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Abstract Invasive species that strongly modify
their physical habitat are a particular management
concern. Theoretical models predict that habitat
modification could speed spread rates or allow
invasion of sites that would otherwise resist invasion.
There are few empirical tests of this hypothesis,
however. We tested whether habitat modification by
invading Spartina alterniflora populations facilitates
conspecific seedling recruitment and spatial spread in
Willapa Bay, WA, USA. Established S. alterniflora
individuals strongly modified their local physical
environment. Hydrologic flow, porewater salinity,
and light availability were decreased while sediment
NH; increased with increasing S. alterniflora stem
density. The S. alterniflora seed bank was greater and
spring seedlings were denser within meadows of
S. alterniflora than on unvegetated tideflats. How-
ever, almost all seedling recruitment after 1 year
occurred on tideflats or on meadow edge plots where
the above ground S. alterniflora biomass had been
removed. Instead of facilitating invasive spread,
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ecosystem engineering in this system appears to
create conditions that inhibit local seedling recruit-
ment. These results suggest that the influence of
ecosystem engineering on invasive spread is highly
contingent on the relative spatial scales of habitat
modification, environmental heterogeneity, and prop-
agule availability. Control activities could change
these spatial relationships, however, inadvertently
promoting invasive recruitment.
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Introduction

Where recruitment occurs relative to established
individuals is a fundamental demographic trait con-
trolling the spatial spread of invasive populations
(Kot et al. 1996; Hastings et al. 2005). A number of
conceptual models of plant recruitment describe seed
or seedling survival as negatively density (or dis-
tance) dependent due to mechanisms such as predator
aggregation or intraspecific competition (see reviews
in McCanny 1985; Nathan and Casagrandi 2004).
However, it is possible that conspecific individuals
could facilitate seedling recruitment. One mechanism
for this facilitation is physical habitat modification by
organisms. The process of physical habitat modifica-
tion by organisms has been termed ecosystem
engineering (Jones et al. 1994, 1997), and there is
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increasing evidence that it is an important driver of
population and community dynamics in a wide
variety of systems (Wright and Jones 2006). A
number of studies have assessed propagule establish-
ment success within and outside of conspecific beds
of sessile organisms and report intraspecific facilita-
tion mediated through the amelioration of physical
stress (Smith 1984; Callaway and D’Antonio 1991;
Bertness and Yeh 1994; Bertness and Leonard 1997;
Bertness et al. 1999; Weltzin and McPherson 1999;
Santangelo and Abbiati 2001; Bruno et al. 2003).
Yet, we still have a poor understanding of the degree
to which ecosystem engineering facilitates recruit-
ment and spatial spread in invading populations.
Using a spatially implicit model, Cuddington and
Hastings (2004) demonstrated that habitat modifying
invaders can have significantly faster population
growth rates in sub-optimal habitats than invaders
that do not modify their environment. However, we
have scant empirical evidence documenting recruit-
ment facilitation in actual invasive populations
(although see Reinhart et al. 2006). Invasive spread
is often disproportionately driven by recruitment in
areas where the parent plant is absent or rare (Moody
and Mack 1988). In addition, local intraspecific
competition could obviate any positive feedbacks
on recruitment in cases where the strength of
engineering is proportional to local plant density.
The relative balance of the negative and positive
feedbacks produced by organisms can vary spatially.
There is empirical evidence that wetland zonation
patterns are driven by the relative balance of positive
(often engineering driven) and negative (often com-
petition driven) feedbacks that vary spatially with
factors such as levels of resource supply and local
adult density (Callaway and Walker 1997). The
relative spatial scales over which positive and
negative population feedbacks operate can also vary.
Banded vegetation patterns and similar patterns in
mussel beds reflect conspecific facilitation operating
at small scales and intraspecific competition operat-
ing at larger scales (Rietkerk et al. 2002; Gascoigne
et al. 2005). Other studies have demonstrated the
opposite scale relationship between competition and
facilitation. Beds of the intertidal grass Spartina
alterniflora facilitate seedling recruitment of a num-
ber of marsh species in immediately adjacent rocky
shoreline habitats by ameliorating tidal energy
(Bruno and Kennedy 2000). At the same New
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England sites, S. alterniflora inhibits recruitment of
marsh species within beds due to the intense shading
cast by the adult canopy (Van de Koppel et al. 2006).

