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Abstract In coastal wetlands, invasive plants
often act as ecosystem engineers altering flow,
light and sediments which, in turn, can affect
benthic animal communities. However, the de-
gree of influence of the engineer will vary
significantly as it grows, matures and senesces,
and surprisingly little is known about how the
influence of an ecosystem engineer varies with
ontogeny. We address this issue on the tidal flats
of San Francisco Bay where hybrid Spartina
(foliosa x alterniflora) invaded 30 years ago.
The invasion has altered the physico-chemical
properties of the sediment habitat, which we
predicted should cause changes in macrofaunal
community structure and function. Through
mensurative and manipulative approaches we
investigated the influence of different growth
stages of hybrid Spartina on macrobenthos and
the underlying mechanisms. Cross-elevation sam-
pling transects were established covering 5 zones
(or stages) of the invasion, running from the tidal
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flat (pre-invasion) to an unvegetated dieback
zone. Additionally, we experimentally removed
aboveground plant structure in the mature (inner)
marsh to mimic the ’'unvegetated areas’. Our
results revealed four distinct faunal assemblages,
which reflected Spartina-induced changes in the
corresponding habitat properties along an eleva-
tion gradient: a pre-invaded tidal flat, a leading
edge of immature invasion, a center of mature
invasion, and a senescing dieback area. These
stages of hybrid Spartina invasion were accompa-
nied by a substantial reduction in macrofaunal
species richness and an increase in dominance, as
well as a strong shift in feeding modes, from
surface microalgal feeders to subsurface detritus/
Spartina feeders (mainly tubificid oligochaetes
and capitellid polychaetes). Knowledge of the
varying influence of plant invaders on the sedi-
ment ecosystem during different phases of inva-
sion is critical for management of coastal
wetlands.

Keywords Spartina dieback - Macrofauna -
Plant invasion - Plant-sediment—animal
interaction - Wetlands - San Francisco Bay

Introduction

Ecosystem engineers are species able to create,
maintain, modify, or destroy their habitat,
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thereby strongly influencing community compo-
sition and structure (Jones et al. 1994). Examples
of ecosystem engineers have been reported for
both plants and animals within a broad spectrum
of ecosystems, including coral reefs and estuaries
(Bruno and Bertness 2001), woodlands (Vitousek
et al. 1987), grasslands (Vivrette et al. 1977), and
freshwater systems (Steenkamp and Chown
1996). In wetlands, when an invasive plant that
is an ecosystem engineer colonizes a habitat, it
can modify the community structure and the
entire ecosystem by altering nutrient cycling,
productivity, hydrology, particle flux, and habitat
availability (Talley and Levin 2001; Crooks 2002).
Rarely have the influences of an invasive ecosys-
tem engineer been documented throughout the
course of invasion as the invading engineer grows,
matures and senesces. Understanding which
physico-chemical properties are associated with
each phase of plant invasion is essential for
understanding invasion-induced changes in
macrofaunal communities and associated marsh
functions.

Spartina (cordgrass) is readily identified as a
key ecosystem engineer within salt marshes
(Pennings and Bertness 2001; Brusati and Gros-
holz 2006), and many species are known to be
highly invasive (Daehler and Strong 1996). Com-
parisons of animal communities in Spartina-veg-
etated sediments versus unvegetated tidal flats
have yielded disparate trends by marsh. In some
marshes dominated by S. alterniflora (Zipperer
1996; O’Connell 2002), S. anglica (Jackson 1985),
S. foliosa (Levin et al. 1998), and a hybrid of
Spartina  alterniflora x S. foliosa (hereafter
referred to as “hybrid Spartina”) (Neira et al.
2005), macrobenthic communities exhibit lower
densities and fewer species relative to adjacent
tidal flats. These differ from existing paradigms
that predict positive vegetation effects on macro-
faunal abundance and diversity (e.g., Netto and
Lana 1999; Hedge and Kriwoken 2000; Pennings
and Bertness 2001; Brusati and Grosholz 2006).

Spartina stands are not static but rather appear
to undergo different stages and dieback, particu-
larly associated with invasion. Dieback of invasive
hybrid Spartina, S. anglica and S. townsendii was
noted as early as the mid-1920s in Britain (Gray
et al. 1991 and references therein). Dieback zones
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have also been observed in mature S. alterniflora
meadows in North Carolina (Linthurst and Sen-
eca 1980), Louisiana (Webb et al. 1995; McKee
et al. 2004), New York (Hartig et al. 2002), and
recently in Georgia, New England, and Virginia
(GCRC 2004). Recent studies provide evidence
that the interplay between physicochemical stres-
sors and trophic interactions have an important
role in dieback of coastal salt marshes (Silliman
and Bertness 2002; Silliman et al. 2005).

At our site, a 30-year old tidal flat invasion by
hybrid Spartina has generated a ‘‘continuous
meadow’ covering ~10 ha punctuated by ““die-
back areas” of different sizes that are scattered
within the meadow (Fig. 1). These dieback areas
reflect senescence of hybrid Spartina as revealed
by the presence of standing dead culms (about
2-10 cm) (Neira pers. obs., Fig. 2A). Assessment
of aerial photographs taken in August 2002
indicates that dieback areas devoid of live plants
covered about 4% of the meadow at that time.

We hypothesize that hybrid Spartina undergoes
a sequence of stages following invasion that
generates sediment modifications and that infau-
nal communities should respond accordingly.
Within the meadow, the invading edge contains
a lower root and shoot density of plants. Plants
within the central meadow attain more below
ground biomass with greater stem heights and
densities, which decrease flow energy by increas-
ing frictional effects. In later, senescing stages (at
the upper edge of the meadow), plant densities
decline again, leaving high amounts of decaying
root material, mixed with trapped sediments and
organic matter. We do not know how dieback
areas are formed at our study site in Elsie Roemer.
Our in situ observations suggest that increasing
buildup of H,S, reaching levels beyond the resis-
tance threshold of healthy plants, is the most
probable cause. Among the contributing factors
are increasing deposition of fine-grained particles
(including organic matter), decomposition and
smothering plants as the result of wrack from both
senesced plants and macroalgae (Neira pers. obs.,
Fig. 2B). These can create dieback areas rich in
mud and organic matter at higher elevations.

This study examines the hypotheses that (1)
changes in the environmental conditions associ-
ated with a spatial (from unvegetated tidal flat to
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Fig. 1 Color infrared
aerial photograph
(courtesy of P. Rosso) of
the study location in Elsie
Roemer, San Francisco
Bay, California, USA.
Dieback areas are seen
distributed within the
‘continuous meadow’ of
invasive hybrid Spartina.
Lines represent the
sampling transects from
uninvaded tidal flat to
dieback areas in
Experiment 3. Diamonds
represent dieback sites
sampled in Experiment 1

dieback areas) and temporal (from early to late
invasion) gradient of hybrid Spartina invasion will
be mirrored in changes in abundance and diver-
sity of benthic macrofaunal communities, (2) the
geochemical environment will shift towards one
that is highly sulfidic, and (3) the most sulfidic
areas, within areas with the oldest Spartina zone,
and in dieback areas, will be dominated by a few
infaunal species highly adapted to sulfidic sedi-
ments.

