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Purpose and Focus of Report

This report describes the exiging and likdy future effects and
uncertainties of the invason of the non-native cordgrass, Spartina alterniflora Loisd, on

the geomorphology of the intertidd zone of San Francisco Bay, based on fidld studies.

Summary of Results, Conclusions, and Outstanding Questions

Summary of Results

The dudy results are summarized beow. These results pertain to the sdine
bayshore and sdinity gradients of tidal creeks of South San Francisco Bay. The results
should not be extrapolated to brackish or freshwater bayshores that have not yet been
invaded. For the purpose of brevity, the invasve S alterniflora and the hybrids S

alterniflorax S foliosa are both referred to as NI'S cordgrass.

1.

NIS cordgrass grows a higher and lower devations than the naive
cordgrass in the sdlineintertidal zone of San Francisco Bay.

Colonization by NIS cordgrass usudly begins between its minimum and
maximum elevations and then expands down-dope and up-dope. Older
patches extend to higher and lower €evations than younger patches.

NIS cordgrass can form a continuous foreshore below the eevation of
native cordgrass.

NIS cordgrass can colonize offshore shods that are within the devation
range of onshore colonies.

The maximum observed eevation of NIS cordgrass was about 3 inches (8
cm) below loca Mean Higher High Water (MHHW), and at least 6 inches
(15 cm) below the maximum eevation of tidd marsh vegetation.

The minimum observed eevation of NIS cordgrass was about 29 inches
(73 cm) above loca Mean Lower Low Waer (MLLW), which by
definition is the lower limit of theintertidd zone.



10.

11.

12.

13.

14.

15.

The minimum devation of NIS cordgrass, redive to MLLW, increases
with Mean Tide Range (MTR = MHW — MLW). That is, it grows lower
where the mean tide range is smdler.

The minimum devation of NIS @rdgrass can be reasonably well predicted
based on Mean Tide Range.

For each of three dtes examined, the predicted minimum eevation of NIS
cordgrass corresponds to about the 40" percentile of the probability
dengty function for duration of tidal inundation during June.

NIS cordgrass colonizes sdine tidd marsh channed beds between the

upper reaches of third-order channels and the lower reaches of first-order
channds.

The minimum devation of NIS cordgrass decreases with decreasng water
inity. That is, it grows lower where the Estuary isless sdine.

NIS cordgrass colonizes the channel beds of the brackish tidal reaches of
fluvid channds between the head of tide (i.e, the usud upsream limit of
the tide) and theloca Mean Tide Leve (MTL).

S alterniflora does not occur upstream of the tides in smal creeks around
San Francisco Bay.

There is no corrddion between the genetic amilarity of hybrids to S
alterniflora and the minimum tidal eevation of hybrids.

Nonthybrid S. alterniflora is more common in the freshbrackish zones of
local streams than in the more sdine zones.

Summary of Conclusons

If it is assumed that the NIS cordgrass has achieved its maximum devation range
a the dudy gtes, and that conditions among the dtes indicate how the invason will
proceed esawhere in the San Francisco Estuary, then the results summarized above lead
to the following conclusons about the geomorphic effects of NIS cordgrass on the
intertidal zone. However, continuing evolution of NIS cordgrass may select for genotypes

that change the spatial pattern of the invasion, resulting in different endpoints

1. NIS cordgrass is unlikdy to invede more than the upper haf of the sdine tidd
flats and will tend to invade a smdler proportion of the tidd flats in Far South

3. The inveson of exigsing mid- and high-devation marsh channds by NIS
cordgrass will tend to isolate the headward reaches of firg-order channds

Bay then in South Bay or Centrd Bay.
NIS cordgrass will probably not dominate the saline high marsh above MHW.

from the rest of thair channd networks.

NIS cordgrass can cause second- and third-order tidd marsh channds to
retrogress, thus shortening and amplifying intertidd channe networks and the

shordine of the Estuary asawhole.



5. NIS cordgrass can obdruct tidd flow and fluvid discharge in the upper
tidd reaches of fluvid drainages.

6. The upper tidd reaches of locd dreams can sarve as refugia for nork
hybrid S. alterniflora and as sources of new recruits for continued invasion
around San Francisco Bay.

Summary of Outgtanding Questions

The following three basc questions about the nature of the NIS cordgrass
invason must be answered before the geogrgphic extent of the invason within the
Eduay and the generd ecologicd effects of the invason within its extent can be
predicted.

1. How low will NIS cordgrass grow in Suisun and perhaps the western
Deta? Studies are needed to show the minimum devaion of NIS
cordgrass when suiteble subdrate is avalable in the lower intertidd zone
under brackish to freshwater conditions.

2. Will NIS Cordgrass meadows evolve into high marsh dominated by native
plants? The regiond modd of marsh evolution from tidd flat through low
marsh to high marsh needs to be tested when the low marsh is dominated
by NIS cordgrass rather than native cordgrass.

3. How will native plants and animals adjust to the Invasion by NIS
cordgrass? The hydro-geomorphic processes of the intertida zone creste a
dynamic physcd templae for ecologicd interactions  Seasond
production of emergent intertidd vegetation and changes in its physicd
dructure are prominent aspects of this dynamic template. The invason by
NIS cordgrass is dtering the template and thus will affect the ecology of
the intertidd zone. Since the invasion is ongoing and unprecedented in the
region, its ecologicd effects ae evolving and the future ecologicad
character and functions of the intertidal system are uncertain.

Key Definitions
The following definitions are used in this report

NIS Cordgrass
Spartina alterniflora Loisd. (smooth cordgrass) is an emergent intertidal
grass that is endemic to the East Coast of North America (1). In San
Francisco Bay, S alterniflora readily hybridizes with the native cordgrass,
Soartina foliosa L. (2). While the degree of hybridization can be
quantified through genetic andyss of lesf tissue (2), hybrids and pure
dands of S alterniflora can be difficult to diginguish in the fidd. Fdd
keys can usudly be used, however, to diginguish native S. foliosa from



pure stands of S. Alterniflora and hybrids (3). For the purposes of this
report, S alterniflora and S alterniflora x S foliosa hybrids are both
referred to as NIS cordgrass. NIS cordgrass is regarded as an ecologica
engineer because it can ggnificantly ater ecosystem processes and change
the habitats of other species of plants and animas (2).

Geomor phology
Geomorphology combines aspects of geology and ecology in the scientific
Sudy of the configuration and evolution of landforms (4).

Tide
The tide is the periodic rise and fal of a body of water resulting from
gravitationa interactions between the Sun, Moon, and Earth (5).

Water Level or Height
The tide plus other phenomena, such as wind, barometric pressure, and
runoff from uplands, account for the observed dally and shorter-term
changes in estuarine water heights (6).

Tidal Datum
A tidd datum is a base devation defined in terms of a certain phase of the
tide, such as high tide or low tide, and used as a reference from which to
reckon marine and estuarine heights or depths. A tida datum is cdculated
as the average height of a certain phase of the tide for a tida epoch period
of 19 years. For San Francisco Bay, zero tide height for any locde is
defined as the 19-year average height of the lower of the two low tides of
each lunar day for that locde, termed locd Mean Lower Low Water

(MLLW) (5).

Tidal Benchmark

A tidd benchmark is a fixed physica object or mark used as a reference
for a tidd daum. The gtandard tidal benchmark of the Nationd Ocean
Service (NOS) of NOAA is a brass, bronze, or auminum dloy disk 3%
inches in diameer containing the inscription NATIONAL OCEAN
SERVICE together with other individud identifying informetion. The
exact locations and officid tidd devaions of NOS benchmaks are
published by the NOSin Tidd Benchmark Sheets (5).

Foreshore
The foreshore lies between the ordinary low water and ordinary high water
contours of the marine or estuarine shore (7). For the purposes of this
report, the foreshore is defined as the boundary between unvegetated tidd
flat and vegetated tidd marsh.



Backshore
The backshore lies between the ordinary high water and extreme high
water contours of the marine or estuarine shore (7). For the purposes of
this report, the backshore is defined as the boundary between tida marsh
and upland. The backshore is reached only by the highest tides.

Tidal Flat
For the purposes of this report, tidd flats are landforms between zero tide
(locd MLLW) and the adjacent foreshore that do not support vascular
plants except for edgrass (Zostera spp.). Tida flais can consst of clays,
dlts, sands, gravel, cobble, or shel hash (a durry of shdl fragments from
marine or estuarine shellfish).

Tidal Marsh

For the purposes of this report, tidd marshes are landforms between the
foreshore and backshore that support abundant vascular vegetation.

Tidal Marsh Channel
For the purposes of this report, a tidd marsh channd is a naturd or man
made feature that conveys the tides to and from a tidd marsh and that does
not directly receive any upland runoff that measurebly affects the volume
or sdinity of the water that it conveys.

Tidal Reach of Creek
For the purposes of this report, the tidal reach of a creek is that segment of
a naturd or man-made upland drainage channd where the water height is
measurably affected by thetide.

Intertidal Zone

For the purposes of this report, the intertida zone is defined as an area of
an estuary between zero tide (i.e., loca MLLW) and the backshore.

History and Nature of the Invasion

The chronology, mechanisms, and regiond geography of the invason by smooth
cordgrass in San Francisco Bay are farly wedl known (2, 8, 9, 10, 11). It was
purposefully introduced as part of a tidd marsh restoration project near Alameda Creek
in South Bay in the mid 1970s (8), and for shoreline erosion control near the entrance to
the San Leandro Channd in South Bay in the late 1970s (11). Undocumented
introductions probably occurred elsewhere in South Bay during the 1970s and 1980s
(12). The primay means of invason seem to be tidd digribution of seeds and
hybridizetion due to wind-caried pollen (2), dthough rhizomes and seeds might be
inadvertently  ditributed by wildlife (especidly waterfowl) and heavy equipment
(especidly clamshdll dredges).



The regiona digtribution of smooth cordgrass was mapped in 1998 (13) and in
2000-01 (10). Since 1998, the invasion fas reached from South Bay into Far South Bay
and into Centrd Bay and North Bay (Figure 1).

