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Synopsis Many ecosystems are created by the presence of ecosystem engineers that play an important role in deter-

mining species’ abundance and species composition. Additionally, a mosaic environment of engineered and

non-engineered habitats has been shown to increase biodiversity. Non-native ecosystem engineers can be introduced

into environments that do not contain or have lost species that form biogenic habitat, resulting in dramatic impacts upon

native communities. Yet, little is known about how non-native ecosystem engineers interact with natives and other

non-natives already present in the environment, specifically whether non-native ecosystem engineers facilitate other

non-natives, and whether they increase habitat heterogeneity and alter the diversity, abundance, and distribution of

benthic species. Through sampling and experimental removal of reefs, we examine the effects of a non-native

reef-building tubeworm, Ficopomatus enigmaticus, on community composition in the central Californian estuary,

Elkhorn Slough. Tubeworm reefs host significantly greater abundances of many non-native polychaetes and amphipods,

particularly the amphipods Monocorophium insidiosum and Melita nitida, compared to nearby mudflats. Infaunal assem-

blages under F. enigmaticus reefs and around reef’s edges show very low abundance and taxonomic diversity. Once reefs

are removed, the newly exposed mudflat is colonized by opportunistic non-native species, such as M. insidiosum and the

polychaete Streblospio benedicti, making removal of reefs a questionable strategy for control. These results show that

provision of habitat by a non-native ecosystem engineer may be a mechanism for invasional meltdown in Elkhorn

Slough, and that reefs increase spatial heterogeneity in the abundance and composition of benthic communities.

Introduction

Many ecosystems, such as tropical and riparian for-

ests, savannas, kelp forests, seagrass meadows, coral

reefs, and mussel beds are created by the presence of

one or more habitat-modifying species. These foun-

dation species (Dayton 1972; Ellison et al. 2005) or

ecosystem engineers (Jones et al. 1994, 1997) are de-

fined as species that structure assemblages by creat-

ing locally stable conditions for other organisms and

by modulating and stabilizing fundamental ecosys-

tem processes (Dayton 1972). Many species associate

with the biogenic structures created by these founda-

tion species and frequently are able to occupy the

environment only when the foundation species are

present (Dayton 1975; Graham 2004). Ecosystem en-

gineers can facilitate other species by creating habitat,

providing refuges from predation, as well as by re-

ducing both physical and physiological stress (Bruno

and Bertness 2001). Large-scale modification of the

habitat by ecosystem engineers can also facilitate

other organisms by increasing retention of propa-

gules or the availability of limited resources

(Eckman 1985). Positive interactions between ecosys-

tem engineers and species that utilize the created

habitat may be responsible for determining a habi-

tat’s species composition (Bruno and Bertness 2001).

Given the importance of ecosystem engineers for

structuring local assemblages, how do assemblages

respond to the introduction of a novel ecosystem

engineer? Some non-native species have the ability

to modify recipient environments to such an extent

that they become new foundation species for these

environments. For example, non-native cordgrass

Spartina spp. in San Francisco Bay has turned exten-

sive intertidal mudflats into marshes. These marshes

host altered infaunal assemblages and have changed

Integrative and Comparative Biology, volume 50, number 2, pp. 226–236

doi:10.1093/icb/icq036

Advanced Access publication May 6, 2010

� The Author 2010. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions please email: journals.permissions@oxfordjournals.org.

 at S
tanford U

niversity on A
ugust 19, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org


geochemical processes (Neira et al. 2005; Brusati and

Grosholz 2006; Levin et al. 2006). Abundant and

dense root mats displace many infaunal organisms

while the aboveground shoots decrease the availabil-

ity of light to the sediments, thereby reducing ben-

thic algal production and possibly explaining the

shift from herbivores to below-ground detritivores

(Levin et al. 2006). The marsh grasses also reduce

the amount of foraging and nesting habitat for sev-

eral species of shore birds, including the endangered

California clapper rail, Rallus longirostris obsoletus

(Stralberg et al. 2004). Similar dramatic ecological

changes have been reported from other non-native

ecosystem engineers such as the seagrass Zostera

japonica (Posey 1988), the mussel Musculista senhou-

sia (Crooks and Khim 1999), non-native earthworms

(Holdsworth et al. 2007), and the non-native beaver,

Castor canadensis (Anderson and Rosemond 2007).

While many studies have examined the effect of

non-native marine ecosystem engineers on commu-

nity structure, few have asked whether the addition

of novel biogenic habitat by non-native species in-

creases the abundance or diversity of other

non-native species in the environment. The process

of non-native species facilitating ongoing and subse-

quent invasions by increasing the likelihood of estab-

lishment, population growth, and magnitude or

extent of ecological impacts of other non-native spe-

cies is known as an invasional meltdown (Simberloff

and Von Holle 1999). We hypothesize that

non-native ecosystem engineers may facilitate other

non-native species. Thus, invasion by non-native

ecosystem engineers may represent a mechanism

for invasional meltdown.

Due to common historical and modern vectors of

the introduction of non-native species into marine

environments (i.e., bivalve aquaculture, boat hull

fouling, and rock ballast) many marine non-natives

depend on hard substrates during at least some stage

of their life. By providing hard surfaces, non-native

ecosystem engineers increase the availability of sub-

strate which may be utilized by other non-native

species. In this study, we examine the influences of

a non-native ecosystem engineer on estuarine infau-

nal assemblages, and explore whether a non-native

engineer enhances the abundance or diversity of

other non-native species. We conducted experiments

in a central Californian estuary where the

reef-building tubeworm Ficopomatus enigmaticus

has recently established.

