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Changes in Community Structure and
Ecosystem Function Following Spartina
alterniflora Invasion of Pacific Estuaries

One of the most pervasive human impacts to salt marshes around the world is the
introduction of nonnative species. Plant introductions to salt marsh systems have
resulted in significant changes ranging from species replacement to broad-scale
alteration of ecosystem properties. In this chapter, we examine the changes produced
by the invasive Atlantic smooth cordgrass Spartina alterniflora in two wetland
ecosystems, one in San Francisco Bay, California, and one in Willapa Bay,
Washington. We compare and contrast the impacts of Spartina invasion on a range
of processes, focusing primarily on benthic invertebrate communities and the
sediment environment. Our work shows that the structure of the plant itself and
the changes it produces in the physical and chemical environment strongly influence
benthic communities. The aboveground structure shades the substrate, reducing
photosynthesis of benthic microalgae and restricts water flow, which contributes to
decreased recruitment and slower growth of benthic suspension feeders. At the same
time, the plant structure increases sedimentation of fine-grained particles and leads
to the accumulation of detritus and low-quality organic matter. These changes,
together with increased belowground plant biomass and peat production, influence
sediment chemistry and metabolism. In addition, belowground plant biomass can
preempt substantial amounts of belowground habitat, directly reducing benthic
abundance and diversity. These physical and chemical changes can result in dramatic
shifts in benthic communities including substantial reductions in larger, surface-
feeding taxa concurrent with increases in smaller, subsurface detritivores. Such shifts
in the functional identity of benthic species may negatively affect feeding of both
invertebrate and vertebrate predators. The magnitude and direction of these various
changes depend on the habitat invaded and are generally more substantial where
Spartina has invaded open mudflats and less where Spartina invades areas of native
vegetation. We discuss the consequences of these changes in the context of plant
effects in other coastal systems in order to develop a set of predictions regarding future
plant invasions. The ultimate consequences of plant invasion on benthic
communities involve a dynamic balance of positive and negative effects.
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By understanding the mechanisms that determine the magnitude and direction of
these effects, scientists and managers will be better able to understand the

consequences of human-induced plant invasions in salt marsh systems and to predict

the impacts of future introductions.

Salt marshes are among the many habitats
worldwide experiencing rapid change as the re-
sult of human-mediated stressors (Vitousek
et al. 1997; Chapin et al. 2000; Mooney and
Hobbs 2000). Among the most important
changes experienced by salt marshes is the in-
troduction of nonnative plants. Wetlands gener-
ally are susceptible to invasion, and introduced
plants can foster changes acting broadly across
multiple spatial and temporal scales, producing
long-lasting and system-wide effects (Zedler
and Kercher 2004). These changes may include
a host of physical and chemical alterations that
can influence populations and communities of
plants and animals as well as alter the storage
and recycling of nutrients (Mack et al. 2000).
Introduced plants can also directly affect the
abundance, diversity, and functional identity of
communities via the provision or preemption of
physical habitat and as well as changes in the
basis of trophic support.

The invasion of Spartina alterniflora in U.S.
West Coast estuaries provides an excellent
demonstration of the extent to which plant inva-
sions can rapidly and extensively alter commu-
nity and ecosystem dynamics in salt marsh
systems. In this chapter, we will compare and
contrast the invasions of the Atlantic smooth
cordgrass Spartina alterniflora in two estuaries
in western North America. The first is San
Francisco Bay, California, where S. alterniflora
hybridized with the native Spartina foliosa, and
the resulting hybrid has spread rapidly through-
out the central and southern portions of San
Francisco Bay. The second is Willapa Bay,
Washington, where in the absence of any native
Spartina, S. alterniflora has colonized habitats
throughout most of this bay.

We will address the impacts of Spartina on
benthic systems in these two regions with a par-

ticular focus on infaunal and epifaunal commu-
nities and the changes in physical and chemical
processes in the sediment environment. The
changes brought about by Spartina are ulti-
mately the result of the extensive above- and be-
lowground growth of the plant. But the overall
effects on community and ecosystem processes
depend on the magnitude of change in a range
of properties, including above- and below-
ground vascular plant biomass, production and
decomposition of detritus, microalgal produc-
tivity, and sediment physicochemistry, all of
which can have variable effects on the native
plants and animals. The consequences of
Spartina invasion strongly depend on the age of
the invasion, the habitat being invaded, the
presence or absence of native vegetation, and
many site-specific characteristics including ele-
vation, sediment grain size, and hydrodynamic
regime.

The primary goal of this chapter is to synthe-
size recent studies of Spartina invasions in
Washington and California to better understand
and predict the impacts of Spartina and other
marsh plants in the future. We do this by com-
paring our results with other studies of invasive
Spartina in this western region and other re-
gions, as well as with systems where Spartina is
native.

An additional goal is to use this under-
standing to assist ongoing eradication pro-
grams in California and Washington that aim
to eliminate invasive Spartina from this re-
gion. By quantifying the full extent of the
changes being brought about by the Spartina
invasion, as well as knowing the mechanisms
underlying the changes, we hope to assist re-
source managers in determining when, where,
and how eradication of Spartina will be most
effective.
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CONTRASTING INVASIONS

The invasion of Spartina alterniflora in San
Francisco Bay, henceforth “SFB,” began in 1975
with its intentional introduction from the
Atlantic Coast of the United States by the Army
Corp of Engineers for salt marsh restoration
(Ayres, Strong, and Baye 2003; Ayres, Strong,
et al. 2004). Following the initial introduction,
a hybrid developed from S. alterniflora and the
native S. foliosa (hereafter referred to as hybrid
Spartina) (Daehler and Strong 1997). This hy-
brid grows more vigorously than either parent
plant and has a higher and lower tidal range
than native plants (Ayres et al. 2003; Ayres,
Smith, et al. 2004; Ayres, Zaremba, and Strong
2004). The hybrid has successfully colonized
nearly eight hundred hectares of the central and
southern portions of SFB, where it has invaded
open mudflat at the lower end of its tidal distri-
bution. Although three other species of
Spartina have been introduced into SFB (S. den-
siflora, S. anglica, and S. patens), and another hy-
brid (S. densiflora X S. foliosa) has been found
(D. Ayers, personal communication), none have
spread  significantly  (California
Conservancy 2006). The hybrid has displaced
the native S. foliosa as well as the original parent
S. alterniflora in central SFB through hybridiza-

Coastal

tion and overgrowth (Ayres et al. 2003; Ayres,
Smith, et al. 2004; Ayres, Zaremba, and Strong
2004) and competes with native plants such as
Sarcocornia pacifica, Distichlis spicata, and Jaumea
carnosa.