Colonies dong the foreshore seem to expand downdope, updope, and lateraly
from their colonization Stes & mid-eevation in the intertidd zone (14). Colonies of
smooth cordgrass on tidd flats avay from the foreshore tend to form doughnut-shaped
patches that expand concentricdly outward at early stages of expanson and then e ongate
adong eevation contours. The purity and stature of S alterniflora stands seem to increase
upstream within the tida reaches of loca creeks, which suggests that the upper reaches
might function as sources of pollen, seed, and rhizomes of rdaively pure S alterniflora
for invason, or re-invason, downdream (14). There are large uncertainties about the
probable future extent of the invasion because it has not proceeded far enough aong the
main axis of the Bay to reved the effects of both tida hydroperiod (sensu 6) and sdinity
regime on verticd range of theinvasion (14).

Conceptual Models

Conceptud models of naurd sysems are ussful tools to organize exising
information, identify information geps, and, when the information base is adequate,
predict system response to internal perturbations or changes in boundary conditions.
Recent empiricd studies of tidd marsh geomorphology based in San Francisco Bay serve
as a foundation for building conceptua modes of tidd marsh form and evolution. Less is
known about the tidd flats in the region, but their fundamentad nature can be surmised
from sudies of amilar systems dsewhere. The modds presented below are used to hep
predict the loca and regiond geomorphic effects of the NIS cordgrass invason on the
intertidal zone.

Geomor phic Modelsfor the Inception of Tidal Flatsand Tidal Marshes
Tidal Flats

Tidd flats store estuarine and terrigenous sediments dong ther pathway between
the open bays or rivers and tidd marshes. In San Francisco Bay, the structure of tiddl flats
conggsts of fine dlts and clays, sand, shell hash, and an invertebrate in-fauna (17, 22, 23,
91). The amount of sand in tidd flas depends on ther proximity to fluvid inputs or
ancient sand deposits.

The digribution of tidd flas within an estuary reaes directly to tidd range
<inity regime, and nearshore bathymetry (24). Tidd flats tend to be narrower under
fresher conditions than under sdine conditions. This is partly due to the decrease in tidd
range with disance upstream within the Bay, and partly to the tendency of vascular
vegetation to extend lower into the intertidal zone under fresher conditions.

Eduarine tidd flats represent a dynamic equilibrium between sediment supply
and the erosve energy of the tides. They form where wave action, currents, and the



duration of tida inundation inhibit vascular plant growth (16, 25, 26, 27), but promote the
deposition of fine sediments (20, 27, 28). There are three places in a shdlow estuary
where this dynamic equilibrium tends to be achieved: adong the foreshore (especidly
dong the windward shore and dong the largest doughs in tidd marshes); within the
brackish zones of maximum sediment entrgpment (19, 29), and within the convergence
zones of large doughs subject to two or more tida sources (30, 31). It is not certain that
tidd flas will naturdly evolve into tidd marsh, or that the evolution from tidd flat to
marsh is irreversble, even as sea level rises. Marsh plains can be swamped by rapid sea
level rise and thudy converted into tidd flats or shallow bays.

Tidal Marshes

In the sdine areas of San Francisco Bay, the upper limit of tidd marshland
exceeds Mean Higher High Water (31, 32, 33). Under naturd conditions, there is a
trangtion zone from marshland to upland (i.e, the backshore), which is indicated by
changes in plant community composgtion across the contour of extreme tide height. The
backshore is narrow where the land is steep, and broad where the uplands dope gradudly
to the marshland. Wind that blows sdt from the estuary into the uplands can widen the
backshore. The trangition from tidal marsh to tidd flat (i.e., the foreshore) corresponds to
the rather aborupt lower limit of vascular plant growth. The form and ecologicd nature of
tidal marshes vary with tida regime and sdinity regime (6, 27, 34, 35).

Tidd marshes form when tida flats or the backshore is colonized by vascular
plants (85). Plant colonies decrease locd wave action and currents and thus increase
inorganic sedimentation. Over time, the plants contribute organic materid to the
sedimentary  process, thus increasing the rate of upward development of the marsh
through the intertidd zone. This upward development is closdly followed by changes in
plant community compostion (27, 36, 37, 85). In other words, the low marsh plant
community is succeeded by a mid-marsh community, which in turn is succeeded by a
high marsh community (40, 85).

The initid formation of tidd marshland depends upon a high sediment supply and
a low rae of sea levd rise (38, 39, 40). Tidd marshes will not evolve if the sediment
supply or the rate of sea level rise does not provide a substrate and appropriate tida
regime for plants to colonize and survive.

Under conditions of a dowly riang sea tidd marshes tend to evolve upwards in
goproximate equilibrium with sea leve rise (40). They can expand both downdope, due
to plant colonization of the adjacent tida flat, and updope as sea levd transgresses the
land (85). The oldest area of a patch of tidd marsh therefore tends to be somewhere
between the foreshore and the backshore (42, 85).

The high-order drainage networks of large sdine tidd marshes have two origins.
Mog of the larger channels originate on the pre-exiging tidd flats (31, 92, 93). As the
tidd marsh develops upward, these antecedent channels become deeper and longer (41,
42). The smdler channds of tidd mashland evolve on the marsh plain, and have no
place of origin on the pre-existing tidd flat (30, 31).



Modesfor Intertidal Zone as Transtional Environment
Hydrological Model

The intertidd zone influences watershed outputs to the Bay. Most of the locd
outputs of terrigenous sediments and freshwater are trangported from watersheds through
the intertidd zone to shdlow bays by fluvid discharge and ebb tides Some of the
sediment from locd waersheds is dored within mudflats and trgpped within tida
marshlands before reaching the Bay. Tidd marshes can dso deay the downdream
digribution of freshwater by spreading out the riverine floodwaters (94), or by providing
areas for re-circulation of freshwater between nesp and pring tide series. The rddive
importance of watershed outputs of sediment and water therefore increases with distance
away from the Golden Gate and into the loca watersheds. This modd applies to the tida
reaches of watersheds throughout the Bay.

Tidd mashes and tidd flats represent a net landward direction of estuarine
sediment trangport from the open bays. Some portion of the terrigenous sediments and the
marine sediments that are mixed within the open bays is trangported onto tida flats and
into tidd marshes. Daly and seasond sequences of sediment depostion and scour
produce a net landward flux of sediment across the tidd flats (43). This transport is
punctuated seasondly due to re-suspenson of tidd flaa sediments by wind-generated
waves (20, 29). A portion of the suspended sediment that reaches the marsh drainage
system may wash back and forth between the marsh and the Bay, with temporary storage
on the tidd flas But most of the sediment that enters the marsh drainage system is
eventudly trapped within the channels or on the marsh plain.

The tidd prism of mashes hdps mantan the hydraulic geometry of the larger
tidd channes that connect the marshlands to the tidal flats and open tays (44, 45). The
loss of tidd marshes through reclamaion has therefore caused the shoding and
narrowing of these channels (46, 47). Large-scade redtoration of tidd marshland would
begin to reverse the historica pattern of shoding.

The tidd and fluvid processes that affect the trangtiond nature of the intertidd
zone vay on many time scdes Huvid processes vary seasondly, annudly, and in
relation to the irregular schedules d nifio or la nifia climatic episodes. Tidd processes
vay minute-to-minute (i.e, the veocity pulses that characterize ebb and flood flows in
tidd marsh channels) (95, 96); hourly (i.e, on the mixed-diurnad cyde of the daly tides),
bi-weekly (i.e, on the negp-soring tidd cycle); monthly, seasondly, and on longer scaes
of years and tens of years (6).

Chemical Moddl

The intertidd zone is generdly regarded as a retentive environment that serves to
filter throughputs of water. It dso tends to retan materids that are amosphericaly
deposited (48). In this way, the intertidd zone serves as a filter and as a place of Sorage
for materids that enter the zone from locad watersheds or open bays. The storage function
might be gredlly enhanced in mudflats by the filtering action of the benthic infauna, and
intidd marshes by the uptake of materias by rooted plants (98, 99, 100, 101).



Tidd marshlands are recognized to be very productive environments, owing to the
high levels of primary production by vascular plants on the marsh plain, dgee on the
exposed tidd flats and channd banks, and phyto-plankton in the channe waters (6, 37,
58). While mogt of this production fuels endogenic processes, the production is O great
that there may be some seasona leskage downstream or bayward. Mot of the output
from the intertidd zone occurs in autumn and winter, during the period of maximum
decay of detritus and aerid portions of marsh plants (49, 50). Tida marshes can be ether
a source or a snk for carbon, depending on the relaionship between aerobic microbes
and their consumers (51).

Under gpecid crcumdances, the intertidd zone may yiedd sediment and
contaminants. Tidd flats and the foreshore can erode due to increased water supply (i.e,
increased sea level and/or increased wave energy), decreased sediment supply, or both.
Sequentid wetting and drying of shdlow water sediments may promote the release of
contaminants in soluble forms, depending upon the concentration of the contaminants in
the sediments, the size of the organic soil faction, and exposure of the contaminants to
export processes. The smdl channels of tidd marshes are dynamic features that are
continuoudy cutting headward or retreating (30, 31), and thus both exhuming and storing
sediment. In this regard it should be remembered that the smdl channds comprise most
of the flux boundary between the land and the water.

It is expected from work in other estuaries that there is generdly no net annud
output of nutrients and particulate organic metter from tidd marshland (37, 49). There
may be net inputs or outputs seasonally, and some leskage as suggested above, but on an
average annud basis the inputs and outputs are roughly in balance.

Food Web Moddl

The movements of plants and animas in and out of intertidd habitats represent
important ecologica linkages between these habitats and adjacent environments (36).
Upland wildlife frequently commutes to and from tidd marshes to feed. Mammds and
birds that are mainly resdents of tidd marshes use the adjacent uplands to escape tidd
flooding (65). Some fishes spend their lives in tidd marsh channes but other fishes
follow the tide in and out of marsh channdls from adjacent bays and rivers (56).

