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EXECUTIVE SUMMARY

This report documents activities undertaken through a series of grants awarded to
Humboldt Bay National Wildlife Refuge between 2006 and 2011. The common goal of
these grants was to contribute to a protocol for controlling the invasive cordgrass
Spartina densiflora, which has proliferated through the salt marshes of Humboldt Bay
and adjacent estuaries. The individual grants focused on different components of Spartina
control and salt marsh restoration, including research on invasion ecology/impacts that
could inform the development of new control techniques and regional control strategies.
Following are highlights of the results:

e 31 previously untreated acres of salt marsh on the Mad River Slough were
restored through the removal of invasive Spartina densiflora.

e Mature plants were killed in 1-2 years through the application of a subsurface
“grind” technique using a tri-blade brushcutter applied directly on the shallow
rhizomes. Resprouts were treated at approximately 6-month intervals.

e Above-ground parts of plants were mowed, raked and burned or removed,
however a new method of “mulching” the above-ground material with the
brushcutter now eliminates this step.

e Dense Spartina seedling flushes emerged after the first treatment (mean 240/m?),
and were flamed or removed with brushcutters. Subsequent seedling emergence
was much lower. Seedling density in the first year was positively correlated with
cover of Spartina prior to treatment. This initial flush of seedlings may be
emerging from the seed bank, and a “deep” grind (4-6 in) has subsequently been
shown to minimize seedling emergence and eliminate much of the seed bank.

e A successional trend during restoration was documented, in which bare areas
resulting from treatment became colonized first by filamentous algae (first winter
following treatment). Native vascular plants, especially pickleweed, began
colonizing the first summer after treatment and significantly increased in cover
during the second summer. Canopy closure was achieved between 2 and 4 years
after initial treatment.

e Spartina seedling emergence following treatment was positively correlated with
algal mats, which may have reduced desiccation in the spring.

e Application of a first treatment in summer (vs. winter) resulted in fewer Spartina
resprouts but more Spartina seedlings. Pragmatically, timing of treatment is more
likely to be a function of crew availability and site accessibility. Sites are far more
accessible in summer due to tides, and weather is more suitable.

e Revegetation can be accomplished using “plugs” of native salt marsh dominants
(pickleweed or salt grass) planted at any time between December and April. Both
pickleweed and salt grass exhibited extremely high survivorship. Earlier
transplants resulted in more rapid canopy closure, and canopy composition shifted
to predominance by pickleweed by the end of the first summer after planting.

e Canopy closure occurred in all areas, included those not planted, by year 4,
suggesting that revegetation is not a required step in marsh recovery.

e Arrowgrass, a brackish and high marsh plant, appeared resistant to the mechanical
treatment, resprouting from rhizomes vigorously in treated areas in the first spring



after treatment, and accelerating vegetation recovery. However, this species was
largely confined to areas with freshwater input.

In areas without freshwater input, pickleweed was the dominant colonizer,
emerging from seed in the first or second summer after treatment. Salt grass was
observed to recruit only vegetatively from established stands bordering controlled
areas, but even in these areas pickleweed was often the first colonizer.

The rare salt marsh annual Humboldt Bay owl’s clover responded dramatically
and positively to restoration, with the population in the restored area increasing
from approximately 3,000 individuals pre-restoration to over 99,000 five years
post-restoration.

Continued maintenance to remove newly established plants will be required until
regional eradication is completed.

Spartina densiflora has extremely high fecundity (35-47 million seeds/ac), and a
persistent seed bank lasting at least two years. Viable seed in the seed bank was
reduced at most sites after two years (when replenishment was prevented) but
remained the same in the site characterized by the densest seed bank. Seed bank
studies will continue in order to determine longevity.

Seed bank density, ranging from an average of 100 to 3,805 seeds/m” of surface
area in the first year, was strongly correlated to above ground abundance of
Spartina, suggesting that seeds may primarily enter the bank at the site of seed
production.

Top mowing of dense Spartina can be used to suppress seed production when
complete control isn’t feasible. Mowing in July completely suppressed seed
production, mowing in April reduced it by 90%. Top mowing resulted in
increased native cover, but also increased seed production in the second year.
These results suggest that annual mowing would be needed for this method to be
effective.

Spartina continued to increase in density in the control plots at one experimental
restoration site over a two year period, indicating that the invasion was still in
progress, even in moderate to dense areas. There are many areas around
Humboldt Bay where Spartina can be observed spreading to new areas, but this
study suggests that it is continuing to increase in density even in areas where it
appears to be fully established.
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INTRODUCTION

Spartina densiflora is a South American cordgrass that has aggressively invaded
salt marshes at Humboldt Bay and Eel River estuary. The species was introduced to
Humboldt Bay in the late 1800s (Kittelson and Boyd 1997), and has since been
transported or dispersed to a number of salt marshes between San Francisco Bay,
California and the Strait of Georgia, British Columbia. Because of the severe ecological
impacts posed by invasive members of the genus Spartina, political leaders from
California, Oregon, Washington and British Columbia have jointly committed to
eradicate all non-native populations of the genus Spartina along their coasts by 2018
(WCGA 2008, Pacific Coast Collaborative 2010).

Between 2002 and 2004 staff at Humboldt Bay National Wildlife Refuge carried
out the first experimental control project targeting S. densiflora on a 4-ac (1.6-ha) salt
marsh island in the Lanphere Dunes Unit of HBNWR (Pickart 2005). Based on the
success of this effort, a larger, pilot restoration project was initiated in 2006 and
eventually encompassed 12.5 ha (31 ac) on the Lanphere and Ma-le’l Dunes Units
(Pickart 2008). In 2008 a research component was added to the restoration program,
funded by the State Coastal Conservancy. Research goals included the refinement of
control techniques, documentation of restoration impacts (both positive and negative) and
a further understanding of Spartina densiflora invasion ecology. Based on the success of
these pilot projects, in 2010 the USFWS funded the control of S. densiflora within the
entire refuge for a cost of $1 million (USFWS 201 1a). Monitoring and experimental
elements of the larger project will yield even more insights needed to accomplish
regional eradication. This report is divided into two sections, the first (Pilot Restoration)
detailing the result of restoration efforts that began in 2006. The second part (Research
Results) documents the results of research projects carried out from 2008 to 2012.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
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I. PILOT RESTORATION

LOCATION

Restoration was carried out on a total of 12.5 ha (31 ac) of salt marsh in the Mad
River Slough within the Lanphere and Ma-le’l Dunes Units, Humboldt Bay National
Wildlife Refuge, California (Fig. 1). Restoration consisted primarily of control of
Spartina densiflora, however, revegetation techniques were also tested in several areas.

L

Project
Location

Salt Marsh Restoration

Restored

I zo02-2004 (4 ac)

2006-2008 (18 ac)
2008-2010 (13 acg)

Restaration in Progress (3.7 ac)

260 130 i] 260 Meters

Figure 1. Location of Spartina densiflora control, restoration are covered by
this report was carried out from 2006-2010 and covers 12.5 ha (31 acres).
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METHODS

Mapping Methods

Baseline mapping of Spartina on the Lanphere and Ma-le’l Dunes Units was
carried out from June through August of 2006 prior to the start of restoration.
Occurrences of Spartina were mapped on the ground by streaming data with a Trimble
GeoXT. Mapping relied on a combination of polygons for continuous occurrences, lines
for linear occurrences, and points for isolated occurrences of a single or a few tightly
spaced individuals. A minimum mapping unit was not defined due to the logistics of
working in areas bisected by many tidal creeks. All polygon boundaries and linear
occurrences were walked. All mapped features were attributed with cover/abundance data
consisting of two cover classes: less than 60% cover, and greater than or equal to 60%
cover. After completion, spatial data were checked for quality, and topology was cleaned
to eliminate any incomplete or overlapping polygons.

Monitoring Methods

Several different types of monitoring were utilized for different aspects of the
project. In addition to baseline mapping of Spartina and quantitative, plot-based
sampling, photo-points were used to document the site prior to and throughout the
project. Photo-monitoring is an effective means of assessing the overall quality of the
site, and is particularly effective for outreach, as the change depicted can be dramatic.

All quantitative, plot-based monitoring methods are detailed in the Monitoring
Plan (USFWS 2009a). Within the plan are stated management (restoration) objectives as
well as the monitoring objectives tied to them. Monitoring covered response to Spartina
removal as well as to revegetation efforts. The monitoring plan was revised over time to
accommodate changes in management applied through the process of adaptive
management. Following is a summary of the different components of monitoring.

Overall response to Spartina control

To follow overall salt marsh recovery following the removal of Spartina, a series
of permanent baselines were established along the east and west edges of the northern
Lanphere salt marsh (Fig. 2). A .5-m x .5-m gridded quadrat was placed at intervals of 10
m along transects spaced at 10 m, for a total sample size of n=180 encompassing 4.2 ha
(10.3 ac) of salt marsh (total plots varied slightly by time interval due to the random
start). The plots were monitored twice per year, in spring and fall, between spring 2007
and 2010, with a final sample carried out in summer 2011. The variables recorded
depended on monitoring interval, since the interest shifted over time, but two variables
were consistently collected: percent cover by species, and density of Spartina culms.
Cover was measured by visual estimation in six cover classes over the entire plot, using
the grid to assist w estimation. Density of Spartina (culms) was measured in a subplot
consisting of four of the gridded subdivisions, or .04 m”. At the beginning of the project,
density of resprouts was recorded separately from that of seedlings for both spring and
fall intervals, but after the first year it became difficult to discern older juveniles from



resprouts in the fall, and only total Spartina density was recorded for fall monitoring
intervals. During spring monitoring intervals Spartina seedlings could be distinguished
from resprouts or juveniles, and were recorded for all years through 2011. In the earlier
time periods, cover of bare mud, filamentous algae, and wrack were also recorded.
Filamentous algae became too difficult to measure as the vascular plant canopy closed,
and this measurement was later omitted.

