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INTRODUCTION

Invasive species are a major threat to terrestrial and
an increasing threat to marine biodiversity (Wilcove et
al. 1998, Kappel 2005). One of the key factors affecting
the establishment and subsequent population growth
of non-native and invasive species is the presence of
necessary resources (such as food, living space, and
light for photosynthetic organisms) in their recipient
environment. An increase in the availability of limited
resources will likely reduce an ecosystem’s resistance
to the establishment of non-native species (Davis et al.

2000, Davis & Pelsor 2001). Davis’s hypothesis is based
on the assumption that non-native species need certain
resources, and their establishment success will be
enhanced if they gain access to those resources (Davis
et al. 2000). Resource availability can be enhanced by
a decrease in the resident community’s use of the
resource or by an increase in the resource supply.

Several major marine species introduction vectors,
such as boat fouling, rock ballast, and aquaculture of
bivalves, particularly oysters, select for organisms that
utilize hard substrates (Carlton 1996, Wonham & Carl-
ton 2005). Many highly invaded marine ecosystems
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(bays, estuaries, lagoons and ocean inlets) are soft-
sediment environments, with limited amounts of natu-
rally occurring hard substrates. Thus, suitable hard
substrates in the recipient environments are a limiting
resource for non-native species. Anthropogenically
derived hard substrates within these invaded marine
ecosystems have increased via structural additions
associated with the construction of seawalls, harbors,
docks and bridges.

An additional mechanism of hard substrate addition
is through the introduction of non-native species that
create habitat (e.g. bivalves, tubeworms, and sub-
merged and marsh vegetation). Species that create
habitats are most commonly referred to as ‘foundation
species’ (Dayton 1972, Ellison et al. 2005) or ‘ecosystem
engineers’ (Jones et al. 1994, 1997), and are defined as
species that structure communities by creating locally
stable conditions for other species and by modulating
and stabilizing fundamental ecosystem processes (Elli-
son et al. 2005). Ecosystem engineers are critical com-
ponents of, and defining organisms in, a wide range of
ecosystems, including terrestrial temperate and tropi-
cal forests, coral reefs, and kelp forests. However,
when non-native species invade an ecosystem and cre-
ate new structural habitats, they can affect community
composition and fundamental ecosystem processes
such as nutrient cycling, resource availability and
resilience to disturbances (references in Table 1).

Positive interactions with non-native, habitat-forming
species may enhance the establishment and pop-
ulation growth of other non-native species that utilize
the biogenic habitat. This process is an example of an
‘invasional meltdown,’ in which non-native species
facilitate ongoing and subsequent invasions by in-
creasing survival, population size, or the magnitude or
extent of ecological impacts of other non-native spe-
cies (Simberloff & Von Holle 1999).

Many researchers have examined community re-
sponses associated with the introduction of aquatic eco-
system engineers. The exemplary studies in Table 1
show that most individual species or communities have
positive responses (i.e. increases in abundance, diver-
sity, or biomass) or a mix of positive and negative
responses to the presence of introduced aquatic eco-
system engineers. Only non-native marsh plants,
which simultaneously displace native plants and
greatly reduce the quality and availability of mud
habitat for infaunal species, have overall negative
effects. Few studies examined the effects of non-native
habitat on associated non-native species—but see
Stewart et al. (1998), showing increases in abundance
of a single non-native species; Balata et al. (2004), find-
ing a mix of positive and negative responses varying
with species and location; Wonham et al. (2005),
observing the positive responses of 4 non-natives. The

lack of information on non-native responses to the
invasion of biogenic species could be due to a lack of
associated non-native species or because the authors
did not ask this specific question. In either case, the
question of whether non-native biogenic habitats
facilitate associated non-native species and provide a
mechanism for invasional meltdown is largely un-
answered.

In the present study, we explored this issue by com-
paring communities associated with the non-native,
reef-building serpulid polychaete Ficopomatus enig-
maticus to those associated with the native oyster
Ostrea conchaphila in Elkhorn Slough, a central Cali-
fornia estuary. Specifically, we examined utilization of
these habitats by different trophic groups and non-
native species. Evidence of greater density or abun-
dance of non-native species in the non-native reef
habitat versus native habitat would indicate positive
interactions between the non-native ecosystem engi-
neer and associated non-native species, supporting
our hypothesis that habitat provision by non-native
ecosystem engineers is a mechanism for invasional
meltdown.

