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. SUMMARY

Tidal salt marshes have become a rare habitat in recent history and the various laws in
place protecting them are evidence of their value. Marshes perform many functions, and
the Salicornia pacifica-dominated mashes of Elkhorn Slough exhibit these functions.

Tidal salt marshes undergo the processes of subsidence and accretion, which often allow
them to maintain a stable elevation in pace with the natural rate of sea level rise. This
ability to keep pace with sea level rise has been shown to reduce erosion and channel
widening and increase sediment accretion while maintaining subtidal habitats. The
process of accretion both traps and creates sediment, and this helps slow water velocity to
control erosion and provide shoreline protection.

Marshes have also been shown to improve nutrient filtration, which provides a health
benefit to the estuary's aquatic life forms and to humans by reducing eutrophication and
the transmittal of pathogens.

Furthermore, the unique sediment conditions of salt marshes allow them to store
disproportionate quantities of soil carbon and help them to remove nitrogen from the
hydrosphere.

Finally, tidal marshes in Elkhorn Slough are home to dozens of native plant species, and
are used by invertebrates, fish, reptiles, birds and mammals for resting, feeding, breeding
and refuge. The dominant Salicornia pacifica may also play a role in the detrital food
web, although its role in the overall food web has not been found to be significant.

II. INTRODUCTION

About 52% of the wetlands in the United States have disappeared. California's have
disappeared for mostly anthropogenic reasons over the past 200 years, resulting in a more
than 90% loss of total wetland habitat in California (from approximately 5 million to
450,000 acres) (Grewell et al 2007). Of those remaining today, few are not dominated by
Spartina species.

In Elkhorn’s tidal salt marshes, a single dominant plant, pickleweed (Salicornia pacifica,
formerly Salicornia virginica) accounts for almost all the cover in the low to mid marsh
(approximately mean high water to mean higher high water in areas open to full tidal
exchange). Above mean higher high water, other marsh plants co-occur with pickleweed
and also with upland plants in the salt marsh-upland ecotone. Like several other central
California estuaries, Elkhorn Slough’s low marshes lack cordgrass (Spartina foliosa).

This paper examines the value of the functions performed by the Elkhorn Slough's tidal
salt marshes, which are some of the most extensive remaining tidal wetlands in
California.



I11. MORPHODYNAMIC FUNCTIONS

For decades, conceptual models of salt marsh evolution implied that tidal marshes
steadily and inevitably filled in over time. However, research over the last 25 years has
demonstrated dynamic processes in tidal marsh morphology, which often lead to a near
equilibrium that can maintain marsh habitats over the long-term (Friedrichs and Perry
2001). Marsh plants themselves contribute to this equilibrium.

In their book Wetlands, Mitch and Gosselink (2000) explain:

The long-term stability of a salt marsh is determined by the relative rates
of two processes: 1) sediment accretion on the marsh (including the
production and the deposition of peat by growing plants), which causes it
to expand outward and grow upward in the intertidal zone; and 2) coastal
submergence caused by rising sea level and marsh surface subsidence.
These two processes are, to some extent, self-regulating; as a marsh
subsides, it is inundated more frequently and, thus, receives more
sediment and stores more peat. Conversely, if a marsh accretes faster than
it is submerging, it gradually rises out of the intertidal zone, is flooded less
frequently, receives less sediment, and oxidizes more peat.

This stability over time may influence more than just the marsh itself. Models indicate
that in the face of sea-level rise, vegetated marshes may be critical for maintaining other
associated intertidal surfaces as well. Model experiments conducted in systems with and
without marsh vegetation found that 1) without marsh plants, sea-level rise resulted in the
deepening and erosion of tidal channels, which led to the conversion of intertidal surfaces
to completely subtidal surfaces; and 2) with marsh plants, sea-level rise resulted in
increased sediment accretion, and the maintenance of intertidal habitats (Kirwan and
Murray 2007). Marsh plants also appear to play a role in the formation and maintenance
of tidal creeks and provide shoreline protection.

A. Sediment accretion and decreased water velocity/erosion control

Marsh plants can contribute to sediment accretion in two main ways: 1) the plants’
physical structure can trap sediments and bind soils, and 2) plant growth, both above- and
below-ground, can contribute organic sediment to the marsh plain (Allen 2000).