Materials and methods
Study site

The study was conducted along the shoreline
within the Elsie Roemer Bird Sanctuary (37°
4535”N; 122° 2848”W) in San Francisco Bay
adjacent to Alameda, California, USA. Hybrid
Spartina alterniflora (S. alterniflora x S. foliosa)
invaded this area within the last 30 years (Ayres
et al. 2003); native S. foliosa has not been present
in this area since 1992 (Ayres pers. comm.). Tidal
amplitude during spring tides is typically 2.5 m
with an annual maximum of nearly 3.0 m.
Detailed descriptions of the study site are found
in Neira et al. (2005) and Neira et al. (2006).

Sampling design and methods

To investigate both the magnitude and the
mechanism of influence of hybrid Spartina stages
on soils and macrobenthos, we adopted both
mensurative and manipulative approaches out-
lined in three experiments. Our initial observa-
tions consisted of paired sampling of high marsh
dieback areas and adjacent mature Spartina
hybrid stands (Experiment 1). Additionally, we
experimentally removed the Spartina canopy in
the mature marsh and sampled the areas as
mimics of ’dieback areas’ after 90 days (Experi-
ment 2). Once we recognized the dieback areas as
a late stage in the invasion process, we then
initiated transect sampling spanning 5 zones (or
stages) of invasion, running from the tidal flat
(pre-invasion) to the dieback areas (post inva-
sion) (Experiment 3). Taken together the result-
ing data on sediments and macrofauna provide a
mechanistic look at changes induced by early
invasion, maturation, senescence and loss of
invasive Spartina.

Experiment 1: A preliminary dieback-area study

A pair-wise sampling design was used to compare
sediment and biotic properties of dieback areas
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Fig. 2 Photographs of: (A) a typical dieback area at Elsie
Roemer showing the soft muddy characteristics of the soil.
Several short standing dead culms of hybrid Spartina, now
covered by barnacles, are seen in the foreground, (B)
section of the upper marsh at Elsie Roemer covered by
wrack composed mainly of green algae (Ulva spp.), which
is smothering the underlying hybrid Spartina plants. Photo
credit: C. Weiga

and adjacent hybrid-invaded patches in the upper
regions of the hybrid Spartina meadow (Fig. 1). In
April 2003, 10 replicate blocks, separated by
about 10 to 20 m, were established. Each encom-
passed a dieback-area (i.e., corresponding to
Zone 5 in experiment 3) and an adjacent
hybrid-Spartina vegetated area (later determined
to be senescent or Zone 4 in experiment 3). We
established 50 x 50 cm quadrats for sampling
within each habitat in each block.

Within each quadrat, we made measurements
of porewater salinity (S), temperature (T), redox
potential (Eh), percent open space, light penetra-
tion, and total stem density (in Spartina invaded
habitat). Sediment cores (18.1 cm?, 6 cm deep)
were collected for analyses of (a) infauna and
belowground plant biomass (from the same sed-
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iment core) and (b) sediment properties including
percent mud (particles <63 pm), total organic
matter (TOM) content. Small cores (1.13 cm? x
5 mm deep) were collected for determination of
sediment chlorophyll a (chl @) and water content
(WC). Sample collection, preservation and pro-
cessing are described in Neira et al. (2006).

Experiment 2: Canopy removal experiment

In order to experimentally create dieback areas,
on April 2002 we removed the above-ground
portion of the Spartina canopy, clipping (and
removing) the stems near the sediment surface in
2 x 2 m plots (n = 10). For this experiment we
used previously studied areas (for details see
Neira et al. 2006) located about 10 m inside
hybrid Spartina habitat from the tidal flat edge,
i.e., the zone 3 (or mature invasion) in Experi-
ment 3 below. After 90 days, we compared the
macrofauna and sediment properties of these
above-ground removal treatments with those of
unmanipulated control areas (corresponding to
mature invasion or Zone 3 in experiment 3).
Short-term sediment deposition rates were mea-
sured in clipped and control plots by deploying
Petri-dish sediment traps (Reed 1992) as
described by Neira et al. (2006). Fine particle
(<63um) and organic matter deposition rates
were determined from the sediment traps.

Experiment 3: Transects across plant invasion
stages

We established six parallel replicate transects,
each of them with 5 areas (i.e., 5 stages X 6 tran-
sects, 30 areas in total), to test the hypothesis that
changes in the sediment conditions associated
with different stages in hybrid Spartina invasion
at Elsie Roemer are reflected in a response by
infauna communities. These transects were ar-
ranged in parallel and spanned a gradient of
invasion and elevation, from open tidal flat across
the Spartina meadow to the unvegetated dieback
areas (Fig. 1). Along each transect we delimited 5
zones (each with 50 x 50 cm plots): zone 1 = tidal
flat, zone 2 = hybrid leading edge (immature
invasion), zone 3 = hybrid center (mature
invasion), zone 4 = innermost hybrid-vegetated
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sediments adjacent to dieback areas (senescing
invasion), zone 5 = dieback area.

In each zone (1 to 5) along each of the six
replicate transects, we measured sediment prop-
erties including porewater S, Eh, T, WC, TOM,
porewater sulfide concentration, percent mud
content, chl a, and pigment composition. Sedi-
ment redox potential was measured in the upper
1 cm of sediment (all 3 experiments) and at 1 cm
intervals down to 8 cm depth (Experiment 1
only). Sulfide was determined according to Cline
(1969) from porewater collected at 4 cm depth
with a porewater sampler (Berg and McGlathery
2001). Analytical and infauna analysis methods
are described in Neira et al. (2005, 2006).

Data analysis

Paired t-tests (Table 1 and Table 3) were used to
test for significant differences in macrofauna,

sediment properties, and environmental variables
between (a) unvegetated dieback areas versus
adjacent hybrid Spartina patches (n = 10, Exp. 1),
and (b) clipped treatments versus unclipped
controls (n = 10, Exp. 2). One-way ANOVA with
a-posteriori Tukey’s HSD tests were used to
examine among-zone differences in sediment
properties and macrofauna along the transects
(Exp. 3, Table 4). Data were tested for normality
and heteroscedasticity and, when necessary,
square root transformed. The non-parametric
Wilcoxon test was used when transformed data
failed to meet parametric assumptions. All statis-
tical analyses were conducted using JMP 4.0
statistical software. One standard error about
the mean is presented unless otherwise indicated.
Data shown as proportions were arcsin square-
root transformed. Linear regressions (Excel 2003)
were used to test relationships among sediment
variables, diversity, total macrofaunal density and

Table 1 Sediment and environmental properties, total density, density of main higher taxa, and diversity indices in dieback

areas and adjacent hybrid Spartina sediments of Elsie Roemer

Habitat

Dieback Area

Adjacent Hybrid Invaded

Mean 1 SE Mean 1 SE P
Environmental variables
Salinity (ppt) 34.9 0.3 319 0.5 0.0004
Temperature (°C) 17 0.2 153 0.5 0.003
Water content (%) 67.4 24 60.2 14 0.002
Redox potential (mV) top 1 cm -143.7 21.1 —65.0 22.7 0.004
TOM (% DW) 9.7 0.5 8.4 0.5 0.032
Chl a (ug g 117.9 22.6 46.6 6.6 0.016
Mud content (%) 89.4 1.86 77.3 31 0.003
Light penetration (umol m~ s™) 1292.1 112.8 146 48.5 < 0.0001
Below-ground plant biomass (g m™) 533.7 54.7 526.0 124.6 0.959
Open space (%) 99.7 0.3 28.5 4.7 < 0.0001
Macrofaunal variables