50 25 ] a0 Meters

Figure 2. Layout of monitoring transects and seedling plots.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge

8



A separate sample (n=15) was established to follow the fate of flamed Spartina
seedlings, and to measure the response of native plants to flaming. The same size plots
were used, but were placed subjectively in order to capture seedling presence (seedling
and native species response to flaming, n=10) and absence (to compare change in native
cover, no treatment, n=5). These permanent plots were sampled monthly from the end of
April through the end of October, 2007 (Fig. 2). Variables measured included percent
cover by species (by size class), percent cover of mud, filamentous algae, and wrack, and
cover and density of Spartina seedlings and resprouts (culms).

Response of Rare Plants

One of the concerns identified for Spartina control was the potential for
detrimental impacts to the two rare salt marsh annuals, Humboldt Bay owl’s clover
(Castilleja ambigua ssp. humboldtiensis) and Point Reyes bird’s beak (Cordylanthus
maritimus ssp. palustris). These plants are characteristic of the high elevation marsh
plain, and are also abundant at the margins of salt marsh habitat, either along the edges of
abandoned dikes or at the ecotone between salt, brackish and freshwater marsh. Both of
these niches are also colonized by Spartina. The refuge already had a monitoring
program in place for these taxa that allowed indirect assessment of impacts of Spartina
removal (USFWS 2009b). The Castilleja monitoring program had a component that
included mapping and censusing all Castilleja occurrences on the mainland salt marsh
(possible even when Spartina was abundant due to the very visible coloration of the
plant). This sampling program was continued throughout the restoration project.
Mainland occurrences were mapped with a Trimble Geo-XT, or drawn on printed air
photos and later heads-up digitized. Individuals were counted, or for very large
occurrences, the total was visually estimated incremementally and associated with the
spatial record. Monitoring was conducted during peak flowering, usually between mid-
May and mid-June.

Spartina Control Methods

Initial Treatment Methods

When on-the-ground restoration started in July 2006, the treatment method was
one that had been developed during a previous experimental restoration on the 4-ha (10-
ac) salt marsh island of the Lanphere Dunes Unit (Pickart 2005). The island consisted
primarily of high elevation marsh, with dense Spartina confined to the island margins and
edges of tidal creeks. Stands of dense Spartina were much smaller than on the mainland
marsh that was the focus of this larger restoration project. For the small island
occurrences, a corded weedeater was used successfully over a two-year period to control
Spartina. Plants were repeatedly mowed to the marsh surface and eventually died. In the
newer, larger project, the corded weedeater was quickly found to be inadequate for
mowing the dense stands of Spartina found in this lower elevation marsh, and was
replaced with a three-pronged (“triblade”) metal-bladed brushcutter. The brushcutter is
heavier and requires a harness and safety equipment. First, restoration crew members
top-cut the Spartina using a side to side motion (referred to as “sweeping”), a process that



generates a large amount of wrack which must later be raked and burned or removed.
With a metal blade, the restoration crew found that they could apply the blades slightly
below the surface, slicing into the rhizome repeatedly at increasing depth. This method
was referred to as “progressive cut.” Over time, a new method evolved that became
known as the “grind” method. After cutting above-ground stems and leaves the blade on
the brushcutter is rotated and applied such that the plane of the blade is tilted as it comes
in contact with rhizomes, and the rhizomes are ground into small fragments (Fig. 3). This
method results in a large amount of debris (mud, plant fragments) that is flung into the air
Most of the Lanphere Dunes Unit salt marsh was treated initially with the progressive cut
method, but resprouts were later treated with the grind method. The Ma-le’l salt marsh
was treated primarily with the grind method from the beginning. Since the project was
completed, crewmembers have further refined the treatment, using smaller “mulching”
motions on above-ground biomass to reduce accumulation of wrack and eliminate the
need for its disposal. Experiments are currently underway to determine optimal grinding
depth to increase efficiency (fewer visits to treat resprouts) while minimizing impacts due
to disturbance and elevation loss (USFWS 2011b).

TN R T Y

Figure 3. Orientation of three-pronged metal brushcutter blade. The area
shown is relatively low in Spartina cover, so there is not as much debris being
ejected as when this treatment is used in dense Spartina.

Labor for restoration was from a variety of sources. Throughout the project, a
crew of 2-5 contractors was employed. The number of the crew varied with season,
availability of labor, and funding. New crewmembers were trained by experienced
members to run brushcutters, refuel, and make repairs. At times, when labor was crucial
and/or funding or contributed labor was available, the experienced crew supervised
California Conservation Corps (CCC) or California Department of Forestry and Fire
Protection (CDFFP) crews. Safety training was provided for all crewmembers. Crews had
to walk to the worksite carrying equipment. Restoration on the Lanphere marsh required
a walk of 1.2 km (0.8 mi) from the refuge office to the marsh access point, and then up to
0.5 km (.3 mi) to reach the targeted area. Crewmembers returned once per day to refuel.
Parts of Ma-le’l marsh were closer to its parking area, but again, to reach a given
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restoration site workers walked up to 1.2 km (.75 mi). The walking time was therefore a
significant portion of overall labor. Portable toilets were placed at the office (Lanphere)
and parking area (Ma-le’l).

The timing of the initial treatment in the majority of the area was dictated strictly
by funding and logistics. The Lanphere (northern) salt marsh was begun in summer 2006,
while the Ma-le’l (southern) marsh was begun in fall 2008. However, by 2008 additional
funding had been obtained to study the effect of treatment start date, so some
experimental areas in Ma-le’l had a delayed start date (see Part II). The time it took to
complete the initial treatment was also a function of funding and labor availability.
During the period 2006-2011 the number of mowers varied from 2 to 5. During most of
the restoration period there were two mowers working at a time.

Wrack Disposal Methods

Wrack created during the first months of treatment in summer through fall 2006
was initially left in place. Wrack occurs in all Spartina-invaded marshes, and tends to
accumulate at the upper edges of the marsh during seasonal high tides. After monitoring
the extent of wrack in spring 2007, and finding a negative relationship between wrack
and native species recovery (discussed later under Results), this approach was modified.
Wrack was raked in April 2007 (primarily by CDFFP crews), piled, and burned during
summer months when tides were lower. Spartina occurring in the Ma-le’l marsh, first
treated in fall 2007, was raked and piled in winter 2008. At this season, the wrack was too
wet to burn. Piles were hauled on tarps to the adjacent upland railroad berm and the
Humboldt Bay Municipal Water District pipeline landing, and piled. A refuge equipment
operator was assisted by a CCC crew in moving the large piles into a dumptruck using a
front end loader (Fig. 4). The wrack was transported to a composting facility. This
method of disposal was costly, and the use of the “mulch” method on above-ground
biomass has since eliminated the need for disposal.

Figure 4. Front end loader moving Spartina wrack on to dump truck.
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Seedling Treatment Methods

Following the initial treatment in summer and fall 2006, a large amount of bare
mud was exposed. Based on this and subsequent Spartina treatment, it is apparent that a
flush of Spartina seedlings typically occurs in the first spring (approximately March)
following treatment. Seedlings are particularly dense in areas where freshwater input is
high. Studies are underway to determine what proportion of this seedling flush derives
from the seed bank (see Research section) as opposed to seed rain/dispersal from the
preceding fall and winter. For this project, a large seedling flush was observed in the
spring of 2007 in the Lanphere marsh, with extremely high densities occurring locally.
The abundance of seedlings was estimated during the first interval of the monitoring
design described above, and a smaller sample (see above) was monitored in order to
measure response to flaming treatment. The flaming treatment consisted of backpack
propane torches used to burn seedlings (Fig. 4). When seedlings occurred intermixed with
returning or relict native vegetation the flame was applied over the entire area. In
subsequent years, after native vegetation recovery had progressed, seedlings were sparser
and more localized. Treatment of seedlings during this point in the restoration shifted to
use of the brushcutter, but using the sweeping rather than the grinding technique. In most
cases seedlings can be “nicked” out with the blade, minimizing disturbance.

Figure 4. CDFPP crews use backpack propane torches to flame dense seedling areas.

Resprout Treatment Methods

After the first summer or fall mow, each marsh (Lanphere and Ma-le’l) was
treated twice per year to remove resprouts. The timing of, and interval between,
treatments varied somewhat due to uneven funding or labor availability, and localized
portions of the marsh probably received more or less frequent treatments. Resprouts
were removed with brushcutters, but it was much easier to target individual plants once
the dense above-ground biomass was gone, and no wrack removal was needed. In a few

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge

12



areas that proved resistant to the brushcutter treatment, (particularly upland margins with
a sandy substrate), shovels were used to remove rhizomes. In general, the first (spring)
resprout treatment was much more time consuming, and by the third year, the fall
treatment was done with trowels, with plants were bagged and transported off site. Since
2011, only one treatment has been needed per year.

Revegetation Methods

When the project began, there was little literature regarding the need for revegetation
in salt marshes in our region. Past restoration projects involved restoring tidal influence
without considering vegetation, with the result that Spartina densiflora dominated all
sites soon after restoration (Kittelson and Boyd 1997). Experiences with salt marsh
restoration in other parts of California and the Pacific Northwest indicated that Salicornia
could readily colonize restored marshes, but that other species might need to be
intentionally introduced (Sullivan 2001, Thom et al. 2002). Since this project involved
denuding existing salt marshes, erosion was a potential concern. When it was observed
that extensive, bare areas persisted after the first summer, revegetation experiments were
initiated in the following winter. Revegetation also offered an appropriate vehicle for
volunteer involvement. The brushcutter technique was too dangerous for volunteers, but
it was still a goal of the project to engage the local volunteer force both as an outreach
tool and to garner support for the project.