MATERIALS AND METHODS

Study system. Elkhorn Slough, a central California
estuary (36° 48.6’ N, 121° 47.1’ W) 150 km south of San
Francisco Bay, is a primarily soft-sediment environ-
ment, with mid- and low intertidal mudflats and a high
intertidal pickleweed Salicornia virginica zone. The
1946 opening of Elkhorn Slough’s mouth and restora-
tion of flow to previously diked wetlands have greatly
enhanced erosion throughout the system, with the
greatest impact in the system’s main channels. Subti-
dal banks drop nearly vertically to an unstable shell
bed bottom, which shifts with each tidal exchange.
Although the subtidal area has hard substrates, the
shell beds are too unstable to provide suitable habitat
for fouling organisms (K. Heiman pers. obs.) and was
not considered in the present study.

There is evidence that the native oyster Ostrea con-
chaphila was abundant in the slough in the 1930s
(MacGinitie 1935); however, oysters are currently
found in low densities as clumps (clump defined as
congregations of hard substrate-creating organisms
covering <0.5 m2 of the bottom) or as isolated indi-
viduals attached to hard surfaces in the intertidal
(Hornberger 1991, Heiman 2006). There is only 1 doc-
umented intertidal oyster reef (reef defined as congre-
gations of hard substrate-creating organisms covering
>0.5 m2 of the bottom), which covers approximately
7 m2 and rises 10  to 15 cm off of an anthropogenic rock
bed (Site E; Figs. 1 & 2a). This reef is made up of a loose
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shell matrix with live oysters primarily in the top 7 cm.
Oysters in Elkhorn Slough have an average maximum
shell length of 5 cm and can reach densities of 340 oys-
ters m–2. The native oysters only attach and grow on
stable, hard substrates in Elkhorn Slough, including
wood, rocks and metal (K. Heiman 2006).

The other major intertidal biogenic hard substrate
found in this estuary is the reef-building, non-native
serpulid polychaete Ficopomatus enigmaticus, first
observed in Elkhorn Slough in 1994 (Wasson et al.
2001). F. enigmaticus individuals live in calcareous
tubes, averaging 1.5 mm in diameter and 90 mm in
length, that are intertwined and cemented to each
other forming reef masses up to 1 m high and 5 m in
diameter. Live worms are found primarily in the top
15 cm of reef matrix, with densities reaching 60 000 ind.
m–2 (Heiman 2006; Fig. 2b). Below this living layer, the

reef is filled with mud and collapsed tubes. F. enig-
maticus requires a small amount of hard substrate for
initial colony formation, such as a single shell, rock or
bottle (K. Heiman pers. obs.).

In addition to Ficopomatus enigmaticus, 57 marine
non-native species have been reported in Elkhorn
Slough (Wasson et al. 2001, 2005). Most were intro-
duced as fouling organisms on small boats traveling
from San Francisco Bay or with the aquaculture of non-
native Pacific oysters Crassostrea gigas and non-native
eastern oysters Crassostrea virginica between the
1920s and 1980s. Non-native oyster spat shipments from
Japan and the USA Atlantic coast may have led to the
introduction of 38 of the 58 non-native species (Gordon
1996, Wasson et al. 2001). Non-native oyster beds were
once located throughout much of the slough, but are
now absent; the industry has collapsed, due in part to
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Table 1. Overview of aquatic invasive ecosystem engineers and their effects on associated communities. –/+: negative and positive
effects, respectively, on different components of the community observed either within the same study or in different studies; Indet.: 

indeterminate; n/m: not measured or addressed directly by the studies cited

Taxon Region Habitat Experi- Compared to habitat Response Source
ment Native Non- Multi- Non-

biogenic biogenic species natives

Alga
Caulerpa taxifolia French Shallow subtidal Yes Yes Yes –/+ n/m 14

Mediterranean 
Caulerpa taxifolia/ Mediterranean Shallow subtidal No No Yes –/+ –/+ 1, 16
C. racemosa

Sargassum muticum Northern Spain Rocky coast No Yes No None n/m 26

Grass
Phragmites australis Atlantic USA Marsh No Yes No – n/m 18, 22
Spartina alterniflora × Pacific USA Marsh/mudflat No Yes Yes – n/m 3, 13, 15
S. foliosa hybrid

