary are surprisingly resilient, even though most scenarios
lead to some loss of marsh area when sea level rise was
greatest (1.65 m in 100 years) and suspended sediments were
at their lowest concentrations (25 mg/L). These models combine different types of dynamic processes, but again, only
provide a framework of predictions. Lower rates of SLR (generally less than 60 cm) and moderate to higher concentrations
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of suspended sediments (~100 mg/L) estimated that modeled
wetland elevations maintain a position within the range of
either high or low marsh plant growth for a large number of
combinations (Stralberg et al. 2011; Schile et al. 2014;
Swanson et al. 2013, 2015). In three of the studies, suspended
sediments and the rate of SLR were the most important determinants of tidal wetland resilience (Stralberg et al. 2011;
Swanson et al. 2015). SLR and mineral sediment accumulation were also critical in wetland resilience in the fourth study
(Schile et al. 2014), but because organic production dynamics
was included, the results indicated that plant productivity also
would be critical, especially toward the less saline portions of
the estuary. The Schile et al. (2014) approach combined prior
approaches (Stralberg et al. 2011) with a marsh productivity
model (MEM model, Morris et al. 2002). Using different projections of potential sea-level rise over the next century (52,
100, 165, 180 cm) and of suspended sediment concentrations
(100%, 50%, and 25% of current concentrations of 100 mg/l
for salt marshes and 50 mg/l for brackish marshes), the models
simulated marsh accretion across vegetated elevations for
100 years, applying the results to high spatial resolution digital
elevation models to quantify potential changes in marsh distributions. At low rates of sea-level rise and mid-high sediment concentrations, all marshes maintained vegetated elevations without losing mid-high marsh habitat. However, with
century sea-level rise at 100 and 165 cm, marshes shifted to
low marsh elevations; mid-high marsh retreated to former uplands and were usually much reduced in extent. Uncertainty in
interpreting the results of these models results from lack of
information about how plant productivity will respond to increasing CO2 combined with warmer temperatures, the future
concentrations of suspended sediment, the dynamics of
suspended sediment in shallower areas, and how fast and to
what degree SLR will ultimately reach (Wright and
Schoellhamer 2004, 2005; Cayan et al. 2008; Parker et al.
2011, 2012b; Dettinger et al. 2016).

Restoration Projects in the SF Bay-Delta
Estuary
Tidal wetlands play critical roles in sequestering carbon and
protecting adjacent lands and populations from storm surges
and these roles in the SF Estuary have been compromised by
natural landscape dynamics, rising sea level, and large-scale
human alterations to wetland geomorphology and hydrology
(Nicholls et al. 1999; Chmura et al. 2003; Reed and Wilson
2004; Bridgham et al. 2006). While the San Francisco BayDelta region has lost over 90% of the original tidal wetland
system, restoration projects experimentally began in the
1970–1980s (Boesch et al. 1994; Weinstein et al. 1997;
Siegel and Bachand 2002; CSCC and CDFG 2003;
Callaway et al. 2011). These restoration efforts have

accelerated in number and extent, and future plans are to
breach levees and dikes to restore close to 50% of the lost
tidal systems (Goals Project 1999, 2015; Grenier 2016)
(Fig. 4). Over 4047 ha (10,000 acres) of restoration are
planned in the Napa-Sonoma marsh complex alone, as well
as large-scale restoration in former Delta ‘islands’ and in areas
formerly used as excess flood pathways, like the Yolo
Causeway. In the Delta, efforts to prevent the loss of
federally-endangered fish and reduce toxic algal blooms are
resulting in additional regulatory changes as the State Water
Board is proposing that municipalities and other agencies
must leave higher levels of water in rivers that enter the
Delta (California State Water Resources Control Board 2016).
As described, persistence of tidal wetlands into the future
will rely on the sediment surface elevation keeping pace with
SLR. Until very recently, suspended sediment was expected to
be adequate to accumulate in many restored wetlands to
achieve elevations suitable for emergent vegetation establishment on the order of years to decades; however, with waters
becoming clearer with depletion of the erodible sediment pool
(Schoellhamer 2011), an abundant sediment supply is no longer expected to passively build restored marsh elevations.
Hence, planners must consider whether starting elevations
should be augmented with dredged material or if there are
other methods that can be employed to help the marshes accumulate sediment. Regulators of bay dredging, including the
San Francisco Bay Conservation and Development
Commission and the US Army Corps of Engineers, are rethinking offshore dredge disposal and considering mechanisms for utilizing dredged sediments widely for wetland restoration projects. Several previous tidal marsh restoration projects have utilized dredged sediments in this way, including
Sonoma Baylands and Hamilton Wetlands (Fig. 4), and many
more are likely to follow with recognition of sea level rise
constraints on tidal wetland formation and persistence.