Spartina alterniflora is a strong ecosystem engi-
neer that has drastically altered physical conditions
where it has invaded Pacific estuaries (Dahler and
Strong 1996). In its native range, seedling recruitment
is strongly inhibited within large established popula-
tions. Consequently, population dynamics are driven
primarily by the vegetative growth of clonal ramets.
However, in its introduced range and in large
restoration projects in the native range seedling
recruitment contributes significantly to spatial spread
and population growth. The long distance spread of
nascent populations along the Pacific coast has been
driven primarily by seedling recruitment and to a
lesser extent by the dispersal of vegetative fragments
(Sayce et al. 1997; Ayres et al. 2004). Seedling
recruitment also contributes significantly to local
scale population growth. Following initial coloniza-
tion by tidally born seed, invasive and re-colonizing
populations grow both vegetatively and through
continued seedling recruitment (Daehler 1998; Feist
and Simenstad 2000; Proffitt et al. 2003; Davis et al.
2004a). Previous work in Willapa Bay, WA has
shown that variation in seed production can pro-
foundly influence S. alterniflora invasion dynamics.
Strong pollen limitation causes clonal seed produc-
tion to be positively density dependent (Davis et al.
2004a, b). Estimates from demographic models
suggest that the resulting Allee effect has slowed
invasive spread by almost 2/3 in Willapa Bay (Taylor
et al. 2004).

If seedling recruitment is also positively density
dependent it could be an important contributor to the
observed Allee effect and consequent time lag in
invasive spread. However, no studies have tested the
degree to which habitat modification by S. alterniflora
influences its own recruitment patterns. In this study
we test the hypothesis that invading populations of
S. alterniflora facilitate conspecific seedling recruit-
ment along the edge of the invasion front. We
decompose the recruitment process into seed avail-
ability, seed survival, and seedling establishment
stages, and then test the degree to which these stages
vary between established beds, the edge of the
invasion front, and uninvaded tideflat. We assess the
degree to which established S. alterniflora individuals
competitively inhibit seedling establishment along
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this gradient in adult density by removing the above
ground canopy and following the survival of trans-
planted seedlings. We also test whether the relative
balance of positive and negative influences on
recruitment vary across sites that differ in their
relative physical stress.

Materials and methods
Study sites

This study was conducted in Willapa Bay, Washing-
ton USA (46°40'N, 124°02'W). Spartina alterniflora
was likely introduced here roughly 115 years ago
from the east coast of North America (Civille et al.
2005). Populations currently occupy about 75 km? of
tidal flats in the bay (Murphy 2003).

Four sites were selected in March 2003 to span a
range of hydrologic energy and sediment character-
istics. Sites were chosen based on published data on
potential wave energy patterns and sediment type
(Feist 1999). Decreasing sediment sand also corre-
sponds with increasing sediment N content at these
sites (Tyler et al. in press). All sites had been
colonized by S. alterniflora for at least 15 years,
and contained extensive high-density S. alterniflora
meadows. Spartina meadows were bordered on their
landward margins either by upland vegetation or by
high elevation native marsh, and on their bayward
margins by gently sloping tidal flats. At all four sites
tideflats were occupied by two species of eelgrass
(Zostera japonica and Z. marina). Natural tideflat
S. alterniflora seedling densities were greater at Palix
and Tarlatt than at Leadbetter and Pickernell (Lamb-
rinos, unpublished data).

Abiotic patterns

Ambient hydrologic energy and sediment texture were
measured on the unvegetated tideflat at each site.
Relative hydrologic energy was estimated using the
dissolution rate of zinc anodes held in contact with
copper cathodes. The dissolution rate of zinc anodes in
this setup is directly proportional to water flow
velocity and can be used as a measure of relative
hydrologic energy (McGehee 1998). Zincs (n = 10 per
site) were deployed in June 2003 and retrieved after

5 months. Dissolution was assessed gravimetrically.
Sediment was sampled with 10 cm depth X 3 cm
diameter cores (n = 3 per site). Sediment grain size
was analyzed using the suspension hydrometer method
(Sheldrick and Wang 1993).