The invasion of Willapa Bay, henceforth
“WB,” began with the accidental introduction of
S. alterniflora around 18¢go (Feist and Simenstad
2000; Davis et al. 2004; Civille et al. 2005).
Throughout most of the century since its initial
introduction, the spread of Spartina has been
fairly gradual. However, from 1995 to 2005, it
rapidly spread to cover 1,600 hectares in WB for
unknown reasons. Because there are no native
Spartina species in the Pacific Northwest with
which to hybridize, this invasion is entirely the
result of the spread of S. alterniflora. As in SFB,
S. alterniflora has rapidly colonized open mud-
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flat and has been found among native plants in
the upper intertidal zone, where it has the
potential to compete with and even exclude
species such as Sarcocornia pacifica, Distichlis
spicata, and Deschampsia caespitosa, although
this has not so far been demonstrated.

While both systems involve invasion of
mudflats at the lower tidal range, noteworthy
differences may further influence the impact of
Spartina. In WB, the invasion is much older, the
aerial cover is much greater, and other ecosys-
tems, such as oyster reefs, are at risk of dis-
placement. In addition, the invasive Spartina
does not resemble any native marsh plant
forms, and since there were no native Spartina
species present prior to the invasion, none of
the native plants or animals have coevolved with
this genus. In contrast, the SFB invasion is rela-
tively recent and involves a hybrid that became a
superior competitor that threatens to eliminate
the pure native S. foliosa (Ayres et al. 2003). The
system that is adapting to the invasion in SFB is
replete with birds, fish, and invertebrates that
have evolved with native Spartina in upper in-
tertidal elevations. SFB is also heavily invaded,
and because many of these introductions came
from the Atlantic Coast, these invaders have a
long evolutionary history with the presence of
Spartina across a broad tidal range (Cohen and
Carlton 1998). These include bivalves such as
Geukensia demissa, Mya arenaria, and Gemma
gemma as well as gastropods such as Urosalpinx
cinerea and Ilyanassa obsoleta; these are among
the most common species in areas of SFB with
invasive Spartina.

CONSEQUENCES OF INVASION

VASCULAR PLANT PRODUCTION

The productivity of Spartina, both above- and
belowground, was greater than that of native
vascular plants at both the WB and SFB sites.
The magnitude of the differences between na-
tive and nonnative habitats varied depending on
the initial conditions (vegetation type and sub-
strate) and the age of the invasion. In SFB, the
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TABLE 2.1 Summary of studies to date examining changes in primary production, sediment respiration, and sediment
organic C and N in invaded western salt marshes

SAN FRANCISCO BAY

WILLAPA BAY

Mudflat Spartina Mudflat Spartina

(mean * SE) (mean = SE) (mean * SE) (mean = SE)
AG biomass (g m~?)!2 1823 * 283 3x1 1695 * 245
BG biomass (g m~?)!2 4197 * 773 55+8 878 =91
Benthic Chl ¢ (mg m?2)? 184 = 51 97 + 15 117 £9 247 + 23
GPP (mgCm2d 1)} 459 £ 92 258 = 52
Respiration (mg Cm~2d™})? 179 + 34 752 =91
%N* 0.10 = 0.03 0.17 = 0.02 0.12 = 0.00 0.23 = 0.02
%C* 1.22 £ 0.30 2.70 = 0.29 1.35 = 0.04 3.36 = 0.34
C:N* 148 £ 2.1 21.8 £ 2.2 129 0.1 16.0 £ 0.6

NOTE: Aboveground (AG) and belowground (BG) biomass were measured at the end of the growing season (September—October).

SOURCES: 'Tyler et al. 2007 (Spartina values); 2mudflat biomass values are for the invasive intertidal seagrass Zostera japonica from
A. C. Tyler, unpublished data, 2002; 3Tyler and Grosholz (n.d.), except for Willapa Bay chlorophyll a values, which are from A. C. Tyler,

unpublished data, 2003); 4A. C. Tyler, unpublished data, fall 2002.

aboveground biomass of invasive Spartina was
significantly higher than the biomass of native
S. foliosa and Sarcocornia sp. (see table 2.1; Brusati
and Grosholz 2006; Tyler, Lambrinos, and
Grosholz 2007). The belowground biomass of
invasive Spartina was also generally higher than
native plants including S. pacifica, although the
difference was not as great as for aboveground
biomass (table 2.1; Brusati and Grosholz 2006,
Tyler et al. 2007). Also, the biomass of invasive
Spartina was obviously much greater than the
micro- and macroalgae on historically “unvege-
tated” mudflats. The belowground biomass of
hybrid Spartina in SFB (top six to ten centime-
ters) changes with invasion stage. For example,
at one site it increased from unvegetated tidal
flats (less than one hundred grams per square
meter) to 348 grams per square meter on
the “growing edge” (about one meter inside
vegetation—i.e., young invasion), to over 720
grams per square meter in the central area
(thirty-year-old invasion) (Neira et al. 2007).

In WB, the introduced eelgrass Zostera japon-
ica overlaps considerably in the tidal zone colo-
nized by S. alterniflora (fig. 2.1). This eelgrass
apparently produces only about a third of the
biomass produced by S. alterniflora (Ruesink
et al. 2005). The long history of invasion in WB
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FIGURE 2.1 Introduced Spartina alterniflora seedlings
competing for space with introduced eelgrass Zostera
Jjaponica in Willapa Bay, Washington.

has allowed us to determine the dynamics of
Spartina production by using the different-aged
meadows as a chronosequence to represent the
trends in biomass through time. Based on a se-
ries of eighteen S. alterniflora meadows ranging
from less than one year to more than thirty years
old (age was determined based on the date when
the areal extent of cordgrass in each region was
greater than 50 percent), we found that above-
ground biomass reached a peak within five to
ten years and then declined as the meadow aged.
In contrast, the buildup of a dense mat of roots
and rhizomes required a longer time (ten to
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fifteen years) but then remained relatively con-
stant (A. C, Tyler, unpublished data). This above-
ground biomass of S. alterniflora in WB was
similar to that of hybrid Spartina in SFB; how-
ever, the belowground biomass in WB was con-
siderably less than in SFB (table 2.1).