Adaptation to Rising Seas
through Restoration
A number of innovative solutions are planned or are already
being piloted to utilize restoration as a tool for sea level rise
adaptation in the San Francisco Estuary. These include a variety of Bliving shorelines^ projects, which utilize a suite of
sediment stabilization and habitat restoration techniques to
maintain or build the shoreline, while creating habitat for a
variety of species, including invertebrates, fish, and birds (see
NOAA 2015 for an overview). The term living shorelines
denotes provision of living space and support for estuarine
and coastal organisms through the strategic placement of native vegetation and natural materials; these can serve as an
alternative to bulkheads and other engineering solutions that
provide little to no habitat in comparison (Scyphers et al.
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Fig. 4 Distribution of current and
planned tidal marsh restoration
projects in San Francisco Bay,
and locations of projects
described in the text, including
sediment placement or
experimental tests of adaptation to
sea level rise
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2011; Arkema et al. 2013; Gittman et al. 2014). To date, use of
living shorelines approaches in the US have been mostly limited to the East and Gulf Coasts, where they have been shown
to enhance habitat values and increase connectivity between
wetlands, mudflats, and subtidal lands, while reducing shoreline erosion during storms and even hurricanes (Currin et al.
2015; Gittman et al. 2014, 2015). Fewer of these projects have
been attempted along the US West Coast, but interest has been
growing in part due to increasing concerns about sea level rise
and storm surge and the need to protect valuable residential,
commercial, and industrial assets (McGranahan et al. 2007;
Heberger et al. 2011; Gallien et al. 2011).
Strategies and recommendations for living shorelines projects to mitigate climate change have been developing at CA
state resource agencies (State Coastal Conservancy 2011;
California Coastal Commission 2015; Natural Resources
Agency 2015). Further, the San Francisco Bay Subtidal
Habitat Goals Project proposed piloting of living shorelines

projects that specifically test the roles and potential synergy of
integrating restoration of multiple species for both habitat and
shoreline protection benefits (State Coastal Conservancy
2010). In addition, a 2015 climate change update to the
Baylands Ecosystem Habitat Goals Report (Goals Project
2015) recommended multi-habitat, multi-objective approaches and living shorelines in order to increase resiliency
of San Francisco Bay tidal wetlands and associated habitats to
climate changes such as sea level rise.
In response to these recommendations, the first living
shorelines project in San Francisco Bay was implemented in
2012 by the State Coastal Conservancy and an interdisciplinary team of biological and physical scientists. Now in the fifth
year of monitoring, lessons learned and design criteria for
future projects in San Francisco Bay and elsewhere are being
disseminated (Boyer et al. 2017). Installations of native oysters (Ostrea lurida) and eelgrass (Zostera marina) along the
San Rafael shoreline (Figs. 4 and 5) have enhanced habitat
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Fig. 5 Examples of restoration
projects testing methodologies for
adaptation to sea level rise. 5a
Oyster shell bag mounds at the
living shorelines project in San
Rafael (photo: S. Kiriakopolos).
5b Some of the ~500 earthern
mounds constructed at the Sears
Point restoration to slow wave
energy and accrete sediment
(photo: M. Buchbinder). 5c
Planting Spartina foliosa on a
Sears Point mound to test its
effects on stabilizing mounds and
jumpstarting marsh processes
(photo: K. Boyer). 5d A high tide
refuge island at Corte Madera
Ecological Reserve, two years
after construction (photo: G.
Archbald). 5e The federallyendangered plant, Suaeda
californica, climbing a fence in
Morro Bay, central California
(photo: P. Baye). 5f Newly
installed Barbors^ (branches
inserted into the marsh) among
pickleweed at Corte Madera
Ecological Reserve, to encourage
Salicornia pacifica to grow taller
canopies to support high tide
refuge for birds and mammals
(photo: K. Boyer)