Revegetation experiments were carried out in the winter and spring of 2007-2008,
from December to April. Most of the literature reviewed recommended early winter for
revegetation, but given the long rainy season in coastal northern California, it was
hypothesized that later plantings might be successful. At the time of this project, a site in
the southern refuge that supported salt marsh vegetation behind dikes as a result of leaky
tidegates was planned for increased connection to the a river channel. The increased
freshwater influence was expected to cause halophytic vegetation to convert to
brackish/freshwater species. A portion of this salt marsh vegetation was salvaged for use
in revegetation on the north refuge.

Material was harvested two ways. At first, blocks of salt marsh vegetation were
removed manually with shovels and placed in plastic buckets. Later, a refuge equipment
operator removed larger blocks using a backhoe and placing them on the dike, after
which they were loaded by hand into a 4-wheel-drive pickup. In both cases, harvest areas
were selected that appeared to be a single species monoculture of either Salicornia or
Distichlis. The excavated blocks were sawed into smaller chunks, and material was then
transported to the Ma-le’l parking lot, where it was loaded into an ATV and taken via
trail to the upland disturbed meadow adjacent to the Lanphere salt marsh. This was
accomplished in the week prior to a given revegetation volunteer day. Blocks were
covered with tarps to prevent desiccation. The day before the volunteer day, the crew
would cut the larger chunks into blocks approximately 13 c¢cm (5 in) square, filling
buckets with one of the two species and labeling it accordingly (Fig. 5).

A total of five revegetation experimental sites were subjectively chosen on the
Lanphere marsh in areas of persisting bare mud in December 2007 (Fig. 6). The first site
was considered a test site to work out logistics. By the second date the crew had
developed a protocol. They would measure and pin-flag a planting grid on the marsh,
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labeling each flag by species. Species were arranged systematically through the planting
sites, without considering elevation. Elevation data were not yet available, although the
pre-project, high density of Spartina was an indication of low elevation for all bare areas.
This approach would allow for sorting out of species by individual tolerances. Plugs were
grouped by species into sets of four (Fig. 7). Corner points of each planting area were
marked with rebar. When volunteers arrived for the planting day, they were first given an
introduction, and then they placed the pre-cut plugs at flags (for some events the crew did
this step). Volunteers opened a hole with a shovel, placed the plug, then closed and

Figure 5. Crewmembers place plugs in plastic buckets for volunteers to carry
to marsh.

tamped the hole. When there was excess mud from the hole it was placed nearby on bare
mud. Planting days were held on December 12, 2007 (dry run), January 19, March 18,
April 13, and April 26, 2008. After planting, the crew would quality check the site,
recording exactly which species were planted where to facilitate follow up monitoring.
Most of the volunteer days were sunny and/or dry, one was cancelled and rescheduled.
During the workday, planks were placed over especially mucky areas to make it easier
for volunteers to negotiate.

Monitoring consisted of tracking survival of plugs and recovery of vegetation
over the entire plot. Four additional bare, low-elevation areas were designated as control
areas so that the role of the propagules could be discerned in the vegetation recovery
process (Fig. 6). To determine survival of propagules, each site was visited monthly for
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Figure 6. Location of experimental revegetation areas.
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the first growing season after plugs emerged from dormancy (the date of emergence from
dormancy differed among planting dates). A printout of the planting grid was used by the
sampler to facilitate location of original plugs in relation to rebar (Fig. 7). The plugs were
easy to identify because even by the end of the season the original shape of the plug was
discernable at the surface. After the first year no attempt was made to distinguish plugs
using quantitative monitoring. Recovery of salt marsh vegetation in revegetated and
control areas was monitored using .5m x .5 m quadrats placed systematically in relation
to the axes defined by corner rebar markers. Spacing was varied to result in a sample size
of 30 for each planting/control area. Total cover and cover by species were recorded
using visual estimation and cover classes. Vegetation sampling was first carried out in
May 2008 and repeated in September 2008. In October 2008 abiotic sampling was
conducted. A total of 12 abiotic samples were placed systematically in each revegetation
area. Total Station elevations were recorded for each sample. Soil cores were also
collected of the top 20 cm (8 in) of soil. Cores were bagged, labeled and sent to A&L
Western Laboratories (Modesto, California) for analysis of organic matter, salinity,

and pH.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Als|s|b|D|s|s|D|D
B s{p|lp|s|s|Db | D N s|s|D
c D|s|s|plp|s|s|b|bp|s|s|p|bD|s|s|p|lb|s|s|bD|lD|s]|s
D s|s|plp|s|s|pblbp|s|s|b|bD|s|s|p|b|s|s|D|lD|s]|s
E D|s|s|blbp|s|s|b bD|ls|s|s|b|s|s|blp|s|s|D|D|[s|s|D|D]|s
F D|s|s|pb|lp|s|s|b b|ls|s|p|lb|s|s|p/p|s|s|D|[b|s|s|D|D|s]|s
G wipl s|sip|lp|s|s|plplalslolp|s|s|plo|s|s|olols|s|p|p
H s|s/p|b|s|s({p|p|s|[s|p|p|s|s|p|D s|s|[p|p|s|s|D|D
[ D|/D|s|s|p|lp|s|s|pfbp|s|s|p|b | s|s|/p|b|s|s|D|D
J s|p|lp|s|s|bfb|s|s|b|b| s|/s|D|D|s]|s
K s|s|p|b|s|s|[D|lD|s|s
L s|s

s

Figure 7. Layout of revegetation Plot 1. S=Salicornia pacifica, D = Distichlis
spicata. The shape of the plot is determined by available bare
area that not dissected by tidal creeks.
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RESULTS AND DISCUSSION

Spartina Mapping Results

A total of 10 ha (25 ac) of Spartina was mapped as continuous occurrences in the
project area (Fig. 8). An additional 339 m” (0.1 ac) was mapped as linear occurrences,
assuming a mean width of 1 m. Of the total area, 1.2 ha (3.0) ac was characterized by
cover values over 60%. Although mapping was carried out over the islands within the
refuge boundary, these results aren’t displayed.

| Spartina densiflora

i ¢ |solated occurrence
| /| Continuous Occurrence
CoverClass

Figure 8. Distribution of Spartina densiflora prior to restoration.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Spartina Control and Native Species Recovery Results

The success of Spartina control over the entire project area was dramatic (Figs. 9-
10). Quantitative sampling of Spartina density was not carried out prior to the first
treatment; however, the subsequent four years of monitoring illustrate the recovery of the
marsh vegetation.

Figure 10. Same area as above two years later (June 2009).

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Figure 11 depicts the change in Spartina density (all seedlings and resprouts
combined) as well as changes in percent cover of dominant species, filamentous algal
mat, and wrack between 2007 (post-treatment) and 2010. The area sampled (see Fig.2)
was treated initially between July 2006 and Feb. 2007. At the time of the first post-
treatment monitoring (April 2007), the high density of Spartina (mean 62.2/.25m’, SE
9.3) was highly influenced by seedlings that emerged in March 2007. Treatment of
seedlings and resprouts during the summer of 2007 resulted in a dramatic decline in
Spartina total density (seedlings plus resprouts) by spring 2008 (from 62.2 to 3.1/.25m?).
It is not possible to pinpoint when all original (pre-restoration) Spartina plants were
killed because of the difficulty discerning older juveniles from resprouts. However, based
on observations that included examining root and rhizomes of remaining plants, it
appears that the vast majority of Spartina in the area first treated in summer 2006 through
spring 2007 was dead by the end of 2008. This conclusion is borne out by monitoring.
The graph in Figure 11 shows there was very little reduction in Spartina density after
2008; recruitment from seedlings resulted in the flattening of the mortality curve.
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Figure 11. Changes in total density of Spartina culms (seedlings plus resprouts), and total
cover of native dominants, filamentous algae, and wrack from 2007-2010 (pre-treatment
density was not measured; the first measurement in spring is post-treatment, note that
density is per quarter square meter).



Because seedlings can be missed by mowers and become adults before being detected
and removed, the resprouts detected after 2008 represent new plants established after the
initial treatment. By 2011, all Spartina seen in the spring sample were seedlings (Fig. 12).
Exceptions observed outside the sampled area were a small area of sandy substrate where
the Spartina had moved from the salt marsh to an adjacent dune, and a few margins of
tidal creeks where Spartina still persisted. The latter phenomenon could have been due to
greater vigor along tidal creeks, difficulty mowing Spartina adequately along steep
unstable creek banks, or a combination.
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Figure 12. Changes in Spartina resprouts and seedlings/.25 m* from 2007-2011.

One conclusion of the initial sampling in April 2007 was the potential role of
wrack in suppressing native plant recovery. A significant negative correlation was found
between native species cover and wrack (r=-0.41, p <.05). Monitoring also shed light on
successional trends during native species recovery (further discussed in the Research
Results below). During initial stages of recovery, bare areas are colonized by thick mats
of green filamentous algae, commonly Rhizoclonium riparium and Chaetomorpha linum
(Fig. 13). As vascular plants recover, filamentous algal mats on the mud are displaced,
although datioms and cyanobacteria become more prevalent later (Augyte and Pickart
2012). In the first spring following removal, in areas of high freshwater input (at the
dune/salt marsh ecotone) Triglochin maritima responded vigorously to Spartina removal
exhibiting dense regrowth and expansion (Figs. 14 and 15). Triglochin was present prior
to restoration but increased in the absence of Spartina through expansion by rhizomes.
By the third year Triglochin cover had decreased in the sampled area as other salt marsh
species increased but remained highest in freshwater-influenced areas. Salicornia began
rapidly colonizing in the first spring after treatment, and increased significantly in cover
every year through 2010, becoming the dominant species. Cover of Distichlis was much
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Figure 13. Green filamentous algal mat covering mud in a treated area.

less dynamic, remaining static at first and then increasing slowly. The steeper increase in
Salicornia can be attributed to two factors. First, Salicornia tends to occur at higher cover
than Distichlis in the low marshes where Spartina is most abundant, thus it is
disproportionately affected by control activities. In addition, Salicornia is known to be a
prolific colonizer in salt marshes, and has been observed elsewhere to be the dominant
species in recovering, restored California marshes (Sullivan 2001). Dense seedlings of
Salicornia were observed in treated areas, even in areas of higher elevation marsh with
surrounding vegetation dominated by Distichlis (Fig. 16). Conversely, few Distichlis
seedlings were seen even in areas surrounded by Distichlis. The dominance of Distichlis
observed during the monitoring in the spring following initial treatment (Fig. 11) is
likely due to disproportionate removal of Salicornia (as opposed to Distichlis) habitat,
but the subsequent dominance of Salicornia by 2010 is the combined result of the
recovery of low marsh vegetation as well as Salicornia’s superior colonizing ability.
Areas of bare mud persisted in the most hypoxic/anoxic areas through 2009, however by
2011 the canopy had closed over all but a few small areas (Fig. 17).