Total density (No ind core™) 267.4 5791 260.8 57.98 0.929
Oligochaeta 217.7 66.6 210.7 63.6 0.021
Polychaeta 423 13.9 37.7 26.4 0.206
Bivalvia 33 14 2.6 2 0.234
Crustacea 0.5 0.4 33 22 0.253
Insecta 0.5 0.5 4.6 32 0.245
Others (Anthozoa + Turbellaria) 29 1.3 1.8 0.8 0.269
Diversity Indices

Taxon richness (No species core™) 6.7 0.75 7.6 1.54 0.579

Shanon H’ log;o 0.33 0.07 0.34 0.10 0.938

Evenness J’ 04 0.07 0.40 0.08 0.987

R1 Dominance (%) 72.8 7.7 75.5 8.6 0.752

Samples were collected in April 2003. P are significance values from paired ¢ tests (n = 10). Core area = 18.1 cm* ( x 6 cm

deep). Significance level set at o = 0.05
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selected species. Macrofaunal diversity was exam-
ined using taxon richness per core, as well as the
Shannon-Weiner diversity index (H’; logy), Pie-
lou’s evenness (J’), and Rank 1 Dominance (%),
using PRIMER 5.2.2 (Clarke and Warwick 2001)
and Biodiversity Pro (McAleece et al. 1999)
software.

Similarities and differences in macrofaunal
assemblages of various experimental treatments
were explored using three multivariate methods:
1) non-metric multidimensional scaling (MDS), 2)
analysis of similarity (ANOSIM) and 3) similarity
percentage (SIMPER) using PRIMER 522
(Plymouth Marine Laboratory, Clarke and War-
wick 2001) on square root transformed, unstanda-
rized data.

Results

Experiment 1: Unvegetated dieback areas and
adjacent hybrid Spartina patches

All environmental variables in dieback area
sediments differed significantly from those in
adjacent vegetated habitats, except below-ground
plant detritus biomass, which was similar in both
habitats (P = 0.959) (Table 1), suggesting slow
root degradation. Light penetration and open
space were higher in the dieback areas than in the
adjacent vegetated patches. Dieback areas were
finer-grained, with higher OM content and chl a
concentration. Relative to adjacent, invaded
patches, dieback area sediments had higher
salinity, temperature, and water content. Sedi-
ments exhibited reduced conditions in both set-
tings (i.e., Eh < + 100 mV, Meyer-Reil 1983), but
values were significantly lower in dieback areas
than in vegetated patches (Table 1, Fig. 3).

The environmental differences between die-
back and adjacent invaded areas were reflected in
species differences. Oligochaetes were slightly but
significantly more abundant within the dieback
areas relative to adjacent hybrid patches
(P = 0.021) (Table 1). From a total of 25 species
recorded in these habitats, the tubificid oligo-
chaetes Monopylephorus evertus and Tubificoides
spp. dominated the infaunal community, contrib-
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Fig. 3 Depth profiles of redox potential measured at 1 cm
intervals in dieback and adjacent hybrid Spartina areas at
Elsie Roemer (San Francisco Bay). Values are mean +1SE

uting over 80% of the individuals in both settings
(Fig. 5). The carnivorous polychaete Eteone cal-
ifornica was more abundant in the dieback areas
than in adjacent Spartina patches (P = 0.033)
(Table 2). However, no differences in mean total
macrofaunal density (Fig. 4A), taxon richness
(Fig. 4B), or diversity indices were observed
(Table 1).

Experiment 2: Plant canopy removal
experiment

Ninety days after canopy removal, most of the
sediment and environmental properties of the
clipped areas differed from those of the unclipped
controls (Table 3, Fig 7A). Clipped sediments
were finer-grained, had higher salinity, tempera-
ture, total organic matter and chl a content than
unclipped control sediments. Clipped sediments
exhibited more reduced conditions (Table 3),
with a very thin oxidized surface layer dominated
by benthic diatoms as revealed by high concen-
trations of fucoxanthin. In contrast, concentra-
tions of zeaxanthin (a proxy for cyanobacteria
biomass) did not differ between clipped and
unclipped habitats (Table 3). Ninety days after
canopy removal, harsh sediment conditions were
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Influence of invasive Spartina growth stages

Fig. 4 Macrofaunal 1250 - (A)
density (A) and taxon
richness (B) of Exp 1
Experiment 1: adjacent 1000
hybrid Spartina (AH)
versus dieback areas (D),
sampled in April 2003,
Experiment 2: clipped
areas (C, removed after
90 d) versus unclipped
(U) control areas,
sampled in July 2002,
Experiment 3: stages
transect, including Zone
1 = tidal flat, Zone

2 = hybrid leading edge
(immature invasion),
Zone 3 = hybrid center
(mature invasion), Zone
4 = innermost hybrid- Exp 1
vegetated habitat 20 4
adjacent to dieback areas
(senescing invasion),
Zone 5 = dieback area,
sampled in June 2004 at
Elsie Roemer (San
Francisco Bay). Values
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observed; there was increased input of fine
particles and associated OM from the water
column and decaying below ground plant mate-
rial (over 530 g m™2) (Table 3), which produced
high levels of porewater sulfide. Typically pore-
water sulfide concentrations were between 300-
1800 pM in clipped sediments and between
200 uM and 900 pM in unclipped controls (A.C.
Tyler, pers. comm.).

Total macrofaunal density was one quarter and
species richness was one half those in unclipped
control sediments (Fig. 4A, B). Diversity (H"),
evenness (J’), and R1 dominance did not differ
between habitats (Table 3). Abundances of poly-
chaetes, crustaceans, insects, enchytraeid oligo-
chaetes, and ‘others’ (anthozoans + turbellarians)
decreased in clipped areas relative to unclipped
controls, while tubificid oligochaete densities
were not affected (Table 3). Among the species
whose densities declined with clipping were the
polychaetes Streblospio benedicti (t¢ = 2.3,
P =0.044), Eteone dilatae (ty = 2.3, P = 0.044),

mU 0z1 @Z: WZ3 BE24 BZ5

and Nereis succinea (ty = 2.2, P = 0.037), and the
amphipod Grandidierella japonica (to = 2.7, P =
0.024) (Table 2).

Experiment 3: Stages of Spartina invasion

As hybrid Spartina grows and expands, it
undergoes different invasion stages whose sedi-
ment and environmental properties change
accordingly. There was a slight progressive
increase in porewater salinity across zones 1 to
5 (Wilcoxon y* = 16.8, P = 0.002), temperature
(Fs25 = 3.1, P=0.033), and water content
(Fs25 = 357, P = < 0.0001), from tidal flats
up to the dieback areas. The dieback areas acted
as a sink for particle deposition as revealed by
the high mud content. Although there were no
significant differences in elevation among zones
3,4,and 5 (P > 0.05), these zones were 86 and
47 cm higher than zones 1 (tidal flat) and zone 2
(immature hybrid), respectively (Fy,5 = 159.3, P
< 0.0001) (Table 4).
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Table 3 Sediment and environmental properties, total density, density of main higher taxa, and diversity indices in clipped
plot areas and unclipped (control) hybrid Spartina habitat of Elsie Roemer