Zostera japonica Pacific USA Seagrass bed/mudflat Yes No Yes + n/m 17

Bryozoan
Watersipora subtor- Northern Australia Hard substrate Yes Yes Yes + n/m 8
quata

Polychaete
Ficopomatus enigma- Argentina, England, Lagoon, river delta No No Yes + n/m 2, 21, 25
ticus Adriatic Sea

Sabella spallanzanii Southern Australia Hard substrate Yes No Yes Indet. n/m 9

Snail
Battilaria attramentaria Pacific USA Seagrass bed/mudflat Yes No No + + 27

Mussel
Mytilus galloprovin- South Africa, Lagoon, seawall No Yes Yes –/+ n/m 5, 20
cialis Southern Australia

Dreissena polymorpha Great Lakes, USA Hard substrate Yes No Yes –/+ n/m 10, 11, 12, 19
Dreissena polymorpha/ Great Lakes, USA Hard substrate No No Yes + + 23, 24
D. bugensis

Musculista senhousia New Zealand, Mud/sandflat Yes No Yes –/+ n/m 6, 7
Pacific USA

Tunicate
Pyura praeputialis Chile Rocky shore No No Yes + n/m 4

(1) Balata et al. (2004); (2) Bianchi & Morri (1996); (3) Brusati & Grosholz (2006); (4) Castilla et al. (2004); (5) Chapman et al. (2005);
(6) Creese et al. (1997); (7) Crooks & Khim (1999); (8) Floerl et al. (2004); (9) Holloway & Keough (2002); (10) Horvath et al. (1999);
(11) Karatayev et al. (1997); (12) Kuhns & Berg (1999); (13) Levin et al. (2006); (14) Meinesz (1999) and references therein; (15) Neira et
al. (2005); (16) Piazzi et al. (2003); (17) Posey (1988); (18) Posey et al. (2003); (19) Ricciardi et al. (1997); (20) Robinson & Griffith (2002);
(21) Schwindt & Iribarne (2000); (22) Silliman & Bertness (2004); (23) Stewart & Haynes (1994); (24) Stewart et al. (1998); (25) Thomas
& Thorp (1994); (26) Viejo (1999); (27) Wonham et al. (2005)
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the non-native oysters’ inability to reproduce in cold
central California waters (Gordon 1996, Wasson et al.
2001). None of the 57 non-native species in Elkhorn
Slough coevolved with F. enigmaticus in Australia.

Field sampling. To compare how native and non-
native biogenic habitats are utilized by benthic inver-
tebrates and whether they host different densities and
types of non-native species, we sampled invertebrate
communities associated with Ficopomatus enigmaticus
and native oysters. We took cores from biogenic habi-
tat created by F. enigmaticus and/or Ostrea con-
chaphila at 6 intertidal sites between 20 and –20 cm
MLLW (mean low, low water) between May and July
of 2003 (Fig. 1). Sites spanned the distribution of oys-
ters and F. enigmaticus in Elkhorn Slough. Both O.
conchaphila and F. enigmaticus were found at 2 of the
6 sites (Sites C and E); only 1 habitat type was present
at each of the other 4 sites. At each site, 3 to 10 cores
(10 cm diameter) through the biogenic habitat (from
the surface of the reef or clump to the underlying sub-
strate, ranging from 10 to 40 cm deep) were collected.
The number of cores sampled depended on the extent
of biogenic habitat at a given site. From Site A for
example, where F. enigmaticus dominates, we were
able to collect 5 samples from the interior and 5 sam-
ples from the edge of F. enigmaticus reefs. From Site B,
6 samples from F. enigmaticus clumps were collected.
We collected 4 F. enigmaticus samples and 3 oyster
samples from clumps at Site C. At Sites D and F, we

were only able to collect 3 oyster samples at each site,
due to the limited extent of the biogenic habitat. At
Site E, 4 samples from F. enigmaticus clumps and 3
samples from the interior and 3 from the edge of the
oyster reef were collected.