PHYSICAL PROCESSES

The large amount of aboveground biomass pro-
duced by invasive Spartina necessarily results in
changes in the physical regime of the invaded
mudflats. The plant reduces both the light
reaching the mudflat surface and tidal energy.
In both SFB and WB, the aboveground canopy
of invasive Spartina significantly reduced light
penetration to the sediment surface by up to 83
percent (Neira, Levin, and Grosholz 2005; Neira
et al. 2006; Tyler and Grosholz, forthcoming).
Also, the plant canopy significantly restricted
water flow and reduced velocity by up to 76 per-
cent and bed stress relative to unvegetated areas
(Neira et al. 2005, 2000). These reductions in
light and flow produced by the invasive Spartina
canopy were greater than those of native S. fo-
liosa (Brusati and Grosholz 2006; Tyler and
Grosholz, forthcoming), but they were compa-
rable to those produced by Sarcocornia pacifica,
which can result in more substantial reduction
in light than Spartina (Neira et al. 2005; Tyler
and Grosholz, forthcoming).

The aboveground structure of Spartina inva-
sion also led to increased sediment accretion
rates and reduced sediment grain size (Neira
etal. 20006). Together with the buildup of be-
lowground biomass and peat, this has resulted
in increased tidal elevation of invaded areas.
These changes are common to both SFB and
WB. In areas of even moderate flow, unvege-
tated mudflats experience rapid changes in ele-
vation of up to four centimeters over periods as
short as a few weeks in comparison with
changes usually much less than one centimeter
in vegetated areas. By reducing flow, Spartina at-
tenuated these short-term changes in elevation
resulting in a pattern of gradual increase in ele-
vation relative to the adjacent unvegetated areas
(E. D. Grosholz, unpublished data).
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MICROALCAL PRODUCTION

The Spartina invasion has a substantial impact
on benthic microalgal photosynthesis. In many
intertidal habitats, benthic microalgal produc-
tion comprises a substantial proportion of over-
all system primary production and is an
important contributor to local food webs
(Zedler 1980, 1984; Page 1995; Deegan and
Garritt 1997; Kwak and Zedler 1997; Page
1997). This is especially true on Pacific Coast
mudflats and in Sarcocornia-dominated marshes,
where microalgae are the primary carbon
source for many secondary consumers (Kwak
and Zedler 1997; Moseman et al. 2004). The
impact of Spartina invasion on benthic microal-
gae was variable across sites and is dependent to
some extent on the nature of the uninvaded
habitat. Where Spartina had invaded mudflats
in both SFB and WB, benthic chlorophyll a con-
centration (a proxy for microalgal biomass) was
often, but not always, higher in Spartina mead-
ows than in the adjacent uninvaded mudflats
(table 2.1; Neira et al. 2005, 2006; Tyler and
Grosholz, forthcoming; A. C. Tyler et al., un-
published data). However, microalgal produc-
tion was consistently higher on the mudflats of
SFB than in the adjacent Spartina marshes.
Factors such as light availability and grazing
(see “Food Web Structure”) may create a dispar-
ity between chlorophyll a—based standing stock
and overall productivity. Overall, the Spartina
invasion had a negative impact on microalgal
productivity with important ramifications for
overall food web support.

NUTRIENTS AND ORGANIC MATTER

The invasion of Spartina resulted in a shift in
the overall cycling of organic matter and nutri-
ents because of the refractory nature (higher
carbon:nitrogen) of its tissues (A. C. Tyler et al.,
unpublished data). Following the invasion of
WB, we observed an extensive accumulation of
detritus associated with S. alterniflora litter that
occurs primarily at the end of the growing sea-
son when the aboveground portion died back.
This detritus accumulated in massive heaps in
the high intertidal, where it slowly decomposed
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and had detrimental effects on native vegetation
plant biomass, aboveground productivity, and
species richness (A. C. Tyler et al., unpublished
data; Lambrinos, forthcoming). In SFB, be-
cause hybrid Spartina decomposes more slowly
than native S. foliosa, more wrack build-up can
be attributed to the hybrid (A. C. Tyler et al., un-
published data).

In addition to the high aboveground litter
production, belowground production generates
large volumes of roots, rhizomes, and peat,
leading to an increase in belowground organic
matter and particulate organic carbon and nitro-
gen relative to the native systems in both SFB
and WB (table 2.1; Neira et al. 2006; Levin,
Neira, and Grosholz 2006; A. C. Tyler et al., un-
published data). We observed a subsequent in-
crease in meadow sediment respiration rates
relative to mudflats in SFB that fostered a shift
from a net autotrophic system, dominated by
microalgal production, to a new heterotrophic
system, dominated by belowground microbial
decomposition (table 2.1; Tyler and Grosholz,
forthcoming). However, we found higher sedi-
ment respiration rates in native vegetation than
in hybrid Spartina, most likely as a result of the
more refractory nature of the Spartina detritus
that is a less desirable substrate for microbial
decomposers (Tyler and Grosholz, forthcom-
ing). In all cases, the turnover of carbon and nu-
trients is slowed down, resulting in the
accumulation of massive quantities of highly re-
fractory organic matter.

In contrast to the dramatic increase in sedi-
ment particulate nitrogen upon invasion of un-
vegetated mudflats, we found a significant
decrease in available porewater ammonium in
invaded meadows compared to native mudflats
in both SFB and WB (A. C. Tyler, unpublished
data). Possible causes for this decrease are plant
uptake, increased microbial immobilization, or
increased coupling of nitrification-denitrifica-
tion in the oxidized root zone of Spartina. On
the Atlantic coast, the invasion of Phragmites
australis also caused distinct changes in nitro-
gen cycling in sediments depending on the in-
vaded community (Windham and Meyerson
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2003). Even though hybrid Spartina is able to
increase the redox potential in the vicinity of its
roots, we observed an overall decrease in redox
potential (Neira et al. 2005). Accordingly, our
results from SFB also show that porewater sul-
fide concentrations are nearly one hundred
times greater in Spartina meadows relative to
uninvaded mudflats (meadow, 1,016 * 121 pM;
mudflat, 12 = 1 wM; mean * SE; A. C. Tyler,
unpublished data; Neira et al. 2007), which is
likely due to the increased organic matter pool
and subsequent increase in both microbial
oxygen demand and sulfate reduction.