Local abiotic conditions were assessed in relation-
ship to local S. alterniflora stem density and above
ground biomass at each site. Sampling was stratified
along three parallel 50 m long belt transects posi-
tioned, respectively, (a) within the S. alterniflora
meadow 10 m from the bayward meadow edge; (b)
along the meadow edge; (c) on the tideflat 10 m from
the meadow edge. Three types of abiotic parameters
were evaluated.

Light

Photosynthetically active radiation (PAR) was mea-
sured at the sediment surface and 2 m above the
surface (above the S. alterniflora canopy) using a
spherical light sensor (LiCor LI-93). The two values
were used to calculate the percentage of PAR
reaching the sediment surface. Readings were taken
within ten 0.0625 m® quadrats spaced 5 m apart
along each transect at each site. Spartina alterniflora
stem density and height of the longest leaf blade was
measured in each quadrat. Spartina stem density and
height were converted to estimates of above ground
biomass using an allometric regression (Tyler et al. in
press).

Water flow

We used anode dissolution to assess the relative
hydrographic differences among sites over an entire
season. To test the finer scale effect of Spartina
density on relative water flow within a site we used
the dissolution rate of plaster chalk blocks (Jokiel and
Morrissey 1993). This method provides an integrative
measure of flow exposure that incorporates both
current velocity and inundation time. Direct obser-
vations indicated that the difference in exposure time
for the chalk blocks along each transect was <30 min.
for each tidal cycle. Chalk blocks were formed from
dental grade gypsum plaster (Castone®™ Type III
Dental Stone) in 85 mm diameter Petri dishes. Blocks
were air dried for 48 h, weighed, then attached in the
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field to horizontally oriented pieces of PVC pipe
positioned 30 cm above the sediment surface. Eight
blocks spaced 10 m apart were deployed along each
transect at each site. Stem density and height were
recorded within 0.0625 m? quadrats centered on each
block. Blocks were retrieved after 72 h, air dried for
48 h, and weighed. The percentage dissolution
(weight) of each block over the 72 h deployment
was calculated.

Porewater characteristics

Porewater from the rooting zone of seedlings (5 cm)
was sampled in June 2003 using suction lysimeters
(Tyler and Ziemann 1999). Ten porewater samples
were taken 5 m apart along each transect at each
site. Salinity was measured with a temperature
compensating refractometer and NHJ concentration
was analyzed using the phenolhypochlorite method
(Solorzano 1969).

Seed availability

In March 2003 the density of S. alterniflora viable
seeds in the seed bank at each site was assessed using
sediment cores. This method provided a temporally
integrated and direct assessment of viable seed
availability as a function of Spartina density. We
chose this method because measures of seed dispersal
such as those provided by seed traps provide only an
indirect measure of seed availability. Seed trap
samples are necessarily a temporal snapshot of seed
abundance, and consequently often provide poor
estimates of actual seed distribution particularly in
dynamic environments such as wetlands.

Twenty 70 mm (diameter) by 50 mm (depth) cores
spaced 2.5 m apart were taken along each transect at
each site. Cores were washed through a 1 mm sieve
and S. alterniflora florets counted and removed.
Recovered florets were placed in Petri dishes with
deionized water and incubated at 20°C for 30 days.
Dishes were scored daily for germinations. The
numbers of viable seeds per core were expressed as
densities relative to the area of sediment surface
sampled by the core (38.48 cm?). Natural germinating
S. alterniflora seedling abundance was estimated
in April 2003. The abundance of newly emerged
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seedlings was measured in forty 1 m* quadrats spaced
5 m apart along a 200 m belt transect positioned
adjacent to the 50 m transect in each of the micro-
habitat zones (meadow, edge, tideflat) at each site.