Sdine tidd marshes in San Francisco Bay seem to support two or three food webs
that are weakly linked. The marsh plain supports a food web that is linked to terrestrid
energy pathways through predacious birds and mammas that feed across tidd marsh
plains as wdl as in the uplands. There is a separate food web for large tidd marsh
channedls that is essentidly an extenson of the food web of tidd flats and shalow bays.
And there seems to be a food web centered on smal tidad marsh channds that is weakly
linked to the marsh plain through resdent marsh birds that feed in the smal channds a
low tide, and to the large channds though predation by fishes that move from large
channels to smdl channels during high tide (79). Detritus is an important energy source
throughout the intertidal zone (58, 79).
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Geomor phic Modelsfor Ongoing Development of Tidal Flat and Tidal Marsh
Plan Form

Tidd marshes and dable tidd flats consst of channels large and smdl in wdl-
organized drainage networks, and broad plains of low reief between the channds.
Mature tidd marshes contain shalow ponds or pamnes on the low-gradient plains.

The drainage networks of tidd flats and marshes are typicaly dendritic and fractd
in plan view (30, 52). The termini of firg-order channels ddlineate the headward reaches
of the drainage network. These are the narrowest channels that do not branch. Two or
more firg-order channels that come together form a second-order network; two or more
second-order channels that come together form a third-order network, and so forth.

The amount of meander of tidd marsh channds varies with marsh devation (or
age) and dope of the marsh plain. The most sSnuous channeds and most complex drainage
networks are maintained in higher marshes with less dope. Lower marshes with steeper
dopes have less dnuous channds in padld dranage networks that are mosily
perpendicular to the foreshore.

Channd dendty varies with sdinity regime, as mediated by the vertica extent of
vascular plant growth in the intertida zone (35). The tendency of vegetaion to grow
lower in the intertidd zone under fresher conditions extends the marsh plan bayward
(narrows the tidd flats), and therefore dso moves the tidd source further from the marsh
interior (31). As a reault, the tidd marsh channes tend to shorten in their headward
reaches. Freshwater tidd marshes have smpler and shorter drain age system with broader
plains between channels than saline marshes (35).

The average form of tidd flats and marshes in plan view varies dowly over time.
Long-term changes in the digribution of tidd flals may sgnd a mgor change in locd or
regiona supplies of sugpended sediment (53). Cross-sections of the foreshore in many
pats of the Bay reved dternaing drata of mudflat and marsh sediments, indicating
dternating periods of foreshore advance and retreat (i.e, horizontal accretion and
erosion).

Changes in channed dendty or meander geometry of mature tidd marsh drainage
networks depend on changes in plant vigor or plant community compostion, and can
ggnd a locd or regiond change in water supply (i.e, sea leved) and <dinity regime.
Large seasond variaions around the average conditions have been noted, however. For
example, the devation and bayward extent of tidd flats varies seasondly with sediment
supply, with winter and spring gains being offsst by summer and fdl losses (54). The
width of the channd-sde plant zone in brackish marshes can much wider in wet years of
low sdinity than in dry years of high dinity (27).

Cross-sectional Form

Pants and wildlife show verticd zonatiion within the intertidd zone. The zonation
is due to complex interaction among biotic and abiotic influences (6, 27, 55). These
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interactions vary among species and life stages. While the mechanisms of zonation are
not wel known for many species, the patterns of zonation corrdlate strongly with tidd
elevation, digance from tida source (i.e, distance upsream dong tidad marsh channds
or distance away from the channd banks), and agqueous sdinity regime.

The crosssectiond form and dimensons of naurd tidd channds can be
predicted based upon headward tidd prism (57, 102, 103), tidd range, and sdinity
regime (56). With decreasing tidd range and increasing freshwater influences, the width-
to-depth ratio of tidd channds tends to increase. For any tidd marsh or tidd flat, channd
cross-sectional area and depth decrease headward (31, 56, 57, 92, 93).

Naturd levees only atend the downsream reaches of the largest channels in tidd
marshes (31) and aong tidd reaches of locd rivers and dreams. The didribution of
naturd levees in tidd marsh sysems is explaned in pat by the greater supply of
suspended sediment and verticd mixing of the flood tide waters in the downstream
reaches of the drainage networks (56). Naturd levees are common features aong magor
channds leading from the foreshore into mudflats. These levees are apparently created by
the deposition of larger sediments near the channel bank during flood tide.

Large tidd marsh channels have internd berms created by dump blocks produced
by bank undercutting (31, 93,104). Slumps occur on the outsde of meander bends and on
both sdes of drait reaches. Large supplies of suspended sediment and its entrgpment by
vegetation on the dump blocks can cause them to evolve upward faster than they can be
eroded, such that banks rebuild themsdves in place rather migrate across the marsh plain
(30, 31). Smdler channels tha evolve on the marsh surface are more dynamic, varioudy
refrogressng bayward due to plant capture in ther headward reaches, or eongating
headward to accommodate local increasesin tidd prism (30, 31).

The rddive influence of abiotic tidd influences decrease with intertidal devetion,
while the rddive influences of norttidal biotic processes increase (30, 31). At the lower
limits of the tides, the Structure of habitats is mainly controlled by the direct tidd action,
especidly through depostion or scour of inorganic sediment. At the higher limits of the
tides habitat dructure is mainly controlled by vascular plant growth, especidly the
development of peaty soils. The geomorphic work of the tides and plant growth are
goproximately co-equa near the Mean High Tide datum (31).

This cross-sectiond modd and the plan form mode (see above) comprise a three-
dimensond modd of tidd mash form. The modd predicts that devaion and the
geomorphic influences of biotic processes in a tidd marsh increase together with distance
away from a tidal source, such as the mouth or bank of a tidd channdl. Based upon this
mode, it might be predicted that the organic faction of tidd marsh sediments increases
with eevation, for example. It dso suggests that the dynamics of the headward reaches of
the firg-order tidal channels is due to their spatial correspondence to the co-equd give-
and-take of the erodve actions of the tides and condructive actions of plants near the
MHW datum.
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Ecological Models
Temporal Variability of Plant and Animal Communities

Petches of intertidd habitat support resdent populations of non-native as well as
native plants and animas, plus populations of migratory and transent species (66).
Native species comprise most of the vascular flora (65), dthough non-native species can
dominate the aerid extent of the vascular plant community a some locales, especidly
along the foreshore and backshore.

The temporary use of intertidd habitats by trandent or migratory wildlife may
relate to therr breeding or rearing, foraging or refuge, or resting (66). For some animd
species, especially aguatic insects (67, 68, 69), anadromous fishes (70, 71), and migratory
waterfowl (72), the use of intertidd channels is redtricted to certain life stages or seasons.
Some species of estuarine fishes (73) and shorebirds (64) only use tidal marshes during
high tides. Changes in the locad or regiond mosaic of intertidd and adjacent habitats can
ether disupt or enhance their support of wildlife, depending upon habitat patch sze,
shape, the digtance between patches of like kind, and the mix of habitat types (74).
Terrestrid predators, including ferd dogs and non-native fox that occasondly target tidd
marshes can dgnificantly affect the didribution and aundance of native animds,
especidly resident birds and smal mammals (65).

For awy ddinity regime, the species compostion of intertidd communities
changes over time as the landforms evolve upward from tida flats to high marsh. Except
for truly freshwater tidd marshes, soil sdinity and the abundance of sdt-tolerant plants
generdly increase as habitats gain elevation and age (40).

At any eevation within the intertidal zone, the species compogtion of plant and
anima communities varies over time due to such things as invasons, changes in sdinity
(32), changes in tidd hydroperiod (6), and disturbance by people. Drought and deluge
can affect ggnificant increeses and decreases in - sdinity, with  concomitant  shifts in
species abundance (32, 75).

Intertidal Zonation

Ecologicd zonation is an obvious feature of the intertidd zone (36, 86).
Horizontal zonation between tidd marshes is indicated by predictable variations in plant
community compogtion a any eevation contour dong the <dinity gradient of the
Eduary (75, 32). Veticd and horizontd zonatiions within a marsh are corrdated to
elevation and digance from tidal source (i.e, disance away from the foreshore or
digance from channd banks) (80, 81). Soil sdinity and duration of tidd inundation are
the two interacting factors that seem to account for these corrdations (6, 27, 36, 75, 77,
81, 82, 83, 84, 86, 97). The horizontal and vertical zones expand and contract due to
vaiaions in freshwater supplies that control soil sdinity within and between marshes.
Abundant freshwater inflows through the Ddta can push the brackish zone of the estuary
downstream (32, 40, 75), and can cause the channd-dde vegetation within tidd marshes
to expand onto the marsh plains (27).
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Integrated Tidal Marsh and Tidal Flat Ecology and Geomor phology

Intertiddl habitats tend toward an average form in dynamic equilibrium with locd
or regiond changes in sediment and water supplies, as affected by climate, geology, and
land use. They ae highly organized landscapes with well-defined physiographic features
that are predictably distributed through space and over time.

The relaive geomorphic importance of abiotic and biotic processes varies with
elevation and distance from tidal sources in the intertidd zone. Biotic processes, such as
production of peats and vegetative (i.e, non-sexud) plant reproduction, increase with
tidd devation, digance upstream within drainage networks, and disance away from
channd banks. Abictic and biotic controls fluctuate in dominance within smdl channels
that dewater at low tide. Weak tides above Mean High Water tend to permit channd
cgpture by vascular vegetdtion, resulting in channd retrogresson. But in large tidd
marshes, there tends to be a compensatory relationship between natural losses and gains
in the totd length of dl smdl channds Individud retrogresson events are incompetent
to afect the cross-sectiond area of the much larger channd system at its tidd source.
Therefore, the sysem is subject to the same tidd prism before and after individud
retrogresson events. The tida prism displaced from retrogressng channds moves
headward aong the hydraulic gradient generated by channd friction to other channds
that consequently elongate, such that the overdl tidd prism and amount of channds large
and smdl are consarved. The hydraulic gradient is dight, and a large system is required
to generate aufficient hydraulic head to move enough water headward to cause channd
elongation. Lesser systems tend to experience chronic retrogression, with overdl loss of
channe capacity and ecologica function over time.