Habitat
Clipped Unclipped (control) P
Mean 1SE Mean 1SE
Environmental variables
Salinity (ppt) 37.8 0.6 36.6 0.3 0.021
Temperature (°C) 19.9 1.1 18.2 0.4 0.040
Water content (%) 49.3 39 43.1 3.6 0.062
Redox potential (mV) top 1 cm -161.6 239 -27.5 254 <0.0001
TOM (% DW) 5.7 0.6 3.7 0.5 0.0002
Chla (ng g™) 69.4 16.9 28.8 4.4 0.050
Mud content (%) 66.9 4.6 48.6 5.5 0.004
Light penetration (umol m~ s™') 567.6 150.2 73.3 20.7 0.009
Below-ground plant biomass (g m™) 537.6 127.3 806.6 154.5 0.225
Fucoxanthin (mg m>) 83.4 13.2 40.1 9.9 0.022
Zeaxanthin (mg m™2) 2.5 0.5 2.6 0.6 0.387
Deposition rates
Sediment deposition (mg cm™ d!) 19.5 0.9 20.4 1.1 0.511
Fine particle deposition (<63um) (mg cm™> d™') 13.1 1.5 9.3 1.3 0.002
Organic matter deposition (mg cm™> d ™) 39 0.3 32 0.2 0.036
Macrofaunal variables
Total density (No ind core™) 62.4 252 239.4 82.8 0.043
Tubificidae 20.1 11.5 27.9 13.3 0.638
Enchytraeidae 82 6.6 48.1 345 0.032
Polychaeta 277 11.3 129.1 38.5 0.006
Bivalvia 0.3 0.2 0.4 0.3 0.726
Crustacea 5.0 3.5 32.8 16.1 0.035
Insecta 0.0 0.0 0.6 0.3 0.040
Others (Anthozoa + Turbellaria) 0.0 0.0 0.4 0.2 0.037
Diversity Indices
Taxon richness (No species core™) 44 1.1 10.0 1.0 0.0002
Shanon H’ log 0.36 0.07 0.55 0.10 0.083
Evenness J’ 0.6 0.11 0.57 0.04 0.805
R1 Dominance (%) 54.9 8.8 59.0 33.7 0.744

Samples were collected in July 2002, after 90 days plant removal. P are significance values from paired ¢ tests. (n = 10). Core
area = 18.1 ecm? ( x 6 cm deep). Significance level set at o = 0.05

Sediments were more reduced (Fyps= 7.2,
P =0.0005) and more sulfidic (Wilcoxon y*> =
249, P < 0.0001) towards dieback areas; sulfide
concentrations increased consistently from
zones 1 to 5, reaching a maximum in the
dieback areas, with an average of 5727 =+
712.4uM (absolute maximum ~ 8330uM). At
the same time there was an increase in fine
particles (Wilcoxon 26.3, P < 0.0001),
organic matter (Wilcoxon »* 258, P <
0.0001) and chla (Fsps= 23.3, P < 0.0001)
from zones 1 to 5 (Table4). Among the
environmental parameters considered, sulfide,
organic matter, mud content and chl a, all were
positively correlated with each other, while
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sediment Eh was negatively correlated with all
of them (Fig. 6). In contrast, no relationship
was found between below-ground plant biomass
and either sediment organic matter or pore-
water sulfide (Fig. 6).

The microalgal community of all blocks was
composed mainly of diatoms as indicated by the
high concentrations of fucoxanthin, ranging
from 25.7 mg m> to 73.3 mg m>. There was
considerable variability in the concentration of
fucoxanthin in sediments of immature Spartina
close to the tidal flat edge, indicating highly
patchy distributions of diatoms, probably a
result of resuspension. Concentrations of zea-
xanthin increased significantly from tidal flats
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Table 4 Sediment and environmental properties, total
density, density of main higher taxa, diversity indices,
and contribution of feeding mode to total abundance along
a transect of progressive invasion by hybrid Spartina at

ments were made in June 2004. Values are mean (+ 1SE).
Zones: 1 = tidal flat, 2 = hybrid leading edge (immature
invasion), 3 = hybrid inner (mature invasion), 4 = dieback
area- adjacent hybrid (senescing invasion), 5 = dieback

Elsie Roemer, San Francisco Bay. Sampling and measure- area
Zone
1 2 3 4 5
Tidal flat Hybrid Hybrid Dieback area- Dieback
leading edge  inner adjacent hybrid area
Environmental variables
Salinity (ppt) 333 (0.4)° 333 (0.4)° 34.0 (0.3)° 347 (0.5)° 39.3 (0.9)*
Temperature (°C) 16.6 (0.2)™ 16.0 (0.1)° 16.1 (0.3)* 16.7 (0.1)™ 17.2 (0.2)*
Water content (%) 33.8 (1.7)° 31.8 (2.0)° 54.0 (2.0)° 56.2 (2.2)° 71.5 (2.7)°
Bulk density (g cm™) 2.33 (0.17)* 2.53 (0.20)* 1.05 (0.09)° 0.98 (0.09)" 0.55 (0.05)*
Mud content (%) 10.9 (2.2)° 25.5 (4.6)° 52.9 (5.1)° 86.1 (4.0) 92.3 (2.9)*
TOM (% DW) 1.4 (0.2)° 2.9 (0.6)™ 5.4 (0.9)° 10.1 (0.7)* 10.9 (0.7)
Sulfide (uM) 19.6 (5.2)° 252.8 (61.5)% 410.8 (69.8)* 1779.8 (499.9)° 5727.8 (712.4)*

Redox potential (top 1 cm) (mV) +51.2 (38.5)*

-102.0 (47.0)*

—172.2 (40.8)°

—222.2 (30.0)"°

-302.5 (32.8)°

Light penetration (mmol m™2 s™) 382.5 (28.1)° 10.8 (0.9)° 12.8 (3.0)° 42.8 (9.6)° 381.2 (29.5)*
Chla (ug g™) 11.2 (0.6)¢ 91.4 (16)* 2249 (42.2)° 289.8 (29.6)*° 454.9 (64.4)
Fucoxanthin (mg m~2) 25.7 (19.6)* 55.0 (37.8)* 73.3 (5.6)* 50.9 (8.5)* 32.4 (8.9)
Zeaxanthin (mg m™2) 0.4 (0.04)° 0.9 (0.2)° 1.1 (0.4)° 1.3 (0.1)° 7.3 (0.2)
Below-ground plant biomass (g m™) 479 (13.2)° 346.2 (88.9)* 719.2 (287.5) 335.2 (60.6)* 255.1 (46.7)®
Plant density (No stems m™2) 0° 163 (16.4)* 172.8 (12.4)* 100 (12.4)° 0°

Plant height (cm) o° 87.3% 125.4° 86.2%° 0%
Elevation (cm) 51 (1.3)° 90 (2.5)° 137 (3.4) 140 (4.1) 137 (3.6)°

Macrofaunal variables

Total density (No ind core™) 887.3 (120.3)*

Oligochaeta 176.0 (35.7)*°
Polychaeta 230.2 (81.0)*
Bivalvia 151.5 (29.8)*
Crustacea 324.0 (84.1)"
Insecta 0.0 (0.0)°
Others (Anthozoa + Turbellaria) 5.7 (2.4)*
Diversity indices
Taxon richness (No species core™) 19.8 (0.8)*
Shanon H’ log;o 0.91 (0.02)
Evenness J’ 0.70 (0.02)
R1 Dominance % 31.9 (3.8)
Contribution by feeding mode (%)
Surface feeders 69.8 (4.0)*
Subsurface deposit feeders 23.5 (4.4)*
Carnivory/Omnivory 6.7 (0.8)°