Over time, succession may result in a decline in Salicornia, with a concomitant
increase in other salt marsh species. By 2010, Jaumea carnosa and Limonium californica
cover significantly increased in cover (Fig. 15), although they are still a minor constituent
of the marsh in the sampled area. Spergularia marina showed an initial increase from
2007 to 2009 followed by a decline in 2010, in keeping with the positive response to
disturbance often shown by this species. The nature of the brushcutter treatment increases
topographic heterogeneity. Beginning in 2009, retreatment of new juveniles was done
using the grind method, which penetrates more deeply than the progressive cut method.
As a result, the marsh becomes punctuated with localized low spots. Topographic
heterogeneity in salt marshes has been shown elsewhere to increase species richness
(Zedler et al. 1999), and some authors recommend planting multi-species assemblages in
salt marsh restoration projects (Morzaria-Luna et al. 2004). Additional research and
monitoring is needed to determine whether, over time, the topographic heterogeneity
introduced by this restoration method results in increased species diversity.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Figure 14. Dense Triglochin maritima emerging in an areas of high freshwater input in
April after first treatment (Spartina wrack had not yet been raked).
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Figure 15. Change in mean cover (SE) of non-dominant constituents of the restored marsh.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Figure 16. Dense Salicornia
seedlings emerging in an area
where Distichlis was the dominant
in surrounding vegetation (Larger
Distichlis plants can be seen
emerging from rhizomes).
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e S
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Figure 17. Photographs of the same area show a hypoxic area that resisted recovery

gradually being colonized by Salicorni

a.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at

Humboldt Bay National Wildlife Refuge
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Spartina Seedling Recruitment and Control Results

As seen in Fig.12, Spartina seedling density was greatest in the spring following
initial treatment (mean = 240/m’, SE 37.0). Although numbers declined steeply after the
first year, density of seedlings in the spring monitoring exceeded density of resprouts for
all years. Seedling density in the first spring was related to Spartina cover prior to
treatment. Over all areas pre-mapped as the dense Spartina cover class (>60%), mean
density of seedlings was 923/m” (SE 199), compared with the mean of 140/m? (SE 26) in
the lower cover class (<60%). The difference was statistically significant (p<.001). This
sampling design could not discern whether the seedling response in areas of previous
dense Spartina was the result of a seed bank in those areas, favorable environmental
conditions for both seedlings and mature Spartina, or a combination. A Pearson bivariate
correlation analysis on the first spring monitoring interval data, when seedlings were
most abundant, revealed that seedling density was positively correlated with filamentous
algal cover (r=.37, n=315, p<.01). This relationship was maintained over subsequent
years when far fewer seedlings emerged (r=.34, n=1,267, p<.01). It is possible that the
filamentous algal mats retained moisture, facilitating germination and seedling survival.
Seedlings showed no other relationships other than a negative correlation with Distichlis
cover (r=-.362, n=315, p<.05). High marshes of Humboldt Bay are dominated by
Distichlis, whereas Spartina is dominant in low to medium elevation marshes (Eicher
1987), suggesting the possibility of invasion resistance in Distichlis-dominated marshes.
Falenski (2007) found that marshes least invaded by Spartina in Humboldt Bay were
characterized by high elevation, less reduced soils, abundant shallow drainage channels
and low available phosphorus in soils.

By the third spring after treatment (2009), Spartina seedling density had dropped
to 9.5 seedlings/m” (n = 386, SE 2.3). Seedling density was not quantitatively monitored
in the second year (2008), but qualitative observations showed that it was similarly low in
that year. Density remained low for the two additional years the project was monitored
(2010-2011) (Fig. 12). An ANOVA followed by Least Significant Difference post-hoc
tests demonstrated that the reduction in density was significant between the first spring
and all other springs (p<.001), but the lower densities in all years following the first were
not significantly different from each other. Thus, new Spartina recruitment into the
restored marsh is maintained at an equal level as mortality through eradication efforts.
Recruitment may be enhanced by repeated disturbances caused by seedling and juvenile
removal each year. Seedlings were treated in the spring soon after emergence. By the fall
there was usually some additional recruitment (see below) but in addition, missed
seedlings had become juveniles. That some juveniles are also missed is evidenced by the
fact that there are some isolated flowering plants observed each summer. Since plants
don’t flower until the second year (Castillo and Figueroa 2009), these plants represent
seedlings from two years prior that were missed both as seedlings and juveniles.
Seedlings (as well as all Spartina) are most visible in the late winter when native species
have died back. Salicornia is completely deciduous, while Distichlis goes dormant and
acquires a brown color. Against this backdrop the green Spartina, which doesn’t go
completely dormant, is very apparent. However, the second treatment of seedlings and
juveniles needs to occur at the end of summer, in order to find any missed flowering
plants and to prevent seed set. Unfortunately, at this season non-flowering plants are very
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difficult to distinguish and so are unlikely to be detected until the following spring. These
seedlings will likely have developed rhizomes by the time they are treated in the spring,
requiring greater disturbance to remove them. Obviously, this feedback loop of seedling
recruitment, disturbance from control, and recruitment into disturbed areas cannot be
broken until 1) the seed bank is exhausted and 2) regional eradication removes new seed
rain and dispersal.

In the first year of the project seedling recruitment and response to treatment was
monitored more intensively in order to test the effect of using propane torches to flame
seedlings, as well as the response of the native plants to this treatment. Although the
sample size was small, results were statistically significant. The single flaming treatment
resulted in a mortality rate of 80%. Following these plots monthly revealed that seedlings
continued to be recruited on the marsh throughout the summer. Both the flamed and
control plots (the latter had no seedlings at the start of the monitoring) continued to show
seedlings present, although the control area peaked in June, while the flamed area had
seedlings emerging until August (Fig 18). The difference in late seedling emergence
could not be attributed to treatment due to the substantially different seedling presence at
the start. The flaming treatment suppressed native plant recovery in the first summer (Fig.
19), with control plots increasing in cover 700% (from a mean of 12 to 88%), and flamed
plots increasing only 350% (from 9% to 33%). However, this advantage was clearly
erased by the end of the project, as evidenced by photographs showing virtually 100%
cover in areas that had been covered in dense seedlings and then denuded by flaming
(Fig. 20). After the first seedling flux, and in areas where sparse seedlings occurred
among dense native vegetation, the brushcutter was used for removing seedlings. When
seedlings are young, the blade can be used to nick out the seedlings without going as
deeply as when using the grind technique. The efficiency of using flaming as opposed to
brushcutting for large areas of dense seedlings is dependent on timing and labor
availability. There are tradeoffs of efficiency and impacts, and the age of the seedlings is
critical. After only a few weeks, seedlings require much more sustained flaming to kill.
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Figure 18. Response of Spartina seedlings to a single flaming treatment administered in
April (red). The green curve represents recruitment of seedlings into non-flamed areas that
had no seedlings present at the time of the first seedling flush in March-April.
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Figure 19. Colonization and/or recovery of native species in flamed areas compared with
nonflamed areas that had no Spartina seedlings present

Figure 20. The area shown is the same as that in Fig. 4 (note large driftwood in background)
and received extensive flaming in Spring 2007. In this photograph (taken June 2011) the
area is characterized by 100% cover.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Rare Plant Response Results

The two rare plant species, Humboldt Bay owl’s clover (Castilleja ambigua ssp.
humboldtiensis) and Point Reyes bird’s beak (Cordylanthus maritimus ssp. maritimus)
are both hemiparasitic annuals generally found on high elevation salt marshes (Eicher
1987, Bivin et al. 1991). Castilleja populations on the Lanphere mainland marsh have
been censused and mapped periodically since 1988, allowing an assessment of their
response to Spartina removal. Spartina eradication had a dramatic, positive effect on
Castilleja population size (Figs. 21-22). Population size has been documented to vary
over time as it does for many populations of annuals (USFWS 2009¢), thus it can be
difficult to separate a treatment effect from background variation. In this case, the
magnitude of change, as well as the lack of a similar increase on a nearby salt marsh
island, indicate a strong treatment effect. Before restoration in the years 1988-2004 the
mainland population size fluctuated between 1,000 and 3,800. In the first spring
following restoration (2007), when vascular plant cover was still relatively low, the
Castilleja population increased to 6,213. In 2008 the island Castilleja population peaked
at its highest level since monitoring began in 1989, but by 2009 densities had dropped
substantially (USFWS 2009c). On the mainland, the positive conditions of 2008 were
apparently amplified by restoration, as the population increased to 38,490. Since 2008
Castilleja density on the island has continued to drop, while the mainland, restored
population increased to 79,661 in 2009 and 99,485 in 2011.

