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Summary

 

1.

 

Invading species typically need to overcome multiple limiting factors simultaneously in order to
become established, and understanding how such factors interact to regulate the invasion process
remains a major challenge in ecology.

 

2.

 

We used the invasion of marine algal communities by the seaweed 

 

Sargassum muticum

 

 as a study
system to experimentally investigate the independent and interactive effects of disturbance and
propagule pressure in the short term. Based on our experimental results, we parameterized an
integrodifference equation model, which we used to examine how disturbances created by different
benthic herbivores influence the longer term invasion success of 

 

S. muticum

 

.

 

3.

 

Our experimental results demonstrate that in this system neither disturbance nor propagule input
alone was sufficient to maximize invasion success. Rather, the interaction between these processes
was critical for understanding how the 

 

S. muticum

 

 invasion is regulated in the short term.

 

4.

 

The model showed that both the size and spatial arrangement of herbivore disturbances had a
major impact on how disturbance facilitated the invasion, by jointly determining how much
space-limitation was alleviated and how readily disturbed areas could be reached by dispersing
propagules.

 

5.

 

Synthesis.

 

 Both the short-term experiment and the long-term model show that 

 

S. muticum

 

 invasion
success is co-regulated by disturbance and propagule pressure. Our results underscore the importance
of considering interactive effects when making predictions about invasion success.
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Introduction

 

Biological invasions are a global problem with substantial
economic (Pimentel 

 

et al

 

. 2005) and ecological (Mack 

 

et al

 

.
2000) costs. Research on invasions has provided important
insights into the establishment, spread and impact of non-
native species. One key goal of invasion biology has been to
identify the factors that determine whether an invasion will be
successful (Williamson 1996). Accordingly, ecologists have
identified several individual factors (e.g. disturbance and
propagule pressure) that appear to exert strong controlling
influences on the invasion process. However, understanding
how these processes interact to regulate invasions remains a

major challenge in ecology (D’Antonio 

 

et al

 

. 2001; Lockwood

 

et al

 

. 2005; Von Holle & Simberloff  2005).
Propagule pressure is widely recognized as an important

factor that influences invasion success (MacDonald 

 

et al

 

.
1989; Simberloff  1989; Williamson 1996; Lonsdale 1999;
Cassey 

 

et al

 

. 2005). Previous studies suggest that the pro-
bability of a successful invasion increases with the number of
propagules released (Panetta & Randall 1994; Williamson
1989; Grevstad 1999), with the number of introduction
attempts (Veltman 

 

et al

 

. 1996), with introduction rate (Drake

 

et al

 

. 2005), and with proximity to existing populations of
invaders (Bossenbroek 

 

et al

 

. 2001). Moreover, propagule
pressure may influence invasion dynamics after establishment
by affecting the capacity of non-native species to adapt to
their new environment (Ahlroth 

 

et al

 

. 2003; Travis 

 

et al

 

.
2005). Despite its acknowledged importance, propagule
pressure has rarely been manipulated experimentally and the
interaction of propagule pressure with other processes that
regulate invasion success is not well understood (D’Antonio

 

et al

 

. 2001; Lockwood 

 

et al

 

. 2005).
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Resource availability is a second key factor known to influ-
ence invasion success and processes that increase or decrease
resource availability therefore have strong effects on invasions
(Davis 

 

et al

 

. 2000). Resource pre-emption by native species
generates biotic resistance to invasion (Stachowicz 

 

et al

 

.
1999; Naeem 

 

et al

 

. 2000; Levine 

 

et al

 

. 2004). Consequently,
physical disturbance can facilitate invasions by reducing com-
petition for limiting resources (Richardson & Bond 1991;
Hobbs & Huenneke 1992; Kotanen 1997; Prieur-Richard &
Lavorel 2000). In most communities disturbances occur via
multiple mechanisms and the disturbances created by differ-
ent agents vary in their intensity and frequency (D’Antonio

 

et al

 

. 1999). Recent empirical (Larson 2003; Hill 

 

et al

 

. 2005)
and theoretical (Higgins & Richardson 1998) studies suggest
that not all types of disturbance have equivalent effects on the
invasion process. Moreover, most of what we know about the
effects of disturbance on invasions comes from short-term
experimental studies. It is presently unclear how different distur-
bance agents influence long-term patterns of invasion.

In order for any invasion to be successful, propagule arrival
must coincide with the availability of resources needed by the
invading species (Davis 

 

et al

 

. 2000). Therefore, the interaction
between propagule pressure and processes that influence
resource availability will ultimately determine invasion success
(Brown & Peet 2003; Lockwood 

 

et al

 

. 2005; Buckley 

 

et al

 

.
2007). In this study we used the invasion of shallow, subtidal
kelp communities in Washington State by the Japanese seaweed

 

Sargassum muticum

 

 as a study system to better understand
the effects of propagule pressure and disturbance on invasion.
In a factorial field experiment we manipulated both propagule
pressure and disturbance in order to examine how these
factors independently and interactively influence 

 

S. muticum

 

establishment in the short term. We supplement the experi-
mental results with a parameterized integrodifference equa-
tion model, which we use to examine how different natural
disturbance agents influence the spread of 

 

S. muticum

 

 through
the habitat in the longer term. Although a successful invasion
clearly requires both establishment and spread of the invader,
most studies have looked at just one of  these processes
(Melbourne 

 

et al

 

. 2007). We take an integrative approach by
employing both a short-term experiment and a longer-term
model, allowing us to examine the effects of disturbance and
propagule limitation on the entire invasion process.

 

Methods

 

STUDY

 

 

 

SYSTEM

 

Our field research was based out of Friday Harbor Laboratories on
San Juan Island, Washington State, USA. The field experiment was
carried out at a site within the San Juan Islands Marine Preserve
network adjacent to Shaw Island, known locally as Point George
(48.5549

 

°

 

 N, 122.9810

 

°

 

 W). Field work was accomplished using
SCUBA in shallow subtidal communities.