BENTHIC COMMUNITIES

The altered physical and chemical environ-
ments can also strongly influence the recruit-
ment, survival, growth, and reproduction of
benthic invertebrates in the invaded areas. Both
epifaunal and infaunal organisms respond to
the changing light, flow, and sediment condi-
tions in ways that affect not only the biomass
and diversity of these organisms, but also the
functional identity of many groups (Neira et al.
2000).

Our work has shown significant changes in
the recruitment and growth of common taxa in
the hybrid Spartina meadows relative to unin-
vaded areas. Measurements of barnacle
(Balanus glandula) recruitment on standard-
ized recruitment substrata (mussel shells)
placed in the growing edge of hybrid Spartina
meadow and on adjacent mudflat areas
showed recruitment was ninefold higher on
the mudflats (Neira et al. 2006). Experiments
using marked Macoma petalum transplanted
into hybrid Spartina meadows, and adjacent
mudflat areas showed growth was significantly
reduced by up to twofold in the hybrid Spartina
treatments (Brusati and Grosholz 2007). Our
results suggest reductions in flow; thus, re-
duced delivery of propagules (recruitment)
and seston (for growth) likely contribute to
these patterns.

Our work has also shown that both biomass
and diversity of infauna can decline strongly
in invaded areas relative to the previously
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unvegetated control areas (Neira et al. 2005,
2007; Levin et al. 2006; Neira et al., forth-
coming). In SFB, invertebrate densities decline
by as much 75 percent relative to unvegetated
mudflat (Neira et al. 2005), although densities
at some sites are not significantly different from
those in native Sarcocornia pacifica areas.
Species richness also showed a significant 25
percent decline in Spartina invaded areas com-
pared with unvegetated controls, but it was ele-
vated relative to Sarcocornia-vegetated habitat
(Neira et al. 2005).

Similar patterns were measured in WB,
where invertebrate species richness was signifi-
cantly higher in mudflat/Zostera areas than in
S. alterniflora areas (mudflat, 11.75 * 2.62;
Spartina, 6.0 * 3.12; mean = 1 SE; per 19.6
square centimeters). Species diversity was also
higher in the mudflat/Zostera areas relative to
the Spartina meadow (Shannon-Wiener H’
[log,] = 3.92, mudflat; 2.79, Sparting), and the
density of invertebrates was slightly greater in
mudflat/ Zostera areas, although not signifi-
cantly so.

In SFB, we experimentally investigated the
mechanisms underlying these changes in a se-
ries of transplant experiments, plant manipula-
tions, predator inclusion and exclusion studies,
and trophic investigations. This work demon-
strated that the changes in the density and di-
versity of infauna were due to the combined
effects of preemption of belowground habitat by
Spartina, changes in the food supply and preda-
tion pressure, as well as the physical and chem-
ical changes to sediments and porewater (Neira
etal. 20006; Levin et al. 2000). For these rea-
sons, the effects of Spartina on benthic abun-
dance and diversity are less dramatic in areas
previously occupied by native marsh plants
(Neira et al. 2005).

FACILITATING OTHER INVASIVE SPECIES

The aboveground structure of Spartina can have
other positive effects, including facilitating
higher densities of other invasive species. In
SFB, our data suggest that the invasive hybrid
has facilitated several nonindigenous inverte-
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brate species, creating invasive hot spots (areas
of greater abundance) in the recently colonized
Spartina edge areas not present on the open
mudflat. At one site in SFB, we found that den-
sities of several clams introduced from the
Atlantic (Macoma petalum, Mya arenaria,
Geukensia demissa) were two to ten times higher
in the growing edge of the hybrid Spartina
meadow than on the adjacent open mudflat (E.
D. Grosholz et al., unpublished data). Although
high Geukensia densities were largely due to the
requirement of structure for attachment pro-
vided by Spartina (similar structure is virtually
absent on open mudflats), densities of Mya and
Macoma may be higher as the result of refuge
from predation by bat rays (Myliobatus califor-
nica). At one site where greater than 40 percent
of the substrate was disturbed by bat rays, den-
sities of Mya and Macoma were two to three
times greater in the growing edge of Spartina
compared with adjacent mudflats. At a second
site with less than 1 percent of the area dis-
turbed by bat rays, there was no difference in
clam densities between Spartina and mudflats
(E. D. Grosholz et al., unpublished data).

In SFB, we also found high abundances
of introduced Atlantic gastropods Urosalpinx
cinerea and Ilyanassa obsoleta along the leading
edge of the hybrid Spartina. In experiments
where we simulated the aboveground structure
of Spartina by adding wooden dowels to mud-
flat areas, we found twenty- to fiftyfold increases
in the density of both Urosalpinx and Ilyanassa
in dowel addition treatments compared with
adjacent mudflat control areas (E. D. Grosholz
etal., unpublished data). Data documenting
sediment temperatures in dowel addition areas
suggest that lower sediment temperatures may
strongly influence these patterns.

We have also documented that the hybrid fa-
cilitates the European green crab Carcinus mae-
nas in SFB. Our data show that this species is
three to five times more abundant, particularly
for smaller size classes, in hybrid in compari-
son with the adjacent mudflat (E. D. Grosholz
et al., unpublished data; Neira et al. 2000). This
predator, in turn, appears to have a significant
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TABLE 2.2 A comparison of the effects of both above- and belowground structure for invasive versus native Spartina on

overall abundance and diversity of benthic invertebrates relative to unvegetated mudflats

INVASIVE SPARTINA

NATIVE SPARTINA

Growing Edge Developed Meadow  Growing Edge  Developed Meadow
Aboveground Increase Increase Increase Increase
Belowground Slightly decrease  Decrease Minimal Slightly decrease

NOTE: The growing edge areas for both are areas colonized within the last five years approximately and the developed meadows areas
that have had vegetation for at least ten years (from Brusati and Grosholz 2006; Neira et al. 2007).

impact on the invertebrate taxa that are nega-
tively affected by Spartina invasion and so may
reinforce the changes brought about by this
plant invasion (Neira et al. 2006). The extent to
which Spartina facilitates other invasive species
in WB is less certain. However, evidence sug-
gests that Spartina fills a similar role facilitating
younger size classes of green crabs (Yamada
200I).