Samples were sieved through 500 µm mesh in the
field, preserved in 10% formaldehyde solution and
transferred to 80% ethanol for storage. All associated
organisms were identified to species level and counted
under a dissecting microscope. To account for differ-
ences in sample volume, we standardized abundance
data by 2 different metrics: water displacement volume
and weight of each sample’s dried biogenic hard sub-
strate. We conducted all subsequent analyses using
both metrics, and patterns and significance levels were
nearly identical regardless of standardization metric.
Here, we present the results for the weight-standard-
ized data.

Statistical analysis. Community composition of asso-
ciated fauna was compared between habitat types
(Ostrea conchaphila or Ficopomatus enigmaticus), and
between different habitat sizes within each biogenic
habitat type (reef: Site A for F. enigmaticus and Site
E for O. conchaphila; clump: Sites B, C, and E for F.
enigmaticus and Sites C, D, and F for O. conchaphila)
using multivariate analyses conducted with PRIMER V.
5 (PRIMER-E Ltd). Bray-Curtis dissimilarity (Bray &
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Fig. 1. Elkhorn Slough, a central California estuary 150 km
south of San Francisco Bay. Stars and circles: sampling sites; 

letter labels: sampling sites from north to south

a

b

Fig. 2. (a) Ostrea conchaphila oyster reef at Site E and (b) Fico-
pomatus enigmaticus reef at Site A. Scale bars on photos = 1 m
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Curtis 1957) between pairs of samples was calculated
on square-root transformed abundances to reduce the
influence of the most common species on community
dissimilarity. Patterns of dissimilarity among samples
were visualized using non-metric multidimensional
scaling (nMDS) ordinations.

We conducted 1-way analysis of similarity (ANOSIM)
on samples from Ficopomatus enigmaticus and Ostrea
conchaphila separately, to test if communities associ-
ated with a specific biogenic habitat varied with habi-
tat size (i.e. reefs vs. clumps). We tested for significant
differences in community structure between habitat
types and among sites using 2-way crossed ANOSIMs
on samples from the 2 sites with both habitat types
(Sites C and E; Fig. 1) as well as the whole dataset
including all sites and samples. ANOSIM produces a
test statistic, R, which compares the average rank dis-
similarity within and between groups of samples and
can be compared across different ANOSIM analyses
(Clarke & Warwick 1994). The greater the R-value for
a particular factor (e.g. habitat type), the greater the
similarity among samples within a habitat type versus
between habitat types (i.e. more variance in commu-
nity structure is explained by that particular factor, in
this case habitat type).

The taxa driving observed differences between
groups of samples were identified using similarity
percentage (SIMPER) analyses. For species that drive
the differences between communities, we conducted
ANOVAs to identify if species abundance was signifi-
cantly different between factors (habitat size, habitat
type, or sites). Dunn-Šidák corrections were used to
adjust significance levels to account for multiple tests
(Sokal & Rohlf 1995). We also calculated each associ-
ated species’ density.

In addition to conducting analyses on all taxa, we
examined patterns for native and non-native species
separately. Species were classified as native to Elkhorn
Slough, non-native, or cryptogenic (species of un-
known origin, Carlton 1996) based on the following
references: Carlton (1979a), Morris et al. (1980), Ruiz
et al. (2000), and Wasson et al. (2001). 2-way ANOSIMs
(Site × Habitat type) on the non-native and then the
native components of the community were conducted
for the 2 sites with both biogenic habitats as well as for
the entire dataset. Cryptogenic species (0.7% of the
total) were omitted from the above analysis.

Trophic groups are related to ecosystem-level func-
tions, such as the transfer of primary production
through benthic foodwebs, and may be indicators of
habitat characteristics such as food availability (Whit-
latch 1980, Pearson 2001). Abundance data were
pooled into the following trophic groups: carnivores,
detritivores, herbivores, omnivores, and suspension
feeders. Some infaunal taxa with flexible feeding

strategies can be categorized into more than one
trophic group (Levinton 1991). When this occurred, the
species’ abundance was divided evenly between the
trophic groups (Bonsdorff & Pearson 1999). Only 2
polychaete species (Polydora cornuta and P. socialis,
accounting for 0.4% of the organisms in the present
study) had flexible feeding strategies, switching be-
tween suspension feeding and surface detritivory with
changes in flow speed (Fauchald & Jumars 1979).