Redricting the tidd source or moving it away from the interior reaches of the
system promotes retrogression, expanson of aress that lack channels (i.e, loss of habitat
for esuarine fishes and other aguatic resources), and expansion of naturd ponds or
pannes on dranage divides (i.e, gan in habitat for shorebirds and waterfowl).
Increasing the tidal source or moving it more interior promotes headward channe eroson
and loss of ponds.

Vascular vegetation plays a criticaly important ecologica role because it affects
the physcad sructure of habitats and because it functions as a food resource throughout
mogt of the intertidal zone.

Tidd marshes are where the estuary and the uplands meet. The intersection is not
fixed in time or space because marsh devations are condantly changing, relaive to
estuarine water heights. The intersection is aways between the foreshore and backshore,
however, and may be more narrowly deineated. Conditions above MHW and below
MTL seem to be more terestrid than estuarine, and more estuarine than terrestrid,
respectively (6, 78). In small channds of saline marshes that have base éevations above
MTL, tidd velocities tend to be too wesk to prevent channe capture by marsh plants
(30). Elevation boundaries between dominant plant assemblages tend to correspond to
locd MHW (78). Tidal marshes seem to support three nearly independent food webs, one
for large tidd marsh channels, one for the marsh plan and backshore, and one for small
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channds (79). The latter food web might provide a weak link between the other two.
Detritus is expected to be an important source of energy a eevations above MHW, but is
largely replaced by attached and epiphytic agee a lower eevations (58). Beds of
filter-feeding bivdves are dso expected to drongly influence suspended sediment
supplies for tidd flats and large tidd marsh channds. Based on this evidence, the actud
boundary between bays and uplands in tidd marshes seems to trace the beds of smdl
channels, between MTL and MHW.

The conservaion of native biologica diversty of the intertidd zone depends on
the natura, or naturdigtic variability of the tides, freshwater supply, sediment supply, and
sdinity regime (75, 80).

Study Methods

Bayshoreand Tidal Marsh Studies
Ste Descriptions

The purpose of these dudies was to measure the vertica digtribution of NIS
cordgrass for different bayshore and tidd marsh conditions. To minimize the error of the
elevation surveys, stes had to include a NOS Primary or Subordinate Tide Station with
multiple NOS tidal benchmarks that could be recovered.

Four suitable sites were chosen: San Leandro Channel, Arrowhead Marsh, Coyote
Point Marsh, and Coyote Hills Sough (see Figure 1). These dtes differ with regard to
tida range, length of adjacent fetch, and topographic steepness of the intertida zone (see
Table 1). All dte-specific tide dtatistics are taken from NOS published benchmark sheets
available at http://co-ops.nos.noaa.gov/bench mark.shtml ?region=ca.

Table 1. Identifying characterigtics of the four Stes gudied in thefidd.

San Leandro | Arrowhead Coyote Point | Coyote Hills
Channel M ar sh Mar sh Slough
NOAA Tide | gy 4704 941 4711 941 4449 941 4621
Station Code
Mean Tide 4.98 feet 4.95 feet 5.61 feet 5.63 feet
Range (1978 epoch) | (1978 epoch) (1978 epoch) | (1978 epoch)
Length of
Adjacent 0.5 miles 0.75 miles 30 miles 55 miles
Windward
Fetch
Average
Foreshore 1:30 1:.10 1:.20 1.30
Steepness
Age of Invasion
(estimated from | 20-25 years 10-15 years 5-10 years 15-20 years
interviews)
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In addition to these gStes that were surveyed in the field, additiona Stes were used
to invedigate the reationships between tidd daidics and expected minimum eevations
of NIS cordgrass. The emphasis on minimum €eevation is due to the concern that NIS
cordgrass might take over dl or most of the exiding tidd flats a least under sdine
conditions. The invedigatiion relied on published water heights to congruct cumulative
duration curves for three NOS Tide Stations. These dations are Alameda in San
Francisco Bay (NOS code 9414750), Redwood City Wharf # 5 (NOS code 9414523), and
Dumbarton Bridge West (NOS code 9414509). These data are available from NOS a
http://co-ops.nos.noaa.gov/data retrieve.shtml 2input_code=100111111vwl.

Elevation Surveys

All devation surveys were conducted usng a Zes sdf-levding levd with a 20x
scope and a survey rod readable to about 0.01 ft (3.0 mm). The instrument was serviced
and cdibrated just prior to the surveys. All surveys were conducted during June and July,
when annua above-ground growth of NIS cordgrassis obvious.

At each gte, two or more benchmarks were recovered. In all cases, the recovered
benchmarks were within 0.001 ft (3.0 mm) of their published relative devations. The
nearest benchmark to the foreshore with NIS cordgrass was sdected as the survey
darting point. Surveys were conducted aong the foreshore and backshore from the
benchmark. At least 30 readings of NIS cordgrass elevations were made along each
shordine. For example, to begin a vegetation survey of the foreshore, a point dong the
foreshore was randomly chosen. From that starting point, the elevation at the base of the
lowest-devation NIS cordgrass was surveyed & 3 m intervas until 30 points had been
surveyed. The process was repeated for the backshore, except that the highest-eevation
NIS cordgrass was surveyed. Where possible, an additiond 30 points were surveyed
dong the up-dope extent of the highet-devation native marsh vegetation. Each survey
was closed to its sarting benchmark. Closure error never exceeded 0.003 ft (1.0 mm).

Each survey data point represents the eevation of the substrate surface a the base
of living NIS cordgrass. The survey rod was prevented from either resting above or
settling below the subdrate surface. Some foreshore data for minimum eevation of NIS
cordgrass pertain to plants growing a the edge of a wave-cut bench, with an exposed root
zone. In these cases, the survey rod was carefully held at the top edge of the bench, since
it represents the surface that was colonized by the NIS cordgrass.

Local Stream Studies
Ste Descriptions

The purpose of these study dtes was to describe the reationship between the
minimum eevation of NIS cordgrass and agueous sdinity regime dong tidd reaches of
locd sreams. Candidate sites had to be accessible, extensvely invaded, have complete
sinity gradients of such length that each Ste could be surveyed in a day, and reasonably
close to a dependable NOS Tide Stations or NOS tida benchmarks for controlling the
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elevation surveys. Three suiteble stes were sdected: Alameda FHood Control Channd in
Newark (i.e, the upper tida reach of Coyote Hills Sough), San Leandro Creek in
Oakland, and Colma Creek in South San Francisco (see Figure 1). All three dtes are
perennia streamsthat drain to South Bay.

Figure 1. Patch sze digribution of NIS cordgrass in different Segments AT of the
San Francisco Estuary (see reference #14), and the locations of (1) San
Leandro Creek, (2) San Leandro Channdl; (3) Arrowhead Marsh; (4) Coyote
Point Marsh; (5) Coyote Hills Sough; (6) Alameda Flood Control Channd,
(7) Coma Cresk; (8) Alameda Tide Station; (9) Redwood City Tida
Station; and (10) Dumbarton Bridge Tide Station.
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Tidal Datum Reckoning

For dl three study stes, the nearest tidd benchmarks were too far away from the
study reaches to survey directly between the reaches and the benchmarks. The “dternate
height different method” (87, 88) was used to reckon the locd MHW datum at the study
reaches. This method treats the dack high stage of the tide as a leveling devise between a
reference Ste of known tidal eevation and a study Ste with unknown elevetions.

The dternate method of tidd datum reckoning assumes that the height atained by
a tide at the reference gte is the same as the height attained by the same tide at the study
gte, reative to locd MHW. In other words, if a tide reaches ten inches above MHW at
the reference gte, then the same tide should dso reach ten inches above MHW at the
study dte. To test this rdationship, the heights of dack high tides a the study dSte are
regressed on the heights of the same high tides & the reference ste. The regresson line
should be straight with asmall residud error.

At the study sStes and their reference Stes, temporary daff gages were ingalled.
Each gage conssted of a meta tape ruler and rod-stop attached to tin OD schedule 40
PVC pole inddled in a dillwdl. For each of five days, the temporary staff gages were
panted with a mixtue of potassum dichromate crystals and water-soluble glue. The
mixture dissolves rgpidly in water but does not wick. The height of a high tide is easly
read as the lower limit of the undissolved mixture on the saff gage.

For the San Leandro Creek and the Alameda Flood Control Channd study Sites,
the rod-stops of the reference gages were referred to tidal benchmarks set by NOS &t its
Tide Stations near the creek mouths (Coyote Hills Sough Station 9414621 for the
Alameda Hood Control Channd; Oakland Airport Station 9414711 for San Leandro
Creek). Multiple benchmarks were reoccupied a each ste and their relative differences
in devation were within 0.06 in (1.5 mm) of the published vaues. For these two creeks,
the sudy dte daff gages were inddled within 05 miles (1.73 km) of the NOS
benchmarks, and the total survey error from the benchmarks to the staff gages was less
than 0.14 in (3.6 mm). There was no nearby NOAA Tide Station or NOS benchmark for
Colma Creek. For this dte, a temporary benchmark was inddled a the study dte and
later referenced to the nearest permanent NOS Tide Station (Alameda Station 9414750).

The daff gage readings for the Alameda Flood Control Channel and San Leandro
Creek were regressed on the readings for their downstream reference staff gages. Since
there was no nearby reference dation for Colma Creek, its daff gage readings were
regressed on the NOS record for the same period a the permanent station a Alameda
The distance between Colma Creek and the Alameda gation is grester than recommended
for the dternate method (87). However, the corrdation coefficient (R?) was grester than
0.99 for al three stes (Figure 2), and the residua error was smaller than the survey error.

The five high tides recorded a each Ste were from a spring tide series. Four of
the high tides were higher than the MHW datum at the NOAA reference gages. The use
of rdatively high tides reduces some of the effect of channd friction and the geomorphic
irregularities of channels on tide height, and this improves the precision of the reckoning.
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Figure 2: Results of Mean High Water reckoning for the three stream study Sites.
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Elevation Surveys

All devation surveys were conducted usng a Zes sdf-levding levd with a 20x
scope and a survey rod readable to about 0.01 ft (3.0 mm). The instrument was serviced
and calibrated just prior to the surveys.