The native algal community characteristic of sheltered, rocky
subtidal habitats in this region is species-rich and structurally
complex (see Britton-Simmons 2006 for a more detailed description).
In this ecosystem, space is an important limiting resource and in the

absence of disturbance there is little or no bare rock available for
newly arriving organisms to colonize. This habitat has a diverse
fauna of benthic herbivores, including molluscs and sea urchins,
that create disturbances by clearing algae from the rocky substrata.
The green sea urchin 

 

Strongylocentrotus droebachiensis

 

 is a generalist
herbivore that reduces the abundance of native algae and creates
relatively large disturbed patches (Vadas 1968; Duggins 1980). In
the shallow zone where 

 

S. muticum

 

 is found, the green urchin is
highly mobile and often occurs in aggregations (Paine & Vadas
1969; Foreman 1977; Duggins 1983; personal observation). Green
urchins avoid areas where

 

 S. muticum

 

 is present because it is not a
preferred food resource (Britton-Simmons 2004), but they can be
found feeding in uninvaded areas adjacent to existing 

 

S. muticum

 

populations (personal observation). Green urchins therefore create
intermittent but relatively intense disturbances in areas where 

 

S.
muticum

 

 is absent and some proportion of these disturbances can
potentially be exploited by dispersing 

 

S. muticum

 

 propagules. In
contrast, herbivorous benthic molluscs (chitons, limpets and snails)
are ubiquitous in the shallow subtidal and unlike sea urchins they
are unaffected by the presence of 

 

S. muticum

 

 (Britton-Simmons
2004). Herbivory by individual molluscs creates relatively small-
scale disturbances, thereby providing a consistent supply of micro-
sites that can be colonized by newly arriving species, including

 

Sargassum muticum

 

 (see Appendix S1 in Supplementary Material
for more information about mollusc diets).

 

THE

 

 

 

INVADER

 

Sargassum muticum

 

 is a brown alga in the order Fucales that was
introduced to Washington State in the early 20th century, probably
with shipments of Japanese oysters that were imported for aqua-
culture beginning in 1902 (Scagel 1956). It is now common in shallow
subtidal habitats throughout Puget Sound and the San Juan Islands
(Nearshore Habitat Program 2001, personal observation). In the
San Juan Islands, 

 

S. muticum

 

 has a pseudoperennial life history.
Each holdfast produces as many as 18 laterals in the early spring,
each of which can grow as tall as three metres. In late summer to
early autumn the laterals senesce and are lost, leaving only the basal
holdfast portion of the thallus to overwinter.

 

Sargassum muticum

 

 has a diplontic (uniphasic) life cycle, is mone-
cious, and is capable of selfing. Reproduction typically occurs between
late June and late August in our region. During reproduction the
eggs of 

 

S. muticum

 

 are released from and subsequently adhere to the
outside of small reproductive structures called receptacles. Once
fertilized, the resulting embryos remain attached while they develop
into tiny germlings (

 

<

 

 200 

 

µ

 

m in length) with adhesive rhizoids
(Deysher & Norton 1982). Germlings then detach from the receptacle
and sink relatively quickly, recruiting in close proximity to the
parent plant (Deysher & Norton 1982). Although most recruitment
occurs within 5 m of adult plants, recruits have been found as far as
30 m from the nearest adult (Deysher & Norton 1982). Longer
distance dispersal probably occurs when plants get detached from
the substratum and subsequently become fertile after drifting for
some period of time (Deysher & Norton 1982). One distinctive
feature of the 

 

S. muticum

 

 invasion is that it is extremely limited in
vertical extent. In the San Juan Islands, 

 

S. muticum

 

 is found from
the low intertidal to the shallow subtidal zone (Norton 1977;
personal observation), from approximately –0.5 m Mean Lower
Low Water (MLLW) to –7 m MLLW. However, it is most abundant
in the shallow subtidal, from approximately –2 m MLLW to – 4 m
MLLW. Thus, in areas where

 

 S. muticum

 

 has invaded it forms a
narrow band along the shore.
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F IELD EXPERIMENT

 

We used a two-way factorial design manipulating propagule pres-
sure (six levels) and disturbance (two levels) with three replicates
per treatment combination. Subtidal plots (30 cm 

 

×

 

 30 cm) at a
depth of 3–4 m below MLLW were selected so that differences in the
identity and abundance of taxa, aspect, and relief were minimized
and the plots were randomly assigned to treatments. None of the
experimental plots contained 

 

S. muticum

 

 prior to the experiment.
However, some 

 

S. muticum

 

 was present at Point George and it was
removed prior to the reproductive season in order to prevent con-
tamination of the experimental plots from external sources of 

 

S.
muticum

 

 propagules.
The disturbance treatment had two levels: control and disturbed.

Control plots were not altered in any way, but they did vary some-
what in how much natural disturbance had occurred in them prior
to the experiment (mean 

 

=

 

 7.7% of plot area). Plots in the distur-
bance treatment were scraped down to bare rock so that no visible
organisms remained. These two treatments represent extremes
in the levels of disturbance that are likely to occur in nature. The
unaltered control plots contained a rich assemblage of native
species. The disturbed plots were similar in spatial scale to a patch
that a small group of urchins might create, but represent an un-
usually intense disturbance because all native species, including
crustose coralline algae (which cover an average of 27.7% of the
substratum at this depth), were removed. These treatments
maximized our ability to detect an effect of disturbance in our
experiment.

Immediately following the imposition of the disturbance treat-
ment (July 2002) the plots were experimentally invaded by suspend-
ing ‘brooding’ 

 

S. muticum

 

 over them. This was accomplished by
collecting 

 

S. muticum

 

 from the field and transporting them to the lab
where the appropriate ratio of sterile to reproductive tissue (see
below) was placed in 30 cm 

 

×

 

 30 cm vexar bags. The bags were
returned to the field the same day and suspended over the experi-
mental plots for 1 week. Propagule pressure was manipulated by
varying the ratio of sterile to reproductive tissue in the bags while
holding the total biomass of 

 

S. muticum

 

 tissue constant. The propagule
pressure treatment had six levels, corresponding to the following
amounts of reproductive tissue (in grams): 0, 50, 100, 175, 250
and 350 (average mass of mature 

 

S. muticum

 

 in this region is
174 g). Based on propagule production–mass relationships derived
by Norton & Deysher (1988) for 

 

S. muticum

 

, we estimate that
approximately 5 million propagules were released in each replicate
of our highest propagule pressure treatment. We assumed a linear
relationship between the mass of adult reproductive tissue and pro-
pagule output because we know of no 

 

Sargassum

 

 study that suggests
otherwise. Sterile tissue was added to bags as necessary in order to
bring the total biomass to 350 g. Reproductive and sterile tissue was
mixed in the bags so that the reproductive tissue was well distributed
throughout. This experimental manipulation mimics the level of
propagule input that would occur in an incipient invasion or if a
drifting plant became tangled with attached algae and subsequently
released its propagules.

Recruitment of 

 

S. muticum

 

 was quantified by counting the
number of 

 

S. muticum

 

 juveniles that were present in the plots
5 months after the experimental invasion, which is the earliest
they can reliably be seen in the field. We resurveyed the plots to
count the number of 

 

S. muticum

 

 adults present 11 months after the
invasion ( just prior to reproductive season) and then removed all

 

S. muticum

 

 from the experimental plots in order to prevent it from
spreading.