1. Sediment trapping and soil stability

Marsh plants’ above-ground structure has been shown to significantly reduce tidal flow
speed and turbulence relative to unvegetated areas, promoting sediment deposition and
preventing sediment resuspension (Friedrichs and Perry 2001). Studies done across
several U.S. estuaries found that mean flow speeds in marshes were 2.5 to 3 times lower
than areas without marsh canopy (Leonard and Reed 2002), and even short marsh plants
are effective and slowing water and increasing sedimentation (Boorman et al. 1998).
Because marsh plants so efficiently dampen tidal flows, Friedrichs and Perry (2001)
claim that “it is probably unlikely that water flow through healthy marsh grass ever
results in long-term net erosion of sediment from the marsh surface.”
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The roots of marsh plants also promote stability, by binding deposited soils and adding
strength through intertwined below-ground growth (Allen 2000). Microscopic algae and
bacteria (“biofilms”) found growing in salt marshes may also help to bind sediment
grains, making the marsh surface more resistant to erosion (Allen 2000).

2. Sediment creation

In addition to trapping and binding sediments, marsh plants produce much of the organic
component of marsh sediments. Aboveground growth contributes litter that accumulates
on the marsh surface, but most plant production in coastal marshes occurs belowground
as roots and rhizomes (Allen 2000, Turner et al. 2009). These organic contributions have
been increasingly recognized as critical to marsh sustainability, even in marshes where
the soil appears to be dominated by mineral sediments (Turner et al. 2004, Nyman et al.
2006). In a brackish San Francisco Bay marsh dominated by Salicornia pacifica and
Distichlis spicata, researchers concluded that belowground productivity is a main driver
in marsh elevation (Culberson et al. 2004), although another researcher found surface
accumulation to be significant in the same region (Reed 2002).

Because plant productivity appears to play a significant role in tidal marsh sustainability,
stressors to plant growth can trigger detrimental feedback loops. Too frequent or
prolonged inundation can decrease marsh plant root growth, which in turn, decreases
sediment elevation, further increasing the tidal flooding, which further reduces plant
growth (Mitch and Gosselink 2000). This pattern of marsh drowning, seen in several
estuaries including Elkhorn Slough, is characterized by plant loss in the central portions
of the marsh (Friedrichs and Perry 2001). Recent research has implicated eutrophication
in this pattern of marsh drowning. In long-term salt marsh experiments conducted on the
east coast, nutrient enrichment reduced belowground organic matter, which in turn, can
lead to significant elevation loss and increased inundation (Turner et al. 2009). These
authors caution that salt marshes at the low end of their elevation range exposed to high
nutrient loading are very vulnerable to relative elevation changes and in danger of
irreversible marsh loss.

3. Formation of tidal channels and creeks

Tidal creeks may form before the emergence of vegetated marsh, arising from terrestrial
drainages or previously incised mudflats (Friedrichs and Perry 2001), or may evolve
partially as a result of water flows deflected from and concentrated between nearby dense
marsh plant patches (Temmerman et al. 2007). While plants are effective at preventing
erosion inside the marsh plain, salt marsh plants do not appear to reduce erosion along
wetland edges (Feagin et al. 2009). In fact, marsh plants resist displacement, so direct
erosion often occurs on tidal creek banks, which undermines marsh edges and creates
slumps (Friedrichs and Perry 2001). Despite high rates of erosion, undercut edges, and
slumping creek banks, salt marsh creeks are recognized as stable landscape features that
can persist for many, many years. Work done in San Francisco Bay proposed that the
discrepancy is due to the persistence of the failed bank material (Gabet 1998). The
author explained that “when a [tidal creek] bank collapses, the slump block induces



sedimentation behind it and buttresses the bank. Once buttressed, the bank is protected
from attack until the slump block is eventually eroded away” (Figure 1).
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Figure 1. Illustration of the processes and events that occur in a tidal creek meander
bend. From Gabet 1998.