Seed survival

The influence of microhabitat on S. alterniflora seed
germination was assessed using seed bags tethered to
the sediment surface. In September 2003 S. alternifi-
ora seed was collected from a single field population
at a site distinct from the four sites used in this study.
Seed was collected from 10 presumably distinct
clones within a continuous meadow and stored at
5°C. Seed bags were constructed of bridal veil fabric.
Five hundred seeds from the thoroughly mixed
collection were placed in each 15 X 15 cm bag and
the edges sewn closed. In October 2003 10 bags
spaced 5 m apart were deployed along each of the
three transects at each site. Bags were secured to the
sediment surface using landscaping staples. Bags
were recovered in May 2004, immediately washed
and florets scored for germination.

Seedling survival

The influence of microhabitat and adult S. alterniflora
cover on seedling survival was assessed using
seedling transplants. In May 2003 naturally occurring
seedlings at each site were harvested and transplanted
into experimental plots. Seedlings were approxi-
mately 2 months old, and consisted of a single stem
9-12 cm tall. Twenty 1 m* plots were spaced 1 m
apart along 20 m sub-sections of the three parallel
50 m transects at each site. Plots were randomly
assigned to either a removal treatment or control
(n = 10 per treatment). Removal plots had any pre-
existing above ground S. alterniflora biomass
removed by hand clipping. Removal plots were
maintained free of S. alterniflora re-sprouts monthly
during the duration of the experiment. The upper
1 cm of sediment in the control plots was turbated by
hand to mimic the sediment disturbance associated
with clipping in the removal plots. Six seedlings were
transplanted into each plot, and spaced 25 cm apart in
two parallel rows. Seedlings were marked with PVC
pins. Any seedlings dying within the first week



Habitat modification inhibits conspecific seedling recruitment

733

of transplantation were replaced. From June 2003 to
October 2003 seedlings were assessed monthly for
survivorship and growth. Monthly censuses resumed
April 2004-June 2004. The percentage of the six
seedlings surviving was calculated for each plot.
Mean percent survivorship was calculated for each
treatment X microhabitat X site combination. On a
sunny mid-summer day at the Leadbetter site we
measured midday (12:00-1:00 PM) light availability
at the sediment surface within the experimental plots
using a spherical light sensor (LiCor LI-93).

Statistical analyses

We used regression to assess the relationship between
S. alterniflora abundance (stem density and biomass)
and the abiotic variables. Stem density explained
more of the variation in the abiotic variables than
biomass, and we therefore used stem density for the
rest of the analyses. We tested whether the relation-
ships between Spartina stem density and the abiotic
variables were consistent across the four sites using a
one-way ANCOVA. Within each site we tested
whether seed bank density and natural seedling
abundance varied between microhabitats (meadow,
edge, tideflat) using a non-parametric Kruskal-Wallis
test. Within sites we tested how seed germination
varied among the microhabitat groupings using one-
way ANOVA. Germination data were arcsine trans-
formed to satisfy the normality requirement of
ANOVA. We assessed how microhabitat and exper-
imental removal of above ground S. alterniflora
biomass influenced transplant survival, light avail-
ability at the sediment surface, and porewater
ammonia concentration using two-way ANOVA with
microhabitat and removal treatment as factors.

Table 1 Location and physical characteristics of study sites

Survival data were log + 1 transformed to satisfy
the normality requirement of ANOVA.

Results
Abiotic patterns

Two sites (Pickernell and Leadbetter) experienced
relatively high hydrodynamic energy and were dom-
inated by coarse grained sediment; two sites (Palix
and Tarlatt) experienced relatively low hydrodynamic
energy and were dominated by relatively fine grained
sediments (Table 1).

All the measured abiotic variables varied with
changing S. alterniflora stem density (Fig. 1). Chalk
block dissolution declined linearly with increasing
Spartina density. The amount of light transmitted to
the sediment surface declined exponentially with
stem density (y = 98.6%¢ %92 /> = 0.95). Porewater
salinity decreased and NHj concentration increased
linearly with increasing Spartina stem density. The
strong dependence of flow and light transmittance on
S. alterniflora stem density is reflected in marked
decreases in these parameters across the S. alternifi-
ora invasion front in Willapa Bay (Table 2). While
porewater salinity and NH} were less strongly
dependent on S. alferniflora stem density these
parameters also varied across the invasion front.