values for birds, fish, and invertebrates and reduced wave
energy by ~30% more than the mudflat alone, suggesting
there could be shoreline protection benefits, particularly when
such projects are sited near to shoreline edges. Building on the
first project, a new living shorelines project by this team at
Giant Marsh near Point Pinole (Fig. 4) is in the permitting
phase and includes a variety of subtidal and intertidal features,
from oyster reefs and eelgrass in offshore areas, to oyster reefs
near to cordgrass plantings along the shore, to vegetation enhancements for high tide refuge for bird and mammal species,
which will become more critical as the bay’s waters rise.
Another design concept for adapting bayfront shorelines to
sea level rise in the San Francisco Estuary has been termed the
horizontal levee (ESA-PWA 2013). This concept involves additions of sediment to form a broad levee and new tidal marsh
on top of mudflat, allowing the marsh to buffer wave action
and permitting a much reduced levee height than would otherwise be necessary to protect lands behind it. In addition, the
concept includes use of treated wastewater near to the levee to
promote brackish wetlands (otherwise uncommon in the lower bay region) and further remove nutrients before they reach
the bay. The idea is being piloted at the Oro Loma Sanitary

District Treatment Plant currently (Fig. 4), in a location that is
not directly adjacent to the bay. There is great interest in testing this design along the bay front as a next step, although
significant permitting challenges for placement of large
amounts of fill into the bay will need to be overcome.
Sand, gravel, and shell beaches were once a much more
common feature fringing the edges of tidal wetlands along
San Francisco Estuary shores, and are now being featured in
pilot shoreline retrofitting projects. Such coarse sediments deposited along eroded marsh edges can trigger establishment of
wave-built berms during storms, and this process can build
elevation along tidal marsh edges much more rapidly than
can the gradual accretion of fine sediments on a tidal marsh
plain. Restoration projects are under development to place
coarse sediment, including sand and gravel, along two eroding
beaches in Marin County (at Blackie’s Pasture in Tiburon and
at Corte Madera Ecological Reserve; Fig. 4) to allow redistribution onto marsh scarps during storms (K. Boyer, J. Beagle,
P. Baye, and R, Leventhal, in progress). In doing so, the ability
of these areas to keep pace with sea level rise should be augmented, while restoration of a now uncommon habitat type is
also enhanced. The federally endangered high marsh plant,
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Suaeda californica (California sea-blite) thrives in such coarse
sediment deposits (Baye 2006), thus restoration of this type
also provides an opportunity to plant and contribute to recovery of a rare species. An added benefit is that CA sea-blite
grows into a large shrub, which may also serve as refuge for
birds and mammals during high tides, including the federally
listed CA Ridgway’s rail (Rallus obsoletus obsoletus) and salt
marsh harvest mouse (Reithrodontomys raviventris).
Constructed features internal to wetlands are also being
tested as a means to increase sediment accretion and accelerate
marsh development. At the Sears Point restoration project in
San Pablo Bay (Figs. 4 and 5), approximately 500 earthen
mounds were built across a ~400 ha site that had subsided
during decades of oat hay farming, for the purposes of slowing
wind waves and permitting sediment to accumulate to elevations that can support tidal marsh vegetation (USFWS 2012;
Press Democrat 2015). When the levee of this former wetland
was breached in October 2015, monitoring began to determine
whether the mounds are effective in their purpose, and if plantings of Spartina foliosa at the tops of the mounds can help to
stabilize them and facilitate sediment accretion and other desired marsh functions such as recruitment of invertebrates (M.
Buchbinder, SFSU master’s thesis, in progress). Managers are
watching this project closely as a potential model for other
subsided restoration sites.
A different type of earthen mound is being used to retrofit
existing tidal marshes in the estuary for the purposes of providing high tide refuge to CA Ridgway’s rail and other wildlife. Between 2012 and 2016, sixty-two earthen mounds were
constructed at thirteen marsh sites (including Corte Madera
Ecological Reserve; Figs. 4 and 5) in San Francisco Bay using
bay mud from within each site (H. T. Harvey and Associates
2017). These 3 × 8 m mounds have been planted with marsh
gumplant (Grindelia stricta var. angustifolia) to mimic the
high-tide refuge function of gumplant-lined slough channels
in mature tidal marshes. Wildlife biologists are currently monitoring to assess the efficacy of these treatments for refuge
during high tides and seasonal flooding.
High tide refuge for wildlife may also be enhanced through
training of vegetation to climb to taller heights. Both perennial
pickleweed and CA sea-blite can be observed to grow several
feet higher than surrounding vegetation if there are materials
present that facilitate climbing, such as logs, fences, or other
debris (Fig. 5). Woody debris was once much more common
along bay shores before logging, damming of tributaries, and
removal of wood from open waters to facilitate shipping.
These two succulent species also perform well during drought
years, thus providing an alternative to the broad-leaved marsh
gumplant that has been targeted in restoration projects in recent years for high tide refuge but that suffers mortality from
high salinities during drought. At several locations (Giant
Marsh, Blackie’s Pasture, and Corte Madera Ecological
Reserve; Fig. 4), new projects in 2017 and 2018 are testing
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the use of surplus Eucalyptus or other branches culled through
landscaping and inserted into marshes as Barbors^ to train
existing vegetation (pickleweed; Fig. 5) and newly planted
CA sea-blite to achieve higher canopies.