 

STATISTICAL

 

 

 

ANALYSIS

 

We analysed the 

 

S. muticum

 

 recruitment data using a two-way

 



 

 followed by separate regression analyses on each disturbance
treatment. For the control treatment, we performed a multiple
regression to determine what proportion of recruitment variation
was explained by propagule input and space availability. For the
disturbed plots, which did not vary in the amount of available space,
we carried out a simple linear regression to determine the impact of
propagule input on recruitment. We used the results of these analy-
ses to inform the construction of mechanistic candidate functions
for the relationship between propagule input, space availability
and recruitment. These candidate functions were compared using
differences in the Akaike’s information criteria (AIC differences;
Burnham & Anderson 2002). We then used model averaging, a form
of multimodel inference in which parameter estimates from more
than one candidate function are used jointly to describe the data,
in order to select a parameterized recruitment function for the

 

S. muticum

 

 spread model.
The 

 

S. muticum

 

 survivorship data did not conform to the assump-
tions of 

 



 

 (even after a number of different transformations)
so we used a non-parametric Kruskal–Wallis test to ask whether

 

S. muticum

 

 survivorship differed in the disturbed and control
treatments. We then fitted five different survivorship functions,
assuming binomial error, to the data to test whether 

 

S. muticum

 

survivorship (number of adults per recruit) was density-dependent.
Because the Kruskal–Wallis test suggested that survivorship differed
significantly between the two disturbance treatments (see Results)
we chose to fit the models to those two treatments separately to test
for density dependence. In addition to type 1 (linear), type 2 (saturating),
and type 3 (sigmoidal) functions, we also fitted a constant survivor-
ship model. These candidate functions were compared using the
Akaike’s information criterion (AIC differences; Burnham &
Anderson 2002).

The numbers of adult 

 

S. muticum

 

 (after 11 months) also violated
the assumptions of 

 



 

 (despite transformations), so we used
non-parametric statistics to test two hypotheses: (i) adult density is
independent of disturbance treatment (Wilcoxon Signed Ranks
Test), and (ii) adult density is independent of propagule pressure
treatment (Kruskal–Wallis Test).

 

MODEL

 

We used an integrodifference equation (IDE) model to describe the
spatial spread of an 

 

S

 

. 

 

muticum

 

 population. IDE models assume
that the habitat is continuous in space, and that reproduction and
dispersal occur in discrete bouts. The depths inhabited by 

 

S

 

. 

 

muti-
cum

 

 comprise a relatively narrow vertical band, so the spread of the
population was assumed to occur in a one-dimensional habitat. The
model follows two state variables through time. 

 

N

 

t

 

(

 

x

 

) is the density
of 

 

S. muticum

 

 at a location 

 

x

 

 along this habitat at time 

 

t

 

, and 

 

Z

 

t

 

(

 

x

 

)
is the amount of bare rock at 

 

x

 

 during 

 

t

 

. The values for these state
variables are determined by functions representing the important
ecological processes in this system. 

 

Sargassum muticum

 

 density is
determined by the production and recruitment of propagules and by
adult survival. Bare rock is created by benthic herbivore distur-
bances, since herbivores consume native algae and thus alleviate
space limitation. The form of our model is then 

 

N

 

t

 

+

 

1

 

(

 

x

 

) 

 

=

 

 

 

sP

 

t

 

(

 

x

 

)

 

f

 

(

 

P

 

t

 

(

 

x

 

),

 

Z

 

t

 

(

 

x

 

)) 

 

+

 

 

 

rN

 

t

 

(

 

x

 

), eqn 1
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+
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η

 

t

 

(

 

x

 

))gZt(x) + ηt(x)A. eqn 2
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Pt(x) is the number of propagules at location x at the start of year t,
and equals the number of propagules produced at x and remaining
near their parent plant plus the sum of propagules from all other
locations within the habitat (with endpoints a and b) which disperse 

to x. Pt(x) is governed by the equation  

Each adult produces ω propagules and their dispersal is described
by the function k. The function f(Pt(x), Zt(x)) in equation 1 gives the
fraction of propagules which successfully recruit, given that the
amount of bare rock at location x equals Zt(x) and there is an initial
input of Pt(x) propagules. Based on data from the experiment, we
assume that recruitment function has the form f(Pt(x),Zt(x)) =
ρ1(Zt(x) + ρ2)ρ5Pt(x)/[1 + ρ3(Zt(x) + ρ2)ρ5 + ρ4Pt(x)2], with values for
the ρi and methods for fitting this function given in Appendix S2. s
and r are fractions of germlings and adults, respectively, that survive
to the following year. Parameters for Sargassum fecundity and dis-
persal were attained from the literature (Deysher & Norton 1982;
Norton & Deysher 1988) and all other parameter values used in our
simulations were estimated from our own field data. The methods
and results for fitting parameters are given in Appendix S2.

In equation 2, ηt(x) is the proportion of the habitat scraped clear
by grazers. If left ungrazed, we assumed that bare rock at a given
location experiences geometric decay, with rate g, as it becomes
utilized by native algae. The parameter A in equation 2 is a scaling
constant representing the size of the habitable area at each point x.
We modelled benthic herbivore disturbance in two different ways.
First, we constructed a stochastic model for ηt(x) based on our
understanding of the natural history of the system. Second, we built
a more generalized stochastic model for ηt(x). In the S. muticum system,
bare rock is generated in small patches when an area is grazed by
molluscs (chitons and limpets), or in larger patches by sea urchin
grazing. Both types of disturbance create bare rock for S. muticum
to potentially exploit, and the disturbance types differ only in their
size and spatial distribution. We assumed that the mollusc distur-
bances are ubiquitous, whereas large urchin-grazed areas are patchily
distributed across the habitat. Due to uncertainty in the exact size
and frequency of these disturbances, we ran simulations over a very
wide range of possible parameter values. In the generalized model for
ηt(x), we allowed disturbances of any size to occur with any degree
of spatial aggregation, rather than requiring large disturbances to be
patchy and small ones to be spread throughout the habitat. Our
methods for drawing values for ηt(x) in these simulations are
described in Appendix S3 and summarized in Table C.1 therein.

In our system, native benthic grazers do not eat S. muticum adults
(Britton-Simmons 2004; personal observation), but it is unknown
whether they will consume new S. muticum recruits when they are
very small (e.g. Sjøtun et al. 2007) and hence difficult to avoid
ingesting incidentally. Whether or not disturbance events can
directly cause mortality of the invader can be very important in
determining invasion success (Buckley et al. 2007). In our simula-
tions, we therefore considered both the case where S. muticum is
never eaten by grazers, and the case where S. muticum is eaten at the
rate ηt(x) until it reaches the age of 1 year.