We summarize the generalized effects of
above- and belowground portions of Spartina
on invertebrate diversity and abundance in
table 2.2. The growing edge of the hybrid
Spartina meadow that had been colonized
within approximately five years functions simi-
larly to the native S. foliosa and has a similar in-
fluence on invertebrate abundance and
diversity. In this growing margin, the above-
ground structure has the same generally posi-
invertebrates, but the

belowground portion of the hybrid has not de-

tive effects on
veloped sufficiently to reduce infaunal densi-
ties. In areas farther back from the growing
edge, which are approximately five to ten years
old, changes in sediment biogeochemistry and
belowground biomass have progressed to the
point of significantly depressing densities and
diversity of infauna (Neira et al. 2005).
Therefore, we suggest that the influence of hy-
brid Spartina on benthic communities varies
with the successional stage of the invasion
(table 2.2; Neira et al. 2007).

FOOD WEB STRUCTURE

The structure of benthic food webs was also af-
fected by the changes in vascular plant and litter

availability relative to other food sources. We
used stable isotope enrichment experiments to
follow consumption of Spartina detritus and
microalgae by invertebrates and to determine
the broader effects of Spartina invasion on ben-
thic food web structure. Using 'N-labeled
Spartina detritus and C-labeled microalgae si-
multaneously, we found that the Spartina inva-
sion in SFB has dramatically shifted the tidal
flat infaunal invertebrate community from one
dominated by surface feeders that primarily
consume microalgae (amphipods, bivalves) to
one dominated by belowground feeders that
primarily consume plant detritus (oligochaetes,
capitellid polychaetes) (Levin et al. 2000).
Using two- and three-end-member mixing
models, we determined that a significant por-
tion of the diet of these belowground detriti-
vores was the detritus produced by hybrid
Spartina. Therefore, this invasion has resulted
in a qualitative shift of the entire food web from
one based on fresh primary production to one
based on detritus. We summarize the overall
results of these changes on invertebrate func-
tional groups in table 2.3.

When we compare these results with those
from native Spartina areas that have not been
invaded, we note some important differences.
Natural abundance stable isotope studies con-
ducted in native versus hybrid Spartina areas
show little incorporation of the added detritus
into the food web. Larger epifauna in hybrid
areas did not show & BC values consistent with
the added detrital input of Spartina when com-
pared with organisms collected from open
mudflat habitats, though there was a slight
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TABLE 2.3 A summary of predicted effects of aboveground and belowground invasive

Spartina on densities of different functional groups of benthic invertebrates

Aboveground Belowground
Mobile epifauna Positive None
Surface-feeding infauna Negative Negative
Detrital-feeding infauna Positive Negative
Bivalves Positive/negative Negative

SOURCES: From Neira et al. (2005, 2006); Levin et al. (2006); Brusati and Grosholz (2006, 2007);

E. D. Grosholz, unpublished data.

isotopic shift toward Spartina in invertebrates
collected in native S. foliosa meadows com-
pared with those on the open mudflat (Brusati
and Grosholz 2007). This is also consistent
with the idea that the detritus of S. foliosa is less
refractory than that of the hybrid Spartina detri-
tus, and benthic invertebrates may consume
more detritus of the native than invasive
Spartina. However, a comparison of ingestion
of "N-labeled S. foliosa and *N-labeled hybrid
Spartina in SFB indicated mostly similar infau-
nal uptake (oligochaetes and capitellid poly-
chaetes) or avoidance patterns (Levin et al.
2000).

We investigated food web changes in WB
using similar isotopic enrichment experiments.
We found that the taxonomic range of benthic
species that consumed detritus of Spartina al-
terniflora was similar to SFB (E. D. Grosholz
et al., unpublished data). We found that tanaids,
bivalves, spionid and cirratulid polychaetes, and
chironomid larvae all showed enriched signals
in treatments with Spartina detritus in the
Spartina zone (E. D. Grosholz et al., unpub-
lished data). Based on elevated 8 "N values (30
to 8o per mille), we found significantly more
Spartina detritus was consumed in the Spartina
zone than in mudflat/ Zostera zone treatments.
As in the SFB study, we found that 8 3C values
(15 to 50 per mille) were higher for surface
feeders including amphipods, tanaids, and
cirratulid polychaetes, with values similar in
both Spartina and mudflat/ Zostera zone treat-
ments. Although we see some differences be-
tween food web impacts in SFB and WB, these
do not appear to be due to differences in

palatability since the carbon:nitrogen ratios of
S. alterniflora relative to the hybrid are similar
(WB = 46.0 £ 1.9; SFB = 48.4 * 1.8, and there
was no difference in percent nitrogen; A. C.
Tyler, unpublished data). Instead, the differ-
ences may reflect the much longer history of in-
vasion in WB (nearly one hundred years) or the
presence of extensive Zostera cover and detritus
input in what was historically an unvegetated
mudflat. We found that the detritus of the intro-
duced Z. japonica was consumed to a much
greater extent than Spartina in the WB experi-
ments based on enriched 8 N signatures. A
wide range of surface-feeding consumers in-
cluding several bivalves and terebellid poly-
chaetes showed elevated & N values with much
greater values (100 to 500 per mille), support-
ing the higher edibility of Zostera relative to
Spartina based on the lower carbon:nitrogen
ratio (Z. japonica carbon:nitrogen 17.3 * 0.7;
A. C. Tyler, unpublished data).