The influence of Spartina stem density on the
abiotic variables was consistent across the four sites
(no significant stem density X site interaction in an
ANCOVA, P > 0.2). The concomitant variation in
abiotic variables across the three microhabitats
was also consistent among sites (no significant
site X microhabitat interaction in ANOVA, P <
0.05). However, site did have a significant overall
effect on block dissolution and NHJ concentration.

Site Latitude (N)/longitude (W) % Anode dissolution (g) % Chalk block % Sediment Porewater NH}
dissolution sand (LM)
Leadbetter 46.60/124.03 6.90 + 0.71 23.49 + 1.69 69 + 12 9.66 + 2.82
Pickernell 46.54/123.89 4.42 + 0.81 23.07 £ 1.48 63+6 9.83 +2.21
Palix 46.62/123.92 242 +0.33 23.27 £ 1.37 35+ 1 1441 + 221
Tarlatt 46.38/124.01 143 +0.71 17.32 + 1.93 25+ 1 13.51 + 1.79

Values are means + SE
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Fig. 1 The influence of
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Table 2 Physical habitat characteristics of microhabitats spanning the S. alterniflora invasion front in Willapa Bay

Microhabitat % Chalk block dissolution % Light transmittance Porewater salinity (ppt) Porewater NHZ (uM)
Tideflat 30.7 £ 0.6 100.0 £ 0.0 274 +0.2 7313
Edge 209 £ 1.1 26.7 £ 2.1 27.5 £ 0.40 48 £ 1.5
Meadow 13.8 £ 0.6 4.0=+0.7 255+0.3 184 £2.2

Values (mean + SE) are averages across all four study sites. See text for methods

Chalk blocks dissolved less at the Tarlatt site than at
the other three sites (ANCOVA: site F3g3 = 5.12,
P =0.003; Table 1). NH} concentrations were sig-
nificantly greater at Tarlatt and Palix (ANCOVA: site
F35, =4.46, P = 0.007; Table 1).

Seed availability

The density of viable S. alterniflora seeds in the
sediment was highest along meadow transects and
declined sharply on the edge and tideflat transects
(Fig. 2). The effect of microhabitat on seed bank
density was significant at three of the four sites
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using a non-parametric Kruskal-Wallis test within
sites (Leadbetter: H = 23.23, P < 0.001; Pickernell:
H =058, P=0.75; palix: H=28.88, P <0.001;
Tarlatt: H = 29.13, P < 0.001). At the three sites
where microhabitat had a significant influence on
seed bank density no viable seeds were recovered
from tideflat cores and meadow seed banks were
27-30 times larger than edge seed banks.

The distribution of emerging S. alterniflora seed-
lings paralleled the observed patterns in the viable
seed bank. There were significantly more S. alter-
niflora seedlings emerging within established
meadows than along the edge or on the tideflat at
three of the four sites (Fig. 3). At Pickernell overall
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seedling abundance was low; here seedling densities
on the edge and in the meadow were similar and
higher than on the tideflat. The effect of microhabitat
on seedling density was significant at all four sites
using a non-parametric Kruskal-Wallis test within
sites (Leadbetter: H = 82.93, P < 0.001; Pickernell:
H=9.71, P =0.008; Palix: H=50.18, P <0.001;
Tarlatt: H = 49.20, P < 0.001). Six to 26 times more
seedlings emerged within meadows than on tideflats
across the four sites. At Palix no seedlings were
observed along the tideflat sample transects, although
seedlings were observed at low density elsewhere on
the tideflat.

Seed germination

The influence of microhabitat on seed germination in
the experimentally tethered seed bags was inconsistent
across sites (Fig. 4). Germination in the meadow was
2-fold greater than on the tideflat at Leadbetter and
Palix. There was a statistically significant effect of
microhabitat at these two sites using one-way ANOVA

within site (Leadbetter: F; 57 = 8.61, P = 0.001; Palix:
F557 =3.31, P =0.05). There was also a significant
microhabitat effect on germination at Pickernell (one-
way ANOVA; F,,; =743, P =0.003), but here
germination rate was five times greater on the tideflat
than within the meadow. There was no statistically
significant microhabitat effect on germination at
Tarlatt (one-way ANOVA; F,,7; = 1.09, P = 0.35).

