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ABSTRACT: Experim ental m anipulations and observational surveys often produce conflicting con
clusions regarding the effects of native species diversity on community susceptibility to invasion. 
Both provide useful pieces of information, but typically each asks fundam entally different questions. 
Surveys tell us that locations w ith species-rich native communities are characterized by conditions 
that promote exotic species richness, w hereas experim ents tell us that, w ithin a location, the loss of 
resident species increases the likelihood of the establishm ent of new  species. In the present study, we 
apply observational data  to a study of the consequences of species loss for invasion in order to assess 
the generality across scales and the relative im portance of experim ental results. We begin by using 
long-term  recruitm ent data to explore how small-scale m echanisms of biotic resistance could operate 
on a landscape scale. We find that individual species have com plem entary seasonal recruitm ent p a t
terns such that more diverse communities might be able to more consistently fill space that opens 
throughout the season, leading to reduced invasion success. However, field surveys of native and 
invader richness show that the slope of the relationship betw een native and invader diversity 
changes w ith the availability of resources (space) and the presence of habitat-form ing foundation 
species. In these systems, biotic resistance appears to be im portant only w hen resources are scarce 
and foundation species are rare. Thus, w e conclude that biotic resistance, as identified in experi
ments, is a consistent effect of diversity that can be explained m echanistically at even a landscape 
scale, but that it plays a dom inant role only w hen total diversity is constrained by resource limitation. 
This situation is common in experim entally constructed communities, but may be less so in nature.
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Temporal niche • Diversity-ecosystem  functioning

---------------------------------- Resaîe or repubiication not permitted without written consent of the publisher---------------------------------

INTRODUCTION

In this paper we focus on the often-contested re la 
tionship betw een diversity and invasibility of a com 
m unity by exotic (non-indigenous) species. This ques
tion relates to the broader them e of this Them e Section 
on the consequences of diversity for ecosystem func
tioning in 2 ways. First, exotic species invasions in 
m arine systems can have major effects on the structure 
and functioning of ecosystems (Grosholz 2002). If 
diversity enhances invasion resistance, it may help to 
buffer ecosystems from some of these changes. Sec
ond, the major m echanism  by w hich diversity is ex

pected to enhance invasion resistance is via more com 
plete use of resources (e.g. Elton 1958, Case 1990, 
Byers & N oonburg 2003, Tilman 2004). The effect of 
diversity on resource use should affect other critical 
ecosystem processes such as productivity, nutrient 
retention and cycling, and community stability. Fur
therm ore, understanding the m echanistic relationship 
betw een diversity and invasibility bears directly on the 
questions of w hether contem porary communities are 
saturated w ith species and the extent to w hich there 
are limits on local diversity. If communities are gen er
ally saturated, then the consequences of new  species 
introductions may be severe, w hereas if communities
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are generally unsaturated, the consequences of most 
invasions may be relatively minor. Thus, the study of 
diversity-invasibility relationships provides a lens 
through which m any im portant basic and applied 
issues in ecology may be profitably addressed.

A review  of the empirical literature (mostly from te r
restrial plant ecology) highlights the lack of consensus 
on the strength and direction of the effects of diver
sity on community resistance to invasion (Levine & 
D'Antonio 1999). The discordant results betw een 
studies employing observational and experim ental 
approaches are a major characteristic of this 'debate '. 
Most observational studies find that more-diverse 
native communities support more invaders (e.g. Knops 
et al. 1995, Planty-Tabacchi et al. 1996, Rejmanek 
1996, Wiser et al. 1998, Lonsdale 1999, Stohlgren et 
al. 1999). These studies are often conducted at large 
scales (e.g. 10 to 1000 km2 or more, but see Sax 2002, 
D unstan & Johnson 2004), involve m any species, and 
are favored by some because they involve 'natural' 
communities. But many other factors correlated with 
diversity can affect the establishm ent and spread of 
invasions, confounding the interpretation of such stud
ies (e.g. see discussion in Rejmanek 2003). In contrast, 
most (but not all) experim ental m anipulations (neces
sarily conducted at smaller scales) support the idea 
that species richness decreases invasion success (Mc- 
G rady-Steed et al. 1997, Knops et al. 1999, Lavorel et 
al. 1999, Stachowicz et al. 1999, 2002a, Levine 2000, 
N aeem  et al. 2000, Symstad 2000, Kennedy et al. 2002, 
Fargione et al. 2003). The most commonly offered 
m echanism  underlying this result is that species differ, 
or are complementary, in their use of resources such 
that increasing the num ber of species decreases the 
success of future invaders by decreasing total resource 
availability (e.g. Stachowicz et al. 1999, 2002a, N aeem  
et al. 2000). Such experim ents reveal the potential of 
diversity to reduce invasion success, but rarely assess 
w hether diversity is im portant relative to other factors 
such as propagule supply, disturbance, or predation for 
generating patterns of invasion in the field (but see 
Levine 2000, Stachowicz et al. 2002a).