Results

The field experiment showed that recruitment of S. muticum
was higher in plots that were disturbed compared to control
plots (Fig. 1a) suggesting that resource availability limited
recruitment. Increasing propagule pressure led to significant
increases in average S. muticum recruitment in both distur-

bance treatments (Fig. 1a). Finally, a significant interaction
between disturbance and propagule pressure (F5,24 = 3.77,
P = 0.01) indicates that the plots in the two disturbance treat-
ments differed in the extent to which they were limited by
propagule availability. Multiple regression analysis of the S.
muticum recruitment data from the control treatment, with
space and propagule input as continuous explanatory vari-
ables, explained most of the recruitment variability (R2 = 0.87,
Fig. 1a). This analysis showed that both space (Fig. 1a, b =
0.703, P < 10–4) and propagule treatment (Fig. 1a, b = 0.657,
P < 10–3) had strong influences on recruitment in the control
treatment. Because there was no variation in space availability
in the disturbed treatment, we used simple linear regression
analysis to examine the relationship between propagule input
and S. muticum recruitment in the disturbed treatment
(Fig. 1a, R2 = 0.84, P < 10–6). The results suggest that in the
absence of space limitation propagule input explains most of
the variability in S. muticum recruitment.

We used these results to create a set of mechanistic candidate
functions for the relationship between S. muticum recruitment,
propagule pressure and space availability (see Appendix S2).
The only candidate models supported by the data (AIC
differences < 4; Burnham & Anderson 2002) show a type 3
(sigmoidal) relationship between propagule pressure and

P x N y k x y dyt a

b

t( )  ( ) (   ) .= −! ω

Fig. 1. Number of Sargassum muticum (a) recruits and (b) adults in
field experiment plots (900 cm2). Propagule pressure is grams of
reproductive tissue suspended over experimental plots at beginning
of experiment. The average mass of an adult S. muticum (174 g) is
indicated by an arrow. Data are means ± 1 SE (n = 3).



72 K. H. Britton-Simmons & K. C. Abbott

© 2007 The Authors. Journal compilation © 2007 British Ecological Society, Journal of Ecology, 96, 68–77

recruitment, and either a type 2 (saturating) or type 3 relationship
between available space and recruitment (Appendix S2,
Table B.1). Due to practical constraints on the number of
treatments that could be replicated in the field, we have data
only on very low available space (control plots) and very high
available space (disturbed plots), and insufficient data at
intermediate values to resolve the functional relationship
between space-limitation and recruitment. We therefore used
model averaging (Burnham & Anderson 2002) to combine
our parameter estimates for the two supported models and
used the resulting function to describe space- and propagule-
limitation in recruitment in the simulation model. We also ran
simulations using each of the supported recruitment models
separately. The results from the two supported models and
the averaged model were very similar, so we present results
only from the averaged model.

Survivorship (from 5 months to 11 months of age) of S.
muticum was significantly higher in disturbed plots (U = 76.5,
P < 0.05). Mean survivorship (± 1 SD) in control plots was
3.4% (± 3.8%), compared to 6.1% (± 2.2%) in disturbed plots.
Our analysis of  survivorship as a function of  recruitment
density suggests density-independence (Appendix S2, Table B.2),
so we used the mean survivorship across all experimental
plots as the germling survival rate (s) in our model.

Simulations of  the parameterized model under various
disturbance regimes reveal several interesting patterns. Using
the disturbance scenario with ubiquitous mollusc distur-
bances and large, patchily distributed urchin disturbances, we
found that a single adult S. muticum was almost always
sufficient to start a successful invasion. This is in agreement
with our empirical observation that propagule input always
resulted in positive recruitment, even in space-poor control
plots. We quantified population growth in our model by
reporting the density of S. muticum after 100 years, averaged
across the invaded area, and we use the length of habitat occu-
pied by S. muticum after 100 years as a measure of invasion
rate. When we assumed that S. muticum was never consumed
by benthic herbivores, both the mean S. muticum population
density and the length of the invaded area increased with both
the mean intensity of mollusc grazing and with the size and
number of urchin disturbances (Fig. 2, solid lines). Changing
the variance in the intensity of mollusc grazing had essentially
no effect (not shown). Unless urchin disturbances were extremely
large and numerous (top 3 lines, Fig. 2g–j), the mollusc graz-
ing had a much stronger effect on S. muticum density than did
urchin grazing.

When we assumed that native grazers eat S. muticum germ-
lings, S. muticum density and the length of habitat invaded
still increased with the intensity of mollusc disturbance, as
long as molluscs grazed less than 50% of the habitat bare
(Fig. 2, dashed lines). Actual mollusc disturbances are typi-
cally much smaller than 50% (personal observation). Indeed,
we note that if  all of the bare rock in the experiment’s control
plots was attributed to mollusc grazing, the average grazing
intensity would be only 7.7%. Within the realistic range of
parameter values, then, molluscs facilitate the invasion in the
model even when they consume young S. muticum.

Urchin disturbances that were few and/or small had little
effect on the invasion, but large and numerous urchin distur-
bances decreased the final S. muticum density and the size
of the invaded area when grazers consumed new recruits
(Fig. 2e–j). Sargassum muticum failed to establish when
urchin disturbances were both very large (20–50 m of linear
habitat scraped bare per disturbance) and extremely abun-
dant (100–200 such disturbances per year). These results are
corroborated by the generalized model of  disturbance,
which showed that when the total proportion of the habitat
disturbed per year is held constant smaller disturbances
affecting a greater number of locations resulted in the highest
final S. muticum densities and invaded areas (Appendix S2,
Fig. C.1). When these disturbed locations were more clumped
in space, this resulted in a slight decrease in the final size of the
invaded area.

The treatment effects were still apparent when adults were
counted at the end of the experiment (Fig. 1b). Adult S. muticum
density was higher in the disturbed treatment than in the
control treatment (Z = –3.41, P < 0.001). In addition,
adult S. muticum density appeared to be positively related to
propagule pressure (Fig. 1b, H5 = 16.10, P = 0.006), with high
propagule pressure resulting in a maximum of between 20 and
25 adults per plot (900 cm2).

How was the probability of successful invasion influenced
by propagule pressure? We defined successful invasion of an
experimental plot as the presence of one or more adult S.
muticum at the end of the experiment (11 months after inva-
sion). We consider this a reasonable way to define invasion
success given that reproduction of these adults was imminent
(< 1 month away), survivorship is very high at this life-history
stage (Appendix S2, Table B.3), and both our model and
experimental results indicate that a single individual is capable
of establishing a population. We plotted the proportion of
plots in each treatment combination that were successfully
invaded as a function of propagule pressure (Fig. 3). Because
we had only three replicates per treatment combination the
probability values were constrained to four possible values (0,
0.33, 0.66, or 1.0). In addition, we tested only six levels of
propagule input and therefore have limited capacity to resolve
the details of this relationship. Therefore, we did not attempt
to fit statistical models to these data. In disturbed plots, inva-
sion was certain even at the lowest level of propagule pressure
in our experiment (Fig. 3). However, in control plots the pro-
bability of invasion was less than 1 until propagule pressure
reached a level of 250 g of reproductive tissue, an amount of
tissue greater than the average mass of an adult S. muticum
(Fig. 3).