Native to Australia, F. enigmaticus has invaded

many locations around the world (e.g., Argentina,

Japan, Hawaii, Europe), including the western coast

of North America: most notably San Francisco Bay,

where it has persisted for over 90 years, and Elkhorn

Slough, where it was first reported in 1994 (Carlton

1979; Wasson et al. 2001). Ficopomatus enigmaticus

was probably introduced into San Francisco Bay and

Elkhorn Slough through boat fouling (Carlton,

1979). In both locations, it has expanded rapidly,

with large aggregations of calcareous tubes develop-

ing as the larvae gregariously settle on adult tubes. In

Argentina, F. enigmaticus reefs have been shown to

increase by nearly 10 cm in diameter each year

(Schwindt et al. 2004).

Ficopomatus enigmaticus reefs can alter flow re-

gimes and sedimentation rates, thereby modifying

the physical environment and having direct and in-

direct effects on benthic assemblages (Schwindt

1998). Distinct assemblages have been recorded as

associated with F. enigmaticus reefs throughout the

world (Thomas and Thorp 1994; Bianchi and Morri

1996; Schwindt and Iribarne 2000; Schwindt 2001).

In a previous study by Elkhorn Slough, F. enigmati-

cus reefs were show to house distinctly different as-

semblages when compared to the only other hard

biogenic habitat in the estuary, native oyster beds

(Ostrea lurida) (Heiman et al. 2008). By providing

a complex habitat in estuarine mudflats otherwise

lacking hard substrate, F. enigmaticus reefs can have

significant impacts on the physical environment, as-

sociated biota, and the interactions of species within

invaded estuaries.

We conducted sampling and experimental remov-

als of F. enigmaticus reefs to investigate their possible

influences on the structure, diversity, and distribu-

tion of benthic invertebrate assemblages in Elkhorn

Slough. Specifically, we addressed the following ques-

tions: (i) What species utilize the non-native habitat?

Does F. enigmaticus act as a foundation species in its

new environment? Is there evidence of an invasional

meltdown occurring in this heavily invaded estuary

following the establishment of non-native tubeworm

reefs? (ii) Does F. enigmaticus alter the distribution

and abundance of native and non-native infaunal

assemblages in nearby mudflats?

Methods

To determine what species associate with F. enigma-

ticus reefs and evaluate the effects of the reefs on

nearby infaunal assemblages, we conducted a remov-

al experiment in Elkhorn Slough, where extensive

reefs are associated with wooden pilings (Fig. 1a).

Each reef was �1 m in diameter and 0.5 m tall, pro-

viding a set of over 100 replicated experimental

units. We selected a subset of 12 reefs, located be-

tween –0.1 and 0.1m MLLW for the experiment.
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All experimental reefs and nearby mudflats were

sampled before treatment, 6 months after treatment,

and 1 year after treatment. To address possible sea-

sonal differences in responses of the community to

the experiment, treatments were initiated on two dif-

ferent dates: summer (May 27) and winter

(December 2) 2002. Reefs were sampled by taking

two 10 cm diameter clumps of the reef matrix from

each reef. To account for differences in reef sample

volume, we standardized associated infaunal abun-

dance both by the volume of each clump, deter-

mined by water displacement, and by the weight of

each sample. Since statistical results were identical

for each standardization method we will report

only weight-standardized results. To sample the

mudflat community, two infaunal cores (10 cm di-

ameter� 10 cm deep) were taken from the following

locations: directly under the reef, after it was re-

moved or sampled, 5 cm and 1 m away from the

reef’s edge. Additionally, to understand whether in-

faunal assemblages near the reef differed from assem-

blages not previously exposed to the reefs, eight

infaunal cores (10 cm diameter� 10 cm deep) from

a mudflat in the same general vicinity and tidal ele-

vation, but at least 20 m from all F. enigmaticus reefs,

were collected 1-year after treatment for each sam-

pling state date (see below). Cores and reef samples

were sieved to 500 mm mesh in the field, then cores

and reef samples were preserved in a 10% formalde-

hyde solution for three days for fixation, after which

the samples were transferred to 80% ethanol for stor-

age. Samples were sorted under a dissecting micro-

scope. All animals were identified to the lowest

taxonomic group possible and counted. Species

were assigned to one of three categories: native,

non-native, or cryptogenic [of unknown origin:

Carlton (1996)], based on available studies (Carlton

1979; Ruiz et al. 2000; Wasson et al. 2005, J. T.

Carlton, personal communication).

Following the initial infaunal and reef sampling,

four reefs were completely removed, four remained

unmanipulated to serve as controls, and four reefs

were removed but then returned to their original

location to evaluate the effects of experimental dis-

turbance (Fig. 1b). For removal treatments, all reef

material was scraped from the piling with a shovel,

collected in large plastic tubs, and disposed of in the

terrestrial environment. A boogie board, a styroform

board with a curved front �0.5 m by 1 m, was

wedged under the disturbance-control reef before

the reef was broken away from the piling. Careful

prying with the shovel allowed large chunks of the

reef to be broken off. The pieces of reef were then

dragged at least 1 m away from the piling on the

boogie board then carefully placed back around the

piling. Two reefs in each treatment group (control,

disturbance-control, and removal) were randomly as-

signed to the summer experiment and two were as-

signed to the winter experiment.