Seedling survival

Clipping above ground S. alterniflora biomass sig-
nificantly increased the amount of light reaching the
sediment surface to levels comparable to that on the
unvegetated mudflat (Fig. 5). Clipping also increased
porewater ammonia concentration within the meadow
and edge removal plots (Fig. 5). The 1-year survival
of experimental transplants was strongly dependent
on site, microhabitat, and the presence of existing
S. alterniflora (Fig. 6). Across all sites only a single
seedling out of the 480 planted into meadow plots
survived the year. At the two low energy sites (Palix

Fig. 4 Percent germination 40 T T T 40 T T T
of experimentally tethered
Spartina alterniflora seeds Leadbetter Pickernell
in different microhabitats at 30 - % | 30 F _
four sites. Values are means
(n=10) £ SE
20 - I 20 - T
10 - I 10 T
C
S l_:*:_l =
ﬁ 0 0 1
E tideflat edge meadow tideflat edge meadow
9]
o 40 T T T 40 T T T
R
Palix Tarlatt
30 — 30 =
20 - - 201 -
10— -1 10 -
I I 1 0
tideflat edge meadow tideflat edge meadow

@ Springer



Habitat modification inhibits conspecific seedling recruitment

>
)
S
S
3

2000 [~

o

1000 .

Light intensity ( pmolm-2s-1)
o

a

tideflat edge meadow

Fig. 5 Light availability at the sediment surface (A) and
porewater ammonia concentration (B) within experimental
plots. Values are means across all sites (n = 30) + SE. Shaded
bars are control un-manipulated experimental blocks; open bars

737
B 100 T T T
d
80 - B
s
3 o]
— 60 -
+<r
T
Z
40 —
b
20 a a —
tideflat edge meadow

are blocks with all above ground S. alterniflora biomass
removed. Same letters indicate no significant difference
(P > 0.05) using planned comparisons in a two-way ANOVA
with location and clipping treatment as factors

Fig. 6 Survivorship after 100 T T 100 T T T
12 months of experimental o Control
Spart‘ina alterniflora 80 Leadbetter ® Removal 80 Pickernell i
seedlings across
microhabitat at four sites.
Control = un-manipulated 60 - n 60 [~ n
experimental blocks.
Removal = clipped above B i B i
ground S. alterniflora 40 40
biomass (excluding
transplants). Values are 20 - 1 20 n
means (n = 10) + SE of 2
percent survival within @ ) ke | | ﬁ |
experimental plots (n = 6 _g 0 tideflat ~edge meadow 0 tideflat ~edge meadow
seedlings per plot). See text ‘;
for details of experimental » 100 T T 100 T T T
design ES
Palix Tarlatt
80 [~ — 80 .
60 [~ = 60 .
40 - T 40 7
20 - — 20 -
0 ”"i : 0 :
tideflat edge  Meadow tideflat edge  Meadow

and Tarlatt) seedling survival was markedly higher on
the tideflat treatments than within or on the edge of
the meadow. Survivorship was more than three times
greater on edge removal plots than on edge control
plots at these two sites. At Leadbetter and Pickernell
the only seedlings surviving a year were on edge
removal plots.

Discussion

Influence of engineering on seed availability
and survival

Spartina  alterniflora invasion creates marked
spatial heterogeneity in physical conditions. Abiotic
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conditions varied dramatically across the S. alternifi-
ora invasion front. Light, hydrologic flow and salinity
decreased while NHJ concentration increased as a
function of S. alterniflora density. Other studies have
documented a similar influence of Spartina on these
abiotic variables, both in native and introduced
contexts (Leonard et al. 2002; Neira et al. 2005;
Proffitt et al. 2005).