B. Shoreline protection

As noted above, water flows are significantly dampened as they pass through salt marsh
plants. Therefore marsh plains can provide adjacent uplands with protection against
coast flooding and wave erosion (Allen 2000). However, fringing marshes do not appear
to offer the same protection. Field and lab studies have shown that salt marsh plants do
not significantly reduce erosion along wetlands edges, and therefore do not provide
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protection from breaking waves along its edges (Feagin et al. 2009). This is evident in
Elkhorn Slough. Wind waves in areas with only a narrow fringing salt marsh, such as the
Parsons Complex, can result in significant erosion of the upland edge.

C. Nutrient Uptake and Water Quality

Joana Nelson's field studies in Coyote Marsh in the Elkhorn Slough suggest that marsh
plants have a significant ability to continue to take up excess nitrogen, and the capacity of
salt marsh plants to take up experimentally-added nitrogen above and beyond the high
background levels of nitrogen already found in Slough tidewater (2009).

Research by Karen Shapiro et al (2010) found that total degradation of wetlands may
result in increased Toxoplasma transport of six orders of magnitude or more. This work
indicates that destruction of wetland habitats along central California may thus facilitate
pathogen pollution in coastal waters with detrimental health impacts to sea otters and
other wild life, as well as to humans.

V. BIOGEOCHEMICAL CYCLING

Tidal salt marshes have unique biogeochemical processes due to the anoxic conditions
and high levels of sulfate that tend to be present in their soils.

A. Sulphur

Microbial sulfate reduction is a key process in marine environments (where sulfate is
abundant), but it is usually limited in freshwater wetlands by low levels of sulfate and
takes place only under anaerobic conditions (U.S.G.S. 2004). The high sulfate levels in
tidal salt marshes, combined with organic matter burial through sea-level driven sediment
accretion, help them store carbon as shown in Figure 2 (Chmura 2003; DeLaune 2003).

B. Carbon

Wetlands as a whole store a disproportionate amount of soil carbon, perhaps as much as
one third of the world’s total soil pool (Wolf 2007), and are widely recognized as a
natural sink for carbon dioxide, yet this sink is offset by the emission of a large
percentage of the total global flux of methane (Chmura 2003; Bridgham 2006).

Wetlands in general are widely recognized as the largest natural source of methane
(Whiting 2001; Chmura 2003; Whalen 2005; Bridgham 2006; Altor 2008; Yu 2008);
however, in tidal salt marshes high levels of sulfate limit methane production to such a
degree that these marshes are considered negligible methane sources and in some cases
methane sinks (Chmura 2003; IPCC 2007). Tidal salt marshes are also considered sinks
for carbon dioxide (Mitsch 2000; Whiting 2001; Chmura 2003; Bridgham 2006).
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Figure 2. Carbon cycle in wetlands; POC indicates particulate organic carbon. DOC
indicates dissolved organic carbon. From Mitsch 2000.

While in most wetland systems methane flux negates benefits from carbon sequestration,
this is not the case with tidal salt marshes. These marshes have a high abundance of
sulfate, which is a more thermodynamically favorable oxidizing agent than self-
oxidation, and so methane production through self-oxidation is strongly inhibited. In fact,
tidal salt marshes produce about one fifth of the methane than freshwater wetlands,
100mg C per day compared to 500 mg C per day, in large part due to their higher
concentration of sulfate (Mitsch 2000).

The burial of organic matter in anaerobic marsh soil, which slows the decomposition
process significantly, traps organic matter and prevents it from being quickly
decomposed (Mitsch 2000; vanLoon 2005). However, a rapid increase in sea level or
land development could cause those sediments to be eroded and allow aerobic
microorganisms to break down organic matter much more rapidly, releasing long-
sequestered carbon to the atmosphere by exposing anaerobic soils to aerobic conditions
and transforming tidal salt marshes from methane sinks to methane sources (Callaway
2007). Because of this, wetland management may help reduce marsh degradation by
anticipating a particular marsh’s reaction to climate change and responding appropriately.
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Figure 3. Major process controlling carbon storage. From Mitsch 2005.

C. Nitrogen

The anoxic conditions of tidal salt marshes make microbial denitrification a significant
route for gaseous nitrogen to enter the atmosphere from soil and water (Mitsch and
Gosselink, 2007). The thin aerobic layer of soil present in most marshes facilitates an
upward diffusion of ammonium, which prevents a build-up of excessive levels in marsh
soil. The transformation of organically bound nitrogen to ammonium nitrogen, or
ammonification, is common in marshes with excessive algal blooms, like those in the
Elkhorn Slough, as these marshes tend to have high a pH (Mitsch and Gosselink, 2007).