The apparent paradox created  by contrasting obser
vational and experim ental results occurs because each 
approach has addressed fundam entally different 
questions. O bservational approaches often answ er the 
question of w hich sites have the most exotics in 
them  and, thus, might be in need of greatest attention 
from m anagem ent efforts. Experim ental approaches, 
in contrast, address the consequences of species loss 
(declining diversity) for the susceptibility of a com m u
nity to invasion. These 2 approaches offer subtly differ
ent pieces of information that can be draw n together to 
produce a broader understanding of the relationship 
betw een native and exotic species richness. Patches

that support diverse native communities are likely to 
support m any exotic species, because the characteris
tics that favor high native diversity also favor high 
exotic diversity (e.g. Davies et al. 2005). However, 
w ithin a given patch, the elimination of a native spe
cies due to anthropogenic disturbance should increase 
the probability of a successful invasion (e.g. Shea & 
Chesson 2002).

Because of the difficulty of conducting multifactorial 
experim ents on large scales, observational studies can 
also help refine hypotheses about the relative role of 
diversity versus other factors and assess the applicabil
ity of small-scale mechanistic experim ents to larger- 
scale processes. For example, w hen com bined with 
field experim ents, observational approaches have 
clarified w here the m echanistic effects of diversity are 
(and are not) im portant relative to environm ental fac
tors such as disturbance or propagule supply in d e te r
m ining patterns of exotic species richness (Levine 
2000, Stachowicz et al. 2002a). In the present study, we 
use two com plem entary observational approaches to 
address the m echanistic relationship betw een diversity 
and biotic resistance. First, we exam ine long-term  re 
cruitm ent patterns from the field that address an 
explicit landscape-scale m echanism  of biotic resis
tance. Secondly, we exam ine patterns of native and 
invader richness in the field at a single time point, but 
tease out factors that correlate w ith the ability of a 
community to support more species, allowing us to 
determ ine under w hat conditions biotic resistance is 
important. Both approaches have in common that 
m echanism s elucidated from experim ents are incorpo
rated, yet w e still consider a larger spatial and/or tem 
poral perspective. We close w ith broader implications 
of our findings for the role of species diversity on 
ecosystem functioning.

STUDY SYSTEM

We focus in this paper on subtidal sessile marine 
invertebrate communities (i.e. fouling communities) 
that occur worldwide on natural rock outcrops, as well 
as on m an-m ade structures like docks, wharves, and 
pilings. Studies of the role of diversity in community 
invasibility have been conducted in few, if any, other 
m arine systems of w hich we are aware. Fouling com 
munities are comprised of a diverse array of solitary 
and colonial m arine invertebrates, including ascidi- 
ans (sea squirts), bryozoans, bivalve molluscs, tube- 
building polychaete worms, sponges, barnacles, and 
sea anem ones. Most of these taxa are suspension feed
ers, relying on planktonic food. The limiting resource 
in these systems most often appears to be space 
(Osman 1977, Sutherland & Karlson 1977, Stachowicz
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et al. 1999, 2002a), although sometimes competition for 
food and space can be difficult to separate (Buss 1979). 
Because these communities readily occur in harbors 
and ports, they have been  colonized by many species 
from other biogeographic provinces that have been 
transported on the bottom of boat hulls or as larval 
stages in ballast w ater (Carlton & Geller 1993, Ruiz et 
al. 2000). The fossil record for many of these organisms 
is poor (e.g. soft-bodied ascidians), so the actual status 
of some of these species as natives or invader is uncer
tain. All the species we refer to as 'native' w ere present 
in the system at the time that hum ans began studying 
them, usually in the mid-1800s (see references in Van 
Name 1945). We thus define as 'exotic' any species that 
was not recorded in the first com prehensive m ono
graphs for a taxonomic group from a given region. 
While our distinctions may not reflect actual native 
versus exotic status, they separate species that have 
been  resident for a lengthy period of time and those 
that are recent, docum ented invaders into an already 
established community.