To assess the effects of non-native reefs on the

benthic assemblages living in the nearby mudflats,

we conducted univariate and multivariate analyses

of the animal counts from infaunal cores. The total

number of invertebrates present and the percent

non-natives within infaunal cores were compared

among experimental treatments and dates using

nested analysis of variance (ANOVA) models with

experimental treatment (removal, control,

disturbance-control), season of removal (summer,

winter), time of sampling (before removal, 6

months, and 1 year after removal), and location rel-

ative to reefs (under the reef, 5 cm away, and 100 cm

away) as fixed factors. Reefs were a random factor

nested within the treatment-by-season interaction.

Dunn–Šidák corrections were used to adjust signifi-

cance levels to account for two different ANOVA

tests: (i) total invertebrate abundance and (ii) per-

cent non-natives (Sokal and Rohlf 1995). To be

Fig. 1 (a) Map of Elkhorn Slough with persistent waterways

represented in dark gray and wetlands in light gray. (b) Pictures of

reefs from different experimental treatment groups. Lines on

photographs represent 1 m.
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conservative, cyptogenic species were included as na-

tives in this and all other relevant statistical tests.

Multivariate analyses, including ordinations and

randomization tests, were used to examine effects

of reef removal on the composition of invertebrate

assemblages. Bray–Curtis dissimilarity (Bray and

Curtis 1957) between pairs of samples was calculated

on square-root transformed abundances to reduce

the influence of the most common species on com-

munity dissimilarity. A one-way analysis of similarity

(ANOSIM) with treatment as the factor was con-

ducted for each separate date and season (Clarke

and Warwick 1994). To identify community differ-

ences between reefs and mudflats, a one-way

ANOSIM with location as the factor was conducted

for all samples. Results of multivariate analyses are

summarized by reporting R-values, which compare

the average rank dissimilarity within and between

groups of samples and can be compared across dif-

ferent ANOSIMs (Clarke and Warwick 1994). The

taxa contributing to observed differences between

groups of samples were identified using similarity

percentage (SIMPER) analyses (Clarke and Warwick

1994). Multivariate analyses were performed using

the statistical package PRIMER v.5 (PRIMER-E

Ltd., Plymouth, UK).

Results

Thirty-one taxa were identified from the 137,746 or-

ganisms collected in this study. Thus, taxonomic di-

versity in benthic communities of the upper portion

of Elkhorn Slough is low in reefs (24 taxa identified)

and mudflats (30 taxa identified) (Table 1).

Polychaetes, oligochaetes, amphipods, and isopods

collectively comprised a majority of organisms iden-

tified in both habitat types (Table 1). Larger macro-

invertebrates, including the native crab Hemigrapsus

oregonensis and the non-native snail Batillaria attra-

mentaria, were found in both reef and mudflat sam-

ples (Table 1). The assemblages within the reefs and

in the mudflats near and far from reefs contained

high abundances of non-natives (108,074 non-native

organisms total), with an average of 78.5%

non-natives (standard deviation¼ 18.1%) across all

samples. The proportion of non-native organisms

was greater in reef samples (average of 95.5%, stan-

dard deviation¼ 3.2%) as compared to mudflat sam-

ples taken from any distance from the F. enigmaticus

reefs (average of 67.1%, standard deviation¼ 17%)

(Fig. 2). Most of the taxa were found in both hab-

itats but exhibited greater abundances in either the

mudflat or the reef. Only a few rare taxa were found

exclusively in only one environment (Table 1). Even

with the relative lack of habitat specificity observed

in the taxa from this study, the assemblages living in

the reefs had a significantly different composition

than did assemblages found in any of the locations

in mudflats (one-way ANOSIM global R¼ 0.432,

P¼ 0.001). The differences in assemblage composi-

tion were driven by the highly abundant non-native

amphipods Monocorophium insidiosum and Melita

nitida in the reefs and the abundant non-native poly-

chaete Streblospio benedicti and cryptogenic oligo-

chaete Thalassodrilides gurwitschi in the mudflats.

Ficopomatus enigmaticus reefs affected total faunal

abundance in nearby mudflats (Table 2 and Fig. 3).

Effects varied with sampling date and season

(ANOVA: season� time� treatment interaction

F¼ 5.5, df¼ 4 and 12, P¼ 0.0094) (Table 2). There

was an increase in infauna in the mudflats exposed

by reef removal, primarily due to an increase in the

abundance of S. benedicti, M. insidiosum, and

T. gurwitschi (Fig. 3b, c, and e). This is particularly

apparent when removals were conducted in the

summer. Reefs also appear to depress faunal abun-

dances in sediments underneath reefs and near their

edges, compared to locations 1 m or more away from

reefs (distance: P¼ 0.0004, Table 2). Both before and

after removals, there is a trend for more abundant

infauna in samples 100 cm (Figs 2 and 3) and 20 m

(Fig. 2) away from reefs compared to samples taken

close to reefs.