251.5 (61.1)°

162.7 (54.6)°

395.3 (101.6)*°

569.3 (219.0)°

59.5 (35.5)° 19.7 (12.1)° 3332 (96.1)° 534.7 (283.9)
96.2 (51.6)* 120 (67.0)*° 28.3 (20.0)° 242 (19.6)°
8.0 (6.3)° 0.8 (0.9)° 0.7 (0.5)° 0.0 (0.0)°
83.8 (35.8)° 16.7 (12.7)° 1.3 (0.8)° 0.8 (0.7)°
0.4 (0.4)° 5.0 (4.7)* 31.7 (12.7)° 8.8 (4.3)®
3.7 (L7)™ 0.5 (0.3)° 0.2 (0.2)° 0.8 (0.8)°
14.5 (0.9)° 8.5 (1.1)° 7.7 (1.5)° 5.5 (0.9)°
0.81 (0.05) 0.55 (0.09) 0.44 (0.05) 0.25 (0.06)
0.70 (0.05) 0.61 (0.10) 0.54 (0.04) 0.36 (0.06)
37.3 (4.9) 55.3 (10.2) 59.3 (3.7) 80.6 (6.5)
41.7 (6.3)° 78.9 (6.5)* 122 (3.9)° 2.5 (0.8)°
30.0 (10.9)° 13.4 (7.1)* 86.8 (4.0)° 97.2 (0.8)°
282 (7.2)* 7.4 (2.8)° 0.7 (0.6)° 02 (0.1)°

Core area = 18.1 cm? ( x 6 cm deep). Contrasts made using a posteriori Tukey HSD tests are indicated with letters

towards later stages of invasion and ultimately
the dieback areas (Wilcoxon »*> = 10.6,
P =0.031), where the ratio zeaxanthin/fucoxan-
thin, 0.273 (=cyanobacteria/diatoms) was one
order of magnitude higher than in tidal flats
(zone 1) (0.045) or the immature invasion
(zone 2) (0.032) (Table 4).

Macrofaunal assemblage changes

The distinct stages of the hybrid Spartina invasion
were paralleled by differences in faunal commu-
nity composition, with a more diverse faunal
assemblage in the uninvaded tidal flat (Zone 1)
and a less diverse community in the dieback areas
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Fig. 5 Percent composition of major macrofaunal taxa (= 0.3 mm) at Elsie Roemer, San Francisco Bay in Experiments 1, 2,
and 3, as described in Fig. 4. ‘Others’ include anthozoans + turbellarians

(Fig. 5). Macrofaunal total density was highest in
the tidal flats (Zone 1), decreased drastically to a
minimum in the dense, mature stand (Zone 3),
and increased again in the dieback areas (Zone 5)
(Fig. 4A, Table 4). Taxon richness declined uni-
formly across the meadow; uninvaded tidal flats
(Zone 1) were associated with highest species
richness (Fig. 4), while dieback areas were asso-
ciated with the lowest richness, low Shannon
diversity index (H’), low evenness (J’), and
highest Rank 1 dominance (Table 4). The tidal
flats contained a high proportion of polychaetes
(25.9%), amphipods (36.5%), bivalves (17.1%),
as well as oligochaetes (19.8%). Within the
immature (Zone 2) and mature (Zone 3) Spartina
invasion sites, there was an increased representa-
tion of polychaetes (38.2 and 73.8%, respec-
tively). In Zone 3, polychaetes had the highest
proportional contribution (73.8%), and psychodid
insect larvae and enchytraeid oligochaetes also
became more important, while amphipods and
bivalves were drastically reduced. In the senesc-
ing Spartina invasion (Zone 4) and dieback area
(Zone 5), oligochaetes comprised approximately
90% of the total fauna (Fig. 5, Table 2).

Taxon richness and diversity indices (H’, J)
across the meadow were negatively correlated
with sediment organic matter content and pore-
water sulfide concentration, and positively corre-
lated with sediment Eh, while R1 dominance was
positively correlated with organic matter and
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sulfide (Appendix A). Sediment organic matter,
sulfide, mud content, temperature and salinity
were positively associated with densities of the
tubificid oligochaete M. evertus. High sulfide
concentrations were positively associated with
densities of Tubificoides sp. and Capitella sp.;
increased OM and fine-grained sediments and
reduced conditions favored Psychodidae larvae
(Appendix A). In contrast, sediment organic
matter, sulfide, lower Eh and mud content were
negatively associated with densities of spionid
polychaetes Polydora nuchalis and Pygospio ele-
gans, the phyllodocid E. californica, the syllid
Spharrosyllis californiensis, and the bivalve Ma-
coma petalum. Anthozoan densities tended to be
negatively associated with Chl a concentrations
(Appendix A).

Surface feeding was the most common feeding
mode observed among macrofauna from tidal flat
to mature Spartina stands (Zone 1 to 3), while
subsurface-deposit feeding was the dominant
feeding mode in the senescing and dieback areas
(Zone 4 and 5). Carnivory and omnivory were
best represented in the immature invasion stage
(Zone 2) (Table 4). Herbivorous grazing, repre-
sented by chironomid larvae, was negligible
and was observed only in Zone 2 (0.1%) and
Zone 3 (< 0.3%). In the uninvaded tidal flat,
bivalves (G. gemma), amphipods (Corophium
spp. and G. japonica), and spionid polychaetes
(e.g., Streblospio benedicti) were the primary
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surface feeders, while the oligochaetes 7. diver-
sus, Tubificoides cf. fraseri) along with Heteroma-
stus filiformis, were the main subsurface-deposit
feeders. Within the immature stands (Zone 2)
surface feeders, represented by Hyale sp. and
some corophiids and S. benedicti, were reduced in
general. Subsurface feeders in Zone 2 included 7.
cf. fraseri, Capitella spp. and H. filiformis, while
carnivores/omnivores (Exogone lourei and E.
californica) become more important than in Zone
1. High representation of surface feeders in Zone
3 (mature invasion), was due to the occasional

Below-ground Biomass (g m '2)

high abundance of the sabellid polychaete, Fab-
ricia spp. In Zone 4 (senescing invasion) and
Zone 5 (dieback), subsurface- deposit feeding was
overwhelmingly represented by two tubificid spe-
cies, Monopylephorus evertus and Tubificoides cf.
brownae and to a lesser extent by Capitella spp.
The surface-feeding habit in Zone 4 and 5 was
limited largely to Psychodidae larvae (Table 2).
Non-metric multidimensional scaling (MDS)
of macrofaunal assemblages, including data from
all three experiments, produced five distinct
faunal assemblages: (1) pre-invasion tidal flats,
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Fig. 7 Multidimensional scaling (MDS) plots of (A)
environmental variables and (B) macrofaunal communi-
ties considering all three experiments sampled at Elsie
Roemer, San Francisco Bay. Each point represents data
from one core. Environmental variables include percent
organic matter content, percent mud content, water
content, chl a, redox potential, salinity, temperature, light
penetration, and belowground biomass. The stress value
measures how well the two-dimensional plot represents
the multidimensional distances among the data. D = die-
back areas, AH = adjacent hybrid Spartina, C = clipped
areas, U = unclipped control areas, Zone 1 = tidal flat,
Zone 2 = hybrid leading edge (immature invasion), Zone
3 = hybrid center (mature invasion), Zone 4 = innermost
hybrid-vegetated habitat adjacent to dieback areas
(senescing invasion), Zone 5 = dieback area

(2) immature invasion, (3) south marsh mature
invasion, (4) north marsh mature invasion, and
(5) senescing and dieback areas (Fig. 7B). These
mirrored the corresponding habitat properties
(Fig. 7A). The mature invasion was characterized
by a wide range of Spartina-related sediment
properties, generating two distinct faunal assem-
blages, both patchily distributed. The difference
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between the north and south mature marsh
assemblages was attributed to the dominant
presence of Fabricia spp. (over 62% of fauna).
Fabricia was more numerous in the north marsh,
while in the south marsh, the spionid polychaete,
S. benedicti comprised over 34% of the fauna. In
this zone, within-habitat percent similarity was
only 31% (SIMPER, Appendix B).