We m anipulated the species richness of sessile 
marine invertebrate communities in Long Island Sound, 
Connecticut, USA, and challenged these communities 
w ith different potential invaders (Stachowicz et al. 
1999, 2002a). We found that in all cases invasion 
success decreased with increasing resident diversity 
(Fig. 1A). This was because individual species w ere 
com plem entary in their tem poral patterns of space 
occupation. Individual species all fluctuated in abun
dance, but these fluctuations w ere out of phase, such 
that at least 1 species was always abundant and occu
pying space in the high-diversity treatm ents, w hereas 
there w ere periods of high space availability in the 
low-diversity treatm ents (Fig. IB). Thus, more diverse 
communities exhibit changes in the relative abun
dance of species over time, but m aintain consistently 
high occupancy of space, while those with fewer spe
cies experience longer periods of high space availabil
ity. This is in agreem ent w ith theory that suggests, 
more broadly, that diversity should enhance the sta
bility of community properties (i.e. space occupancy), 
but that it should decrease or have no effect on the 
stability of individual species' populations (May 1974, 
Tilman 1996). We confirmed that resource availability 
was a major contributor to invasion success by holding 
diversity constant, but m anipulating space availability. 
These experim ents showed a strong positive relation
ship betw een space availability and invasion success, 
and that even a brief window of open space (2 wk) 
could increase invasion success by an order of m agni
tude (Stachowicz et al. 2002a).

Studies in terrestrial plant communities have 
stressed that fluctuating resource availability in g en 
eral often enhances invasion success (Davis et al.
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Fig. 1. Effects of experim ental m anipulation of diversity on 
the success of introduced species (from Stachowicz et al. 
2002a). (A) Survival of the colonial ascidian Botrylloides viola
ceous and the solitary ascidian Ascidiella aspersa as a func
tion of resident community species richness. Larger dots indi
cate 2 data  points that lie on top of one another. (B) Resource 
(space) availability over tim e as a function of initial commu
nity richness (mean ± SE); note that all communities are 
capable of occupying all the space, bu t that communities 
experience peaks in  resource availability that are greater 
in  communities w ith few er species. See 'Study system ' section 

and Stachowicz et al. (2002a) for details

2000), so we suspect that this m echanism  is applicable 
to a w ide variety of ecosystems in w hich diversity 
affects resource availability. The seasonal or tem poral 
niches critical to the operation of this m echanism  are 
likely to be common in a variety of environments, 
including such diverse taxa as m arine invertebrates 
and herbaceous plants (Chesson 2000, Stachowicz & 
Tilman 2005), phytoplankton (Rynearson & Armbrust 
2004, Duffy & Stachowicz 2006 [in this Them e Sec
tion]), m igratory fishes (Klimley et al. 2005), and any 
other groups w ith a strong seasonality to their distrib
ution and abundance. Thus, while the identity of lim 
iting resources may differ across ecosystems, we 
expect the patterns and conclusions of work on these 
communities to be applicable to any resource-lim ited 
system.
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CONSEQUENCES OF SEASONAL NICHES FOR 
RESOURCE USE

W hat underlies the differences in seasonal phenolo
gies among species that lead to the tem poral com ple
m entarity illustrated in Fig. 1? Despite differences in 
growth forms, m arine invertebrates on hard  substrates 
seem  to compete primarily for space, the likely limiting 
resource. However, each species may differ in growth 
rates, patterns of mortality, in the timing, duration and 
m agnitude of reproductive output, in the degree to 
which they are capable of local recruitm ent, and in 
their response to biotic and physical stresses (e.g. 
McDougall 1943, Osman 1977, Sutherland & Karlson 
1977). In seasonal environments, w here conditions 
change predictably, each species thus may have a tem 
poral or seasonal niche. These seasonal niches appear 
to provide the basis for com plem entary effects of spe
cies on resource use and invasion resistance (Fig. IB; 
Stachowicz et al. 2002a).