RESULTS

A total of 25 species were identified in the cores: 12
natives, 10 non-natives, and 3 cryptogenic species
(Table 2); 5 species (3 natives, 2 non-natives) were
found only in association with Ficopomatus enigmati-
cus, and 2 species (1 native, 1 non-native) were found
only in association with Ostrea conchaphila. Most of
the common species, except the oligochaetes Tubifi-
coides brownae and Thalassodrilides gurwitschi, were
denser in the non-native F. enigmaticus habitat than
in the native oyster habitat.

In this study 13 of the 30 species were detritivores,
including the numerically abundant introduced amphi-
pod Monocorophium insidiosum, introduced tanaid
Sinelobus sp., and native polychaete Cirritulus sp.,
making detritivores the most numerically abundant
(79% of all organisms) and taxonomically diverse
trophic group in the present study (Table 2). There
were 4 herbivorous species, including the abundant
introduced amphipod Melita nitida, and this group
comprised 16.6% of all organisms. There were 3
omnivorous species, accounting for 3.6% of the organ-
isms, and 5 carnivorous species, accounting for 0.3%.
Suspension feeders were infrequently found (0.8% of
organisms) and include 2 Polydoria spp. that can switch
to detritivory in slower water flow (Fauchald & Jumars
1979).

The structure of associated communities varied sig-
nificantly with habitat size in Ficopomatus enigmaticus
habitat (10 reef samples compared to 13 clump sam-
ples, 1-way ANOSIM, R = 0.721, p = 0.001), but not in
the Ostrea conchaphila habitat (6 reef samples com-
pared to 9 clump samples, 1-way ANOSIM, R = 0.041,
p = 0.337). Differences between communities from
F. enigmaticus reefs and clumps were driven by sig-
nificantly higher densities of 2 non-native species in
clumps, Monocorophium insidiosum (average abun-
dance in reefs = 166 ± 177 per 100 g of biogenic habi-
tat; average abundance in clumps = 503 ± 344 per 100 g;
ANOVA, F1,18 = 5.60, p = 0.0294) and Sinelobus sp.
(average abundance in reefs = 0.56 ± 1.28 per 100 g;
average abundance in clumps = 50 ± 39 per 100 g;
ANOVA, F1,18 = 95.66, p = 0.00001). In addition, sam-
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ples collected from the interior of F. enig-
maticus reefs contained significantly
lower densities of associated organisms
compared to samples from the edge of
reefs (average abundance in reef interior
= 61 ± 67 per 100 g; average abundance
in reef edge = 535 ± 152 per 100 g;
ANOVA, F1,18 = 40.79, p = 0.0002).

At the 2 sites with both habitat types
(Sites C and E; Fig. 1), communities
exhibited significant separation between
sites when all species were included in
the analyses (2-way ANOSIM, R = 0.5,
p = 0.002; Fig. 3a), with further clustering
evident according to the biogenic habi-
tat type (Ficopomatus vs. Ostrea; 2-way
ANOSIM, R = 0.567, p = 0.005; Fig. 3a).
When only native species were consid-
ered, more of the variation in community
structure appeared to be driven by dif-
ferences between sampling sites (2-way
ANOSIM, site: R = 0.591, p = 0.001;
habitat type: R = 0.214, p = 0.024, non-
significant after Dunn-Šidák correction;
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Table 2. Species associated with Ostrea conchaphila (n = 25 samples) and Ficopomatus enigmaticus (n = 15 samples) habitats.
Density: ind. per 100 g. Introduction status—N: native, I: introduced, C: cryptogenic. Introduction vector—BW: ballast water;
F: ship fouling; O: oyster culture; n/a: not applicable because species is native or cryptogenic; trophic mode—C: carnivore; 

D: detritivore; O: omnivore; H: herbivore; S: suspension feeder

Species Taxon Introduction Trophic Oyster habitat Tubeworm habitat
Status Vector mode Total Density Total Density