Discussion

This analysis of how hybrid Spartina, as an
ecosystem engineer, affects below-ground spe-
cies abundance and diversity, supports the
hypothesis that a sequence of changes in mac-
rofaunal community structure occur in response
to different stages of wetland plant invasion. We
have documented how different phases ranging
from early growth of newly colonizing plants to
senescent adult plants affect physico-chemical
processes, sediment edaphic factors as well as
correlated changes in benthic animal communi-
ties. Our results showing reduced diversity and
habitat quality associated with later invasion
stages are consistent with other studies that have
shown declines in sediment microbial activity
(Wardle and Ghani 1995), supply rates of
nutrients (Chapin et al. 1994) and plant litter
decomposition rates (Crews etal. 1995) in
mature plant invasions. The results of this study
indicate that the plant stages sequence involves
progressive physico-chemical alteration of the
sediment conditions, where factors like sediment
organic matter, anoxia, grain size, along with
porewater sulfide appear closely associated with
changes in macrofaunal communities. At this
point we infer a causal relationship, but a
definitive demonstration of these relationships
awaits future experiments.

Many mechanisms have been shown to influ-
ence soft-bottom benthos including pollution,
organic enrichment, anoxia/hypoxia, predation,
competition and physical disturbance (e.g., Pear-
son and Rosenberg 1978; Zajac et al. 1982;
Harkantra and Rodrigues 2003), with dynamic
shifts occurring in both composition and the
nature of animal-sediment interactions (Rhoads
and Boyer 1982).
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The patterns of benthic macrofaunal distribu-
tion observed in this and other studies (i.e., Neira
et al. 2005, 2006; Grosholz et al. in press) reflect
complex plant-animal interactions. For example,
hybrid Spartina has facilitated the presence of
several non-indigenous invertebrate species, cre-
ating areas of greater abundance in the recently
colonized Spartina edge areas not present on the
open mudflat (Grosholz et al. in press). Hybrid
Spartina appears to facilitate the colonization of
oligochaetes at higher elevation and at the same
time to inhibit other taxa such as crustacean and
bivalves. Recruitment of barnacles (Balanus glan-
dula) is inhibited by hybrid Spartina when com-
pared with adjacent mudflats (Neira et al. 20006).
Hybrid Spartina also facilitates the European
green crab Carcinus maenas in terms of abun-
dance (particularly smaller size classes) as com-
pared with the adjacent mudflat (Grosholz et al.
in press). But, in turn, this predator inhibits the
establishment of crustaceans and bivalves, rein-
forcing the changes brought about by this plant
invasion (Neira et al. 2006). The changes of
benthic macrofaunal structure observed also
reflect trophic forcing (Levin et al. 2006). Hybrid
Spartina invasion has substantially shifted the
tidal flat infaunal invertebrate community from
one dominated by surface microalgae feeders to
one dominated by below-ground plant detritus
consumers (Levin et al. 2006). In addition to
direct changes in availability of detritus and algae,
indirect changes in food supply for benthos may
be mediated by hybrid Spartina reduction of flow
speed affecting flux of suspended particles (Neira
et al. 2006).

In our study we found five distinct faunal
assemblages (Fig. 7B), which reflect Spartina-
induced changes in the corresponding habitat
properties (Fig. 7A). Flow rates might be the
potential environmental driver responsible for the
difference between north and south mature
marshes. The significant negative correlation
between fauna diversity (as taxon richness,
H’, J’) and positive correlation of R1 dominance
with sediment organic matter and porewater
sulfide (Appendix A) suggest that the main factor
responsible for these changes is sulfide which is
toxic to a number of plant and animal species
(Lee et al. 1999). Increased sulfide concentrations

and reduced faunal abundances and taxon rich-
ness occurred in our clipping experiments, and
persisted far longer than the 90 days presented
here (Neira, unpublished data, A. C. Tyler, pers.
comm.). However, correlation does not necessar-
ily indicate causality, and therefore further stud-
ies involving sulfide manipulation are needed to
clarify the role of sulfide as a factor underlying
changes in the macrofaunal community.

Because a strong correlation was observed
between diversity and sediment organic matter
content, itis likely that hypoxia was also involved in
the macrofauna diversity decline in senescing-
dieback habitats. Dieback of hybrid Spartina
occurs during the late stage in which the plant
species itself modifies sediment physico-chemical
conditions. The plants, through effects on flow and
detritus, create toxic, anaerobic, and waterlogged
conditions that can result in self-destruction (Gray
et al. 1991—for S. anglica). Beyond a threshold of
environmental conditions created in the dieback
area, increased fine-grained particles and sulfide
lead to senescense and destruction of adjacent
plants. At this point internal processes rather
external forcing such as wrack deposition may
expand the dieback areas. This problem follows the
model proposed by Van de Koppel et al. (2005), in
which positive feedback allows the system to buffer
the effects of variation in physical conditions
inducing self-organization (represented here by
the mature invasion). However, as the system
develops, it can be more susceptible to distur-
bances (e.g., smashing plants, wrack deposition),
which may result in the self-destruction (dieback).
It is likely that as this occurs, facilitative animal
activities (burrowing, oxygenation) diminish as
well, contributing to the formation of a high-stress,
low-diversity ecosystem.

To summarize, we identify a sequence of
stages, from tidal flat to dieback, in the invasion
by hybrid Spartina. There are cascading changes
in sediment conditions that lead to a substantial
reduction in taxon richness, increased dominance,
and a shift in feeding modes. At the Elsie Roemer
site, this trophic shift, along a gradient from pre-
invasion, immature, and mature invasion to post-
invasion, is manifested as a shift from surface
microalgal feeders to subsurface detritus/Spartina
feeders. While we have attributed this shift to
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plant-induced changes in toxic sulfide (and
hypoxia), organic matter, and redox potential,
other factors such as food availability (Levin et al.
2006), predation, and flow (Neira et al. 2006) may
also be implicated. The extent to which biotic
interactions drive the trajectories is unknown.
Negative interactions between infaunal species,
such as M. evertus, and S. benedicti (McCann and
Levin 1989), could also account for disjunct
species distributions associated with different
invasion stages.