Created and restored wetlands may also decrease overall nitrous oxide emissions on a
landscape scale when compared to the emissions stemming from denitrification in
aerobic farm fields, ditches, and downstream coastal waters (Mitsch and Gosselink,
2007).

The ability of marshes to remove nitrogen from the hydrosphere is especially important
in light of the excessive amounts of nitrogen that lead to eutrophication, which often stem
from fertilizer use (Mitsch and Gosselink, 2007).

V. PRIMARY PRODUCTIVITY & THE FOOD WEB

Wetlands have been called "ecological supermarkets™ because of the extensive food chain
and rich biodiversity they support (Mitch and Gosselink, 2007). The Elkhorn Slough is
no exception.

A. Primary Production

Measurements of standing biomass in the San Francisco Estuary marshes range from 270
to 690 g/m? for Spartina foliosa and 550-960 g/m? for Salicornia pacifica; multiple

harvests in the pickleweed-dominated southern California Los Pefiasquitos marsh yielded
1,200 to 2,860 g/m? of biomass (Grewell et al 2007). While Mitsch and Gosselink (2000)
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report that most vascular plant productivity is not directly consumed, it contributes
significantly to the detrital food web.

Generally, primary productivity is considered to have a positive effect on community
dynamics; however in eutrophic waters, like those of the Elkhorn Slough, it can reach a
tipping point where too much productivity can lead to hypoxic conditions (Hughes 2009).

Nitrate is often a limiting factor in primary productivity, and can drive the process in
saline environments where nitrogen is the limiting factor rather than phosphorus. When
nutrients are no longer a limiting factor to primary productivity, the competitive
hierarchy in the marsh shifts to one dominated by ephemeral algae and bacterial mats
rather than marsh plants. "This overall increase in primary productivity can have
profound effects on dissolved oxygen concentrations and biogeochemical pathways,
especially in shallow waters, that can choke certain aerobic species with high oxygen
demands" (Hughes 2010).

A lot of pickleweed drops to the marsh surface during and following the growing season,
contributing dead material to the detrital carbon and nitrogen pool (Page 1997).

B. Food Web

Quammen and Onuf report that food availability, intra- and inter-specific competition,
and predation all influence the abundance and rate of change of abundance of each
component in the food web (1987).

Quammen and Onuf studied a pickleweed-dominated marsh in southern California and
found that there is almost no direct consumption of living vascular salt marsh plants.
Although macroinvertibrates played a major role in the breakdown of vascular material,
most assimilation of organic plant matter is done through consumption by microbial
decomposers on the surfaces of the detritus (Quammen and Onuf 1978). Furthermore,
Kwak and Zedler (1997) traced isotopes to determine the base of the food web in
California marshes and concluded that macroalgae, marsh microalgae and Spartina
species play a much greater role than that of Sarcicornia species. These findings were
supported by Page (1997). So while pickleweed may play a role for detritavores, its
effects on the overall marsh food web are small.

V1. HABITAT AND SUPPORT OF SPECIES DIVERSITY

To a casual observer, the marsh appears to be almost homogenous, and it is often
assumed to support fewer species than other habitat types (Grewell et al 2007). But, in
truth, California’s salt marshes are home to a surprising number of plants and animals.

A. Plants

In their review of California estuaries, Grewell et al. (2007) note that west coast salt
marshes are “floristically diverse and support a high number of endemic species.” These
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authors list 43 native vascular plant species in Elkhorn Slough’s estuarine wetlands and
salt marsh-upland ecotones.

Recent surveys conducted at a subset of Elkhorn Slough salt marshes documented seven
native salt marsh plant species and 22 native upland species occupying the high
marsh/ecotone zone. Non-native plants were also abundant in the higher elevation zones
— two salt marsh non-native species and 34 non-native upland species were recorded
(Wasson and Woolfolk 2011).

B. Animals

The plants growing in California salt marshes provide habitat for a wide variety of
animals including both resident and migratory species. Invertebrates, fish, reptiles, birds,
and mammals utilize local marshes for resting, feeding, breeding, and refuge from
predators (Josselyn 1983, Zedler et al 1992, Williams and Desmond 2001).