Discussion

Our experimental results demonstrate that space- and
propagule-limitation both regulate S. muticum recruitment.
Our finding that S. muticum recruitment was positively
related to propagule input is similar to those of two previous
studies (Parker 2001; Thomsen et al. 2006), in which the pro-
pagule input of invasive plants was manipulated. In our control
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treatment space was limiting, a result that has also been found
in previous studies of S. muticum recruitment (Deysher &
Norton 1982; De Wreede 1983; Sanchez & Fernandez 2006).
Consequently, increasing propagule pressure had a relatively
weak effect on recruitment in undisturbed plots (Fig. 1a).
However, when space limitation was alleviated by disturbing
the plots, increasing propagule pressure caused a dramatic
increase in recruitment (Fig. 1a). This suggests that in the
presence of adequate substratum for settlement, propagule

limitation becomes the primary factor controlling S. muticum
recruitment. These results indicate that S. muticum recruit-
ment under natural field conditions will be determined by the
interaction between disturbance and propagule input.

Only a few previous studies have investigated the effect
of resource supply on the relationship between propagule
pressure and recruitment of an introduced species. Although
disturbance generally increases invasion success by increasing
resource availability (Richardson & Bond 1991; Bergelson

Fig. 2. Simulation results using the mollusc/
urchin model for disturbance. The first column
(a, c, e, g and i) shows the mean Sargassum
muticum density (individuals per 900 cm2)
and the second column (b, d, f, h and j) show
the length of habitat occupied (metres) after
100 years. Solid lines are the results when
native grazers never eat S. muticum and
dashed lines are results when S. muticum
recruits (less than 1 year old) are eaten by
grazers. The x-axis in all plots shows the
average proportion of rock scraped bare by
molluscs. The number superimposed on each
line is the number of urchin disturbances per
year (numbers are omitted when the lines
overlap completely or are very close together).
The mean size of these urchin disturbances
increases from the top row (a–b) to the bottom
(i–j) and is printed at the top of each graph.
Error bars, when large enough to be visible,
are ± 1 SE (n = 100, as averages were taken
across two values for the variance in mollusc
intensity with 50 replicates each).
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et al. 1993; Levin et al. 2002; Valentine & Johnson 2003;
Clark & Johnston 2005), Parker (2001) found evidence that
disturbance reduced Scotch broom (Cystisus scoparius)
recruitment from seed at all levels of propagule input. This
effect occurred because the native flora actually facilitated
Scotch broom germination, probably by increasing soil mois-
ture and/or nutrients (Parker 2001). Similarly, Thomsen et al.
(2006) showed that in the absence of a water addition treat-
ment establishment of an exotic perennial grass was greatly
reduced, even at high levels of  propagule input. Finally,
Valentine & Johnson (2003) found that disturbance facilitated
invasion by the introduced kelp Undaria pinnatifida even
when propagule pressure was high. These studies and our
own work provide empirical evidence that the interaction
between propagule input and the biotic and abiotic processes
that mediate resource availability will be key to understand-
ing patterns of invasion.

The effects of the disturbance and propagule pressure treat-
ments that were manifest in the S. muticum recruitment data
persisted until the end of the experiment (Fig. 1b). That adult
S. muticum density was higher in the disturbed treatment
than in the control treatment suggests that disturbance may
increase the population growth rate of S. muticum during the
initial stages of the invasion. Natural disturbances that are
less intense than our experimental scrapings might have a
more modest effect on S. muticum density, but our simulation
results suggest that even small disturbances can play a major
role in facilitating the invasion. Our simulations further
suggest that this effect should persist over long time-scales
(Fig. 2).

In subtidal habitats both biotic and abiotic disturbances
occur, but it is doubtful that they are both relevant to the S.
muticum invasion in this system. Consumption of algae by the
diverse fauna of benthic herbivores in this system (see Methods)
is a common and consistent source of disturbance that is

likely to be relevant to the S. muticum invasion and was there-
fore the focus of our model. Abiotic disturbances are unlikely
to play an important role in this regard because tidal currents
are not a substantial cause of algal mortality in this region
(Duggins et al. 2003) and the inland waters of Puget Sound,
the San Juan Islands and the Strait of Georgia are protected
from the ocean swells that play a key role on the outer coast of
Washington State. Although locally generated storm waves
are an important source of disturbance during the winter
(Duggins et al. 2003), storms during the summer months
when S. muticum is reproductive are rare.

SIMULATED URCHIN/MOLLUSC DISTURBANCES

In addition to enhancing S. muticum recruitment, distur-
bance increased the survivorship of juvenile S. muticum. In
our system, the green urchin (Strongylocentrotus droebachiensis)
creates relatively large disturbed patches and S. muticum that
recruit to these patches probably benefit from reduced competi-
tion with native algae. Unlike other systems where sea urchins
feed on both native and non-native algae alike (Valentine &
Johnson 2005), green urchins do not consume adult S. muticum
(Britton-Simmons 2004) although it is possible that they
incidentally consume new recruits. Studies in other systems
have also reported positive effects of  disturbance on the
survivorship of non-native species (Gentle & Duggin 1997;
Williamson & Harrison 2002). In general, disturbance prob-
ably enhances survivorship because it reduces the size or
abundance of native species that compete for resources with
invaders (Gentle & Duggin 1997; Britton-Simmons 2006).
Indeed, our modelling results suggest that even when juvenile
survivorship is reduced by herbivory, the net effect of grazers
is still usually positive (Fig. 2).

The simulation model suggested that not all disturbance
agents have equivalent effects on space-limitation. Small bare
patches throughout the habitat facilitated S. muticum spread
(Fig. 2 and Appendix S3, Fig. C.1) by increasing the amount
of bare rock near any given reproductive adult. Molluscs are
ubiquitous in these subtidal habitats and although they
typically create very small disturbances, the model suggests
that this is sufficient for S. muticum to successfully invade,
even in the absence of other disturbance agents (e.g. urchins
and humans).