This habitat modification differentially influences
recruitment components. Although S. alterniflora
seeds and inflorescences are buoyant and thus have
the capacity to disperse long distances, the distribu-
tion of the seed bank suggests that at the local scale a
significant proportion of seeds are retained within
meadows. The same physical mechanisms that reduce
hydrological flow and increase sedimentation within
meadows likely also increase seed deposition and
retention. In river systems seed and sediment depo-
sition are closely related (Goodson et al. 2003).
Evidence from New England tidal wetlands also
suggest that the seeds of many wetland plants have
limited dispersal and are retained close to their site of
origin (Rand 2000).

Seed germination was significantly greater within
conspecific beds at only two of the four sites, although
there was a non-significant trend toward greater seed
germination within beds at the Tarlatt site. Other
studies have shown that physical conditions associ-
ated with S. alterniflora beds are favorable for
conspecific seed and seedling survival. Spartina
alterniflora seedling growth and survival increase
with decreasing porewater salinity (Shumway and
Bertness 1992; Lewis and Weber 2002). Moderation
of wave energy also significantly increases S. alter-
niflora seedling survival (Bergen et al. 2000). In this
study, the equivocal relationship between S. alternifi-
ora beds and seed germination contrasts with the
strong spatial association between beds and seed
availability in the seed bank. This suggests that the
high abundance of early spring seedlings we observed
within beds is mostly a result of the high seed
availability here.

Influence of engineering on seedling survival
Light levels at the sediment surface within meadows

are high early in the spring. As the above ground
biomass of established individuals increases over the
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course of the growing season, light conditions within
beds become increasingly unfavorable for seedling
establishment. In New England marshes S. alternifi-
ora seedlings successfully recruit only in disturbance
created canopy gaps, and recruitment success
increases with increasing gap size (Metcalfe et al.
1986). The experimental removal of the S. alternifi-
ora canopy in New England marshes led to a
large emergence of annual forb species (Van de
Koppel et al. 2006). In this study, removal of the
S. alterniflora canopy only increased seedling
establishment along the edge of beds, however.
The failure of canopy removal to boost seedling
survivorship within beds was likely caused by the
increase in porewater ammonia to levels known to
be phytotoxic that we observed within removal
plots. Data from another long-term experiment at
this site indicates that the elevated porewater
ammonia in Spartina removal plots gradually returns
to ambient levels over a period of at least 3 years
(Tyler et al. unpublished data). Elevated ammonia
levels following Spartina removal have not been
reported in the native range.

Seedling recruitment likely does occur within
established S. alterniflora meadows following large
disturbances such as the deposition of wrack, and this
recruitment may significantly influence the genetic
composition of stands (Richards et al. 2004; Travis
et al. 2004). For the most part, however, population
dynamics within S. alterniflora meadows appear
largely governed by the vegetative growth of estab-
lished individuals. This is likely not the case for
species with less pronounced vegetative growth or
more open canopy structures. In these cases habitat
modification that facilitates seedling establishment
near the parent plant may have a more pronounced
influence on local densities and consequently the
local impact of the invasive population.

Interaction between life history and engineering

At the local scale in this study, the aspects of habitat
modification that tend to favor successful recruitment
such as reduced hydrologic flow and decreased
porewater salinity are spatially closely associated
with the aspects that tend to inhibit recruitment
namely reduced light availability. The results of the
seedling survival experiment indicate that the net
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outcome is strong inhibition of recruitment rather
than facilitation.

Isolated Spartina individuals in Willapa Bay are
strongly pollen limited (Davis et al. 2004a, b). This
pollen limitation is overcome as clones grow vege-
tatively and reach an adult density that also exerts a
strong competitive inhibition on seedling survival.
The results of the present study suggests that positive
density dependence acting on seed production in this
system is partly counteracted by strongly negative
density dependence acting on seedling recruitment. It
seems likely that the strength of conflicts between
positive density dependence acting on reproductive
success and negative density dependence acting on
seedling survival depend to a large degree on the
relative spatial scale of the two processes.