Reef removals also had significant effects on as-

semblage structure in nearby mudflats. ANOSIM re-

veals no significant difference between assemblages

before treatment (summer global R¼�0.08,

P¼ 0.838; winter global R¼ 0.048, P¼ 0.227). Six

months after treatment, removals are significantly

different from controls within the summer experi-

ment, (R¼ 0.264, P¼ 0.032; Fig. 4a), although not

in the winter experiment (R¼ 0.094, P¼ 0.189;

Fig. 4b), and significantly different from distur-

bance-controls both in summer and winter treat-

ments (summer R¼ 0.347, P¼ 0.005; winter

R¼ 0.267, P¼ 0.035; Fig. 4a and b). These observed

responses of assemblages persist through time, with

the assemblages from where reefs were removed still

being different both from disturbance-controls and

from controls one year after treatment, regardless

of the season in which the experiment was initiated

(summer global R¼ 0.183, P¼ 0.017; winter global

R¼ 0.316, P¼ 0.001 Fig. 4a and b). These patterns

of responses by assemblages are determined in part

by an increase in the abundance of the non-native

amphipod M. insidiosum in removal samples, and a

greater abundance of the oligochaetes T. gurwitschi

(cryptogenic) and Tubificoides brownae (non-native)
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in control and disturbance-control samples as com-

pared to removal samples. The differences in assem-

blages between experimental treatment and the

controls are more apparent in samples from under

and near reefs with assemblage differences decreasing

in the 100 cm samples, suggesting that the influences

of the reef on mudflat communities have a limited

spatial extent.

There was no significant effect of treatment on the

percent of non-native species in the mudflats

adjacent to the non-native reefs. However, the

four-way interaction term season� time� treat-

ment� distance is nearly significant (F¼ 2.72,

df¼ 8 and 108, P¼ 0.0273; non-significant after

Dunn–Šidák corrections adjusted significance level

for multiple tests) (Table 2). This nearly significant

interaction seems to be driven by a trend for in-

creased percentage of non-natives in the winter treat-

ments where reefs were removed, with a trend for a

greater percentage of non-natives in the samples

Table 1 List of taxa identified in this study

Taxon

Total

abundance

(n¼ 288)

Total in reefs

(n¼ 56)

Total in mudflat

(n ¼ 232)

Percentage

in reefa
Percentage

in mudflata

Native/

introducedb

Monocorophium insidiosum Amphipod 54,090 38,103 15,987 90.8 9.2 I

Streblospio benedicti Polychaete 23,387 374 23,013 6.3 93.7 I

Thalassodrilides gurwitschi Oligochaete 22,015 557 21,458 9.7 90.3 C

Melita nitida Amphipod 14,109 13,487 622 98.9 1.1 I

Tubificoides brownie Oligochaete 9285 407 8878 16.0 84.0 I

Grandidierella japonica Amphipod 6433 140 6293 8.4 91.6 I

Capitella sp. Polychaete 4023 143 3880 13.2 86.8 C

Hemigrapsus oregonensis Crab 1391 1286 105 98.1 1.9 N

Dipolydora socialis Polychaete 927 435 491 78.6 21.4 N

Gemma gemma Clam 436 5 431 4.6 95.4 I

Nebalia gerkenae Leptostracan 375 34 341 29.2 70.8 N

Sinelobus sp. Tanaid 301 286 15 98.7 1.3 I

Boccardiella hamata Polychaete 283 1 282 1.4 98.6 N

Eteone californica Polychaete 238 13 225 19.3 80.7 N

Heteromastus filiformis Polychaete 119 0 119 0.0 100.0 C

Allorchestes angusta Amphipod 93 35 58 71.4 28.6 N

Syllidae Polychaete 31 1 30 12.1 87.9

Leptochelia sp. Tanaid 19 2 17 32.8 67.2 N

Notonectidae Insect 18 0 18 0.0 100.0

Cirratulus sp. Polychaete 16 7 9 76.3 23.7 C

Sphaeroma quoianum Isopod 16 13 3 94.7 5.3 I

Boccardia proboscidea Polychaete 12 1 11 27.4 72.6 N

Heptacarpus sp. Shrimp 11 0 11 0.0 100.0

Batillaria attramentaria Snail 9 3 6 67.4 32.6 I

Alderia modesta Sea slug 8 1 7 37.2 62.8 N

Polydora cornuta Polychaete 5 1 4 50.9 49.1 I

Ianiropsis serricaudis Isopod 3 0 3 0.0 100.0 I

Maera similis Amphipod 2 0 2 0.0 100.0 N

Cumella vulgaris Cumacean 1 0 1 0.0 100.0 N

Ampithoe sp. Amphipod 1 1 0 100.0 0.0

Exosphaeroma inornata Isopod 1 0 1 0.0 100.0 N

Total 137,658 55,336 82,321

aPercent reported after standardizing by amount (weight) of reef material.
bN, native; I, introduced or non-native; C, cryptogenic [of unknown origins (Carlton 1996)]. Organisms not identified to species were only

categorized as N, I, or C if enough information was available for reliable categorization.
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from the under and 100 cm locations as compared to

samples from the 5 cm location (Fig. 5d–f). Increases

in the abundance of the non-native polychaete S.

benedicti and the non-native amphipod M. insidio-

sum are responsible for the observed increase in

non-native taxa in these samples. The ANOVA for

the percentage of each sample comprised of

non-natives has two significant interaction terms

after Dunn–Šidák corrections: time� reef (F¼ 3.84,

df¼ 12 and 108, P¼ 0.0001) and season� time

(F¼ 8.21, df¼ 2 and 12, P¼ 0.0057) (Table 2).