Urchins create much larger open spaces, but urchin distur-
bances could not be used by settling propagules unless a
reproductive adult happened to be nearby or a long-distance
dispersal event occurred. When there are many urchin distur-
bances in a year, the chance that such a disturbance occurs
near an S. muticum adult increases and, because long-
distance propagule dispersal is rare, this greatly enhances
the likelihood that a propagule will reach the disturbed area.
Accordingly, small numbers of urchin disturbances in our
model did not affect the spread of S. muticum (Fig. 2a–d), but
numerous and sufficiently large disturbances did (Fig. 2e–j).
Washington State is at the southern end of the green urchin’s
range in the eastern Pacific and at the majority of sites in the
San Juan Islands this species is absent or at relatively low

Fig. 3. Probability of invasion as a function of propagule pressure.
Probability of invasion is the proportion of plots in each treatment
combination (n = 3) that contained at least one adult Sargassum
muticum at the end of the experiment. The average mass of an adult
S. muticum (174 g) is indicated by an arrow.
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abundance. Consequently, molluscs are probably the most
important source of disturbance for S. muticum in this region;
green urchins may be a more important disturbance agent in
more northerly portions of its range (where it reaches higher
densities). That urchin disturbance was not necessary for suc-
cessful invasion by S. muticum in the model is an important
result because S. muticum has invaded many areas in this
region where urchins are absent. Indeed, urchins avoid areas
where S. muticum is present (Britton-Simmons 2004) and
since this effect was not included in the model, urchin distur-
bances probably contribute even less to S. muticum spread
than our simulations suggest.

PROPAGULE PRESSURE AND INVASION SUCCESS

How much invasion risk does a given level of propagule pres-
sure pose? Previous studies have demonstrated a positive rela-
tionship between propagule pressure and the establishment
success of non-native species (Grevstad 1999; Parker 2001;
Ahlroth et al. 2003; Cassey et al. 2005). However, we know
very little about the relationship between establishment prob-
ability and propagule pressure or the factors that affect it
(Lockwood et al. 2005). Possibilities include a linear relation-
ship (Lockwood et al. 2005) as well as more complex relation-
ships containing thresholds or other non-linearities (Griffith
et al. 1989; Ruiz & Carlton 2003; Lockwood et al. 2005;
Buckley et al. 2007). Our experimental results suggest that the
relationship is non-linear (Fig. 3). Indeed, all communities in
which abiotic factors do not preclude invasion are probably
vulnerable to invasion such that above some threshold level
of propagule input successful invasion is a virtual certainty.
Consequently, this relationship must be nonlinear because by
definition it saturates at a probability of one. In our system
disturbance appeared to reduce the level of propagule pres-
sure necessary to ensure invasion success. However, even control
plots had a high probability of invasion once the level of propagule
pressure exceeded that produced by an average adult S. muticum.
Unfortunately, the limited number of treatment levels in our
experiment constrains our ability to resolve the details of this
relationship. Nevertheless, in the control treatment there was
some evidence of a threshold level of propagule pressure
below which invasion was very unlikely to occur (Fig. 3).

Our model reflects what we believe to be the most impor-
tant factors limiting invasion success (propagule-limitation
and competition for space) but other factors we did not
include in the model, such as stochastic mortality, density-
dependent mortality of adults, competition with native species
for resources besides space (e.g. light, Britton-Simmons 2006)
and abiotic conditions, could constrain S. muticum’s distri-
bution and abundance in the field. Empirical studies have
demonstrated the importance of biotic resistance in regulat-
ing invasions (see reviews by Levine & D’Antonio 1999;
Levine et al. 2004) and the community that S. muticum is
invading is no exception (Britton-Simmons 2006). However,
some authors have suggested that propagule pressure has the
potential to overcome biotic resistance (D’Antonio et al.
2001; Lockwood et al. 2005). Levine (2000) found that seed

supply overpowered biotic resistance that was generated by
plant communities at small spatial scales (18 cm × 18 cm). A
more recent terrestrial experiment also reported that pro-
pagule pressure was the primary determinant of  invasion
success, overwhelming the effects of other factors, such as distur-
bance and resident diversity, which were concurrently manip-
ulated (Von Holle & Simberloff  2005). However, ‘propagules’
in that study were seedlings transplanted into experimental
plots and seedlings may not be regulated by the same factors
as seeds, which are the life stage responsible for invasion
spread in natural systems. Nevertheless, if  propagule pressure
can indeed overcome those factors that were not included in
our model then one might ask why S. muticum has not com-
pletely taken over the shallow subtidal zone in this system, as
our model predicts under most disturbance regimes. Interest-
ingly, whether S. muticum is indeed in the process of doing so
is not entirely clear. There are very few areas in the San Juan
region where S. muticum is completely absent at the appro-
priate depths (personal observation), yet at many sites S.
muticum is currently at low abundance and it is unclear
whether these sites represent incipient invasions or whether
something is inhibiting local population growth.

Conclusions

In our system, neither disturbance nor propagule input alone
was sufficient to maximize invasion success (i.e. establishment
probability and invader population density). Increasing prop-
agule pressure had relatively little effect on total recruitment
in control plots (Fig. 1a), though at high levels it ultimately
overcame space limitation and ensured successful invasion
(Fig. 3). However, even at high levels of propagule input, final
S. muticum density was low in the absence of disturbance
(Fig. 1b). Based on our experimental results alone, we might
have predicted strong effects of both molluscs and urchins on
the S. muticum invasion in the long term. However, the simula-
tion model suggested that these two natural disturbance
agents should have different effects on long-term invasion due
to differences in the spatial structure of these disturbances.
The model results demonstrate that caution should be exercised
when extrapolating the results of short-term disturbance
experiments over longer time intervals. In this marine com-
munity invasion success was co-regulated by propagule pressure
and biotic resistance. Our results underscore the importance
of considering interactive effects when making predictions
about invasion success.

Acknowledgements

Thanks to Ben Pister, Sam Sublett and Jake Gregg for SCUBA assistance in the
field. For helpful discussions that improved this work we thank Timothy Wootton,
Cathy Pfister, Greg Dwyer, Joy Bergelson, Mathew Leibold, Spencer Hall and
Bret Elderd. Yvonne Buckley, Barney Davies and an anonymous referee provided
very helpful comments on an earlier version of the manuscript. The director
and staff  of Friday Harbor Laboratories provided logistical support and access
to laboratory and SCUBA facilities. The field research was funded by a grant to
Timothy Wootton from The SeaDoc Society at UC Davis, and both authors
were supported by a Graduate Assistance in Areas of National Need Training
Grant (P200A040070) during the completion of this work.



76 K. H. Britton-Simmons & K. C. Abbott

© 2007 The Authors. Journal compilation © 2007 British Ecological Society, Journal of Ecology, 96, 68–77

References

Ahlroth, P., Alatalo, R., Holopainen, A., Kumpulainen, T. & Suhonen, V.
(2003) Founder population size and number of source populations enhance
colonization success in waterstriders. Oecologia, 137, 617–620.