While the results shown in Fig. 1 can largely be 
attributed to patterns of differential mortality in open
ing space to be invaded, w hen considering large spa
tial scales, stochastic events guarantee that there  will 
always be patches of free space open to invaders in a 
dynamic m arine environment. W hether a recruit of a 
new  species can thrive and survive in an area depends 
on its ability to outcom pete recruits of residents set
tling at the sam e time. H igher levels of total resident 
recruitm ent can lead to more intense competition and 
a lower probability of survival of recruits of non
resident species. If all resident species recruited dur
ing a single time interval, invaders would have a large 
window of opportunity during which establishm ent 
would be relatively easy. In contrast, if communities 
possess either 1 or m ore species that recruit at constant 
high densities or if species have com plem entary sea
sonal phenologies with respect to recruitm ent, creat
ing constant high levels of recruitm ent through tem po
ral complementarity, then  invasion resistance should 
increase with diversity at large spatial scales.

To assess the degree to which the species on which 
we perform ed our experim ents exhibit tem poral com
plem entarity in recruitm ent, we perform ed weekly 
surveys of recruitm ent of invertebrates onto artificial 
substrates (for full methods see Stachowicz et al. 
2002b). Briefly, the data consist of weekly censuses of 
newly settled sessile m arine invertebrates on 4 panels 
of 100 cm2 suspended approxim ately 1 m below the 
water's surface. These data have been  taken  during 
the recruitm ent season since 1991 and continuously 
since 1997.

One sample year's worth of these data dem onstrates 
that each species has a seasonal pattern  of recruitm ent 
that appears to be com plem entary in time to those of

other species (Fig. 2A, see below). If we assume that 
these reproductive cycles are dependent primarily on 
abiotic factors and that this leads to different seasonal 
patterns in adult abundance, then we can use seasonal 
patterns of recruitm ent to predict the effect of diversity 
on resource availability (space) for new  exotic species. 
The effects of seasonal variation in tem perature are 
widely known to affect the seasonality of m arine inver
tebrate recruitm ent (e.g. McDougall 1943, Osman 
1977, Sutherland & Karlson 1977, Stachowicz et al. 
2002b) in the same way that seasonal patterns of tem 
perature and m oisture m ight affect the seasonal p h e 
nologies of annual plants, so we think this approach 
may be appropriate for a variety of systems. While 
competitive interactions can influence the m agnitude 
of recruitm ent to some extent, our previous analyses of

A Natives 
200

Botryllus

Cryptosula

Bugula

o  60 Molgula

All native species

B Non-native 
70-

0 T T

Botrylloides violaceous

May 1 Jun 1 Jul 1 Aug 1 Sep 1
i i

Oct 1 Nov 1
Fig. 2. Settlem ent of dom inant marine invertebrate species at 
Avery Point, Connecticut, for the 1999 recruitm ent season.
(A) Four of the more abundant native species (Botryllus 
schlosseri, Cryptosula pallasiana, Bugula turrita, Molgula 
m anhattensis) and the record of all 4 species together, show
ing the complem entary nature of their settlem ent patterns.
(B) Settlem ent record for the introduced ascidian Botrylloides 
violaceous. Note tha t its recruitm ent pattern  coincides with 
a period of relatively low recruitm ent by the resident spe
cies, particularly the ecologically similar resident species

B. schlosseri
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these long-term  data  find that a large proportion of the 
variance in the timing of recruitm ent w ithin species is 
attributable to within- and betw een-year variation in 
tem perature (Stachowicz et al. 2002b).