Mean SD Mean SD

Monocorophium insidiosum Amphipod I F, O D 755 50.30 35.00 81990 328.00326.20
Cirratulus sp. Polychaete C n/a D 114 7.6 8.5 223 8.9 15.8
Melita nitida Amphipod I F, BW, O H 93 6.2 3.6 20600 82.4 92.0
Tubificoides brownae Oligochaete I BW, O D 51 3.4 6.2 60 2.4 2.2
Thalassodrilides gurwitschi Oligochaete N n/a D 49 3.3 5.3 56 2.2 2.3
Sinelobus sp. Tanaid I F, BW D 46 3.1 2.8 658 26.3 38.4
Pachygrapsus crassipes Crab N n/a O 40 2.7 2.0 66 2.6 7.0
Cumella vulgaris Cumacean N n/a D 22 1.5 5.1 0 00. 00.
Streblospio benedicti Polychaete I F, BW, O D 18 1.2 2.0 80 3.2 2.1
Hemigrapsus oregonensis Crab N n/a O 18 1.2 1.1 291 11.6 11.7
Boccardia proboscidea Polychaete N n/a D 13 0.9 1.5 13 0.5 1.1
Grandidierella japonica Amphipod I F, BW, O H 7 0.5 0.6 45 1.8 4.5
Boccardia hamata Polychaete N n/a D 6 0.4 0.5 17 0.7 1.1
Heteromastus filiformis Polychaete I BW, O D 6 0.4 0.5 73 2.9 3.3
Polydora socialis Polychaete N n/a D/S 6 0.4 2.1 48 1.9 2.1
Leptochelia sp. Tanaid C n/a O 6 0.4 0.6 68 2.7 9.3
Phoxichilidium femoratus Pycnogonid N n/a C 6 0.4 1.0 13 0.51 2.9
Capitella sp. Polychaete C n/a D 5 0.3 0.6 16 0.6 1.0
Eteone californica Polychaete N n/a C 1 0.1 0.2 15 0.6 0.9
Carcinus maenas Crab I BW, O C 1 0.1 0.2 0 00. 00.
Polydoria cornuta Polychaete I F, BW, O D/S 0 00. 00. 3 0.1 0.3
Nebalia gerkenae Sea flea N n/a S 0 00. 00. 8 0.3 1.2
Sphaeroma quoianum Isopod I F S 0 00. 00. 48 1.9 7.9
Halosydna brevisetosa Polychaete N n/a C 0 00. 00. 2 0.1 0.2
Platynereis bicanaliculata Polychaete N n/a G 0 00. 00. 3 0.1 0.7

Total 12640 1206500

Fig. 3. nMDS ordinations of infaunal community structure in samples from
Sites C and E (the sites with both Ficopomatus enigmaticus and Ostrea con-
chaphila biogenic habitats) based on square-root transformed Bray-Curtis dis-
similarities. (a) Bray-Curtis dissimilarities calculated with all species, (b) with 

only native species, (c) trophic groups, and (d) only non-native species
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Fig. 3b). In contrast, more of the variation in commu-
nity structure was associated with habitat type for non-
native species (2-way ANOSIM, site: R = 0.414, p =
0.026, non-significant after Dunn-Šidák correction;
habitat type: R = 0.645, p = 0.006; Fig. 3d) and for
trophic groups (2-way ANOSIM, site: R = 0.322, p =
0.057; habitat type: R = 0.653, p = 0.004; Fig. 3c).

The same pattern was observed for natives, non-
natives, and the whole community, whether we used
the conservative analysis of only samples from the 2
sites with both biogenic habitat types (Fig. 4a; R and p
values as reported above), or whether we expanded the
analysis to include all samples from all sites (Fig. 4b).
When all sites and all species were included, biogenic
habitat type and site explained similar amounts of the
variation among samples (2-way ANOSIM, site: R =
0.487, p = 0.001; habitat type: R = 0.514, p = 0.001;
Fig. 4b). More of the variation in native species’ distri-
butions was explained by site than habitat type (2-way
ANOSIM, site: R = 0.705, p = 0.001; habitat type: R =
0.377, p = 0.01; Fig. 4b), whereas the opposite was true
for non-native species (2-way ANOSIM, site: R = 0.319,
p = 0.005; habitat type: R = 0.475, p = 0.006) and trophic
groups (2-way ANOSIM, site: R = 0.229, p = 0.016;
habitat type: R = 0.594, p = 0.008; Fig. 4b).