Bergelson, J., Newman, J.A. & Floresroux, E.M. (1993) Rates of weed spread in
spatially heterogeneous environments. Ecology, 74, 999–1011.

Bossenbroek, J.M., Kraft, C.E. & Nekola, J.C. (2001) Prediction of long-distance
dispersal using gravity-models: zebra mussel invasion of  inland lakes.
Ecological Applications, 11, 1778–1788.

Britton-Simmons, K.H. (2004) Direct and indirect effects of the introduced
alga Sargassum muticum on benthic, subtidal communities of Washington
State, USA. Marine Ecology Progress Series, 277, 61–78.

Britton-Simmons, K.H. (2006) Functional group diversity, resource preemp-
tion and the genesis of invasion resistance in a community of marine algae.
Oikos, 113, 395–401.

Brown, R.L. & Peet, R.K. (2003) Diversity and invasibility of southern Appa-
lachian plant communities. Ecology, 84, 32–39.

Buckley, Y.M., Bolker, B.M. & Rees, M. (2007) Disturbance, invasion, and re-
invasion: managing the weed-shaped hole in disturbed ecosystems. Ecology
Letters, 10, 809–817.

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Inference: A
Practical Information–Theoretic Approach. Springer Publishing, New York,
NY.

Cassey, P., Blackburn, T.M., Duncan, R.P. & Lockwood, J.L. (2005) Lessons
from the establishment of exotic species: a meta-analytical case study using
birds. Journal of Animal Ecology, 74, 250–258.

Clark, G.F. & Johnston, E.L. (2005) Manipulating larval supply in the field: a
controlled study of marine invasibility. Marine Ecology Progress Series, 298,
9–19.

D’Antonio, C.M., Dudley, T.L. & Mack, M. (1999) Disturbance and biological
invasions: direct effects and feedbacks. Ecosystems of the World 16: Ecosystems
of Disturbed Ground (ed. L.R. Walker), pp. 413–452. Elsevier.

D’Antonio, C.M., Levine, J. & Thomsen, V. (2001) Ecosytem resistance and the
role of propagule supply: a California perspective. Journal of Mediterranean
Ecology, 2, 233–245.

Davis, M.A., Grime, J.P. & Thomson, K. (2000) Fluctuating resources in plant
communities: a general theory of invasibility. Journal of Ecology, 88, 528–
534.

De Wreede, R.E. (1983) Sargassum muticum (Fucales, Phaeophyta): regrowth
and interaction with Rhodomela larix (Ceramiales, Rhodophyta). Phycologia,
22 (2), 153–160.

Deysher, L. & Norton, T.A. (1982) Dispersal and colonization in Sargassum
muticum (Yendo) Fensholt. Journal of Experimental Marine Biology and
Ecology, 56 (2–3), 179–195.

Drake, J.M., Baggenstos, P. & Lodge, D.M. (2005) Propagule pressure and
persistence in experimental populations. Biology Letters, 1, 480–483.

Duggins, D.O. (1980) Kelp beds and sea otters: an experimental approach.
Ecology, 61, 447– 453.

Duggins, D.O. (1983) Starfish predation and the creation of mosaic patterns in
a kelp-dominated community. Ecology, 64, 1610–1619.

Duggins, D.O., Eckman, J.E., Siddon, C.E. & Klinger, T. (2003) Population,
morphometric and biomechanical studies of three understory kelps along a
hydrodynamic gradient. Marine Ecology Progress Series, 265, 57–76.

Foreman, R.E. (1977) Benthic community modification and recovery following
intensive grazing by Strongylocentrotus droebachiensis. Helgoländer wiss.
Meeresunters, 30, 468–484.

Gentle, C.B. & Duggin, J.A. (1997) Lantana camara L. invasions in dry
rainforest–open forest ecotones: the role of disturbances associated with fire
and cattle grazing. Australian Journal of Ecology, 22, 298–306.

Grevstad, F.S. (1999) Experimental invasions using biological control intro-
ductions: the influence of release size on the chance of population establish-
ment. Biological Invasions, 1, 313–323.

Griffith, B., Scott, J.M., Carpenter, J.W. & Reed, C. (1989) Translocation as a
species conservation tool: status and strategy. Science, 245 (4917), 477–480.

Higgins, S.I. & Richardson, D.M. (1998) Pine invasions in the southern
hemisphere: modelling interactions between organism, environment and
disturbance. Plant Ecology, 135, 79–93.

Hill, S.J., Tung, P.J. & Leishman, M.R. (2005) Relationships between anthro-
pogenic disturbance, soil properties and plant invasion in endangered Cum-
berland plain woodland, Australia. Austral Ecology, 30, 775–788.

Hobbs, R.J. & Huenneke, L.F. (1992) Disturbance, diversity, and invasion:
implications for conservation. Conservation Biology, 6, 324–337.

Kotanen, P.M. (1997) Effects of experimental soil disturbance on revegetation
by natives and exotics on coastal Californian meadows. Journal of Applied
Ecology, 34, 631–644.

Larson, D.L. (2003) Native weeds and exotic plants: relationships to distur-
bance in mixed-grass prairie. Plant Ecology, 169, 317–333.

Levin, P.S., Coyer, J.A., Petrik, R. & Good, T.P. (2002) Community-wide
effects of  nonindigenous species on temperate rocky reefs. Ecology, 83,
3182–3193.

Levine, J.M. (2000) Species diversity and biological invasions: relating local
process to community pattern. Science, 288, 852–854.

Levine, J., Adler, P. & Yelenik, S. (2004) A meta-analysis of biotic resistance to
exotic plant invasions. Ecology Letters, 7, 975–989.

Levine, J.M. & D’Antonio, C.M. (1999) Elton revisited: a review of evidence
linking diversity and invasibility. Oikos, 87, 15–26.

Lockwood, J.L., Cassey, P. & Blackburn, T. (2005) The role of propagule pres-
sure in explaining species invasions. Trends in Ecology and Evolution, 20,
223–228.

Lonsdale, W.M. (1999) Global patterns of plant invasions and the concept of
invasibility. Ecology, 80, 1522–1536.

MacDonald, I., Loope, L., Usher, M. & Hamann, O. (1989) Wildlife conserva-
tion and the invasion of  nature reserves by introduced species: a global
perspective. Biological Invasions: A global perspective (eds J.A. Drake,
H.A. Mooney, F. di Castri, R.H. Groves, F.J. Kruger, M. Rejmanek &
M. Williamson), pp. 215–255. John Wiley & Sons, Chichester, UK.