Plant Surveys

The surveys of plant vertical didribution focused on the lowermost vascular
vegetdion in the intertidal zone. Each dudy Ste was surveyed in one day during late July
2001. Each survey darted in the sdine pat of a Ste and proceeded upstream to the
freshwater zone during the dack low water of a minus tide (i.e, a tide bdlow MLLW at
the NOS reference gation). The survey of plant devation a each Ste was closed to the
garting benchmark. Closure error was less than about 0.03 ft (9 mm) at each Site.

The vegetdtion in the lower intertidd zone aong ether bank of each Ste tended to
be patchy and variable in its lowermost extent. The survey proceeded from one plant
patch to the next. The lowermost devation of each patich was surveyed, and the plant
gpecies that comprised the patch was noted. Other plant species that comprised a least
25% of the plant cover near the surveyed patch were identified as co-dominants for the
patch. The most downstream and upstream positions of co-dominant species were noted.

The identification of dominant species was made easy by the smplicity of the low
marsh plant community. Paiches and bands of a few gpecies of tal emergent monocots
characterize the low marsh zone of the Estuary. Point measures of eevations were taken
a the lowermost extent of obvious patches of a species, and the species composition of
neighboring patches was aso obvious. Percent cover of dominant plant species was
edimated by visud ingpection without usng quadrats, point frames, or other sampling
devices. All the estimates of plant cover were conducted by the same person.
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Hybrid Identification

Specid attention was given to the genetic compogtion of Spartina patches. Tissue
samples were taken from each surveyed paich of Spartina. The percent S alterniflora for
each sample was determined by the Spartina Laboratory at the University of Cdifornia a
Davis usng Randomly Amplified Polymorphic DNA (2). Samples of known S foliosa
collected from outsde the range of the NIS cordgrass were used as blind tests of the
laboratory analyses. All Sfoliosa samples were correctly identified.

Defining the Salinity Gradient

Many past sudies of the digribution and abundance of vegetaion in the intertida
zone of the San Francisco Estuary have shown generd correlations between agueous
sinity regime and plant community compostion (eg., 32). The low marsh plants are
egpecidly sendtive to sdinity changes during the growing season (75), and can therefore
be used as indicators of the sdinity regime. The convention has been to use the plant
digtribution data to approximately ddimit the saline, brackish, and fresh zones.

Although spatid changes in plant community compostion can be used to ddimit
«inity regimes in a generd way, the gspatid limits of the indicator species do not
necessarily indicate their sdt tolerances. Their didributions may be the result of many
factors interacting with sdinity (36, 75). However, physcd factors tend to be more
influential a lower eéevaions, and bictic interactions, including competition, tend to be
more important a higher eevations (36). For the lower intertidd zone, the distribution of
NIS cordgrass relative to other plant species that are strongly associated with different
sdinity regimes can be used to infer the potential upstream and downstream extent of the
NIS cordgrass invasion within the Estuary.

Study Results
Bayshore and Tidal Marshes

The basic data for average eevations of NIS cordgrass a the four bayshore field
gtes are presented in Table 2. The data show that the maximum and minimum €eevations
of NIS cordgrass rdative to maximum eevation of the backshore as well as high and low
tidd daums differ between dtes Although the vadues for mean minimum eevetion
relaive to Mean Tide Levd (MTL) are the same for the two Stes closest together (i.e,
San Leandro Channd and Arrowhead Marsh), the reationship does not remain the same
for the other two Sites.

While there are consgent maximum and minimum eevations for NIS cordgrass
within agte, there are no condstent maxima or minima between Stes.

There is, however, a srong podtive corrdation between minimum devation of
NIS cordgrass and locd Mean Tide Range (MHW minus MLW). That is, as MTR
increases, the disance between locd MLLW and the minimum eevaion of NIS
cordgrass aso increases (see Figure 3 below).
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Table 22 Mean and variance of éevation of NIS cordgrass relative to locad tida
datums, and maximum edevaion of native mash vegeation a four
sdine bayshore sudy stesin South San Francisco Bay.

San
Leandro
Channel

Arrowhead
Marsh

Coyote
Point
Marsh

Coyote Hills
Slough

Mean maximum €elevation
(ft) of NIS Cordgrass
relative to local MHHW
n=30

-025?03

-044?0.2

-093?04

-036704

Mean maximum elevation
(ft) of NIS Cordgrass
relative to maximum
elevation of marsh
vegetation
(Grendelia zone)
n=30

-087704

-091704

-146704

141705

Mean minimum €elevation
(ft) of NIS Cordgrass
relative to local MHW

n=30

-341?03

-314?03

-365?703

-288704

Mean minimum €elevation
(ft) of NIS Cordgrass
relativetolocal MTL

n=30

-092?03

-092?03

-084?703

-004?04

Mean minimum elevation
(ft) of NIS Cordgrass
relativeto local MLLW
n=30

+26870.3

+289703

+310?0.3

+326?04

Figure 3:

Correlation between Mean Minimum Elevation of NIS Cordgrass and
loca Mean Tide Range at the four saline bayshore study Stesin San

Francisco Bay.
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Isolated patches of NIS cordgrass on tidd flats in the San Leandro Channd were
initidly thought to represent the lowest eevations of the invason smply because they
are offshore (see Figure 4 below). However, devation surveys of these patches and
examination of historica aerid photos reveded that the isolated patches have colonized
relaivey high shods within the same devaion range as the foreshore invason. The
minimum €evetions of offshore colonies are within the range of minimum devaion for
the foreshore colonies (compare Table 3 below to the last row of Table 2 above).

It may be important to note that the offshore colonies occupy the bayward edge of
the shods a the end of a long fetch. The windward sde of each colony is marked by a
wave-cut bench that exposes the root zone of the colony. Whether or not the colonies
have eroded on their windward sdes in not known. But the roots apparently protect the
shoals enough to support a vertica cut face. The unvegetated portions of the shoads dope
away from the colonies on their leeward sides (see Figure 4).

It is not clear from the higtoricd aerid photos whether or not the shods are
growing downwind of the colonies. The devation and extent of tidd flats vary seasondly
and from year to year, such that changes in ther plan form cannot be easly atributed to
the plant colonies or to other factors, such as changes in sdiment supply, wind regimes,
or nearshore currents. If the shods are accreting downwind of the plant colonies, then the
colonies might adso expand downwind, and perhaps coaesce dong the contour of their
minimum eevetion.

The surface of each offshore colony varies in eevaion. In generd, the colonies
are higher near ther windward edges. There was a generd topographic low near the
middle of each colony. Overdl topographic rdief from one patch to another varied from
about 1.2 ft to about 1.7 ft ( 36.5 cm to 51.8 cm) (see Table 3 below).

Table 3: Mean and variance for maximum and minimum eevations of offshore
patches of NIS cordgrass a San Leandro Channel in South San
Francisco Bay. Patch numbers are taken from tags placed on each
patch by researchers working through the Universty of Cdifornia at
Davis on NSF Grant DEB-0083583.

Patch 6 Patch 7 Patch 8

M ean minimum
elevation (ft)
of NIS cordgrass +2527?02 | +254?02 | +277?0.2
relativetolocal MLLW
n=5
Thisisthe mean
difference in feet
between maximum and
minimum patch
elevations
n=5

+168701 | +166703 | +122704
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Figure 4: Offshore colonization by NIS cordgrass of tidd flat shods of rdativey
high devation a San Leandro Channd. The shoads existed before the
offshore colonies. Note that the unvegetated portions of the shoals
extend downwind from the colonies The foreshore in front of the
buildingsis aso dominated by NIS cordgrass.
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The verticd range of NIS cordgrass had been previoudy surveyed at Coyote Hills
Sough (54). Resurveys near this Ste suggest a locd change in the vertical range of NIS
cordgrass. However, in the previous study, tidal eevations were based on a benchmark of
unknown integrity (i.e, “a permanent Alameda County Food Control Didtrict
benchmark™) (54). If it is assumed that the previous devation survey is correct, then NIS
cordgrass near the mouth of Coyote Hills Sough has advanced updope about 0.4 ft (12.2
cm), and has advanced downdope about 0.9 ft ( 27.4 cm) in about eight years. These are
ste-gpecific data of unknown accuracy that mogtly illustrate the need to use standard
methods of tidal elevation surveys.

It is obvious from a generd reconnaissance of tidd marshes in South Bay that
NIS cordgrass invades sdine marsh drainage sysems. The lower devation limits of NIS
Cordgrass correspond to the dump blocks and lower banks of large channels (i.e., third-
order and larger channels that do not de-water at low tide and are V-shaped in cross
section), and to the beds of medium-sized channels (i.e, second-order channels and the
upper reaches of third-order channds that de-water and are U-shaped in cross-section).
NIS cordgrass does not tend to colonize the steep-sided banks of U-shgped channdls. This
invason pattern produces a discontinuous but predictable distribution of NIS cordgrass
within tidd marshes, with some fird-order and second-order channds being isolated from
the rest of their channd networks (see Figure 5 below)

Figure 5. Example mgp of the didribution of NIS cordgrass among channels
a Arrowhead Marsh, San Leandro Bay of South San Francisco Bay.

e
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Tidal Reachesof Local Creeks
Geomor phic Controls on Species Distributions

Each of the three dudy Stes condsted of the tidd reach of a smal perennid
sream. The bed of each stream dopes downward into the Estuary from eevations above
the tides This means tha the low tide may not extend throughout the brackish or
freshwater zones of the intetidd sdinity gradient. The minimum verticd didribution of
eduarine plants is therefore condrained by the height of the bed upstream of the
intersection of the bed and the low tide.

Plant eevations were surveyed relative to locd MHW because it extends
upstream through the intertidd sdinity gradient. However, the MHW datum is not a
horizontd plane dong these smdl sreams. During the wet season, stream discharge adds
water to the tides and can cause the height of the MHW datum to increase upstream.
During the dry season, when there is very little discharge a any of the study dtes,
channe friction can cause the MHW datum to decrease upstream. It is assumed that
dinity has the grestest effects on plant digtribution during the growing season, which
begins near the end of the wet season. The MHW daium was therefore adjusted aong
each sudy gte for the effect of channd friction in the absence of wet season discharge.
A dope of 0.00004 (decreasing upstream) was applied, based on surveys of high water
marks a the dtes and a previous study of water surface dopes in tidd marsh channels in
the region (56).