VERTEBRATE CONSUMERS

The expansion of hybrid Spartina has also influ-
enced grazing of cordgrasses by Western Canada
geese (Branta canadensis moffitti) in SFB. Our
studies have shown that the geese can distin-
guish differences in blade toughness between
the native and hybrid forms of Spartina and com-
pletely avoid the hybrid while readily consuming
the native S. foliosa. Data from both field studies
and feeding trials using captive geese have
shown that geese will graze more than 9o per-
cent of the S. foliosa biomass at some sites while
grazing less than 1 percent of the hybrid (E. D.
Grosholz et al., unpublished data).
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FIGURE 2.2 Hybrid Spartina colonizing open mudflat and preempting foraging habitat
used by wintering populations of migratory shorebirds in San Francisco Bay.

The Spartina invasion may also have impor-
tant implications for wintering populations of
migratory shorebirds. Most shorebirds will not
forage in vegetated areas (Page, Stenzel, and
Kjelmyr 1999; Stenzel et al. 2002), so the colo-
nization of naturally unvegetated mudflats by
invasive Spartina is a de facto loss of foraging
habitat (fig. 2.2). Also, our data show that the
biomass of invertebrates is greater in tidal flat
areas at higher tidal elevations (Christiansen
et al., forthcoming). Therefore, as the Spartina
invasion expands to occupy a greater portion of
these higher-elevation areas, shorebirds will be
increasingly forced to forage at lower tidal eleva-
tions, which are not only exposed for shorter pe-
riods of time, but also contain lower densities of
invertebrate prey.

The consequences of Spartina invasion for
shorebirds apply to WB as well. Although SFB
is a more important area for wintering shore-
birds, WB and adjacent Gray’s Harbor repre-
sent important winter grounds in that region
for shorebirds (Page et al. 1999). Nonetheless,
the same overall consequences of habitat loss
apply, although we do not have similar data on
the abundances of benthic invertebrates at dif-
ferent tidal elevations. The Spartina influence

in WB is also complicated by the extensive inva-
sion of lower tidal elevations by the Japanese
eelgrass Z. japonica, which during the summer
months covers virtually the entire tidal range
from the lower border of Spartina to the upper
border of the native Zostera marina.

In contrast to shorebirds that forage on tidal
flats at low tide, estuarine fish forage in these
same areas at high tide. Fish such as Chinook
salmon, California halibut, rainwater killifish,
striped bass, and Tule perch could potentially
experience the same habitat losses and density
effects in SFB and WB as the shorebirds.

PREDICTING IMPACTS OF INVASION

We can identify three distinct invasion scenar-
ios where Spartina effects appear to differ. The
first is the invasion of unvegetated, higher-en-
ergy sand flats, which results in the largest
changes in flow rates, sediment accumulation,
elevation increase, and litter buildup, as well as
the largest changes in plant and animal com-
munities. This type of invasion has occurred in
portions of both SFB and WB. A second type in-
volves invasion of existing vegetation in high
marsh habitats, which results in less alteration
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FIGURE 2.3 Conceptual model of changes following Spartina invasion. The many changes brought
about by the Spartina invasion are illustrated in this diagram showing positive (+) and negative (—)
effects on a range of physical, chemical, and biological processes. Spartina reduces light and tidal
water flow and increases deposition of fine sediments and sediment organic matter. The increased
belowground biomass together with changes in the sediments results in increased levels of sulfide
and decreased ammonium levels, which can negatively affect other plants and animals. These changes
result in increasing detrital loads and decreasing productivity of benthic microalgae, which favor
subsurface deposit feeders and detritivores at the expense of grazers, suspension feeders, and surface
deposit feeders. The shift toward smaller, subsurface species may reduce invertebrate food resources

for larger consumers such as crabs, birds, and fishes.

of benthos and in some cases leads to enhanced
diversity of associated fauna (which are often in-
vasives as well) (Neira et al. 2005). Under these
circumstances, displacement of native plants
may occur through light/space or nutrient com-
petition (Tyler et al. 2007). A third mode of in-
hybridization with native
Spartina, threatening the integrity of native
Spartina species (Ayers et al. 2003) and altering
the above- and belowground habitat structure.

vasion involves

Understanding that Spartina invasions can
yield different consequences under different
circumstances can help identify the most ur-
gent conservation needs (Thompson 1991;
Hacker et al. 2001; Hacker and Dethier 2000).

The changes caused by Spartina invasion
can be viewed within the broader context of
ubiquitous plant effects on wetland benthos.
Plants have been recognized as ecosystem engi-
neers (or foundation species) with major influ-
ence on the structure of marine communities,
independent of invasion status (Levin and
Talley 2002; Crooks 2002). The generalized

influences of introduced plants on the benthos
can be partitioned into two major pathways. We
identify the details of these pathways and the
targets in figure 2.3 and illustrate these points
using the changes produced by Spartina.

The first pathway involves the indirect ef-
fects of plants on benthic organisms mediated
through several changes in abiotic processes.
First, reduced flow due to increased above-
ground biomass generally reduces system
energy; increases sediment stability, sedimen-
tation rates, and organic matter accumulation;
and reduces fluxes of reproductive propagules
and food particles for consumers. Second,
reduced light, also due to increased above-
ground biomass, results in reduced evapora-
tion and lower levels of sediment porewater
salinity, sediment temperature, and higher
water content. Third, plant belowground struc-
tures influence soil geochemical conditions
(via root transport of oxygen, litter buildup and
degradation), exploit space, and mechanically
anchor sediments.
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The second pathway involves direct effects
on benthic invertebrates mediated by the
structural habitat they provide. Introduced
plants can provide
epibionts, both plant and animal, simply by
their presence in benthic habitats such as
mudflats with limited emergent structure.

substrate for sessile

Plants can also provide refugia for mobile
predator and prey species, both infaunal and
epifaunal, as well as provide living plant tissue
for herbivores or litter for detritivores (Levin
et al. 2006; Neira et al. 2000).