Given these assumptions, we used our weekly 
recruitm ent data to assess how total recruitm ent might 
change as a function of the num ber of species recru it
ing into the community, as well as the extent to which 
invasion resistance was conferred by tem poral com ple
m entarity versus individual species w ith consistently 
high recruitm ent. Recruitment can be plotted over time 
for each species to give a description of the ability of 
each species to fill new  space that becomes available 
over the course of the season (Fig. 2A). We then assem 
bled all possible combinations of species in each year, 
and tallied the total num ber of w eeks that recruitm ent 
was >100 ind. 100 c n r 2 panel for each species com bi
nation as a m easure of the num ber of w eeks per year 
that space might be saturated by the recruits of resi
dent species. Species that never exceeded 5 recruits

S p ecies A 4 w eeks > threshold

S p ecies B 1 w eek > threshold

S p ecies C 7 w eeks > threshold

Time

w k 1 in a given year w ere excluded from the sim ula
tion. For a given year in w hich n  species (alr a2, ... an) 
w ere recorded, we produced recruitm ent records for 
hypothetical communities that included all possible 
combinations of (alr a2, ... a j .  For example, if 3 species 
(A, B, and C) w ere recorded in a year, we would 
assem ble recruitm ent records for the 7 combinations 
shown in Fig. 3. For each combination w e would 
record both the total num ber of w eeks above the 
threshold recruitm ent and the num ber of w eeks that 
the best species in that combination would be above 
the threshold if it occurred by itself. While it is obvious 
that the total num ber of recruits will increase as one 
adds species to the assem blage, w hether this will 
increase the num ber of w eeks above a threshold 
recruitm ent level depends on the degree to which spe
cies have com plem entary tem poral patterns of recru it
ment. The m ulti-year record we have allows us to 
exam ine the extent to w hich the strength of such com 
plem entarity varies among years.

A +B 5 w eeks > threshold

A+C 9 w eeks > threshold

B+C 8 w eeks > threshold

A +B + C 10 w eeks > threshold

Time

Species
richness

Average 
combination (wk)

Average of best single species 
in each combination (wk)

1 4 4
2 (5 + 9 + 8)/3 = 7.33 (4 + 7 + 7)/3 = 6
3 10 7

Fig. 3. Diagrammatic depiction of the m ethods used  for assem bling hypothetical communities of varying species richness and 
assessing the num ber of w eeks that the recruitm ent for that assem blage exceeded a recruitm ent threshold (dotted line) indicative 
of saturation (thresholds of 0.1, 0.5, 1, or 2 ind. c n r2 w ere used  in the analysis). The table at the bottom of the figure shows how 
the values of num ber of w eeks at saturation w ere obtained for both  the diverse assem blages and the best-recruiting single

species in  each assem blage
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Fig. 4. N um ber of w eeks in  w hich recruitm ent exceeds the saturation 
threshold for hypothetical communities assem bled from the long-term  
recruitm ent records as a function of the num ber of species in  that 
community. (A) D ata for the year 1998, showing separate curves for 
m ean  (±1 SD) values of num ber of w eeks above a threshold of 1 recruit 
c n r2 for the m ean  of all combinations at each level of richness and for the 
best-recruiting species in  each combination. (B) Effect of changing the 
threshold value (0.1, 0.5, 2.0 crrr2 w k4 ) of recruitm ent saturation on the 
relationship betw een  diversity and num ber of w eeks above the th resh 
old recruitm ent for 1998. (C) Assembly of communities for 3 additional 

years that span a range of tem perature conditions

We initially chose a threshold of 100 ind.
100 cm4 , based  on the assum ption that even 
the smallest species in our survey would 
occupy at least 1 cm2 as an adult or persistent 
juvenile, so recruitm ent levels of 100 ind.
100 cm4  should be sufficient to completely 
occupy available space w ithin a short period of 
time and reduce invasion. We also ran the 
simulation for recruitm ent thresholds of 10, 50, 
and 200 recruits 100 cm4  w k~\ to see if the 
results w ere sensitive to the threshold we 
chose. In reality, substrate saturation would be 
a more continuous variable, but the results 
obtained w ere robust to the choice of threshold 
value, so our relatively arbitrary choice of 
threshold is probably of little significance (see 
below and Fig. 4B).