Mack, M., Simberloff, D., Lonsdale, W., Evans, H., Clout, M. & Bazzaz, F.
(2000) Biotic invasions: causes, epidemiology, global consequences, and
control. Ecological Applications, 10, 689–710.

Melbourne, B.A., Cornell, H.V., Davies, K.F., Dugaw, C.J., Elmendorf, S.,
Freestone, A.L., Hall, R.J., Harrison, S., Hastings, A., Holland, M.,
Holyoak, M., Lambrinos, J., Moore, K. & Yokomizo, H. (2007) Invasion in
a heterogeneous world: resistance, coexistence or hostile takeover? Ecology
Letters, 10, 77–94.

Naeem, S., Knops, J., Tilman, D., Howe, K., Kennedy, T. & Gale, S. (2000)
Plant diversity increases resistance to invasion in the absence of covarying
extrinsic factors. Oikos, 91, 97–108.

Nearshore Habitat Program (2001) The Washington State ShoreZone Inventory.
Washington State Department of Natural Resources, Olympia, WA.

Norton, T.A. (1977) Ecological experiments with Sargassum muticum. Journal
of the Marine Biology Association of the United Kingdom, 57, 33 – 43.

Norton, T.A. & Deysher, L.E. (1988) The reproductive ecology of Sargassum
muticum at different latitudes. Reproduction, Genetics and Distributions
of Marine Organisms: 23rd European Marine Biology Symposium, School
of Biological Sciences, University of  Wales, Swansea (eds J.S. Ryland &
P.A. Tyler), pp. 147–152. Olsen & Olsen, Fredensborg, Denmark.

Paine, R.T. & Vadas, R.L. (1969) The effects of  grazing by sea urchins,
Strongylocentrotus spp., on benthic algal populations. Limnology and
Oceanography, 14, 710–719.

Panetta, F.D. & Randall, R.P. (1994) An assessment of the colonizing ability of
Emex australis. Australian Journal of Ecology, 19, 76–82.

Parker, I.M. (2001) Safe site and seed limitation in Cystisus scoparius (Scotch
Broom): Invasibility, disturbance, and the role of cryptograms in a glacial
outwash prairie. Biological Invasions, 3, 323–332.

Pimentel, D., Zuniga, R. & Morrison, D. (2005) Update on the environmental
and economic costs associated with alien-invasive species in the United
States. Ecological Economics, 52, 273–288.

Prieur-Richard, A. & Lavorel, S. (2000) Invasions: the perspective of diverse
plant communities. Austral Ecology, 25, 1–7.

Richardson, D.M. & Bond, W.J. (1991) Determinants of plant distribution:
evidence from pine invasions. American Naturalist, 137, 639–668.

Ruiz, G.M. & Carlton, J.T. (2003) Invasion vectors: a conceptual framework
for management. Invasive Species: Vectors and Management Strategies (eds
G.M. Ruiz & J.T. Carlton), pp. 459–504. Island Press.

Sanchez, I. & Fernandez, C. (2006) Resource availability and invasibility in an
intertidal macroalgal assemblage. Marine Ecology Progress Series, 313, 85–94.

Scagel, R.F. (1956) Introduction of  a Japanese alga, Sargassum muticum,
into the Northeast Pacific. Washington Department of Fisheries, Fisheries
Research Papers, 1, 1–10.

Simberloff, D. (1989) Which insect introductions succeed and which fail?
Biological Invasions: A global perspective, SCOPE 37 (eds J.A. Drake, H.A.
Mooney, F. di Castri, R.H. Groves, F.J. Kruger, M. Rejmanek and M.
Williamson), pp. 61–75. John Wiley & Sons, Chichester, UK.

Sjøtun, K., Eggereide, S.F. & Høisaeter, T. (2007) Grazer-controlled recruit-
ment of the introduced Sargassum muticum (Phaeophyceae, Fucales) in
northern Europe. Marine Ecology Progress Series, 342, 127–138.

Stachowicz, J., Whitlatch, R. & Osman, R. (1999) Species diversity and inva-
sion resistance in a marine ecosystem. Science, 286, 1577–1579.

Thomsen, M.A., D’Antonio, C.M., Suttle, K.B. & Sousa, W.P. (2006) Ecological
resistance, seed density and their interactions determine patterns of invasion
in a California grassland. Ecology Letters, 9, 160–170.



Disturbance, propagule input and invasion 77

© 2007 The Authors. Journal compilation © 2007 British Ecological Society, Journal of Ecology, 96, 68–77

Travis, J.M.J., Hammershoj, M. & Stephenson, C. (2005) Adaptation and prop-
agule pressure determine invasion dynamics: insights from a spatially
explicit model for sexually reproducing species. Evolutionary Ecology
Research, 7, 37–51.

Vadas, R.L. (1968) The ecology of Agarum and the kelp bed community. PhD
Dissertation, University of Washington.

Valentine, J.P. & Johnson, C.R. (2003) Establishment of the introduced kelp
Undaria pinnatifida. Tasmania depends on disturbance to native algal
assemblages. Journal of Experimental Marine Biology and Ecology, 265, 63–
90.

Valentine, J.P. & Johnson, C.R. (2005) Persistence of the exotic kelp Undaria
pinnatifida does not depend on sea urchin grazing. Marine Ecology Progress
Series, 285, 43–55.

Veltman, C.J., Nee, S. & Crawley, M.J. (1996) Correlates of  introduction
success in exotic New Zealand birds. American Naturalist, 147, 542–557.

Von Holle, B. & Simberloff, D. (2005) Ecological resistance to biological
invasion overwhelmed by propagule pressure. Ecology, 86, 3212–3218.

Williamson, M. (1989) Mathematical models of invasio. Biological Invasions: A
global perspective (ed. by J.A. Drake, H.A. Mooney, F. di Castri, R.H.
Groves, F.J. Kruger, M. Rejmanek and M. Williamson), pp. 329–350. John
Wiley & Sons, Chichester, UK.

Williamson, M. (1996) Biological Invasions. Chapman & Hall, London, UK.
Williamson, J. & Harrison, S. (2002) Biotic and abiotic limits to the spread of

exotic revegetation species. Ecological Applications, 12, 40–51.

Received 12 June 2007; accepted 1 October 2007
Handling Editor: Jonathan Newman

Supplementary material

The following supplementary material is available for this
article:

Appendix S1. Detailed diet information for benthic, subtidal
mollusc species.

Appendix S2. Model parameter values and functions.

Appendix S3. Models for disturbance.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1365-
2745.2007.01319.x
(This link will take you to the article abstract). 

Please note: Blackwell Publishing is not responsible for the
content or functionality of  any supplementary materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
the article.

http://www.blackwell-synergy.com/doi/abs/10.1111/j.1365-2745.2007.01319.x