A more direct study of rare plant impacts was carried out by Eicher and Pickart
(2011) at the Jacoby Creek salt marsh. During the one year period covered by the study,
(documenting changes over 2 generations of annual plants) restoration treatment did not
have any negative impacts on Castilleja.

Cordylanthus maritimus ssp. palustris has historically not been censused on the
mainland like Castilleja, primarily because its green color makes it much more cryptic.
Particularly before Spartina was removed it was impractical to spot Cordylanthus from
any distance. Cordylanthus overlaps with Castilleja in terms of habitat and they are
frequently found together (Bivin et al.1991). Although the response of Cordylanthus to
Spartina removal wasn’t quantitatively monitored, observations suggest that restoration
had a similar positive effect on this species. In many of the areas that Castilleja was
mapped, Cordylanthus also occurred. It was seen additionally in many areas where
Castilleja was less common or absent (Fig. 23).

Castilleja and Cordylanthus have been previously documented to be positively
affected by disturbance, especially compaction (Newton 1986). The mechanical treatment
certainly caused both disturbance and compaction, but also resulted in a significant
decrease in shading by Spartina. Castilleja fecundity probably didn’t increase
proportionately with its numbers, as many dense individuals of small stature occurred in
some places. However, the population clearly benefited from restoration for as long as
four years following initial disturbance.
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Figure 21. Maps showing the change in abundance and distribution of Castilleja ambigua ssp.
humboldtiensis two years before restoration (top left), the spring immediately following restoration
(2007 top right), and two and four years after initial Spartina removal (bottom).
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Figure 22. Castilleja and Cordylanthus three years after treatment in a brackish area
previously dominated by Spartina (Also note Limonium californica).

Figure 23. Cordylanthus seedlings emerging in an area of low cover
where Spartina was removed. (presence of Limonium in photo indicates high marsh).

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Revegetation Results

Survivorship of plugs was high for both species. Plugs of Salicornia had a mean
survival rate of 99%, and Distichlis 98% by the end of the first summer. These results
confirm that a late planting date (end of April) did not hamper survival. However, earlier
plantings emerged from dormancy sooner, and recovery of vegetation occurred most
quickly in plots planted earlier, thus an early planting date can accelerate recovery. After
plugs broke dormancy in the first summer, Salicornia plugs quickly sent runners into bare
areas (Fig. 24), whereas Distichlis plugs were static and eventually overwhelmed by
Salicornia. However, recovery of the canopy in the control areas, as well as observed
colonization from remnant Salicornia within or at the edges of revegetated areas,
demonstrated that revegetation wasn’t necessary for closure of the canopy. An example
illustrating the recovery of one of the revegetation areas is shown in Figs. 25-27.

Figure 24. Salicornia expanding from plugs, 7 months after December
planting.

Because of the superior colonizing ability of Salicornia, the species composition
of the planted areas shifted over the course of the summer over planting. At the time of
planting, all areas were bare and plantings resulted in a ratio of 1:1 Salicornia:Distichlis.
By September this ratio had shifted to 80:1 in terms of cover.

By the end of the growing season in 2009, both revegetated and control plots were
approaching 100% cover. One exception was Revegetation Area 4, which was located at
the edge of the brackish/salt marsh interface. A small portion of this revegetation area

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Figure 25. Revegetation
Area 1 (center third of
photograph), March 2008
prior to planting. Note
dormant Salicornia at edges.

Figure 26. Same area as
above, July 2008. Salicornia
spreading from plugs, but
most vigorously from
remnant vegetation at edges.

Figure 27. Same area as
above, June 2009. Canopy
cover has closed, and is
dominated by Salicornia.

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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closest to the freshwater source did not become colonized by vascular plants until the end
of 2010. This was the latest area to be planted, and a thick algal mat developed prior to
revegetation and persisted in this area until 2010. By 2011 the area supported a high
diversity of brackish marsh species, with little Salicornia (Figs. 28-30).

Figure 28. Revegetation Area 4
prior to planting, late April 2007
(planting “holes” flagged).
Filamentous green algal mat in
foreground.

Figure 29. Same area in June
2009 with persisting bare areas
covered with dried algal crust.

Figure 30. Same area in June
2011. Some of the species
present include Schoenoplectus
maritimus (1), Scirpus cernuus
(2), Distichlis (3), Triglochin
maritima, already emerged at
time of planting (4), and
Castilleja (5).

Spartina Densiflora Invasion Ecology and Restoration of Native Salt Marshes at
Humboldt Bay National Wildlife Refuge
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Abiotic sampling shed light on the performance of the two species. The superior
colonization and expansion of Salicornia was related to elevation and salinity. Due to the
sampling design, it was only possible to assess correlations between the mean of each
variable (elevation, salinity, mean percent cover by species) rather than individual
samples. This greatly reduced the sample size (n=4). Even so the high marsh species
Distichlis was highly negatively correlated with salinity (r=-.99, p<.01), and Salicornia
was negatively correlated elevation (r=-.91 p<.10).

In other parts of California, restorationists have suggested that dominance by
Salicornia is undesirable in a salt marsh restoration due to its competitive ability and
tendency to form monopsecific stands (Sullivan 2001). However, in Humboldt Bay
Salicornia is the sole or dominant constituent of many low marsh areas where freshwater
input is low or lacking,and low marsh as a vegetation type has been most impacted by the
spread of Spartina densiflora. For this reason, Salicornia -dominated vegetation is an
appropriate goal for low marshes that have been invaded by Spartina. Our revegetation
trials indicate that abiotic conditions, rather than competition, drive species composition
at this early stage of colonization. Abiotic forcing factors have been documented to
structure vegetation of the low marsh in other parts of California (Grewell et al. 2007).
Ultimately, as vegetation modifies environmental conditions, and with sedimentation,
greater diversity may be achieved.

This project demonstrates that revegetation is not a required restoration step after
Spartina removal in our region, which is important in light of the labor intensity and high
cost of mechanical Spartina eradication. However, there are compelling reasons to
include revegetation when possible. Our trials demonstrated that revegetation accelerates
native plant recovery of the marsh, which can be important in the early stages of
restoration when exposed bare mud or algal mats increase the likelihood of Spartina
recruitment from seed. In addition, revegetation is one of only a few tasks that can be
carried out by volunteers. Engaging volunteers in restoration is an important step in
gaining community backing, and increases awareness and support needed to maintain
restored areas. The volunteer days for this project did not attract a large number of
participants, but those who volunteered displayed a high level of interest and
commitment, with several returning for additional events.

SUMMARY AND CONCLUSIONS

The project clearly demonstrated the feasibility of using mechanical methods
(specifically brushcutters) to control Spartina densiflora in north coast salt marshes.
Until seed production and seedling recruitment are eliminated, it will not be possible to
eradicate this species. However, the results of this study show that numbers of individuals
can be reduced to a level that requires a relatively low amount of annual labor. In 2010
the spring treatment consisted of a total of 335 ph (omitting the walk to and from the
marsh) for 12. 5 ha (31 ac), or approximately 27 ph/ha (10 ph/ac). While this level of
maintenance is not unreasonable for a restoration project, it is clearly desirable to achieve
eradication through regional restoration efforts, as is currently planned.

Vegetation recovery can occur without revegetation efforts, although revegetation
accelerates recovery and could potentially increase diversity in areas of suitable salinity.
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In Humboldt Bay Spartina occurs most densely in low marsh areas, which were most
likely dominated by Salicornia prior to invasion. Areas with high freshwater input
recovered with higher species diversity both with and without revegetation.

Marsh vegetation had recovered substantially, reaching nearly complete canopy
closure between two and three years after restoration was initiated. Isolated, low and/or
hypoxic areas continued to gain cover four years after completion. Disturbance to the
marsh canopy continues as the result of ongoing removal of newly recruited Spartina
seedlings. These repeated treatments result in a heterogeneous microtopography that
could be beneficial to ecological functioning of the salt marsh. The predominance of
Salicornia in restored areas may simply reflect the pre-invasion conditions; unfortunately
no extensive reference areas of low marsh survive in Humboldt Bay. Alternatively,
restoration activities may have contributed to the reversal of succession by incrementally
lowering elevation, increasing inundation, salinity and anoxia. Over time increased
species diversity may occur, although ongoing maintenance will continue to create low
elevation niches. Ecological characteristics of restored marsh other than vegetation are
discussed in Research Results below.
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Il. RESEARCH
OBJECTIVES

The research component of Spartina eradication was initiated in 2008, with
funding from the Coastal Conservancy (07-196), USFWS’s Coastal Program and
USFWS Volunteers Working With Invasives Program. Additional funding was provided
through an agreement with Humboldt Bay Harbor, Recreation and Conservation District
(number) and through the 2010 large Spartina eradication allocation by the U.S. Fish and
Wildlife Service. The goals of this project were 1) to provide an expanded understanding
of the invasion ecology of Spartina densiflora in Humboldt County, and 2) to further
refine mechanical treatments. These two components, and their interaction, can assist in
planning for regional eradication. The Coastal Conservancy has funded the development
of a Regional Eradication Plan and a supporting Environmental Impact Report. In support
of this effort, the following objectives were met and are documented herein or in separate
documents:

e Documentation of the extent and severity of the regional Spartina densiflora
invasion through a regional mapping effort (this component of the project is
presented in a separate report (Grazul and Rowland 2011).

e Determination of the nature of the Spartina densiflora persistent seed bank over
two years.

e Refinement of the mechanical brushcutter eradication techniques and exploration
of additional mechanical treatments.

e Impacts of Spartina densiflora and its eradication on invertebrate communities,
presented in a completed Humboldt State University Master’s thesis (Mitchell
2012).

e Impacts of Spartina densiflora on rare salt marsh plants; results presented in a
separate report (Eicher and Pickart 2011).

e Impacts of Spartina densiflora mechanical removal on tidal creek geometry.
Results are still pending for this objective, with final measurements scheduled for
summer 2012.

e Impacts of Spartina densiflora on nonvascular salt marsh plants; results presented
in a separate report (Augyte and Pickart 2012).