No one species produced enough recru it
m ent for the entire season to saturate the com 
m unity (e.g. data for 1998 recruitm ent year,
Fig. 4A). In 1998, the best single species occu
pied only 9 w k at > 100 recruits 100 cm4 , com 
pared  to 21 w k for the maximum diversity 
assem blage. Thus, 57 % of the w eeks that ex
ceeded the threshold of 100 recruits 100 cm4  
would not have done so w ithout some com ple
m entarity am ong species. While the actual 
percent of the maximum attained by the best- 
recruiting single species is sensitive to the 
threshold set for recruitm ent saturation, the 
patterns hold regardless of which threshold we 
used (Fig. 4B). Only w hen the threshold is set 
as low as 10 recruits 100 cm4  w k 1, did we 
see the best-recruiting species begin to ap 
proxim ate the maximum diversity assem blage 
(Fig. 4B). In our experience, recruitm ent this 
low is relatively uncommon and would not be 
sufficient to inhibit establishm ent of additional 
species. However, even at this probably u n 
reasonably low recruitm ent threshold, having 
the full complement of species increased the 
period of saturation by 6 w k from 21 to 27 wk 
(22%). These simple simulations suggest that, 
for a range of potential saturating recruitm ent 
thresholds, com plem entarity in seasonal re 
cruitm ent patterns is likely to lead to more con
sistent space occupation and thus increased 
resistance to invasion in diverse communities 
(Stachowicz et al. 2002a).

Because species vary am ong years in the tim ing and 
m agnitude of their recruitm ent, the degree to which 
seasonal com plem entarity results in enhanced recru it
m ent saturation may vary am ong years. We assem bled 
all possible combinations for 3 yr w ith differing recru it
m ent patterns (Fig. 4C). These data suggest that, while

the general phenom enon is consistent, the degree to 
w hich a single species can saturate recruitm ent sur
faces does vary among years. In 1994, for example, 
the best-recruiting species reached  the threshold on 
its own for 7 wk, while the all-species combination 
reached the threshold for only 11; thus the diversity
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added only 4 w k of 'resistance' (36 % of total resistance 
due to complementarity). In other years the effect was 
more dramatic: in 1999 the diverse assem blage satu
rated  16 wk, while the best m onoculture reached the 
threshold for only 2 (86 % of 'saturation ' due to com ple
mentarity). With such in terannual variation, the effects 
of diversity on invasion success might vary substan
tially am ong years depending on the degree to which 
species w ere com plem entary in their seasonal niches. 
Thusfar, interannual success of invasive species in 
these communities has been assessed primarily in 
response to abiotic factors, but incorporating in ter
annual variation in the strength of biotic interactions 
might prove informative.

For example, of the 3 yr depicted above, the strength 
of com plem entarity (percent of w eeks above the 
threshold not accounted for by the best-recruiting 
species) increases with decreasing native recruitm ent. 
In 1994, w hen w inter tem peratures w ere coldest and 
native recruitm ent highest, com plem entarity was re la 
tively w eak (36%); 1997 was an interm ediate year in 
tem perature, native recruitm ent, and complementarity 
(69%); 1999 was one of the w arm est years on record, 
w ith low native recruitm ent and the highest com ple
m entarity (88%) (see Stachowicz et al. 2002b for fur
ther exploration of tem perature effects). These limited 
data suggest that com plem entarity might become 
more im portant as the recruitm ent of individual resi
dent species declines. Intuitively, w hen total resident 
recruitm ent is lower, no one species has high recru it
ment, so com plem entarity am ong species in excluding 
invaders becom es more important; this explains why 
the num ber of w eeks above threshold for the best- 
recruiting species varies across years. However, it does 
not explain w hy the total num ber of w eeks above the 
threshold is greatest in years w ith lowest recruitm ent. 
Unfortunately, we cannot use these data  to indepen
dently assess the effect of changing biotic resistance 
on invasion across years, because increasing tem pera
ture has a direct positive effect on the introduced 
species (Stachowicz et al. 2002b).

W hether interannual variability in complementarity 
translates into differences in invasion success will also 
depend  on the invader's seasonal recruitm ent patterns. 
While diversity should decrease the overall probability 
of invasion, theory and some empirical work suggest 
that the degree to w hich the invader's traits fill a void 
in the native community plays a role (e.g. Elton 1958, 
Fargione et al. 2003, Tilman 2004, Stachowicz & 
Tilman 2005). Predicting the success of particular in 
vaders w ithin the fram ework set forth thusfar requires, 
not only knowing how m any invader propagules 
arrive, but w hen during the season they arrive. There 
is evidence that some invaders recruit during 'lulls' in 
native recruitm ent. For example, Botrylloides viola