Understanding each stage of hybrid Spartina
invasion may allow us to determine when and
how long it will take a system (including sediment
and animals) to recover after Spartina has been
removed. Our findings provide the basis for
potential use of macrofaunal species as indicators
of system recovery after eradication. Understand-
ing the general causes of different phases of

invasion, the processes responsible, and factors
that can modify those processes, is critical for
managing plant invasions and restoring disturbed
ecosystems.
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Appendix A Relationships among sediment variables, diversity, total macrofaunal density, and selected macrofaunal
species, whose densities significantly changed within a transect of different stages of hybrid Spartina invasion in Elsie

Roemer, San Francisco Bay

B. Relationships between sediment variables Independent R? + df F P
and macrofauna variable
Taxon richness Sulfide 0.27 - 1,28 10.2 0.003
Organic matter 0.53 - 1,28 30.9 < 0.0001
Eh 0.43 + 1,28 20.7 < 0.0001
Shannon index (H’) Sulfide 0.38 - 1,28 17.4 0.0002
Organic matter 0.56 - 1,28 36.3 < 0.0001
Eveness (J') Sulfide 0.31 - 1,28 12.4 0.001
Organic matter 0.32 - 1,28 13.3 0.001
R1 Dominance Sulfide 0.32 + 1,28 13.0 0.001
Organic matter 0.43 + 1,28 20.8 < 0.0001
Total density Sulfide NS
Organic matter NS
Monopylephorus evertus Sulfide 0.69 + 1,28 62.9 < 0.0001
Organic matter 0.59 + 1,28 412 < 0.0001
Mud content 0.51 + 1,28 29.7 < 0.0001
Salinity 0.52 + 1,28 30.5 < 0.0001
Temperature 0.14 + 1,28 4.8 0.036
Tubificoides spp. Sulfide 0.12 + 1,28 3.9 0.050
Polydora nuchalis Sulfide 0.14 - 1,28 49 0.035
Organic matter 0.32 - 1,28 13.1 0.001
Pygospio elegans Organic matter 0.14 - 1,28 4.4 0.044
Eh 0.21 + 1,28 7.7 0.009
Capitella spp. Sulfide 0.15 + 1,28 4.81 0.036
Eteone californica Sulfide 0.17 - 1,28 5.8 0.032
Organic matter 0.32 - 1,28 13.2 0.001
Sphaerosyllis californiensis Organic matter 0.19 - 1,28 6.6 0.016
Mud content 0.22 - 1,28 7.9 0.008

@ Springer



Influence of invasive Spartina growth stages

Appendix A continued

B. Relationships between sediment variables Independent R? + df F P

and macrofauna variable

Macoma petalum Organic matter 0.23 - 1,28 8.5 0.007
Chl a 0.21 - 1,28 7.5 0.010
Organic matter 0.29 - 1,28 11.9 0.001
Chl a 0.28 - 1,28 10.9 0.002
Eh 0.34 + 1,28 143 0.0007
Mud content 0.35 - 1,28 15.0 0.0005

Grandidierella japonica Organic matter 0.26 - 1,28 9.7 0.004
Eh 0.22 + 1,28 7.8 0.009

Anthozoa Chl a 0.213 - 1,28 7.6 0.010

Psychodidae larvae Organic matter 0.31 + 1,28 12.7 0.001
Mud content 0.25 + 1,28 9.5 0.004
Eh 0.16 - 1,28 53 0.029

Sampling was made in June 2004. NS = not significant, + = positive and — = negative relationships. Df = degrees of freedom

Appendix B Comparisons of macrofaunal assemblages of
dieback area, dieback-area adjacent hybrid (Exp 1),
sampled in April 2003, clipped and unclipped habitats
(Exp 2), sampled after 90 d plant removal in July 2002, and
five zones representing hybrid Spartina invasion stages
(Exp 3), sampled in June 2004 in Elsie Roemer (San
Francisco Bay). Pairwise Analysis of Similarity (ANO-
SIM) tests for macrofaunal similarities between habitats
are given above the diagonal. Values on the diagonal are
percent similarity within habitat (SIMPER); values below

the diagonal are percent dissimilarity between habitats
(SIMPER). Significance was set at o« = 0.05. Experiment 1
includes: D = dieback area and AH = adjacent hybrid
Spartina, Experiment 2 includes: C = clipped area and
U = unclipped control, and Experiment 3 includes:
Z1 = pre-invaded tidal flat, Z2 = hybrid leading edge
(immature invasion), Z3 = hybrid inner (mature invasion),
Z4 = dieback area-adjacent hybrid (senescing invasion),
and Z5 = dieback area

Habitat Exp 1 Exp 2 Exp 3
D AH C U 71 72 73 74 75
Exp 1 D 52.59% 0.322 0.001 0.001 0.001 0.003 0.002 0.002 0.001
AH 53.71% 40.88% 0.001 0.001 0.024 0.069 0.033 0.001 0.002
Exp 2 C 84.12% 87.95% 33.40% 0.002 0.001 0.001 0.001 0.002 0.023
U 82.13% 85.78% 71.07% 32.40% 0.002 0.001 0.001 0.138 0.314
Exp 3 71 82.69% 85.49% 83.15% 70.54% 75.69% 0.002 0.002 0.002 0.002
72 81.88% 82.89% 77.31% 69.93% 61.43% 50.96% 0.006 0.002 0.002
73 86.71% 85.75% 81.55% 77.25% 84.39% 72.86% 31.02% 0.002 0.002
Z4 59.99% 58.29% 82.86% 82.34% 82.57% 78.16% 84.80% 61.85% 0.201
Z5 55.67% 55.19% 83.42% 84.61% 86.24% 80.45% 87.09% 39.93% 60.85%
References Sinauer Associates, Inc Publishers, Sunderland, Mas-

Ayres DR, Strong DR, Baye P (2003) Spartina foliosa

(Poaceae) — A common species on the road to rarity.

Madrofo 50:209-213

Berg P, McGlathery KJ (2001) A high-resolution pore

water sampler for sandy sediments. Limnol Oceanogr

46:203-210

Bruno J, Bertness MD (2001) Positive interactions, facil-

itations and foundation species. In: Bertness MD,
Gaines SD, Hay M (eds) Marine community ecology.

sachusetts, pp 201-218

Brusati E, Grosholz ED (2006) Native and introduced

ecosystem engineers produce contrasting effects on
estuarine infaunal communities. Biol Invas 8:683-695

Chapin III FS, walker LR, fastie CL, Sharman LC (1994)

Mechanisms of primary succession following deglati-
ation at Glacier Bay, Alaska. Ecol Monogr 64:149-175

Clarke KR, Warwick RM (2001) Change in marine

communities: an approach to statistical analysis and
interpretation, 2nd edition. PRIMER-E, Plymouth

@ Springer



Carlos Neira et al.