This is partially explained by the trend for samples

in the winter to have lower percent non-natives as

compared to samples in the summer (Figs 2 and 5),

and for the highly variable between reef percent

non-natives before and 6 months after treatment in

the winter experiment (Fig. 5d and e).

Discussion

Ficopomatus enigmaticus forms reefs that are struc-

turally stable over time, providing complex

three-dimensional habitat in a soft sediment environ-

ment. This biogenic habitat hosts an abundant asso-

ciated fauna, distinct from nearby mudflats in species

composition and relative abundance. Thus, F. enig-

maticus can be considered a foundation species

(Dayton 1972) or ecosystem engineer (Jones et al.

1994), which enhances local abundances of associat-

ed organisms. The most abundant species associating

with the non-native reefs are themselves non-native,

suggesting that F. enigmaticus may facilitate these

non-natives and allowing their abundances to in-

crease locally. In addition to providing habitat for

species directly associated with the biogenic struc-

tures, non-native reefs also influence assemblages

living in nearby mudflats by decreasing infaunal

abundance and altering infaunal assemblage struc-

ture. Thus, the reefs’ influence also extends to

nearby habitat, increasing spatial heterogeneity in

faunal abundance and distribution.

The highly abundant assemblages associated with

the non-native reefs are significantly different from

assemblages in nearby and distant mudflats.

However, nearly all species encountered were found

in both habitat types, and differences in community

structure between habitats are due to variation in

relative abundance of species, not to differences in

species composition. In fact, the same suite of

common species, primarily small mobile generalists,

found in the reefs is also found in the nearby mud-

flats, suggesting that there are no strictly obligatory

relationships between the reefs and any of the

associated species. Differences in relative abundances,

Table 2 ANOVA results for total abundance of organisms in

infaunal samples and percent non-natives in infaunal samples.

Terms were considered significant if P50.0253 (Dunn-Šidák

correction for two ANOVA tests).

Total abundance Percentage non-natives

Source df MS F p MS F p

Season (se) 1 27.77 0.3 0.6030 9938.26 8.11 0.0293

Time (ti) 2 145.64 5.22 0.0234 277.93 0.71 0.5124

Treatment (tr) 2 38.30 0.42 0.6777 1649.81 1.35 0.3288

Reef (se� tr) (re) 6 92.21 3.15 0.0069 1225.34 11.98 0.0000

Distance (di) 2 590.29 16.15 0.0004 466.81 4.62 0.0325

Se� ti 2 1753.98 62.81 0.0000 3226.30 8.21 0.0057

Se� tr 2 26.91 0.29 0.7569 506.72 0.41 0.6788

Se� di 2 0.61 0.02 0.9832 66.48 0.66 0.5356

ti� tr 4 61.20 2.19 0.1316 472.83 1.2 0.3592

ti� re (se� tr) 12 27.93 0.95 0.4969 392.89 3.84 0.0001

ti� di 4 5.68 0.16 0.9547 77.95 0.96 0.4460

tr� di 4 40.79 1.14 0.3836 75.35 0.75 0.5792

di� re (se� tr) 12 35.75 1.22 0.2778 101.04 0.99 0.4656

Se� ti� tr 4 153.54 5.5 0.0094 568.33 1.45 0.2784

Se� ti� di 4 109.30 3.15 0.0325 64.30 0.79 0.5407

Se� tr� di 4 2.07 0.06 0.9929 101.19 1 0.4443

ti� tr� di 8 52.42 1.51 0.2058 133.40 1.65 0.1637

di� ti� re (se� tr) 24 34.71 1.19 0.2711 80.98 0.79 0.7400

se� ti� tr� di 8 59.58 1.72 0.1458 220.41 2.72 0.0273

RES 108 29.27 102.32

Total 215

With Dunn–Šidák correction, factors and interactions are significant

below P¼ 0.0253.

Fig. 2 The abundances of natives and cryptogenics (hashed) and

non-natives (solid) in samples from different locations and dates,

before experimental manipulation. Reef abundances are averaged

after standardization by the weight of reef material sampled. ^ ‘‘20

m’’ are averages of infauna in eight cores from the reference

mudflats collected 1 year after all other samples but from the

same season. Error bars show standard error.
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however, suggest that recruitment and survival of

some of these generalists differ between the two

habitat types. Of particular interest, all non-natives

found in association with the F. enigmaticus reefs

were also found in the samples from mudflats,

implying that all associated non-natives would exist

in the environment regardless of whether or not the

F. enigmaticus reefs were present.

There are a number of general facilitative mecha-

nisms attributed to ecosystem engineers that

could enhance invertebrate recruitment and survival

in the F. enigmaticus reef matrix. The reefs,

which are complex intertwined tube structures,

may provide shelter from predators such as

shore birds and fish. The reefs may also enhance

retention of propagules, as the two most common

reef crustaceans are amphipods, M. insidiosum and

M. nitida and thus brood their young. These juvenile

amphipods would be released within the reefs,

increasing the local abundance of these species.

This potential facilitative mechanism is supported

by our observation of many juvenile amphipods in

the samples collected from the reefs during the

summer.