COMPARISONS WITHIN THE
PACIFIC REGION

To understand the overall effects of Spartina on
benthic communities, we first compare our re-
sults with recent work on the benthic impacts of
native S. foliosa. Studies comparing invertebrate
communities in native versus invasive Spartina
meadows in SFB showed that the native
Spartina positively affects invertebrate abun-
dance and, to a lesser extent, diversity in com-
parison to the largely negative effects of
the hybrid (Brusati and Grosholz 2000).
Invertebrate densities were up to five times
greater in S. foliosa at some sites, although the
magnitude of the effect was variable. This is
largely the result of positive effects of above-
ground structure but much lower belowground
biomass. The density of roots and rhizomes ap-
parently was not sufficient to reduce infaunal
abundance as the hybrid does (see table 2.1).
Recent removal and shading experiments con-
ducted in southern California (Whitcraft and
Levin 2007) suggest S. foliosa controls mac-
robenthic abundance and composition through
light effects, which moderate soil temperature
and salinity, enhance water retention, and pro-
mote microalgal growth.

This positive effect of S. foliosa on benthic
fauna parallels what we see in the initial stages
of the hybrid Spartina invasion along the grow-
ing edge. Within the first few meters of a hybrid
clone, plant densities and belowground bio-
mass are similar to S. foliosa areas resulting in
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the same facilitation of species abundance. This
“edge effect” is similar to the increases in ben-
thic abundance documented at the edges of sea-
grass meadows relative to the center (Bologna
and Heck 2002). However, within five to ten
years, the increasingly large above- and below-
ground biomass of the hybrid starts to reduce
the benthic diversity and abundance through
habitat changes at the surface and preemption
of habitat space belowground.

Our results from SFB and WB showing
strong effects of Spartina invasion on benthic
animal communities are broadly consistent
with other studies of Spartina in the western
United States. Other studies in WB have shown
reduced infaunal diversity and abundance in
the middle of Spartina meadows (Zipperer
1996; Dumbauld et al. 1994; O’Connell
2002) and negative effects on bivalve growth
(Ratchford 1995). Interestingly, other WB stud-
ies have also documented an “edge effect” with
increased diversity and abundance of some taxa
in the growing edge of the Spartina marsh.
Dumbauld et al. (1994) found increased abun-
dances of introduced clams (Mya) within
Spartina meadows in WB. Zipperer (1996),
also working in the same area, found increased
abundances of infaunal invertebrates in the
newly growing Spartina border. The facilitative
effects of S. alterniflora in WB are again similar
to what we find for both S. foliosa and for the
growing edge of the hybrid Spartina invasion in
SFB.

Our results showing dramatic shifts in the
trophic mode of infaunal invertebrates follow-
ing Spartina invasion are also in agreement
with results from other studies in the U.S. West
Coast region. In WB, Cordell et al. (1998)
found a shift from surface-feeding bivalves and
amphipods to deposit feeders and insect preda-
tors within the Spartina meadows. Also in WB,
trophic shifts were documented by O’Connell
(2002), who found increases in belowground
detritivores in S. alterniflora marshes, consis-
tent with our findings. Also, both Zipperer
(1996) and Dumbauld et al. (1994) found re-
duced densities of bivalves and other surface
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feeders within Spartina clones and increasing
numbers of larval insects in areas with higher
tidal elevation as the community moved toward
a more terrestrial assemblage.

Finally, many of the changes we have mea-
sured in the sediment ecosystem have also
been documented following the invasion of
Spartina anglica in Australia, England, and the
Puget Sound region of Washington State. In
Australia, Hedge and Kriwoken (2000) found
that both the diversity and abundance of inver-
tebrates were not significantly different be-
tween S. anglica—invaded areas and naturally
vegetated marsh, but there was reduced diver-
sity and abundance of invertebrates on nearby
mudflats. In England, S. anglica has lowered
densities of bivalves and Corophium and en-
hanced densities of tubificid oligochaetes rela-
tive to mudflat settings (Jackson 198s), with an
overall effect of reduced species richness (Frid
and James 1989). Studies of S. anglica invasion
in Washington by Reeder and Hacker (2004)
and Hacker and Dethier (2006) at sites with
varying substrate and salinity found above- and
belowground biomass varied substantially with
habitat type, as did sediment accretion rates,
sediment water content, salinity, and redox po-
tential. In their mudflat and high-salinity
marshes (most similar to our studies), sedi-
ment salinity was lower and water content was
higher in the presence of invasive S. anglica.
However, they found a predictable increased in
redox potential in areas invaded by S. anglica,
in contrast to our data showing lower redox in
areas with hybrid Spartina. This difference is
expected based on studies by Maricle and Lee
(2001), who showed that S. anglica transports
oxygen to their roots much more effectively
than S. alterniflora.

COMPARISONS WITH OTHER REGIONS

Studies from the native range of S. alterniflora
have also shown that Spartina strongly influ-
ences the diversity and abundance of benthic
species. Several studies from the Atlantic and
Gulf coasts of the United States have generally
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shown a positive effect of S. alterniflora on the
abundance of invertebrates relative to unvege-
tated sediments (Rader 1984; LaSalle, Landin,
and Simms 1991; West and Williams 1980).
Similar results have been shown in studies of
native Spartina alterniflora effects on infauna
marshes in Brazil (Lana and Guiss 1991; Netto
and Lana 1991).

Shifts in trophic modes have also been mea-
sured in studies from the native range of S. al-
terniflora.
surface-feeding bivalves has been demonstrated
in the native range of Spartina alterniflora in the
eastern United States (Capehart and Hackney

Declines in the abundance of

1989), as have changes in trophic modes of in-
fauna with successional stage of Spartina areas
(Kneib 1984). Declines in suspension feeders in
Sparting areas in comparison with open mud-
flats have also been documented in the native
South American range of S. alterniflora (Lana
and Guiss 1991).

Finally, other studies have also shown
impacts at higher trophic levels involving
vertebrate consumers. In perhaps the best-
documented study of impacts of invasive
Spartina on shorebirds, Goss-Custard and
Moser (1988) showed significant declines in the
numbers of Dunlin (Calidris alpina) in estuaries
in the United Kingdom that had been invaded
by S. anglica.