ceous recruits during the early summer, approximately 
4 w k after the peak  recruitm ent of Botryllus schlosseri, 
w hen  few other natives are recruiting (Fig. 2B). In the 
year depicted in Fig. 2 (1999), in its peak w eek B. vio
laceous had  72 recruits 100 c n r 2, w hich was more than 
all natives com bined in that week. The timing of B. vio
laceous recruitm ent is sensitive to interannual varia
tions in w inter and spring tem perature, w hereas that of 
m any natives, like B. schlosseri is not (Stachowicz et al. 
2002b). Thus, the extent to w hich the recruitm ent of 
invaders 'fills holes' in the native community and the 
success of those invaders may vary among years, pos
sibly leading to interannual variation in the strength of 
biotic resistance. This point rem ains speculative, how 
ever, as w e have no consistent, independent m easure 
of invasion success across years w ith w hich to test this 
hypothesis. Nevertheless, it seems reasonable to sug
gest that this 'ecological fitting' (sensu Janzen  1985) 
may be most critical during the establishm ent phase of 
the invasion and may determ ine the species or geno
types of invaders that can succeed in a new  com m u
nity. Once invaders build up a resident population, a 
large degree of overlap in the timing of recruitm ent 
m ight be more easily tolerated.

EFFECT OF SPATIAL HETEROGENEITY ON  
NATIVE-INVADER DIVERSITY CORRELATIONS

While it is clear that fluctuating resources may d e te r
mine invasion success in a wide variety of communities 
(Davis et al. 2000), tem poral shifts in the abundance of 
species is only 1 potential cause of such fluctuations. 
As previously discussed, positive native-invader diver
sity relationships may reflect that areas w ith conditions 
that favor high native diversity will be able to support 
more invasive species. Within an area of consistent 
environmental conditions, diversity and invasion should 
be negatively related  (see Fig. 1 in Shea & Chesson 
2002). Thus, from positive correlations alone, it is not 
appropriate to conclude that decreasing native d iver
sity via extinction would decrease invasion success. 
Instead, given a m echanistic reason to expect diversity 
per se to decrease invasion (Fig. 1), species extinction 
should consistently increase the susceptibility of any 
area  to invasion, leading to an increase in invader spe
cies richness with every species extirpated from an area.

However, there are possible m echanism s by which 
increased diversity might lead mechanistically to 
increased invasion. Some of these have been  explored 
in a similar epifaunal invertebrate community in 
Tasmania, w here a positive correlation betw een native 
and invader diversity was found in temporally r e 
peated  surveys of sessile invertebrates that had n a tu 
rally colonized a rock jetty  (Dunstan & Johnson 2004).
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In their study, species-rich patches consisted primarily 
of small colonies w ith rapid turnover, w hich may pro
vide increased opportunity for the colonization of these 
patches by new  species. Interestingly, although the 
hypothesized outcome is contrary to that shown in 
Fig. 1, the underlying m echanism  (consistency of space 
occupancy) is the same. Unfortunately, it is not clear 
from this survey approach alone w hat the underlying 
causes of the differences in colony size am ong patches 
might be. Extrinsic conditions may differ significantly 
am ong patches, and forces that m aintain small colony 
size (e.g. recent disturbance, grazing intensity, high 
propagule supply) enhance diversity of both resident 
and colonizing species.

A second m eans by which species richness might 
enhance colonization rates is via interspecific facilita
tion. Increasing community richness might increase 
the probability of including species that facilitate the 
colonization and establishm ent of a broad range of 
new  species (see discussion in Crooks 2002, Bruno et 
al. 2003). Dunstan & Johnson (2004) offer several 
exam ples of positive associations am ong species as a 
m echanism  for a positive native-exotic richness corre
lation, although similar responses of species to extrin
sic factors could also explain such patterns. Our own 
work has also shown positive pairw ise interactions 
am ong natives and exotics (Stachowicz et al. 2002a). 
Still, such pairw ise positive interactions will not, by 
themselves, result in a significant positive correlation 
betw een native and non-native diversity.