Conclusions and Recommendations
Many of the limitations to tidal marsh persistence with SLR in
the San Francisco Bay-Delta estuary apply to other regions,
and are particularly applicable along the Pacific Coast of
North America. Natural processes like the variable semi-arid
conditions along this coast lead to unpredictable variation in
salinity in different portions of any estuary. The mountainous
topography of western North America restricts potential sites
for tidal wetland retreat. Combine these with densely populated coastal areas, especially around estuaries, and solutions
may appear to be difficult. Human alteration of watershed
hydrological processes, considerable diking and draining of
tidal wetlands, and channelization and manipulation of estuarine structure all impact the resilience of these systems.
At the same time, regionally, the fundamental importance
of these ecosystems is becoming recognized and steps are
being taken to help sustain them under future SLR conditions.
Substantial efforts now are underway to restore tidal wetlands,
strategies are being developed to provide alternative sources
to suspended sediment, and ‘living shorelines’ are being created. A variety of techniques are being experimentally
employed to determine what approaches might work best to
protect shorelines and permit tidal marshes to gain elevation in
pace with SLR, as well as more simple modifications like
adding earthen mounds or large branches in existing marshes
to increase the elevations of plant canopies and protect wildlife during high tides. Although most of these projects are
being tested at small scales, there is an urgent need to learn
from them quickly and apply lessons at the landscape scales
necessary to sustain tidal marshes as sea level rise proceeds
and accelerates. Further, it will be valuable to pilot them in
other regions along the Pacific coast and elsewhere to test their
broad applicability and potential for benefits.
While great uncertainty remains about how well these efforts will pay off in the context of unknown future rates of
SLR and increasing atmospheric temperatures, clearly some
directions are now apparent. First, corridors of wetland migration need to be set aside either by purchase or something
equivalent to conservation easements; these corridors mostly
are only practical in the northern part of the Bay-Estuary and
in the south Bay on former salt evaporator sites. Policy makers
should consider limiting development in areas of future risk,
as well as retreating from those types of areas that are developed at low or moderate density. Already, infrastructure is at
risk due to the combinations of increasing SLR with storm
surges. Highways, roads, wastewater treatment plants, and
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the San Francisco and Oakland international airports are in the
high-risk zones for storm surges. The human aspects of these
future risks are on display in the damages from Hurricane
Harvey in Texas and Louisiana and the subsequent hurricanes
in the Caribbean. Policy needs to project to these futures,
consider vulnerable populations and infrastructures, and consider not just the cost of ‘adaptation’ but the environmental
justice implications as well.
The two processes most important to wetland resilience,
the dynamics of suspended sediment in shallow reaches and
the productivity of local plants under higher CO2 and temperatures are understudied. We have long-term data on the decline of SSC in rivers and deep channels of the SF Estuary, but
little information on the movements, resuspension and resettlement of sediments from and in shallow areas and when
dikes are removed for restoration. Research on these issues
would aid planners of restoration as well as management of
existing wetlands.
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