SEED BANK RESEARCH
Purpose

The objectives of the study were to determine whether S. densiflora has a
persistent seed bank, document the size of the seed bank, and the longevity as allowed by
the duration of the study. Although the genus Spartina has been characterized as
generally lacking a seed bank (Ungar 2001, Wolters and Bakker 2002), the great
abundance and high density of seedlings of S. densiflora observed in areas following
Spartina removal presented the possibility of a seed. The existence of a seed bank would
strongly affect strategies for regional eradication.
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Methods

Five locations around Humboldt Bay were selected to investigate the presence of
a persistent Spartina densiflora seed bank: Mad River Slough, Jacoby Creek mouth, Elk
River mouth, Woodley Island, and South Spit (Fig. 31). The sites were selected with the
intent of encompassing both island and mainland salt marshes in South and North Bays.
Previous observations suggested that seed bank characteristics might differ between
island and mainland marshes, and between low and high elevation marshes. Since little is
known about dispersal of S. densiflora by tidal currents and how that might affect a seed
bank, both North Bay and South Bay marshes were tested. Each site contained both high
and low marsh.

3 15 0 3 Kilometers

Figure 31. Location of seed bank study sites in Humboldt Bay.
P st rr ettt r e ea s e erias A e seatas Ca 4 Taetnr v Asaeas A aves aans ves
Humboldt Bay National Wildlife Refuge
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At each marsh location, ArcMap 9.3 was used to delineate low and high marsh using
2009 aerial photographs. Areas of high Spartina cover (>60%) were used to indicate low
marsh, and areas of low cover (<30%) were used to indicate high marsh (along with other
physical attributes). A grid with a randomly generated start point was superimposed on
the air photos in ArcMap to allow for systematic placement of 20 samples in high marsh
and 20 in low marsh at each site. When locations were unsuitable in the photograph (e.g.
they fell within a tidal creek) the nearest location was used. A Trimble GeoXT was used
to navigate to each potential sample. All sites were visited prior to the onset of seed
maturation in August 2010. An estimation of cover by species (to the nearest 5%) was
made for the Im x Im quadrat. Any Spartina present within the center 30 cm x 30 cm of
the plot (and a buffer) was clipped to ground level. A mesh screen (<I-mm) was used to
cover the subplot. Screens were cut in advance, with additional length along each
dimension. A saw was used to cut a shallow slit on each side of the subplot, so that the
edges of the screen could be inserted. Landscape staples were then used to anchor all
sides of the screen, thus ensuring that no new seed could reach the surface (Fig. 32).
Based on this premise, all Spartina seeds present below the mesh originated in the seed
set of 2009 or earlier. Once these barriers were in place, collection of soil cores could
proceed without the risk of contamination by subsequent seed rain.

Figure 32. A seed bank subplot covered with mesh, after
clipping stems and leaves of S. densiflora.

All seed bank plots were visited one time between October 2010 and April 2011
At this time, the screen was removed, and a 4-cm-deep soil core with a surface area of 10
cm x 10 cm was cut with a pull saw, removed with a spade, and placed in a labeled
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plastic bag. The 4-cm depth was chosen based on a pilot study carried out the previous
year. The screen and staples were then replaced. Towards the end of the sampling period,
Spartina had begun to regrow so was reclipped. After sampling completion all sites were
revisited in summer 2011 and checked, with nets replaced as needed.

Once all samples were collected from a given site, cores were refrigerated while
awaiting processing. Each sample was then placed in a plastic bucket, and agitated in
water using a hose with nozzle. This resulted in dispersion of the clay, with additional
hand manipulation as needed. The sample was then poured through a graduated series of
sieves (4.75 mm, 2 mm and 1mm), and rinsed again. Starting with the top sieve,
technicians placed a small portion of the sample on a plate and added water. Tweezers or
dissecting probes were used to separate material and locate seeds. The process was
repeated until the entire core was examined. Although the majority of seeds were found
in the top (4.5 mm) sieve, some were also located in the lower, finer sieves. Damaged
seeds or empty enclosing bracts were discarded, and all seeds were placed on a damp
paper towel and enclosed in a 2.5-cm? sealed plastic bag. The bags were placed back into
the refrigerator until all samples for that location were completed, and then shipped to
Ransom Seed Laboratories in Carpenteria California. This seed lab had previously
worked with Spartina densiflora and was familiar with interpreting tetrazolium staining
results. The lab tested seeds for viability using a tetrazolium stain.

These methods were repeated in the second year, but only low marsh samples
were collected due to funding restrictions. Samples were collected from inside the
original plots, avoiding the areas affected by the first year samples. Nets were replaced as
needed and Spartina clipped to allow for a third year of testing in 2012-13.

Results and Discussion
1. Seed Bank Size

The first-year results of the seed bank study are summarized in Fig. 33. Results
are expressed as the density of viable seeds/m” surface area (to a depth of 4 cm). A
persistent seed bank was confirmed for all sites, primarily in the low marsh. Density of
the seed bank differed considerably among sites, but over all sites, the mean density was
1,540 seeds/m” (SE 3.0) for low marsh sites and 15 seeds/m” (SE 5.2) for high marsh
sites. For low marsh, this translates to over 6 million seeds/acre.

An ANOVA indicated that seed bank density differed significantly by site (p <
.001) and marsh elevation (p<.001), with a significant interaction between the two factors
site and elevation. Over both elevation strata, Jacoby Creek was the only site to be
significantly higher in density than all other sites based on post-hoc Student-Newman-
Keuls and Tukey HSD tests.

The significant interaction between site and stratum resulted from the fact that the
low marsh stratum contributed to the significant difference among sites while the high
marsh stratum did not. This difference may be at least partially explained by the positive
correlation shown between Spartina densiflora cover and density of viable seeds (r=.51,
p<.001, n=199). The correlation between Spartina cover and viable seeds differed by
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Figure 33. Density (viable seeds/m” surface area) by site and stratum
(low marsh vs. high marsh)

site, with the strongest correlation at the Elk River (r=.83, p<.001, n = 39), and the lowest
correlation at Woodley Island (r=.42, p <.001, n = 40).

This study did not measure all of the variables that could influence the differences
in seed bank density among sites. The only independent variable measured was the
percent cover (by species) of standing vegetation at seed set. Spartina cover in the low
marsh, although always dominant, varied in its abundance among sites, with Jacoby
Creek having the highest cover, significantly higher than all other sites (mean = 90.5 %,
p<.05), and South Spit lower than all other sites (mean = 28%, p<05). These two sites
also represent the low and high of the seed bank abundance range for low marsh. The
dense area of Spartina at Jacoby Creek developed between 1970 and sometime in the
1990s, a period of rapid sedimentation resulting from timber activities in the watershed
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(Fig. 34). This origin explains the robustness of the Jacoby Creek Spartina stand; unlike
most low marsh areas around the bay the salt marsh formed after Spartina was well
distributed in the Bay. The influence of freshwater from Jacoby Creek probably gave
Spartina an additional competitive edge in quickly colonizing the site, more rapidly than
native species could establish. High deposition rates would facilitate incorporation of
Spartina seed into the seed bank. Overall, Spartina seed bank abundance appears to be
driven by the abundance of standing Spartina.

This study did not analyze the composition of the non-Spartina seed bank, but
observations suggest that Distichlis spicata seeds were the most abundant species
represented in the high marsh seed bank. This observation suggests a similar correlation
with above ground dominants for the high marsh, although the density of Distichlis seeds
in the high marsh was far lower than that of Spartina seeds in the low marsh.

Explaining these patterns will require additional studies. The fact that Spartina
seed bank abundance is correlated with above ground Spartina cover suggests that input
to the seed bank may be primarily via seed rain that is trapped in the immediate vicinity
of plants, as opposed to seeds that arrive from other geographic areas by tide. In addition,
Spartina may be better able to trap seeds originating from other areas at the surface
(and/or sediment deposition rates are higher than in native vegetation), resulting in more
incorporation of seed into the soil. This seems plausible, since Spartina plants are denser
and taller than native species, and create more drag and surface heterogeneity. A new
study is now in place to distinguish the relative contributions of seed rain compared with
dispersal from other parts of the marsh to the Spartina seed bank. Those results will help
to clarify the picture.

2000

Figure 34. Aerial photographs showing the expansion of Spartina-dominated salt
marsh between 1970 and 2000 at the mouth of Jacoby Creek.
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2. Seed Bank Longevity

In the second year only low marsh plots were sampled due to funding constraints.
A few plots were discarded because of tears in the screen. The mean number of viable
seeds/m” of surface area decreased from 1,540 to 924 seeds/m” (SE 3.2). Seed bank
densities in the three middle-range sites declined (Fig. 35), while those at the highest and
lowest density did not. Jacoby Creek continued to significantly differ from all other
(p=.001).