1. Invertebrates

Marsh invertebrates are often inconspicuous, but they are a diverse group that includes
benthic infauna and crustaceans in the lower marsh, and insects and spiders in the upper
marsh (Josselyn 1983, Zedler et al. 1992). A recent settlement plate survey done in
Elkhorn Slough salt marshes found 25 different species of invertebrates including
crustaceans, insects, spiders, snails, bivalves, and polychaetes (Griffith pers. comm.).

Although not as species rich as adjacent tidal creeks, California salt marsh sediments can
provide habitat for dense populations of oligochaetes and polychaete worms, while the
lower elevation marsh surface is often dominated by gastropods, amphipods, isopods, and
crabs (MacDonald 1969, Talley and Levin 1999, Williams and Desmond 2001). These
species play important roles as detrital processors, algal grazers, and predators (Josselyn
1983).

The beach hopper Traskorchestia traskiana is reported to occur within the litter beneath
pickleweed in San Francisco (Josselyn 1983). The small native snail, Assiminea
californica, is reported to be common in other California salt marshes, often in dense
pickleweed (MacDonald 1969, Josselyn 1983), but it appears to be rare or possibly absent
at Elkhorn Slough (K. Wasson pers. comm.); and the once common native horn snail
Cerithidea californica, which may have extended up into low marshes, has been replaced
by the non-native Japanese mud snail (Byers 1999). The lined shore crab (Pachygrapsus
crassipes) has been reported to be an occasional inhabitant of San Francisco marshes
(Josselyn 1983), but surveys of its burrows in Elkhorn Slough reveal that it is locally very
abundant in low marshes (Wasson and Woolfolk unpublished data). The lined shore crab
IS omnivorous, eating macroalgae and diatom films as well as small animals; and the crab
itself is a important food source for some shorebirds in Elkhorn Slough (Ramer, Page,
and Yoklavich 1991); locally it was a major prey item for the now-extirpated California
clapper rail (Varoujean 1972); and the southern sea otter has been observed foraging for
this species in local salt marshes (R. Eby, pers. comm.)
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Higher in the marsh, insects and spiders are the dominant invertebrates, and in fact these
species have been reported to be among the most abundant animals in all California salt
marshes (Josselyn 1983, Talley and Levin 1999). Studies done in San Francisco and
Elkhorn Slough found that Diptera (flies), Coleoptera (beetles), Hymenoptera (ants, bees,
wasps), and Homoptera (true bugs) are the most common types insects inhabiting salt
marshes (Cameron 1972, Woolfolk 1999). In San Francisco marshes, noteworthy insects
include the inchworm moth (the high marsh specialist Frankenia salina is larval host),
pygmy blue butterfly, and mosquitoes (Goals Project 2000)

2. Fish

Tidal salt marshes are only intermittently inundated, making this habitat available to fish
only during high tides. Nonetheless, some fish species are known to utilize pickleweed
marsh on high tides, using the habitat for refuge from predation and for food. In southern
California, researchers estimated that a pickleweed marsh at their study site was
accessible to fish less than 16% of the time. Nonetheless, four native fish species
routinely utilized the marsh for foraging when it was accessible. The most common prey
items were marsh invertebrates including ostracods, amphipods, snails, insects, and
spiders. Polychaetes and detritus were not commonly consumed, however (West and
Zelder 2000).

Fish known to use tidal salt marsh as habitat in northern California include the threespine
stickleback, arrow gobies, and juvenile starry flounder (Goals Project 2000). Based on
West and Zedler’s work (2000), it is reasonable to assume that long-jawed mudsuckers,
topsmelt, and mullet use in local marshes at high tide, as well.

3. Reptiles

In southern California high elevation marshes, fence lizards, California kingsnakes and
gopher snakes are found in areas with relatively dry soils (Zedler et al. 1992). These
same species are routinely found in Elkhorn Slough’s muted marshes, and gopher snakes
have been observed preying on small mammals in high marshes (A. Woolfolk, pers. obs.)