Vertical and Longitudinal Distribution of Species

The minimum devations of al cordgrass decrease with distance upstream from
sdine to brackish conditions, and the minimum eevations of Scirpus and Typha decrease
with disance upstream from brackish to fresh conditions. In the absence of NIS
cordgrass, the minimum devation of native vegetation decreases with distance upstream.
Native Sirpus acutus, <cirpus californicus and Typha spp, which are redricted to
brackish and fresh conditions, grow lower than the native cordgrass & foliosa), which is
redricted to sdine conditions. This pattern has been observed esewhere in the Estuary
(15, 32, 54).

For al three study gtes, the NIS cordgrass occurred a lower eevations than any
other low marsh plant species. The NIS cordgrass grows lower in the intertida zone and
further upstream dong the <dinity gradient than the native Spartina foliosa. Locd
differences in minimum eevation between native and nonnaive Spartina may reflect
gte higory (see Discussion), but the NIS cordgrass can grow a least 0.7 ft (21.3 cm)
further below the locd MHW datum than the native cordgrass (see Table 4 below).

At the San Leandro Creek dte and a the Colma Creek dte, there are cement
gorons below bridges that condrain the upstream extent of low tide and saline conditions.
In San Leandro Creek, the apron below the bridge a Hegenberger Road is above the
MLLW datum. Bed load from upstream has filled the channd to devations above the
goron for a distance of amost 1,000 ft (about 328 m) upstream of the bridge (see Figure
6). Low tide does not extend above this barrier. Freshwater discharge across the eevated
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sediments upstream of the bridge during low tide helps to flush sdts from the sediments.
Sdine conditions therefore only extend a few hundred feet upstream of the bridge.

In areas upstream of the bridge, where the channel bed is less than 4 feet (about
1.2 m) below the locad MHW datum, NIS Cordgrass has begun to extend onto the bed
from the channd banks. Some paiches are entirdy redricted to mid-channel bars of
sediment.  No other plant species is exhibiting this tendency to grow across the intertidal
channel, except under nearly freshwater tidd conditions a the head of the tide, where the
invasve giant reed, Arundo donax, and the NIS cordgrass are both encroaching onto the
channd bed. These encroachments withstood the scouring flood flows of the subsequent
wet season.

Figure 6. Spatid didribution of intertidd plants dong San Leandro Creek.
Horizontal arrows a the top of the graph show the maximum observed
longitudinad  didribution of species indicative of sdine, brackish, or
freshwater tidd regimes. Dotted vertticd bars show approximate
boundaries between these regimes. Plots show longitudind digtributions of
species co-dominant dong the down-dope edge of the foreshore.
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Figure 7. Spatid didribution of intertidd plants dong the Alameda Food Control
Channdl. Horizonta arrows at the top of the graph show the maximum observed
longitudind didribution of species indicative of sdine, brackish, or freshwater
tida regimes. Dotted vertical bars show agpproximate boundaries between these
regimes. Plots show longitudind digributions of co-dominant species adong the
down-dope edge of the foreshore.
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In the Alameda Food Control Channel, where the channe bed is deep
enough to alow the low tide to extend upstream into the freshbrackish zone, the
minimum eevation of plants decreases upstream (see Figure 7 above).

At the Colma Creek dte (Figure 8 below), the cement apron below the bridge at
Spruce Street has eevated the bed above the MLLW datum. The bed has apparently
aggraded for at least 500 ft (about 160 m) upstream of the bridge. The bed is less than
four feet below the locd MHW datum for most of the brackish and freshwater zones of
the sudy dte. The upstream change in minimum edevation of NIS cordgrass through the
brackish zone generdly pardlds the gradient of the channd bed. Encroachment by NIS
Cordgrass onto the bed from the banks is evident. Other species are not encroaching onto
the bed, except in the freshwater zone, where both Scirpus acutus/californicus and Typha
have esablished samdl mid-channel patches. The NIS cordgrass barely extends into the
freshwater zone, perhaps because of the stegpness of the channd gradient near the head
of thetide.



Figure 8. Spatid didribution of intertidd plants dong Colma Creek. Horizonta
arows a the top of the grgph show the maximum observed longitudind
digribution of gspecies indicative of sdine brackish, or freshwater tidd
regimes. Dotted verticd bars show gpproximate boundaries between these
regimes. Plots show longitudina didributions of species co-dominant aong
the down-d ope edge of the foreshore.
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Distribution of Low Marsh Plants
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The minimum eevation of NIS cordgrass has been cdculated for each study ste,
relaive to MHW. Estimates of devations rdative to MLW or MLLW are not relevant
because the channe beds of tida reaches are mostly above the low water datums. The
high variance around the estimate of mean minimum devation of NIS cordgrass for the

creeks reflects the tendency of NIS cordgrassto grow lower upstream than downstream.

Table 4: Minimum devations of NIS cordgrass reaive to MHW for freshr
brackish tida reaches of three creeks of South San Francisco Bay.

Site Elevation Relativeto Local MHW
Colma Creek
N 23 -424? 09
Alameda Flood Control Channel 385707
n=14
San Leandro Creek
n=13 -3.31?70.6
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Variation in Spartina Hybridization along the Salinity Gradient

Hybrids of S alterniflora and S foliosa occurred dl dong the sdinity gradients of
the three tidal reach study dtes (14). There gppears to be no strong correlation between
percent hybridizetion and <dinity within the brackish zones (see Figure 9 below),
dthough the methods for representing sdinity might have influenced the fit of the data
(see Discusson). However, the native Spartina, which was coded as 0.0 percent
hybridization in Figure 9, only occurs in the sdine zone. In contrast, most of the pure
Spartina alterniflora, which was coded as 100 percent hybridization, occurs in the
freshwater zone. This produces a dight inverse reationship between sdinity regime and
degree of hybridization.

Figure 9: Spatid rdaionship between degree of Spartina alterniflora x Spartina
foliosa hybridization and agueous <inity regime. Sdinity regime is
represented by distance downstream from the upstream dart of the
freshwater regime, as indicated by species compostion of the low narsh
plant community (see Figures 6-8 above). Degree of hybridization is
measured as percent genetic dmilarity to S alterniflora. Zero percent
gmilarity indicates pure S foliosa. One hundred percent Smilarity
represents pure S. alterniflora.
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Discussion
Bayshore and Tidal Marshes
Vertical Distribution of NIS Cordgrass

Other sudies have reported poor corrdation between the eevation limits of
Spartina and tidal datums (e.g., 59), but better correlation between Spartina limits and
Mean Tide Range (MTR) (42, 59, 60, 61, 105). A regresson modd rdaing MTR to
veticd range of S alterniflora aong the U.S. East Coast (59) has been used to predict
the digtribution of NIS cordgrass in the San Francisco Estuary (62). However, the
Spartina hybrids in the Eduary behave differently than non-hybridized S, alterniflora (2),
and the earlier predictions rdied on transplant experiments rather than volunteer (i.e,
“naturd”) colonization to determine the devation limits of NIS cordgrass (59, 15). The
corrdation between MTR and minimum elevation of NIS cordgrass reported here is the
firgt predictive mode for San Francisco Bay that is based on local empirica data

The conceptud modds for intertidd zonation and some of the Sudies of
corrdaions between MTR and vertical didribution of Spartina (eg., 63, 90) suggest that
the corrdations relate to physologicd tolerances of the plants to tidal exposure or
inundation. To examine this further, the reationship between MTR and tidd datums was
investigated. For the East Coast of the United States (Figure 10), and for South San
Francisco Bay (Figure 11), spatid vaiations in MTR are due to varidions in high tide
datums. By convention, MLLW is hed condant at zero devation, but MLW adso varies
little compared to the high tide datums. In essence, MTR varies with MHW.

Figure 10: Vaiaton in MHW, MLW, and Mean Tide Level (MTL) in reation to
MTR aong the East Coast. Data are from published NOS Benchmark
Shesets for sixteen tide stations between Maine and South Florida
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The rdaionship between MTR and minimum €evation of NIS cordgrass in the
San Francisco Estuary (see Figure 3 above) was used to predict the minimum eevation of
NIS cordgrass at NOS Tide Stations throughout the South Bay. The relaionship between
MTR and the minimum devation of NIS cordgrass is not congant. MHW (and hence
MTR) increases faster than the minimum devation of NIS cordgrass with distance south
from the Golden Gate (see Figure 11 below).

Figure 11: Variation in Mean High Water, Mean Low Water, Mean Tide Levd, and
predicted minimum devation of NIS Spartina in relaion to Mean Tide
Range for NOS Tide Stations between Centrd San Francisco Bay a
Berkeley and Far South Bay a Alviso.
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In the San Francisco Eduary, as sea leve rises, the high tide datums, especidly
MHHW, are ridng faster than MLW (6). This means that the tidd range is increasing.
The minimum devaion of NIS cordgrass, reative to MLLW, might therefore aso
increase as sea leve rises. The effect of this change on the overdl verticd range of the
NIS cordgrass is undudied. The effect on the digribution of NIS cordgrass among the
tidd flats is difficult to surmise because the didribution and abundance of the tidd flats
might also be affected by the change in tide range.
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The predicted minimum devation of NIS cordgrass and the high and low datums
were aso plotted rdative to Mean Tide Leve (see Figure 12 below). The high and low
datums represent the approximate boundaries of intertidd flats. The well known fact that
the amount of flats increases with distance south of the Golden Gate in represented by the
divergent high and low datums on the right end of Figure 12. According to this graph,

NIS cordgrass will colonize less than the upper hdf of theflats in far South.