Fig. 3 Total infaunal abundance in mudflat samples from specific locations and experimental treatment groups. The date for each

sampling period is listed above the graphs. (a) Summer samples taken before experimental manipulation. (b) Summer samples taken

6 months after experimental manipulation. (c) Summer samples taken 1 year after experimental manipulation. (d) Winter samples taken

before experimental manipulation. (e) Winter samples taken 6 months after experimental manipulation. (f) Winter samples taken

1 year after experimental manipulation.

Fig. 4 R-values from ANOSIM analysis of square root

transformed Bray–Curtis dissimilarities of treatment group pairs

at specified times post experimental manipulation. (a) Summer

samples, (b) winter samples. Asterisk indicates significant

R-values.
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Through experimental removal of reefs, we found

that the reefs influence infaunal assemblages, result-

ing in decreased abundances near reefs as compared

to areas only 1 m away from the edges of reefs. The

reefs’ impact seemed to be limited spatially to assem-

blages under and adjacent (within 5 cm) to the edges

of reefs. When reefs are removed, there is a rapid

colonization of the exposed mudflat by opportunistic

species such as the non-native polychaete S. benedicti

and the cryptogenic oligochaete T. gurwitschi. Reefs

could cause a local decrease in infaunal abundances

through a number of mechanisms. Water filtration

by the reef-building F. enigmaticus may limit the

availability of food resources to infaunal filterfeeders

such as S. benedicti, Polydora socialis and Boccardia

species. Davies and colleagues measured the filtration

rate of a F. enigmaticus population in Marina da

Gama, South Africa (8.59 ml mg�1 worm h�1) and

calculated that local populations could filter all the

water in this 2 m deep by 32.6 hectares estuary in

�26 h (Davies et al. 1989). It is possible that F. enig-

maticus reefs could affect the local abundance of

food particles suspended in the water column.

Conversely, accumulations of fecal material under

and around reefs could lead to hypoxic or anoxic

conditions within sediments, thereby decreasing

local infaunal abundances. Local accumulation of or-

ganic matter is also suggested by the higher abun-

dances of several detritivore species in our

experiment, including the oligochaetes T. gurwitschi,

and Tubificoides brownae, in the disturbance-control

and control samples as compared to the removal

Fig. 5 Percent non-native species in mudflat samples from specific locations and experimental treatment groups. The date for each

sampling period is listed above the graphs. (a) Summer samples taken before experimental manipulation. (b) Summer samples taken

6 months after experimental manipulation. (c) Summer samples taken 1 year after experimental manipulation. (d) Winter samples taken

before experimental manipulation. (e) Winter samples taken 6 months after experimental manipulation. (f) Winter samples taken

1 year after experimental manipulation.

Non-native engineer alters communities 233

 at S
tanford U

niversity on A
ugust 19, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org


samples especially in the removal experiment begun

in the summer. An alteration in the amount of de-

tritus in local environments has been implicated in

alterations of communities associated with other

non-native ecosystem engineers such as zebra mus-

sels, the Asian mussel Musculista senhousia, and

Spartina marsh grasses (Stewart and Haynes 1994;

Crooks and Khim 1999; Neira et al. 2005; Levin

et al. 2006).

Ficopomatus enigmaticus reefs may also indirectly

structure local infaunal assemblages by harboring

predators or scavengers that feed on fauna or cause

physical disturbance in the surrounding environ-

ment. Biotic interactions have been linked to changes

in assemblage structure associated with F. enigmati-

cus in Mar Chiquita Coastal Lagoon, Argentina

(Schwindt 2001). In the Argentinean system, F. enig-

maticus reefs attract and support high densities of

the native crabs, Crytograpsus angulatus. Increased

predation by crabs on epifaunal and infaunal inver-

tebrates caused significant changes in assemblages in

mudflats within a 20 cm ‘halo’ of the reefs (Schwindt

2001). The F. enigmaticus reefs in Elkhorn Slough

show a similar spatial influence on infaunal assem-

blages as well as supporting high densities of the

native shore crab, H. oregonensis. Unlike the

Argentinean crab, H. oregonensis is an omnivore,

feeding mostly on algae and diatoms (Morris et al.

1980). However, H. oregonensis may structure infau-

nal assemblages near the reefs by frequent excava-

tions that disturb local sediments.

No non-native species were found exclusively as-

sociated with the reefs, implying that the presence of

F. enigmaticus has not resulted in any new invasions

of species in Elkhorn Slough, one of the predictions

of invasional meltdown (Simberloff and Von Holle

1999). There is also no indication that the presence

of the non-native reefs alters the percentage of

non-natives in the nearby infaunal assemblages.

Many of the non-natives in Elkhorn Slough are ubiq-

uitous and highly abundant throughout the system.

Some infaunal non-natives are found in high abun-

dance near the reefs but other non-natives are more

common in mudflats away from reefs, resulting in no

overall change in the percentage of non-natives in

mudflats around the reefs through the course of

the experiment. Additionally, the presence of reefs

appears to decrease both native and non-native in-

faunal abundance in mudflats under and adjacent

(5 cm away) to the reefs, indicating that reefs may

negatively impact rather than facilitate infaunal

assemblages.