Influence of engineering on recruitment is likely
context dependent

In New England cobble beaches, the presence of
fronting S. alterniflora stands reduces flow related
physical stress, facilitating the establishment and
persistence of a suite of plant species immediately
behind stands (Bruno and Kennedy 2000). This zone
of facilitation is limited to a few meters correspond-
ing to a tidal elevation range of 1.0-1.5 m above
MLW (Kennedy and Bruno 2000). Contrastingly,
S. alterniflora populations in Willapa Bay first
established at relatively high tidal elevations. Sub-
sequent recruitment has occurred in the form of
scattered isolated individuals in front of these found-
ing populations, and as long distance colonists to
previously unoccupied regions in the bay (Civille
et al. 2005). This colonization pattern coupled with
the strong density dependence of reproductive output
suggests that established beds are probably not
facilitating spatial spread at larger scales in this
system. This situation may be different elsewhere in
the potential Pacific range of S. alterniflora, however.
In San Francisco Bay S. alterniflora has hybridized
with the native S. foliosa creating some genotypes
that exhibit high rates of self-fertilization. Isolated
selfing hybrids could produce abundant localized
seed shadows. In these low density situations local-
ized habitat modification by individual clones could
facilitate seedling establishment. Indeed, the lee sides
of established clones appear to provide favorable

microsites for recruitment in San Francisco Bay
(Sloop and Ayres unpublished data). In addition, in
Mediterranean climate and desert regions high tidal
elevations are characterized by hypersaline condi-
tions and lower elevations are more favorable for
initial S. foliosa recruitment (Zedler et al. 1999). In
these cases, founding mid and low elevation invasive
Spartina populations could ameliorate recruitment
conditions at adjacent high elevation sites. This
suggests that the degree to which conspecific facil-
itation influences invasive spread is highly contingent
on the spatial distribution of founding individuals
relative to that of dispersal and the pertinent
environmental heterogeneity.

The weak facilitation relative to the strong inhibi-
tion of seedling recruitment within and immediately
adjacent to established meadows was consistent
across the abiotic stress gradient in this study. This
result contrasts with other experimental work in tidal
wetlands demonstrating that the balance of interspe-
cific interactions shifts from negative to positive along
increasing stress gradients (Bertness and Shumway
1993; Bertness and Hacker 1994; Crain and Bertness
2005). Willapa Bay may have relatively muted stress
gradients relative to the New England locations of
these studies. Most of Willapa Bay is a protected
relatively low energy system with little variability in
salinity among sites. However, tideflat seedlings only
successfully recruited at the two low energy sites in
this study suggesting that relative stress levels do
affect seedling establishment success in this system.
These conflicting results illustrate the difficulty in
developing common metrics of stress that are easily
comparable across systems or taxa. The results also
suggest that the relative balance between competition
and facilitation is highly contingent on site and system
specific conditions.

Conclusion

This study found no evidence that established S. alter-
niflora populations are facilitating their own sexual
recruitment in Willapa Bay. On the contrary, the edge
and interior of established meadows are poor places for
seedling establishment. At the same time, local seed
distribution is spatially associated with meadows,
preventing most of this seed from contributing to
population growth and spread. An interaction between
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habitat modification and dispersal is a potential
mechanism by which ecosystem engineers could slow
their own spatial expansion. Seed trapped within
conspecific beds could limit the amount of reproduc-
tive output that contributes to spatial spread. The
degree to which inhibition or facilitation occurs will
depend on the relative spatial scaling of engineering,
environmental heterogeneity, and demography.
Control activities could potentially change these
spatial relationships. In addition, the way in which
control activities influence the temporal persistence
of engineered habitat could impact future recruit-
ment dynamics. In Willapa Bay, the large spikes
in porewater ammonium that inhibit recruitment
following Spartina removal are short-lived com-
pared to the highly recalcitrant raised sediment
elevation and root mass that promote seedling
retention and recruitment (Lambrinos 2007). Control
consequently creates habitat patches that are poten-
tially more susceptible to re-invasion than the
original tideflat. Eradication sites are susceptible
not only to Spartina re-colonization but also colo-
nization by other plant species typical of higher
elevation salt marsh (Lambrinos 2007). An explicit
understanding of how control activities alter the
relationship between engineered habitat and recruit-
ment patterns will be required for the effective
management of invasive ecosystem engineers and
the eventual restoration of invaded communities.
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