In the second year Jacoby Creek continued to stand out as an anomalous site
characterized by a very high density of viable seeds. Given the reduction seen in mid-
range sites, the conditions that support such a large seed bank at this site appear to also
foster longevity. Sampling of additional independent site variable is recommended for the
third year of seed bank sampling to determine whether environmental conditions may be
contributing to persistence. These results have relevance for regional eradication
planning, suggesting that where conditions are similar to Jacoby Creek, an eradication
treatment that reduces or eliminates the seed bank (such as the deep grind method) would
be preferable to one that does not (shallow grind or herbicides). Until the full longevity of
the seed bank is known, it is difficult to predict how significant a factor it will be in
regional eradication.
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Figure 35. Changes in the persistent seed bank over a two year period by site.
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REFINEMENT OF BRUSHCUTTER ERADICATION TECHNIQUES
Purpose

This component of the research was carried out to look for potential efficiencies
in the brushcutter treatment based on seasonality of application, to examine the viability
of using a top mow technique to prevent seed set and allow for delays in treatment while
avoiding new seed production, and to document changes in algal functional groups
through the treatment and recovery process (Augyte and Pickart 2012). It was anticipated
that the season in which treatment was first applied would influence the rate of both
seedling emergence and resprouting frequency. Although it would have been ideal to test
four different seasonal starting dates, funding dictated that only a summer and winter date
could be tested. These two seasons provided the greatest contrast. In summer, both
Spartina and native plants are out of dormancy, and there are longer periods of daylight
without inundation during which plants can photosynthesize (both due to longer days and
due to differences in tidal periodicity). In contrast, native plants are dormant during
winter and it is believed that this phenomenon provides a competitive edge to Spartina
(Kittelson and Boyd 1997). It was hypothesized that winter treatment of Spartina might
reduce this competitive advantage, and that seasonality might affect Spartina seedling
response and recovery of both vascular and nonvascular native plants..

Methods

The investigation was carried out on a salt marsh at the Ma-le’l Dunes Unit,
HBNWR. The site consists of a mainland salt marsh adjacent to the North Spit on the
Mad River Slough. A pipeline of the Humboldt Bay Municipal Water District crosses the
site, but experimental plots were placed away from the footprint of the pipeline. The area
had previously been mapped into two Spartina cover strata, low to moderate (<60%) and
high (>60%). Four treatment areas and one control area were placed in each of the two
strata (Fig. 36). Each treatment/control area was 15-m square, encompassing 225 m”.
The following treatments/control were randomly assigned such that one replicate of each
treatment/control was located in medium and one in high cover of Spartina.

1. Late seed suppression mow (at anthesis):
At anthesis (July 2008) plants were mowed to a height sufficient to remove
inflorescences.
2. Early suppression mow (at flowering shoot onset):
At onset of flowering (May 2009) plants were mowed to a height of 20 cm.
3. Eradication Mow, summer start (Aug. 2008). Retreated at 6 month intervals.
4. Eradication Mow, winter start (Jan 2009). Retreated at 6 month intervals.
5. Control (no treatment)
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In July and early August 2008, prior to the treatment, baseline monitoring was conducted.
Five 15-m-long transects were placed systematically 2.5-m apart, and six plots were
located such that they fell within Spartina patches along each transect, resulting in a
sample size of 30. A .5-m x .5-m quadrat was carefully placed along a stretched tape, to
allow for precise relocation of plots. Different measurements were collected depending
on the treatment, as described below:

Late Seed Suppression (treated August 2008): The density of flowering culms was
measured in each plot. Inflorescences were collected in all sample plots and the long axis
measured. Outside the plot, 30 randomly chosen inflorescences were marked in areas of
high Spartina density and 30 in areas of low-medium density. After seed maturation but
prior to dispersal, the inflorescences were clipped and the number of mature seeds
counted. A regression equation was developed to predict potential seed set (mature seeds)
by inflorescence length. This equation was then used to estimate potential seed set over
the entire treatment area.

Early Seed Suppression (treated May 2009): Density of culms was recorded using
the same sampling design as above.

Summer and Winter Mow (treated August 2008 and January 2009): Density of
culms was recorded. Percent cover (total and by species) was estimated using a gridded
quadrat and six cover classes.

Control: Density of culms was recorded. Percent cover (total and by species) was
estimated using a gridded quadrat and six cover classes. Seed set was estimated by
collecting and measuring the lengths of inflorescences in sample plots following the
methodology used in the Early Seed Suppression treatment areas.

Treatments were applied to the entire plot as well as a buffer area of 1 m (Fig.
37). At the time this experiment was initiated, the standard mowing treatment consisted
of a top-mow (sweep-cut rather than mulched) followed by a light grind, with wrack later
raked and removed from the site. Treatment areas were revisited every six months. In the
mowing treatment areas, any resprouts or seedlings were retreated using the light grind
method.

Figure 37. Summer mow (left) and winter mow (right) brushcutter treatments being applied.
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Results and Discussion
A. Fecundity and Seed Suppression Treatment

For plants monitored outside treatment areas, length of inflorescence ranged from
6.8 cm to 22.0 cm, with a mean of 12.8 cm (SE 0.25). Seeds per inflorescence ranged
from 30 to 333 with a mean of 11.6 (SE 5.5). The variability was not related to the
stratum; i.e. there was no significant difference between both inflorescence length and
seeds/inflorescence between low-medium density and high density Spartina areas
(p=.753 and .788 for inflorescence length and seeds/inflorescence respectively).
A linear regression showed that inflorescence length is a fair predictor of potential seed
set (R?= .60), using the equation below. For all sampled inflorescences, the mean seeds
produced per cm of inflorescence length was 8.42. Because seeds were not examined for
viability, this equation can only predict the potential seed set.

Number of Seeds = (-99.9) +16.8(length of inflorescence in cm)

Using the regression formula, the number of inflorescences in sampled plots in
treatment and control areas was used to estimate total potential seed production for the
baseline (pre-treatment) late seed suppression treatment areas as well as control treatment
areas in late summer 2008. Since the treatment had not yet been applied, samples within a
stratum were pooled (over control and treated) to form a more robust estimate of seed
production. In the low-medium density Spartina, mean inflorescence number was
84.6/m” with predicted potential seed production of 8,693 seeds/m”. In high density
Spartina mean inflorescences/m” was 109.8, with potential estimated seed production of
11,632 seeds/m”. This represents a range of seed production between and 35 and 47
million seeds/acre.

The late seed suppression treatment administered in August 2008 resulted in
virtually no seed set that year. Mowed seed heads were examined at intervals after
mowing to ensure that seeds were not developing on inflorescences on the ground. One
year later in August 2009, density of flowering stems in the late seed suppression mowed
plots was significantly higher (p<.001) than both the pre-treatment density (same plot one
year earlier) and the density found in control plots that same year (Fig. 38). This result is
significant because it suggests that top-mowing can be effective for one year, but may
actually stimulate flowering when the plants grow back.

The early seed suppression treatment carried out in May 2009 didn’t entirely
eliminate flowering the same year, but reduced it to a very low level, offering the
possibility that there is a wider window of opportunity to carry out a suppression
treatment (Fig. 39).
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The seed suppression treatment, in addition to reducing seedset, was hypothesized
to increase native cover by reducing the competitiveness of Spartina densiflora. Top
mowing greatly reduces shading, a factor that likely contributes to Spartina’s competitive
advantage over the low native vegetation. A GLM followed by Tukey HSD and SNK
post-hoc tests demonstrated that both stratum and treatment significantly affected native
cover in August 2009 (one year after the late seed suppression treatment and 3 months
after the early seed suppression treatment). For this analysis, native cover for the three
dominant species (Salicornia, Distichlis and Jaumea carnosa) was translated from cover
class to proportion using the midpoint of the cover class, and an arcsine transformation
was used. The GLM was significant both for stratum (p<.001), and treatment (p=.003),
with native cover higher in the low-density Spartina treatment areas. To remove the
obvious effect of stratum, An ANOVA was then performed on the high density stratum
only. Using arcsine transformations, the ANOVA was significant at p<.01. Post hoc tests
indicated that both seed suppression treatments resulted in significantly greater native
cover than the control, but that the two treatments did not differ from each other. The
actual differences in percent cover are shown in Fig. 40. The early successional species
Salicornia contributed most strongly to the native species response. Based on this
analysis, the use of top-mowing to reduce seed production has the added benefit of
causing a small but significant increase in native cover. This benefit is realized in as little
as 3 months for the early seed suppression treatment, so repeated top mowing would be
expected to slowly shift towards higher native cover.
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Figure 40. Response of native cover to two seed suppression treatments. Note that the bars
represent summed cover for the three species, which is not necessarily total cover since
species can overlap in the canopy. The error bar represents the standard error for the
summed cover.
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B. Eradication Treatments.

The final sample of Spartina density was conducted in August 2010, two years
after the summer mow and 19 months after the winter mow was implemented. At this
time, mortality (over both strata) was 99% for the summer mow (SE = 0.3%) and 94% for
the winter mow (SE = 1.3%). Although mortality was only slighter higher in the summer
mow plots (Fig. 41), the difference was statistically significant (p<.001).
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Figure 41. Differences in Spartina mortality by treatment (summer vs. winter-
implemented first mow).

The summer mow treatment had a 6-month advantage in terms of start time. The
experiment was terminated after two years (when all remaining Spartina was treated), so
it is possible that the winter mow would have achieved the same effect if that experiment
had been left to run for 24 instead of 17 months. However, the summer mow treatment
also had a steeper mortality curve than the winter treatment (Fig. 42).