Figure 12: Variation in Mean High Water, Mean Lower Low Water, and predicted
minimum eevation of NIS Spartina in reaion to Mean Tide Levd
(MTL) for NOS Tide Stations between Centrd San Francisco Bay at
Berkeley and Far South Bay a Alviso.
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Snce MTR varies with MHW, then the frequency and duration of inundation
vaies with MTR (see Figures 12 and 13 below). That is, plants growing a any given
elevation rdaive to MLLW will tend to be inundated more frequently and for longer
periods of time where the tidal rangeis grester.

The corrdation between MTR and minimum devation of NIS cordgrass may
represent a relationship between minimum devation and duration of tidadl inundation. As
noted in the conceptuad models, many intertidd phenomena, including the digtribution
and abundance of organisms, are drongly corrdated to tida inundation regime. For
plants, the duration of inundation affects metabolic processes as wel as exposure to
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herbivory, desccation, wave action, etc.  Given the physologicd importance of
inundation regime on intertidd vegetation, then the elevation thresholds of plant growth
probably relae more to inundation regime than to eevation per se.

Figure 13: Cumulaive frequency of daily tida maxima for three NOS Tide Stations,
showing that as Mean Tide Range increases, the devation that corresponds
to any given percentile of the high tides adso increases. For example, 50%
of the high tides are below about 5.2 ft a Alameda, 7.25 ft at Redwood City,
and 77 ft a Dumbarton Bridge, where the MTR is about 4.4 ft, 5.9 ft, and
6.1 ft, respectively. Elevations are rdativeto loca MLLW.
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To further explore the possble reationship between the vertica digtribution of
NIS cordgrass and tidd regime, the minimum eevation of NIS cordgrass, as predicted
from empiricd data (see Figure 3 above), was plotted against cumulative duration of
inundation at three NOS Stations for which adequate data were avalable Mean Tide
Range (MTR) differs between these Tide Stations. The predicted minimum devetion
corresponds to about the 40 percentile of the cumulative inundation curve for June,
regardless of MTR (see Figure 13 below). June data were analyzed because June is about
the middle of the growing season for NIS cordgrass, and because the duration of
inundation is grester in June than during other months of the growing season (i.e, June
has a high vaue for monthly mean high tide). No reationships between NIS cordgrass
digribution and tidd regime have been invedigated for other months. Durdion of
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inundation may be one of many factors underlying the corrdation between devetion of
NIS cordgrassand MTR.

The fact that the empiricd data for minimum devation of NIS cordgrass a the
four study gStes (see Figure 3 above) yield predictions for the same threshold of duration
of inundation, even though the dstes have different invason dates (see Table 1 above),
suggedts that the invasion has reeched its lower devation limit at each Ste.

Figure 14. Reation between predicted minimum eevation of NIS cordgrass (see
Figure 3) and cumulaive duration of tidd inundetion a three daions with
different Mean Tide Range (MTR), showing that the predicted minimum
elevations of NIS cordgrass (see vertica red arrows) correspond to about the
40" percentile of duration of inundation during June (see horizonta red
arow), regardless of MTR. The width of the arrows represents the
confidence limits of the regresson used to predict minmum elevetion of
NIS cordgrass (see Figure 3).
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Discussion of Tidal Reaches of Local Creeks
Sources of Error in Surveying Relative Elevations

The levd line surveys dong the sudy sStes were not sgnificant sources of error
for describing variations in plant patch devations. Survey closures were dways less than
0.025 ft (0.3 in). The range in plant devaions was more than two orders of magnitude
grater then this survey error.

Sources of Error in Reckoning Tidal Datums

Based on the NOS standards for tidd datum determination, the reported values for
MHW at the NOS reference dations for San Leandro Creek and the Alameda Flood
Control Channd are within 0.1 ft (1.2 in) of the true datum (33, 89). However, a recent
tregtise on tidd datistics suggests that the results of tidal datum reckoning are sengtive to
the seasondity of the data (6). The NOS vaues used for San Leandro Creek and the
Alameda Flood Control channd are based on 5 months (February to June 1977) and 4
months (December 1976 to March 1977) of data, respectively. The error due to length of
record and its seasondity has not been determined. The resdud error of the dternate
method of tidd datum reckoning was less than 0.1 ft (1.2 in) for dl dtes. This indicates
that the maximum known eror of the MHW determinations for the daff gages & each
gte was about 0.2 ft (2.4 in). This is probably close to the error rate that is introduced
when trying to position the survey rod at the lowermost edges of plant patches, given that
the sediments are typicdly very soft and the lowermost plant shoots or roots may not
adways be obvious. Furthermore, most of the differences in verticad didribution of plants
as reveded by the surveys are more than a magnitude greater than the estimated error of
datum reckoning (the NOS error of datum reckoning notwithstanding). Since the error of
reckoning is a congant, it would not dter the apparent relaive spatid patterns among
plant patches.

Sources of Error in Tidal Reach Longitudinal Surveys

The maximum upsream adjusments in MHW to account for friction of the
channd ae less than the maximum error of datum reckoning and not sgnificant with
regard to the genera findings of the study. The adjustment is proportiona to the distance
upstream from the daff gage a each dte, and therefore has the greatest potentid to
introduce error in the updream, freshwater zones. For the longest dudy dSte, the
maximum adjusment was 0.16 ft (about 5 cm). For San Leandro Creek and Colma
Creek, the adjustment dightly mediates the gpparent upsiream increase in minimum plant
elevation. For the Alameda Flood Control Channel, the adjusment dightly exaggerates
the apparent upstream decrease in minimum devetion. In al cases, the observed
vaiaions in plant eevation ae more than a magnitude grester than the survey
adjusment for friction.

The erors of the leved line surveying, of the MHW reckoning a the dtaff gages,
and maximum upstream adjustments in MHW sum to about 0.285 ft (about 8.5 cm). This
maximum possible error only pertains to the most upstream reaches of the longest study
dte (Alameda Hood Control Channd), and does not sgnificantly affect the observed
patterns in verticd distribution for any plant species a any site.



35

It would be useful to report plant eevation relative to MLLW, rather than MHW,
gnce by convention MLLW represents zero tide. But for most of the freshbrackish
portions of the tidal reaches, he MLLW datum is below the channd bed. In other places,
where the bed is below the MLLW datum, the effect of channd form and friction on the
height of dack low water is unknown. It is expected that the effect of friction is grester
on low tides than high tides, and that the effect of friction increases upstream, because the
efficiency of the channd decreases with decreasing volume of the tide. Since the NOS
reference dations are very near the bayshore and not in smdl channds, the difference in
height between MHW and MLLW at the reference stations may not be the same as the
difference in height of these datums a the dudy stes. All eevations are therefore best
reported relative to MHW.

Sources of Error in Estimating Salinity Regime

The digribution and abundance of the dominant and co-dominant plant species of
the low mash & each dudy Ste vay predictably with sdinity regime in the San
Francisco Estuary. The presence or absence of these species dong the longitudina axis of
each dudy dte provides a generad description of the extent and stegpness of its sdinity
gradient. The results of the fidd surveys reflect the most obvious characterigic of the
sudy stes, which isthat sdinity increases downstream from fresh to sdine conditions.

The aeas of overlgp for species that indicate different <dinity regimes are
probably due to inter-annud variability in freshwater discharge. During years of abundant
discharge, the freshwater zone of these smal egtuaries can expand downsiream, but the
sdine zone can only be compressed. The sdine zone cannot expand downstream beyond
the channd mouth. During years of scant discharge, the sdine zone can expand upsream,
but the freshwater zone can only be compressed. The freshwater zone cannot expand
upstream unless sea leve rises or the channd incises upsream of the head of the tide.
Tempord shifts in the relaive abundance of plant species dong the channd correspond
to dhifts in sdinity regime. The shifts in plant didribution lag behind the shifts in sdinity,
however, and are never complete, snce conditions continue to change. As a result,
goecies that are indicative of different sdinity regimes can have overlapping digtributions.
The extent of overlgpping didributions reflects the steepness of the dSte. Steeper dtes
have narrower sdinity zones with less overlap.

Since the study dgtes differ in annua discharge and overdl Steepness, the lengths
of ther <dinity gradients and the proportions of the sdinity zones adso differ. The
reported large variability in the reationship between percent hybridization and <dinity
regime (see Figure 9) may, in pat, be an atifact of the differences in Ste stegpness and
annua discharge. A less variable reationship might be reported if percent hybridization
were compared directly to average water sdinity, rather than to distance from the head of
the tide. Which might be a doppy proxy for aqueous sdinity.

Possible Effects of Ste History

The vegetation petens a the study dStes probably reflect the higory of dte
management. The low marsh adong the Alameda Creek FHood Control Channel appeared
to be in early stages of invason by NIS cordgrass and secondary successon by native
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plant species. As indicated for Segment R in Figure 1, many of the patches were smdl or
moderatedly szed. And there was very little encroachment onto the channe bed, even in
areas where the bed was above MLLW. The channd is maintained by dredging, and
dthough the timing of the last dredging reaive to the initid invason is unknown, the
dredging disturbs the vegetation a low devations dong the banks and increases the
opportunity for new colonization by NIS cordgrass. Portions of San Leandro Creek and
the Alameda Flood Control Channel have aso been subjected to demica control of NIS
cordgrass. The control efforts killed some patches and reduced the stature of others, but
the invason has continued and ample evidence of the verticd digribution of NIS
cordgrass remains. The Colma Creek dte seemed to be the least disturbed by dredging or
plant management. Shopping carts and other large urban debris were deegply embedded in
the channd, and the channd-sde vegeadion included mature willows with dense
undergrowth. The reative lack of disturbance in the Colma Creek dte may hep explan
why NIS cordgrass grows a lower devations (rdative to locd MHW) in Colma Creek
than in the other tidal reach study Stes (see Table 4 above).

Future Scenarios

The fidd data in combinaion with the conceptud modds of the form and
functions of intertidd habitats provide a bass for a set of generd forecasts about the
effects of NIS cordgrass on the intertidal zone as aphysicd system.

The basc spatid patterns of the invason within loca settings seem clear enough
to summarize. And the physica responses of the intertidal system to date seem to agree
well with what would be predicted from the conceptua models.