However, the highly abundant non-native species

associated with the reefs suggest the possibility of

positive interactions between associated non-native

species and the reef itself. The reefs provide hard

substrates, which are otherwise limited in mudflat

environments. The two common vectors introducing

species into Elkhorn Slough, oyster culture and

boat-hull fouling, may have selected for a suite of

species that associate preferentially with hard sub-

strates during some phase of their lives. Our results

indicate that this mechanism may explain patterns of

abundance for some of the species introduced to

Elkhorn Slough via introduction of hard substrates,

but not for other species introduced via similar vec-

tors. Three species (M. insidiosum, M. nitida, and

Sinelobus sp.) that were found in greater abundances

in the reefs as compared to the mudflats (Table 1)

were introduced to Elkhorn Slough through associa-

tions with oysters used in local aquaculture opera-

tions (Wasson et al. 2001). For these species, the

provision of hard substrates by the non-native tube-

worm may lead to increased abundance, one com-

ponent of invasional meltdown (Simberloff and Von

Holle 1999). However, other species also introduced

through associations with oysters were more abun-

dant in the mudflat environment (e.g., S. benedicti,

Grandidierella japonica and Gemma gemma). None of

these species is dependent obligatorily on hard sub-

strate, but each may exhibit different relationships

with and responses to hard structures. Recruitment

and survivorship of benthic invertebrates are influ-

enced by a suite of processes and information

beyond the identity of proposed vectors of introduc-

tion is needed to understand why some non-natives

are found frequently associated with the reefs and

others with the mudflats.

The non-native F. enigmaticus is an ecosystem

engineer that provides a novel habitat used primarily

by other non-native species and that alters assem-

blage composition in adjacent native habitats

(i.e. mudflats). Non-native ecosystem engineers, in-

cluding seagrasses, salt marsh plants, oysters, and

mussels (Posey 1988; Crooks and Khim 1999;

Ruesink et al. 2005; Brusati and Grosholz 2006)

may have disproportionate impacts on invaded

marine environments compared to other non-natives

because of their influence on physical conditions and

biological communities, in some cases leading to fa-

cilitation of other non-natives or invasional melt-

down (Simberloff and Von Holle 1999). Given

limited resources, a focus on controlling non-native

ecosystem engineers through early detection and ef-

forts at eradication may provide a cost-effective strat-

egy for reducing the negative impacts of species

introductions of species to coastal marine

ecosystems.

234 K. W. Heiman and F. Micheli

 at S
tanford U

niversity on A
ugust 19, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org


Acknowledgements

We would like to thank J. Watanabe, A. Shelton,

K. Wasson, M. O’Donnell, L. Hunt, A. Haydeman,

N. Vidargas, P. Slattery, J. Oliver, F. Sommer,

C. Kappel, L. Miller, M. Soldi, C. Reilly,

M. Denny, G. Somero, and A. Clark for their assis-

tance in the field, help with identification of species,

and insightful comments on this manuscript.

Funding

This work was funded by a National Estuarine

Research Reserve Graduate Student Fellowship,

an Environmental Protection Agency—Science To

Achieve Results Graduate Fellowship to K.H. and

Stanford University start-up funds to F.M.

Additional funding came from the Miller

Scholarship of Hopkins Marine Station and the

Myers Oceanographic and Marine Biology Grant

awarded to K.H. This paper was presented at the

Society for Integrative and Comparative Biology

2010 Annual Meeting as part of the ‘Marine

Ecosystem Engineers in a Changing World’

Symposium which was supported by funding from

the National Science Foundation (IOS-0938257), the

Society for Integrative and Comparative Biology

Division of Ecology and Evolution and the Division

of Invertebrate Zoology, and the American

Microscopy Society.

References

Anderson CB, Rosemond AD. 2007. Ecosystem engineering by

invasive exotic beavers reduces in-stream diversity and

enhances ecosystem function in Cape Horn, Chile.

Oecologia 154:141–53.

Bianchi CN, Morri C. 1996. Ficopomatus ‘reefs’ in the Po

River Delta (Northern Adriatic): their constructional

dynamics biology, and influences on the brackish-water

biota. Mar Ecol 17:51–66.

Bray JR, Curtis T. 1957. An ordination of the upland forest

communities of Southern Wisconsin. Ecol Monogr 27:

325–49.

Bruno JF, Bertness MD. 2001. Habitat modification and

facilitation in benthic marine communities.

In: Bertness MD, Gaines S, Hay ME, editors. Marine com-

munity ecology. Sunderland: Sinauer. p. 201–18.

Brusati ED, Grosholz ED. 2006. Native and introduced eco-

system engineers produce contrasting effects on estuarine

infaunal communities. Biol Invasions 8:683–95.

Carlton JT. 1979. History, biogeography, and ecology of the

introduced marine and estuarine invertebrates of the Pacific

Coast of North America. PhD Dissertation. Davis, CA:

University of California, Davis.

Carlton JT. 1996. Biological invasions and cryptogenic species.

Ecology 77:1653–65.

Clarke KR, Warwick RM. 1994. Change in marine commu-

nities: an approach to statistical analysis and interpretation.

Plymouth, UK: Natural Environment Research Council.

Crooks JA, Khim HS. 1999. Architectural vs. biological effects

of a habitat-altering, exotic mussel, Musculista senhousia.

J Exp Mar Biol Ecol 240:53–75.