The most dramatic and unexpected result of the experiment was the change in
culm density in control plots over the two year period. Averaged over both strata, the
culm density almost doubled after the first year, and nearly doubled again after the
second year. The change in density was examined for each of the two strata (Fig. 43), and
revealed that the increase was even steeper in the high density stratum. These patterns
suggest that the invasion at the site was still progressing, which has implications for
prioritization of regional eradication work.
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To assess relative efficiency of the two treatments (summer vs. winter) it is also
important to consider emergence of Spartina seedlings following treatment. Over both
strata, the density of seedlings was far higher in the summer mow plots (Fig. 44). The
results should be tested again in different years to be certain that the effect is consistent,
but certainly this experiment suggests a seedling response that is highly affected by
seasonality of treatment. A possible explanation lies in the greater amount of time that the
summer plots were exposed before the season of seedling emergence (usually March).
Monitoring of the restoration area discussed in the first section of this report found a
positive correlation between seedling emergence and algal cover. The longer period in
which the plots were exposed would allow increased colonization and succession by
nonvascular species, as discussed in the section on algal response below. Treatment of
seedlings is not nearly as time consuming as that of resprouts, but it can be argued that
the efficiencies in labor delivered by the summer mow are at least partially offset by the
increase in labor needed to remove seedlings. Monitoring of seedlings in this study
confirms that Spartina seedling emergence is very low in areas that are not disturbed by
treatment.
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Figure 44. Differences in spring Spartina seedling emergence (March 2009) in
areas first mowed in summer (August 2008) compared with those first mowed in
winter (January 2009).
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SUMMARY AND CONCLUSIONS

The research component of this project provided a better understanding of
Spartina densiflora invasion ecology as well as implications for its control. The
documentation of a variable but potentially large seed bank that persists for at least two
years has strong relevance for treatment strategies. Experiments conducted subsequent to
those documented in this report have shown that a grind treatment to a depth of 4-6
inches almost eliminates this seed bank, significantly reducing seedling emergence.
Further studies are in progress to determine whether the depth needed to eliminate the
seed bank slows recovery of native plants. Until the full longevity of the seed bank is
known, there is an argument for treating dense Spartina with a deep grind for the
combined benefits of reducing seedling emergence, minimizing the number of required
number of resprouts treatments, and permanently eliminating the seed bank. New
experiments begun since the conclusion of this study suggest that use of a mini-tiller may
be more efficient than a brushcutter in some cases, however, it will be important to
determine the effect of this new treatment on the seed bank.

The high fecundity of Spartina has led to the concern that any reproducing plants
near a restored areas will significantly increase recruitment. However, results of this
study seem to point to the seed bank as being a much greater contributor to seedling
recruitment. This question will be answered definitively by two studies that are proposed
or currently in progress. One study will quantify the proportion of seedlings emerging on
restored salt marsh that originate in the seed bank as opposed to seed rain and dispersal.
The second will investigate the number and viability of seeds that are dispersed by tide.
Until these questions are answered it is difficult to determine the most efficient strategies
for regional eradication.

The most important conclusions arising from the projects documented in this
report (and related studies cited herein) are that Spartina densiflora-dominated salt marsh
can be restored to native salt marsh with improved ecosystem function (as measured by
invertebrate diversity, vascular and non-vascular plant diversity) within a period of 4-5
years. Restoration using the methods documented here is labor intensive, but has the
potential to eliminate persistent Spartina seed banks. Revegetation is not required, but
long term monitoring will be needed to determine whether initial dominance by the
native colonizer Salicornia pacifica yields to greater species diversity over time,
particularly given the microheterogeneity introduced by the brushcutter treatment. The
success of the restoration efforts documented here provide strong incentive to pursue
regional eradication of Spartina densiflora in the Humboldt Bay Region.

51



Literature Cited

Augyte, S. and A.J. Pickart. 2012. Algal succession after removal of the invasive
cordgrass Spartina densiflora from a salt marsh in Humboldt Bay,
California. Unpublished report, Humboldt Bay National Wildlife Refuge,
Arcata, California. Available at
http://www.fws.gov/humboldtbay/spartina.html

Bivin, M.M, L.E. Eicher, and A. Pickart. 1991. A life history study of Humboldt
Bay owl’s clover (Orthocarpus castillejoides var. humboldtiensis) and
Point Reyes bird’s beak (Cordylanthus maritimus ssp. palustris) on the
North Spit of Humboldt Bay. . Unpublished report, U.S. Fish and Wildlife
Service, Humboldt Bay National Wildlife Refuge, Arcata, California.
Available at http://www.fws.gov/humboldtbay/spartina.html

Castillo, J.M. and E. Figueroa. 2009. Effects of abiotic factors on the life span of
the invasive cordgrass Spartina densiflora and the native Spartina
maritima at low salt marshes. Aquatic Ecology 43:51-60.

Bortolus, A. 2006. The austral cordgrass Spartina densiflora Brong.: its

taxonomy, biogeography and natural history. Journal of Biogeography
2006:158-168.

Eicher, A.L. 1987. Salt marsh vascular plant distribution in relation to tidal
elevation, Humboldt Bay, California. M.A. Thesis, Humboldt State
University, Arcata, California.

Eicher, A.L. and A.J. Pciakrt 2011. Impacts of mechanical Spartina treatments on
rare plants in Humboldt Bay salt marshes. Unpublished report, U.S. Fish
and Wildlife Service, Arcata, California. Available at
http://www.fws.gov/humboldtbay/spartina.html

Falenski, H.D. 2007. Spartina densiflora, an invasive species in the marshes of
Humboldt Bay. M.S. Thesis, Humboldt State University, Arcata,
California.

Grazul, Z.1. and P.D. Rowland. 2011. The distribution of Spartina densiflora in
the Humboldt Region: Baseline mapping. Unpublished report, U.S. Fish
and Wildlife Service, Humboldt Bay National Wildlife Refuge, Arcata,
California. Available at http://www.fws.gov/humboldtbay/spartina.html

Grewell, B.J., J.C. Callaway, and W.R. Ferren. 2007. Estuarine wetlands: Pp.
124-154 in: M.G. Barbour, T. Keeler-Wolf, and A.A. Schoenherr, eds.
Terrestrial vegetation of California. University of California Press,
Berkeley.

52



Kittelson, P. M. and M. J. Boyd. 1997. Mechanisms of expansion for an
introduced species of cordgrass, Spartina densiflora, in Humboldt Bay,
California. Estuaries 20:770-778.

Mitchell, M.L. 2012. A comparison of terrestrial invertebrate communities in
Spartina-invaded and restored Humboldt Bay salt marshes. M.S. Thesis,
Humboldt State University, Arcata, California.

Morzaria-Luna, H., J.C. Callaway, G. Sullivan, and J.B. Zedler. 2004.
Relationship between topographic heterogeneity and vegetation patterns in
a California salt marsh. Journal of Vegetation Science 15:523-30.

Newton, G.A. 1986. The ecology and management of three rare salt marsh species
of Humboldt Bay.

Pacific Coast Collaborative. 2010. Spartina progress report for Pacific Coast
Collaborative Leaders Forum, November 16", 2010, Davis, California.
Unpublished document available at
http://www.pacificcoastcollaborative.org.

Pickart, A. 2005. Control of invasive Spartina densiflora in a high-elevation salt
marsh, Mad River Slough, Humboldt Bay National Wildlife Refuge.
Unpublished Report, U.S. Fish and Wildlife Service, Arcata, California.
Available at http://www.fws.gov/humboldtbay/spartina.html

Pickart, A.J. 2008. Status report, Spartina eradication, Humboldt Bay National
Wildlife Refuge. Unpublished Report, U.S. Fish and Wildlife Service,
Arcata, California. Available at
http://www.fws.gov/humboldtbay/spartina.html

Sullivan, G. 2001.Establishing vegetation in restored and created coastal
wetlands. Pp. 119-155 in Zedler, J.B. ed. Handbook for restoring tidal
wetlands. CRC Press, Washington, D.C.

Thom, R.M., R. Zeigler, and A.B. Borde. Floristic development patterns in a
restored Elk River estuarine marsh, Grays Harbor, Washington.
Restoration Ecology 10:487-496.

Ungar, I.A. 2001. Seed bank and seed population dynamics of halophytes.
Wetlands Ecology and management 9:499-510.

U.S. Fish and Wildlife Service. 2009a. Monitoring plan for restoration of salt
marsh through eradication of dense-flowered cordgrass (Spartina
densiflora) and revegetation with native plants, Lanphere and Ma-le’l
Dunes Units, Humboldt Bay National Wildlife Refuge. Unpublished
Report, U.S. Fish and Wildlife Service, Arcata, California.

53



U.S. Fish and Wildlife Service. 2009b. Monitoring plan for Humboldt Bay owl’s
clover (Castilleja ambigua ssp. humboldtiensis) at the Lanphere Dunes
Unit, Humboldt Bay National Wildlife Refuge. Unpublished Report, U.S.
Fish and Wildlife Service, Arcata, California.

U.S. Fish and Wildlife Service. 2009¢. 2009 Monitoring report for Humboldt Bay
owl’s clover (Castilleja ambigua ssp. humboldtiensis) at the Lanphere
Dunes Unit, Humboldt Bay National Wildlife Refuge. Unpublished
Report, U.S. Fish and Wildlife Service, Arcata, California.

U.S. Fish and Wildlife Service. 2011a. Spartina densiflora eradication project.
Unpublished Document, U.S. Fish and Wildlife Service, Humboldt Bay
National Wildlife Refuge. Arcata, California. Available at
http://www.fws.gov/humboldtbay/spartina.html.

U.S. Fish and Wildlife Service. 2011b. Experimental design for the comparison of
mechanical treatments designed to eradicate dense-flowered cordgrass
(Spartina densiflora), Humboldt Bay National Wildlife Refuge.
Unpublished Document, U.S. Fish and Wildlife Service, Arcata,
California. Available at http://www.fws.gov/humboldtbay/spartina.html

West Coast Governors Agreement on Ocean Health. 2008. Action Plan. The
Office of the Governors, Washington, Oregon and California. Available
at: http://www.westcoastoceans.org/media/ WCGA_ActionPlan_lowest-
resolution.pdf

Wolters, M. and J.P. Bakker. 2002. Soil seed bank and driftline composition along
a successional gradient on a temperate salt marsh. Applied Vegetation
Science 5:55-62.

Zedler, J.B., J.C. Callaway, J.S. Desmond, G. Vivian-smith, G. Williams, G.

Sullivan, A.E. Brewster, and B.K. Bradshaw. 1999. Californian salt-marsh
vegetation: An improved model of spatial pattern. Ecosystems 2: 19-35.

54