4, Birds

California salt marshes provide feeding, roosting, and breeding habitat for a number of
bird species. Egrets, great blue herons, willets, marbled godwits, and long-billed curlews
use Elkhorn Slough salt marshes to roost and forage for polychaete worms, crabs, and
fish (Harvey and Connors 2002). Many shorebirds feed primarily on mudflats, but retreat
to salt marshes when mudflats are inundated. It has been suggested that the protection
provided by marsh vegetation may reduce metabolic losses due to wind chill and extreme
high tide (Josselyn 1983). At Elkhorn Slough, Caspian terns occasionally nest on islands
where salt marsh vegetation is low.

Sparrows, western meadowlarks, and killdeer are reported to use salt marshes for feeding
and nesting. Raptors, including the northern harrier, American kestrel, white-tailed Kite,

red-tailed hawk, and red-shouldered hawk forage on small mammals living in the marsh

(Zedler et al. 1992, Harding and Stevens 2001).
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Loss of Elkhorn Slough salt marsh may have contributed to the local extinction of the
federally endangered California clapper rail. Historically, California clapper rails bred in
the slough’s high elevation salt marshes, using paths through dense pickleweed to travel
between their high marsh nests and mudflat foraging areas (VVaroujean 1972). Clapper
rails were last seen in the slough in 1980. The exact cause of extirpation is unknown, but
loss of salt marsh habitat is a likely factor (Harvey and Connors 2002). Deteriorating salt
marsh in Elkhorn Slough may also affect prey abundance for willets, marbled godwits,
and long-billed curlews. A Moss Landing Marine Labs study found that densities of
these three bird species were lower in salt marsh areas characterized by lower percent
cover of pickleweed (Benson 1994).

5. Mammals

Although Elkhorn Slough lacks mammals that are dependent on pickleweed marshes for
survival, a number of mammals, ranging from small voles to large marine mammals, do
utilize the habitat. Common upland species that are known to rest, breed, and/or feed in
local high salt marshes include vagrant shrews, deer mice, brush and black-tailed rabbits,
and California ground squirrels (Josselyn 1983, Zedler et al. 1992). The California vole
feeds extensively on pickleweed (Goals Project 2000), and in the summer and fall
months, when upland vegetation is dry and sparse, high marsh habitat provides voles with
food and cover from predatory birds (Harding 2000). The Salinas harvest mouse,
described by the California Department of Fish and Game as being on its “watch list”
(Bolster 1998) was once thought to be closely associated with local pickleweed and salt
grass marshes (VVon Bloeker 1937). More recent surveys have found that this species is
frequently found in local uplands as well (Jeskova, unpublished data). Another “watch
list” mammal, the Salinas ornate shrew, was also originally described as being restricted
to Monterey County salt marshes and sandhills (Von Bloeker 1937), but it, too, appears
to be common in upland habitats, and its status as a true subspecies in need of protection
is under review (Bolster 1998).

Harbor seals occasionally use low salt marshes in Elkhorn Slough as haul-out habitat,
although mudflats are also used (McCarthy 2010). Recently, researchers have observed
the federally threatened southern sea otter using Elkhorn Slough’s marshes as haul-out
sites, particularly at low tide (Fig. 1), and otters have been observed foraging for lined
shore crabs in pickleweed (Maldini et al. 2010)
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Figure 4. Sea otter resting in pickleweed, Elkhorn Slough, CA. (Credit — Ron Eby,
Okeanis)

VIlI. SUMMARY & CONCLUSIONS

Elkhorn Slough hosts one of the largest tracts of salt marsh in California outside of San
Francisco Bay, and thus is important for regional representation of this rare habitat type.
Marshes at Elkhorn Slough are ancient and important from the perspective of historical
integrity, but also provide a variety of useful functions to the Elkhorn Watershed.

Salt marshes have been shown to improve estuarine water quality, increase nutrient cycling,
provide habitat for many species, and support estuarine food webs and productivity (Griffith
2010). The tidal salt marsh habitat in the Elkhorn Slough watershed provides refuge for a
variety of plants and animals and undergoes unique biogeochemical processes to filter
nutrients, which improves water quality and provides a protective buffer to wildlife from
land borne pathogens. Furthermore, the vegetated marsh helps to create land through
accretion, aids in the protection of shorelines, sequesters carbon, and aids in the
denitrification process to combat eutrophic conditions.
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