Cline JD (1969) Spectrophotometric determination of
hydrogen sulfide in natural waters. Limnol Oceanogr
14:454-458

Crews TE, Kitayama K, Fownes JH, Riley RH, Herbert
DA, Mueller-Dombois D, Vitousek PM (1995)
Changes in soil phosphorous fractions and ecosystem
dynamics across a long chronosequence in Hawaii.
Ecology 76:1407-1424

Crooks JA (2002) Characterizing ecosystem-level conse-
quences of biological invasions: the role of ecosystem
engineers. Oikos 97:153-166

Daehler CC, Strong DR (1996) Status, prediction and
prevention of introduced cordgrass Spartina spp.
invasions in Pacific estuaries, USA. Biol Conserv
78:51-58

Georgia Coastal Research Council (GCRC) (2004)
Available online: http://www.marsci.uga.edu/coastal-
council/

Gray AJ, Marshall DF, Raybould AF (1991) A century of
evolution in Spartina anglica. Adv Ecol Res 21:1-62

Grosholz ED, Levin LA, Tyler AC, Neira C (in press)
Changes in community structure and ecosystem func-
tion following Spartina alterniflora invasion of Pacific
estuaries. In: Silliman BR, Bertness MD, Grosholz
ED (eds) Anthropogenic Modification of North
American Salt Marshes. University of California
Press, Berkeley, CA

Harkantra SN, Rodrigues NR (2003) Pattern of species
succession of soft-bottom macrofauna in the estuaries
of Goa, west coast of India. Current Sci 85:1458-1464

Hartig EK, Gornitz V, Kolker A, Mushacke F, Fallon D
(2002) Anthropogenic and climate-change impacts on
salt marshes of Jamaica Bay, New York City.
Wetlands 22:71-89

Hedge P, Kriwoken LK (2000) Evidence for effects of
Spartina anglica invasion on benthic macrofauna in
Little Swanport estuary, Tasmania. Austral Ecol
25:150-159

Jackson D (1985) Invertebrate populations associated with
Spartina anglica salt-marsh and adjacent intertidal
mud flats. Estuar Brackishwater Sci Assoc Bull 40:8—-
14

Jones CG, Lawton JH, Shachak M (1994) Organisms as
ecosystem engineers. Oikos 689:373-386

Lee RW, Kraus DW, Doeller JE (1999) Oxidation of
sulfide by Spartina alterniflora roots. Limnol Ocea-
nogr 44:1155-1159

Levin LA, Talley TS, Hewitt J (1998) Macrobenthos of
Spartina foliosa (Pacific Cordgrass) salt marshes in
southern California: community structure and com-
parison to a Pacific mudflat and a Spartina alterniflora
(Atlantic Smooth Cordgrass) marsh. Estuaries
21:120-144

Levin LA, Neira C, Grosholz ED (2006) Invasive cord-
grass modifies wetland trophic function. Ecology
87:419-432

Linthurst RA, Seneca ED (1980) Dieback of salt-water
cordgrass (Spartina alterniflora Loisel.) in the lower
Cape Fear estuary of North Carolina: an experimental
approach to re-establishment. Environ Conserv
7:59-66

@ Springer

McAleece N, Lambghead PJD, Paterson GLJ, Gage JD
(1999) Biodiversity Pro. Freeware at http://
www.nrme.demon.co.uk/bdpro/

McCann LD, Levin LA (1989) Oligochaete influence on
settlement, growth and reproduction in a surface-
deposit-feeding polychaete. J Exp Mar Biol Ecol
131:233-253

McKee KL, Mendelssohn 1A, Materne MD (2004) Acute
salt marsh dieback in the Mississippi River deltaic
plain: a drought-induced phenomenon? Global Ecol
Biogeogr 13:65-73

Meyer-Reil LA (1983) Benthic response to sedimenta-
tion events during autumn to spring at a shallow
water station in the Western Kiel Bight. II. Analysis
of benthic bacterial populations. Mar Biol 77:247-
256

Neira C, Levin LA, Grosholz ED (2005) Benthic
macrofaunal communities of three sites in San
Francisco Bay invaded by hybrid Spartina, with
comparison to uninvaded habitats. Mar Ecol Prog
Ser 292:111-126

Neira C, Grosholz ED, Levin LA, Blake R (2006)
Mechanisms generating modification of benthos fol-
lowing tidal flat invasion by a Spartina hybrid. Ecol
Appl 16:1391-1404

Netto SA, Lana PC (1999) The role of above- and below-
ground components of Spartina alterniflora (Loisel)
and detritus biomass in structuring macrobenthic
associations of Paranagua Bay (SE, Brazil). Hydrobi-
ologia 400:167-177

O’Connell KA (2002) Effects of invasive Atlantic smooth-
cordgrass (Spartina alterniflora) on infaunal macroin-
vertebrate communities in southern Willapa Bay,
WA. Ms thesis, Western Washington University

Pennings SC, Bertness MD (2001) Salt marsh communi-
ties. In: Bertness MD, Gaines SD, Hay ME (eds)
Marine community ecology. Sinauer Associates, Inc
Publishers, Sunderland, Massachusetts, pp 289-316

Pearson TH, Rosenberg R (1978) Macrobenthic succes-
sion in relation to organic enrichment and pollution of
the marine environment. Oceanogr Mar Biol Ann
Rev 16:229-311

Reed DJ (1992) Effects of weirs on sediment deposition in
Louisiana coastal marshes. Environ Manage 16:55-65

Rhoads DC, Boyer LF (1982) The effects of marine
benthos on physical properties of sediments: a suc-
cessional perspective. In: McCall PL, Tevesz MJS
(eds) Animal-sediment relations. Plenum Press, New
York, pp 3-52

Silliman BR, Bertness MD (2002) A trophic cascade
regulates salt marsh primary production. Proc Nat
Acad Sci 99:10500-10505

Silliman BR, van de Koppel J, Bertness BD, Stanton LE,
Mendelssohn TA (2005) Drought, snails, and large-
scale die-off of southern US salt marshes. Science
310:1803-1806

Steenkamp HE, Chown SL (1996) Influence of dense
stands of an exotic tree, Prosopis glandulosa Benson,
on a savanna dung bettle (Coleoptera: Scarabaeinae)
assemblage in southern Africa. Biol Conserv
78:305-311



Influence of invasive Spartina growth stages

Talley TS, Levin LA (2001) Modification of sediments and
macrofauna by an invasive marsh plant. Biol Inva-
sions 3:51-68

van de Koppel J, van der Wahl D, Bakker JP, Herman MJ
(2005) Self-organization and vegetation collapse in
salt marsh ecosystems. Am Nat 165:E1-E12

Vivrette NJ, Muller CH (1977) Mechanism of invasion and
dominance of coastal grassland by Mesembryanthe-
mum crystallinum. Ecol Monogr 47:301-318

Vitousek PM, Walker LR, Whiteaker LD, Mueller-Dom-
bois D, Matson PA (1987) Biological invasion by
Moyrica faya alters ecosystem development in Hawaii.
Science 238:802-804

Wardle DA, Ghani A (1995) A critique of the microbial
metabolic quotient (qCO,) as a bioindicator of

disturbance and ecosystem development. Soil Boil
Biochem 27:1601-1610

Webb EC, Mendelssohn LA, Wilsey BJ (1995) Causes for
vegetation dieback in a Louisiana salt marsh: a
bioassay approach. Aquatic Bot 51:281-289

Zajac RN, Robert RB, Whitlatch RB (1982) Response of
estuarine infauna to disturbance. II. Spatial and
temporal variation of succession. Mar Ecol Prog Ser
10:15-27

Zipperer VT (1996) Ecological effects of the introduced
cordgrass, Spartina alterniflora, on the benthic
community structure of Willapa Bay, Washington.
Ms Thesis, University of Washington, Seattle,
Washington

@ Springer



	Influence of invasive Spartina growth stages on associated macrofaunal communities
	Abstract
	Introduction
	Materials and methods
	Study site
	Sampling design and methods
	Experiment 1: A preliminary dieback-area study
	Experiment 2: Canopy removal experiment
	Experiment 3: Transects across plant invasion stages

	Data analysis

	Results
	Experiment 1: Unvegetated dieback areas and adjacent hybrid Spartina patches
	Experiment 2: Plant canopy removal experiment
	Experiment 3: Stages of Spartina invasion
	Macrofaunal assemblage changes

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