However, the regionad spatid paterns of the invason and the speed of the
inveson within a locde and from place to place are mostly unknown because the various
observations from different time periods have not been made usng consstent methods.
The lack of dandardization among studies of NIS cordgrass in San Francisco Bay
severdy limitstheir usefulness for assessing change over time.

There is a badc need to monitor the invason dong the environmentd gradients
from sdine to brackish conditions and from smdl to large tidd ranges, usng standard
methods with closdly controlled reference to quadified verticad and horizonta controls for
the spatid measurements. The time interval of the measurements is less criticd than the
goatid controls. However, a fixed time interval for measurements among randomly
chosen dtes dong the primary environmenta gradients seems most appropriate. A
protocol for monitoring NIS cordgrass in the San Francisco Estuary has been produced
that might prove useful (91).

While there is evidence tha, in the few dtes dudied, the vertica limits of NIS
cordgrass have been achieved (see page 13), this is not a concluson, and esawhere the
invason is gpparently progressng both verticaly within the intertiddl zone and dong the
man axis of the Eduary. As the invason progresses, its hydro-geomorphic effects may
differ from wha has been observed. The following forecasts of the likely endpoints of
the invasion should be consdered in the context of this uncertainty.
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Bayshore and Tidal Marsh Scenarios

Figure 14: Conceptud modd of changes in plan-form of the sdine intertidal zone
of exidging mid- to high-devation marshland, due to invason by NIS
cordgrass.

Figure 14 illudrates the badc
pattern of NIS cordgrass invasion
dong the foreshore and channd
network of an exiging high
devaiion tidd mash (average
height of the marsh plan is greater
than locd MHW) in the sdine part
of San Francisco Bay.

In the early dtage of invasion
v (frame 1 of Figure 14), pioneering
Tidal Flat individuas of NIS cordgrass
colonize the middle reaches of its

veticd range aong the foreshore

and dong the side dopes of the
larger channds Offshore shods of
tidd flats, such as those associated
with the mouths of creeks, can dso
be colonized. The pioneers can be
isolate from each other.

As the invadon progresses,
(frame 2 of Figure 14), NIS
cordgrass colonies expand updope
and downdope within the intertidd
zone, forming a new foreshore a

lower devations than the old

foreshore. Colonies aso expand
aong the lower and middle reaches
of the channd network.

Near the find dage of
inveson, (frame 3) the NIS
cordgrass has expanded throughout
its veticd range dong the
foreshore and on the offshore
shod. The chand network is
amplified, with isolated remnants
of the most headward channels.
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Figure 15 below illugtrates in profile two possble end points of the NIS cordgrass
inveson of exiging mid-eevation sdine tidd marsh (average height of the marsh plan is
between MHW and MHHW). In the initid stage (frame 1 in Figure 15), NIS cordgrass
colonizes the middle of its verticd range aong the foreshore. As the invasion progresses
(frame 2 in Fgure 15), it expands throughout its verticd range dong the foreshore. At the
same time, the marsh is building upward above MHW. If the NIS cordgrass expands
across the marsh plain, then it might form a cordgrass meadow that sugtains itsdf near its
upper limit, which is bdow the MHHW plan (frame 3 in Fgure 15). Or, it might not
expand across the plain, or it might be succeeded by native high marsh plant species (e.g.,
Salicornia virginica, Distichlis spicata, Jaumea carnosa) that can colonize organic
substrates near the MHW datum and continue to build the marsh upward above MHHW,
above the verticd limits of NIS cordgrass.

Figure 15. Conceptua mode of changes in profile of the sdine bayshore and tida
marsh due to invasion by NIS Spartina, showing two possible endpoints.
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Figure 16: Conceptual modd of two possble endpoints of tidd marsh
development from mud flat, as influenced by NIS cordgrass.

High Mudflat

At the ealiet dage of invason of
the mudflat (Frame 1 in Fgure 16),
pioneer NIS cordgrass colonizes the
rddivdy high-devation shods and the
banks on the outsde of meander bends of
the lager channels.

As the invason progresses (frame 2
of Figure 16), NIS cordgrass traps
sediment and crestes new habitat for itsalf
aong the foreshore and drainage network
of the high-devation tidd flat.

The NIS cordgrass eventudly
expands across the high tidd flat (Frame 3
of Fgure 16), condraning the tidd
channd network. This could be the
endpoint of marsh development, with the
marsh plain represented by a cordgrass
meadow at eevations between MHW and
MHHW. Ancther posshility is that the
cordgrass meadow will succeed to a high
marsh a devations above MHHW due to
colonization of the cordgrass meadow by
native high mash plants (see text for
Figure 15 above).

In the latter case, the NIS cordgrass
would probably persst as the dominant
emergent plant of the foreshore and dong
the channd network (frame 4 of Figure
16), which would be smpler and lack the
gndler channds of the native high marsh.
Thet is, the evolution of high marsh from a
NIS cordgrass meadow would probably
have less channd habitat per unit area and
the channel order would be lower for the
channd network as awhole.
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Tidal Reaches of Creeks Scenario

Figure 17: Conceptud modd of changes in locad creek profile and planform, as
influenced by NIS cordgrass. Head of tide means upstream limit of

tidal action.
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Figure 17 illudraes
the potentid effects of the
NIS cordgrass invasion

on creek profiles a the
trangtion from freshtidd
to sdine-tidal conditions.

The NIS cordgrass
grows a lower eevations
than the native cordgrass,

and can toleate less
sdine conditions.
Brackish conditions

prevent native cordgrass
from growing a fa
upstream in creeks as the
tidd regime would
otherwise permit.  Along
the sdine foreshore of the
Bay, native cordgrass can
grow a MTL. But cresk
beds intersect MTL
upstream of sine
habitat. Native cordgrass
therefore does not grow
across creek beds

NIS cordgrass grows
bdow MTL, tolerates
brackish conditions, and
therefore  can grow
further up the creeks and
across their beds. The
ability of NIS cordgrass
to trgp sediment and to
withgand flood flows can
cause the creek beds to
aggrade upstream, and
thus shorten ther tidd
reaches.
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Outgtanding Questions

The hydrologicd and geomorphic processes of the intertidd zone creste a
dynamic physca template for ecologicd interactions. The production and physca
dructure of emergent intertidd vegetation are prominent aspects of this dynamic
template. The invason by NIS cordgrass will sgnificantly dter the template and thus
affect the ecology of the intertidal zone.

The following questions are fundamental and must be answered before the overal
extent and genera ecological effects of the NIS cordgrassinvasion can be forecasted.

1. How low will NIS cordgrass grow in Suisun and perhaps the western Delta?
Studies are needed to show the minimum devation of NIS cordgrass when
suitable subgrate is available in the lower intertidd zone under brackish to
fresh water conditions. To date, fiedd studies of the effect of agueous sdinity
on the verticd digtribution of NIS cordgrass have been restricted to the tidal
reaches of local creeks, where channel bed eevations are above low tide.
These studies cannot indicate how low NIS cordgrass will grow under
freshwater conditions where the lower intertidd zone is avalable to be
colonized. The exising data do not indicate, for example, how low NIS
cordgrass will grow dong the foreshores of North Bay or Suisun. This
question would be addressed best with laboratory studies of the survivorship
of NIS cordgrass under controlled regimes of inundation and aqueous
inity.

2. Will NIS Cordgrass meadows evolve into high marsh dominated by native
plants? The regiond modd of marsh evolution from tidd flat through low
marsh to high marsh needs to be tested when the low marsh is dominated by
NIS cordgrass rather than native cordgrass. It is apparent that NIS cordgrass
readily trgps suspended inorganic sediment and produces large amounts of
organic debris. Retention of these materids within areas that are colonized
by NIS cordgrass might raise the areas into the eevation range of other plant
gpecies, incduding ndive high-marsh species that might be able to compete
with NIS cordgrass in the upper intertida zone. There is evidence from the
San Fancisco Eduary of natura successon from low mash that is
dominated by native cordgrass to high marsh dominated by other ndtive
vegetation. The exiging data do not indicate, however, whether an area of
NIS cordgrass will be subject to plant community succession or if the area
will remain unsuiteble for other plant species despite beng within ther
verticd range. If areas of NIS cordgrass build up rapidly to mid marsh or
higher devations, and if the areas are then colonized by native vegetation,
then the NIS cordgrass might increase the rate of evolution of acceptable
marsh conditions from tidd flats. The resulting marsh would have fewer
gmdl channds and a lesser dendty of channds overdl, but the marsh plain
might be dominated by native vegetation. This question could be addressed
by monitoring devation and plant species compostion a a low marsh plan
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that is presently dominated by NIS cordgrass, has an adequate supply of
suspended sediment, and is alowed to develop upward through the intertida
zone.

. What will be the ecologicd effects of the hydro-geomorphic changes? Some

generd effects of the NIS cordgrass invason on the ecologicd functions of
the intertidd zone might be hypothesized, based upon the expected
geomorphic effects and the naura higories of the plaits and animds
involved. For example, the isolation of the headward reaches of firs-order
channds may increase mosguito production, until the channe remnants are
colonized by plants and become part of the marsh plain. The retrogression or
ghortening the channd networks will tend to incresse the Sze of broad
pannes on the marsh plain that can sarve as refugia and perhaps feeding
aress for shorebirds and dabbling waterfowl. The increased width of the low
marsh zone and the increased height of foreshore vegetation might represent
more habitat for low marsh birds, such as rails, wrens, and song sparrows,
although interactions among these taxa might offsst the benefits of more
habitat. The foreshore may be more dtable and able to resst eroson.
Shorebirds that feed dong the tidal front as it rises and crosses the tidal flats
will encounter the foreshore a lower tidd eevation and thus be forced off
tidd flats sooner during a risng tide Whether or not this will sgnificantly
affect shorebird energetics and fitness is unknown. The overdl reduction in
channd densty and shordine length might reduce the rate of exchange of
water-borne materids between the marshes and the Bay. That is, the overal
filtering function of the marshes and therr role as habitat for some fishes is
likely to be reduced. These are examples of basic ecological processes that
might be affected by the NIS cordgrass invason as mediated by hydro-
geomorphic changes in the habitat. The important detaills of such effects
remain to be eucidated.
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