Overall, the conclusions from studies of
Spartina in its native range suggest that it gen-
erally has a positive effect on the diversity and
abundance of native benthos. This provides an
interesting contrast with the largely negative ef-
fects of Spartina in the introduced range. One
theory for opposing effects of Spartina on the
two coasts is that predation pressure is consid-
ered much greater in Atlantic coastal systems
(e.g., due to the presence of blue crabs, horse-
shoe crabs); thus, Spartina stands are more
likely to function as refugia on the Atlantic
coast. The much higher animals densities on
Pacific than Atlantic mudflats supports this
hypothesis (Levin, Talley, and Hewitt 1998).
These findings are broadly consistent with our
finding that Spartina tends to facilitate many
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species that have evolved within its native range
and thrive in the microenvironment produced
by this plant, but it negatively affects many
species that have evolved in systems devoid of
large vascular plants like Spartina and that gen-
erally do not tolerate the changed conditions.

PROSPECTS FOR ERADICATION
AND RECOVERY

Extensive Spartina eradication programs are
currently being carried out in SFB and WB
(fig. 2.4). In both bays, the primary means of
eradication is aerial and boat-based spraying of
Imazypyr
(known as “Arsenal”). The expectation is that
complete eradication is a reality with sufficient
effort invested over a long enough period of
time. The goal in each case is restoration to the
preinvasion condition. It is clear that some of

the commonly wused herbicide

the changes can be rapidly reversed. By remov-
ing the aboveground portion of the plant with
herbicide, eradication efforts will be able to lo-
cally reverse the immediate physical modifica-
tion of flow, light, and sedimentation. Our data
suggest the aboveground contribution to added
detrital buildup following eradication will be
relatively short-lived. In areas that were previ-
ously vegetated by native plants, there is the ex-
pectation that native species will recolonize
successfully, although additional efforts may be
needed to jump-start this process in some
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areas. The short-lived seed bank of the invasive
Spartina provides hope that once eradication
from large areas has occurred, it will be main-
tained notwithstanding dispersal from other
areas. However, this will take vigilance in re-
moving Spartina seedlings.

Our work in areas that have undergone trial
eradication or natural dieback suggests that
there are more lasting effects of the roots and
rhizomes that may require several years to de-
compose (Neira et al. 2007; A. C. Tyler and E. D.
Grosholz, unpublished data). The rate of break-
down appears to be dependent on rates of flush-
ing, sediment grain size, and other local habitat
variables. The decay of belowground biomass
and the sulfide and anoxia that result can slow
the return of sediment conditions that would
permit reestablishment of native plants and an-
imals. Also, the increased tidal elevation created
by enhanced accretion in invasive Spartina
stands may not be quickly reversed. Because the
increased elevation reduces tidal inundation,
the mat of roots and rhizomes may continue to
maintain the increased tidal elevation and sub-
stantially delay recovery. In some areas, if native
plants colonize prior to the return of sediment
to its preinvasion elevation, there may be a per-
manent shift from intertidal mudflat to vege-
tated tidal marsh, as has been documented
following eradication of S. anglica in Puget
Sound, Washington (Reeder and Hacker 2004;
Hacker and Dethier 2000).

FIGURE 2.4 Ongoing eradication of Spartina alterniflora at a higher tidal elevation site
in Willapa Bay, Washington.
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However, there is room for optimism based
on our monitoring of sites in WB that had been
treated with herbicide seven years earlier. Our
data indicate that recovery of sediment charac-
teristics and porewater chemistry as well as in-
vertebrate community indices can be achieved
within six years and possibly faster (E. D.
Grosholz and A. C. Tyler, unpublished data).
However, these treated areas were small, iso-
lated clones in relatively sandy sediments. In
large continuous meadows or in muddier sedi-
ments, we predict that the recovery rate for na-
tive plants will be similar to that following S.
anglica eradication (Reeder and Hacker 2004).

OVERALL CONCLUSIONS

Introductions of nonnative species are clearly
among the most pervasive anthropogenic
changes in salt marsh systems and threaten to
alter their structure and function on a broad
scale. Our work has documented that Spartina
invasions in two major estuaries in western
North America are rapidly changing a wide
range of physical, chemical, and biological
processes. First, there are immediate changes to
rates of light penetration, water flow, and sedi-
mentation that then more gradually influence
sediment physicochemistry as well as recruit-
ment, growth, and survival of benthic organ-
isms. The Sparting invasion has shifted the
dominant primary producers from short-
stature native plants and benthic microalgae to
tall, dense plants that create approximately two
kilograms per square meter of refractory above-
ground detritus annually. This change results in
a less “available” food source and slows down
carbon and nutrient recycling. These changes
in turn result in dramatic shifts in benthic com-
munities and food web structure.

In San Francisco Bay, our studies support the
idea that this changing resource base appears to
have contributed to a shift in benthic communi-
ties from surface feeders to subsurface feeders.
The shifts in benthic communities may also
have consequences for higher trophic levels
(fig. 2.5). Within the Spartinga meadow, the
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FIGURE 2.5 Federally endangered California clapper rails
(Rallus longirostris obsoletus) are impacted by the hybrid
Spartina invasion in San Francisco Bay.

reduced densities of larger, surface-feeding in-
vertebrates and increase in smaller infaunal de-
tritivores may reduce the food base available to
birds, fishes, and crabs. The presence of the in-
vasive grass itself may also negatively affect win-
tering shorebirds by reducing the quality and
availability of foraging areas on open tidal flats.

Reversing the changes brought about by the
Spartina invasion will require extensive man-
agement resources over a significant period of
time. But our results provide reason for opti-
mism regarding the success of recovery follow-
ing eradication efforts. While complete erad-
ication of Spartina in these systems may require
several years of follow-up efforts, the elimina-
tion of most of the aboveground biomass and
the decay of belowground biomass appear to
begin within just a few years of the initial treat-
ment. Our limited evidence suggests that these
systems can return to something similar to the
preinvasion state within approximately five years
and possibly sooner. However, we have now
documented that these changes are habitat-
specific and that many factors such as tidal
exchange, sediment grain size, elevation, and
other variables will strongly affect the rate at
which the system can recover (Reeder and
Hacker 2004).

Finally, our work provides examples of the
many different kinds of effects that plants can
have in estuarine systems. By altering hydrody-
namics, sediment geochemistry, productivity,
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and sedimentation regimes—through food web
modification and via substrate provision, stabi-
lization, and refuge—invasive cordgrasses are
certainly among the foremost agents of land-
scape-scale change in the coastal zone.
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