Variation in communities between habitats was dri-
ven by higher abundances of 5 species in the non-

native habitat: 3 non-natives, the amphipods Mono-
corophium insidiosum, Melita nitida, and the tanaid
Sinelobus sp., and 2 natives, the polychaete Cirratulus
sp. and the crab Hemigrapsus oregonensis (Table 3).
The trophic groups driving community patterns were
detritivores and omnivores, respectively explaining
45.5 and 25% of the differences between communities
in the 2 different habitat types (Table 3). All of these
species and trophic groups were more abundant in
Ficopomatus enigmaticus samples than in Ostrea con-
chaphila, some as much as 16 times more abundant.
However, when relative proportion of the community
associated with each habitat type was calculated for
each species and trophic group, only the most abun-
dant species (M. insidiosum, and M. nitida) and trophic
group (detritivores) were more common in F. enigmati-
cus habitats (Table 3).

DISCUSSION

Ficopomatus enigmaticus and Ostrea conchaphila
occupy similar tidal elevations and provide hard struc-
ture in predominantly soft-sediment environments, but
support significantly different communities. Our study
provides evidence for positive interactions between
the non-native F. enigmaticus and other non-native
species within Elkhorn Slough. Denser associations of
non-native species were seen in the non-native F.
enigmaticus habitat as compared to the native oyster
habitat. In contrast, variation in the native component
of associated communities was explained more by site
than by biogenic habitat type. We suggest that the pro-
vision of a complex structural habitat by F. enigmaticus
may be a mechanism for invasional meltdown within
this estuary. The high abundance of non-natives may
indicate that their population persistence and growth
in this system has been facilitated by the availability of
structural habitat provided by F. enigmaticus. None of
the associated species from the present study are
exclusively found in the F. enigmaticus or oyster habi-
tats, but their abundance within the introduced habitat
is, in general, at least 3 times greater than in most other
hard and soft habitats within Elkhorn Slough exam-
ined by the authors in related studies (Heiman 2006).

The high abundance of detritivores in both habitats,
but especially within Ficopomatus enigmaticus reefs,
suggests that the communities of associated organisms
rely on accumulation of organic matter within these
habitats for food. While we did not quantify the amount
of mud in each sample, we did observe that F. enig-
maticus samples contained far more mud than native
oyster samples. The greater amount of mud in the F.
enigmaticus habitat may account for the difference in
the abundance of detritivores between the 2 habitats.
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Fig. 4. Average dissimilarity between sites and biogenic habi-
tats for infaunal community components: all species, only na-
tive species, only introduced species, and trophic groups. R-
values from ANOSIM analysis of square-root transformed
Bray-Curtis dissimilarities of specified community compo-
nents in: (a) samples from Sites C and E and (b) all samples 

from all sites
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Further study using different sampling techniques
with the capacity to capture and quantify the mud
associated with each habitat is needed to test this
observational correlation.

Abundances of associated fauna may be greater in
Ficopomatus enigmaticus habitats as compared to
oyster habitat, because the non-native reef’s complex,
3-dimensional structure provides refuge from preda-
tion, more habitat or living space, and/or altered water
flows, which may enhance food availability for asso-
ciated organisms. Matsumasa (1994) found that the
physical structure of biogenic substrates directly deter-
mined the identity of the most abundant associated
crustaceans. Increases in associated fauna in experi-
mental manipulations of the invasive bivalves Mus-
culista senhousia and Dreissena polymorpha have also
been attributed to structural complexity of the biogenic
habitats (Crooks & Khim 1999, Horvath et al. 1999).
The greater structural complexity of F. enigmaticus
reefs, formed by the intertwining small calcareous
tubes, may explain why most of the species examined
were more abundant in the invasive reefs than in the
native oyster habitat, even after standardizing by the
weight or volume of each sample’s biogenic material.
The availability of crevices as refuges or living space
for associated organisms may also explain the greater
faunal abundances found at the edges compared to the
centers of F. enigmaticus reefs, where crevices are
filled with anoxic mud (K. Heiman unpubl. data). In
contrast, the loose shell matrix throughout the oyster
beds may explain the lack of community variation
between the edges and center of the Ostrea concha-
phila reefs. The great abundance of associated non-
native species with the invasive reefs is likely not a
function of the habitat being non-native per se, but
rather that F. enigmaticus provides a new and different

structurally complex habitat in this mudflat ecosystem.
Experiments exploring the role of habitat complexity
are needed to directly test if this is the facilitation
mechanism at work.