Davies BR, Stuart V, De Villiers M. 1989. The

filtration activity of a serpulid polychaete population

Ficopomatus enigmaticus (Fauvel) and its effects on

water quality in a coastal marina. Estuar Coast Shelf S

29:613–20.

Dayton PK. 1972. Toward an understanding of community

resilience and the potential effects of enrichments to the

benthos at McMurdo Sound, Antarctica. In: Parker BC,

editor. Proceedings of the Colloquium on Conservation

Problems in Antarctica. Blacksburg 1971. Lawrence: Allen

Press. p. 81–96.

Dayton PK. 1975. Experimental evaluation of ecological dom-

inance in a rocky Intertidal algal community. Ecol Monogr

45:137–60.

Eckman JE. 1985. Flow disruption by an animal-tube minic

affects sediment bacterial colonization. J Mar Res 43:

419–36.

Ellison AM, et al. 2005. Loss of foundation species: conse-

quences for the structure and dynamics of forested ecosys-

tems. Front Ecol Env 3:479–86.

Graham MH. 2004. Effects of local deforestation on the diver-

sity and structure of southern California giant kelp forest

food webs. Ecosystems 7:341–57.

Heiman KW, Vidargas N, Micheli F. 2008. Non-native habitat

as a home for non-native species: comparing communities

associated with invasive tubeworm and native oyster reefs.

Aquatic Biol 2:47–56.

Holdsworth AR, Frelich LE, Reich PB. 2007. Regional extent

of an ecosystem engineers: earthworm invasion in northern

hardwood forests. Ecol Appl 17:1666–77.

Jones CG, Lawton JH, Shachak M. 1994. Organisms as eco-

system engineers. Oikos 69:373–86.

Jones CG, Lawton JH, Shachak M. 1997. Positive and negative

effects of organisms as physical ecosystem engineers.

Ecology 78:1946–57.

Levin LA, Neira C, Grosholz ED. 2006. Non-native

cordgrass modifies wetland trophic function. Ecology 87:

419–32.

Morris RH, Abbott DP, Haderlie EC. 1980. Intertidal

invertebrates of California. Stanford, CA: Stanford

University Press.

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 292:111–26.

Posey MH. 1988. Community changes associated with the

spread of an introduced seagrass Zostera japonica. Ecology

69:974–83.

Ruesink J, Lenihan H, Trimble A, Heiman K, Micheli F,

Byers J, Kay M. 2005. Introduction of non-native

Non-native engineer alters communities 235

 at S
tanford U

niversity on A
ugust 19, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org


oysters: ecosystem effects and restoration implications.

Annu Rev in Ecol Syst 36:643–86.

Ruiz GM, Fofonoff PW, Carlton JT, Wonham MJ, Hines AH.

2000. Invasion of coastal marine communities in North

America: Apparent patterns, processes, and biases. Annu

Rev Ecol Syst 31:481–531.

Schwindt E. 1998. Reef of Ficopomatus enigmaticus

(Polychaeta; Serpulidae) in the Mar Chiquita

Coastal Lagoon, Argentina. Boll Soc Hist Nat Balears

41:35–40.

Schwindt E. 2001. Invasion of a reef-builder polychaete: direct

and indirect impacts on the native benthic community

structure. Biol Invasions 3:137–49.

Schwindt E, De Francesco C, Iribarne OO. 2004. Individual

and reef growth of the non-native reef-building polychaete

Ficopomatus enigmaticus in a south-western Atlantic coastal

lagoon. J Mar Biol Assoc UK 84:987–93.

Schwindt E, Iribarne OO. 2000. Settlement sites, survival and

effects on benthos of an introduced reef-building

polychaete in a SW Atlantic coastal lagoon. B Mar Sci

67:73–82.

Simberloff D, Von Holle B. 1999. Positive interactions

of nonindigenous species: invasional meltdown? Biol

Invasions 1:21–32.

Sokal RR, Rohlf JF. 1995. Biometry. 3rd ed Edition. New

York: W.H. Freeman and Company.

Stewart TW, Haynes JM. 1994. Benthic macroinvertebrate

communities of southwestern Lake Ontario following inva-

sion of Dreissena. J Great Lakes Res 20:479–93.

Stralberg DV, Toniolo GP, Stenzel L. 2004. Potential impacts

of non-native Spartina spread on shorebird populations in

South San Francisco Bay. February 2004 report to

California Coastal Conservancy (contract #02-212).

Stinson Beach, CA: Point Reyes Bird Observatory

Conservation Science.

Thomas NS, Thorp CH. 1994. Cyclical changes in the fauna

associated with tube aggregates of Ficopomatus enigmaticus

(Fauvel). In: Dauvin J-C, Laubier L, Reish DJ, editors.

Proceedings of the 4th International Polychaete

Conference. Angers, France, 1992. Paris: Memoires du

Museum National d’histoiro Naturelle. p. 575–84.

Wasson K, Fenn K, Pearse JS. 2005. Habitat differences in

marine invasions of central california. Biol Invasions

7:935–48.

Wasson K, Zabin CJ, Bediger L, Diaz MC, Pearse JS. 2001.

Biological invasions of estuaries without international ship-

ping: the importance of intraregional transport. Biol

Conserv 102:143–53.

236 K. W. Heiman and F. Micheli

 at S
tanford U

niversity on A
ugust 19, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org