Sites (i.e. location) within Elkhorn Slough explained
a greater proportion of the variation in the native com-
ponent of reef-associated invertebrate communities
than biogenic habitat type, whereas the opposite was
true for non-native species. Many of the native species
found in Elkhorn Slough evolved in soft-sediment
habitats, where they likely developed adaptations to
specific environmental conditions such as sediment
grain size, salinity, and oxygen content of the sedi-
ments and of the water. Different sites within Elkhorn
Slough support different sediment, salinity and tem-
perature conditions, potentially explaining why native
communities exhibit significant between-site varia-
tion. Conversely, many non-native species have broad
environmental tolerances for salinity (Ruiz et al. 2000),
and possibly for temperature and oxygen levels, allow-
ing them to colonize opportunistically a broad range of
sites. However, non-native species may have specific
microhabitat preferences within these sites. For ex-
ample, Monocorophium insidiosum, a tube-dwelling
amphipod, can tolerate wide salinity ranges (Kevre-
kidis 2004), but is often found in higher abundance on
complex biogenic structures such as Ficopomatus
enigmaticus, even though it can exist in mudflats
(Carlton 1979b, Heiman 2006).

The suspension-feeding Ficopomatus enigmaticus
likely plays an important role in the transfer of pelagic
production to the benthos. The high abundance of
detritivores within the non-native reefs may be the
result of enhanced local availability of organic matter
in the sediments through sediment entrapment and
pseudofeces accumulation. Similar results have been
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Table 3. Species and trophic groups contributing to most of the variation between communities associated with the native oyster
Ostrea conchaphila (n = 23 samples) and with the non-native tubeworm Ficopomatus enigmaticus (n = 15 samples). Results 

reported from SIMPER analysis of all samples across all sites

Oyster habitat Tubeworm habitat Contribution
Density (ind. per 100 g) Proportion Density (ind. per 100 g) Proportion to dissimilarity

Mean SD (%) Mean SD (%) (%)

Species
Monocorophium insidiosuma 43.8 37.9 33.8 356.5 326.3 65.7 27.1
Melita nitidaa 5.4 3.6 4.1 89.6 92.0 16.5 14.8
Sinelobus sp.a 2.7 2.8 2.1 28.6 38.4 5.3 8
Hemigrapsus oregonensis 0.8 1.0 0.6 12.6 11.7 2.3 6.9
Ciratulus sp. 7.4 9.0 5.7 9.7 15.8 1.8 6.1

Trophic groups
Detritivores 64.2 41.9 51.7 409.7 354.0 82.7 45.5
Omnivores 3.4 2.2 2.7 18.6 15.9 3.8 25
Herbivores 9.7 9.0 8.1 15.7 17.4 2.9 10.2
Suspension feeders 0.2 0.3 0.2 5.26 16.0 1.1 6.8
aNon-native species
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observed in a number of other invasive aquatic ecosys-
tem engineers, such as the mussels Dreissena poly-
morpha and Musculista senhousia (Stewart & Haynes
1994, Crooks & Khim 1999). These abundant associ-
ated species may or may not provide food resources for
higher trophic groups, depending on how much pro-
tection from predators is provided by the biogenic
habitat. This study did not identify many carnivores
associated with either the native or non-native bio-
genic habitats, suggesting that smaller predators are
not disproportionally attracted to the abundant prey in
the biogenic habitats (Table 2). However, fish and
shrimp forage above submerged F. enigmaticus reefs
(K. Heiman pers. obs.), suggesting that some predators
can access either the associated communities or F. enig-
maticus itself. Further foodweb studies are required to
address this possibility.

There are multiple ways habitat-forming, non-native
marine invertebrates can impact estuarine ecosystems.
In this study, we explored the role of non-native species
in creating habitat for native and non-native benthic
communities. Other ecosystem-level effects of the intro-
duction of the suspension-feeding Ficopomatus enig-
maticus, such as alteration of water clarity and effects on
phytoplankton communities, may also be important
(Davies et al. 1989). F. enigmaticus and other non-native
species that form biogenic habitat, especially those that
suspension feed, may be strongly interacting species
in their new environments, with cascading effects on
ecosystem structure and function (Heiman 2005, Soulé et
al. 2005). Because F. enigmaticus has the potential to
affect multiple ecosystem processes, it is a prime target
for directed management efforts. Our results suggest
that focusing research, control, and eradication efforts
on strongly interacting invasive species such as F. enig-
maticus may additionally result in the control of a suite
of other non-native species.
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