To further explore the extent to which positive corre
lations betw een native and invader diversity are m ech
anistic versus the result of environm ental covariates, 
we included m easurem ents of relevant resources and 
other covariates into the statistical model for invader 
diversity. As our resource reflecting competition and 
other tem poral processes, we sam pled for percentage 
of open space w ithin plots (Stachowicz et al. 2002a). 
We also consider the effects of the presence and cover 
of the head-form ing bryozoan Watersipora subtorquata 
on the native-invader diversity relationship, because 
the 3-dimensional grow th form of this animal provides 
secondary space for colonization by both natives and 
non-natives (Floerl et al. 2004) and may increase hab i
tat heterogeneity  that might facilitate coexistence 
(Chesson 2000).

We surveyed the docks of the Spud Point M arina in 
Bodega Bay, California, during the summer of 2004. 
Five 0.125 m2 quadrats w ere haphazardly placed on 
every southern facing slip. Two of these quadrats w ere 
located on finger piers, while 3 w ere on the m ain pier 
itself. This was repeated  for all 5 docks of the m arina 
(89 slips, n = 440 quadrats). Q uadrats w ere visually 
surveyed for every species present. We used a multiple 
regression model to exam ine the effects of native rich

ness and the percentage of open space on invader spe
cies richness. We also included an interaction term  in 
each model, in order to exam ine w hether the n a tive- 
invader richness relationship changes under different 
levels of available space.

While there was no overall correlation betw een 
native and invader diversity (Fli436 = 2.28, p = 0.124), 
and a slightly negative correlation betw een available 
open space and native diversity (F1 436 = 25.4, p < 
0.0001), there was a significant native diversity x free 
space interaction (Fli436 = 3.78, p = 0.05, r2 = 0.170). 
Specifically, at high levels of open space, there was a 
strong positive relationship betw een native and in 
vader richness, whereas, at low levels of open space, the 
slope of the relationship did not differ from 0 (Fig. 5A). 
Similarly, there was a strong negative correlation 
betw een open space and invader diversity at low levels 
of native diversity, while the relationship becam e nearly 
flat at high levels of native diversity. The reduced 
invader diversity at high open space is likely due to 
non-selective disturbance agents that affect native and 
invader diversity in a similar negative manner, resu lt
ing in native and invader richness covarying positively 
as a reflection of extrinsic factors (e.g. Levine 2000, 
Shea & Chesson 2002).

W hen resources are limiting (low space availability), 
experim ental results predict a negative slope to the 
relationship betw een native and invader diversity, but 
the data instead show a flat relationship (Fig. 5A). As 
diversity increases, tem poral com plem entarity among 
species may increase the consistency of space occupa
tion and decrease the likelihood of invader establish
ment, as argued above. It could be that at low space 
availability this com plem entarity simply balances 
out the effects of extrinsic factors, resulting in a flat 
native-exotic richness relationship. However, increas
ing diversity may also increase the likelihood of adding 
individual species with facilitative effects to the com 
munity (Mulder et al. 2001, Cardinale et al. 2002), 
which could alter the slope of the native-exotic re la 
tionship (Bruno et al. 2003). For exam ple species such 
as Watersipora subtorquata  might support epibiotic 
growth, effectively increasing the surface area avail
able for colonization (i.e. increasing levels of avail
able resource) and potentially negating  the effects of 
enhanced  biotic resistance.

W hen we added the percent cover of Watersipora 
subtorquata  to the regression model, there was a 
significant 3-way interactive effect of W. subtorquata 
cover, native diversity, and am ount of open space on 
the num ber of exotics present (F1 433 = 5.59, p = 0.018). 
To visualize this 3-way interaction, we ran  2 separate 
analyses, partitioning the data  into plots w ith >10% or 
<10% W. subtorquata  cover. W hen W. subtorquata 
cover is >10%, there is a consistent positive relation-



Ex
ot

ic 
sp

ec
ie

s 
ri

ch
ne

ss
Stachowicz & Byrnes: Species diversity, invasion success, and ecosystem functioning 259

A All data: facilitators common

c/)c/)
CDcJ=
■g 4
(/)
CD
'o
CD
Q_(/)
O
'o 3
X

LU

High
open space 

Low
open space

B Watersipora > 10% cover: facilitators rare
7-,

High
open space

6 -

5-

Low
open space4-

1 ^\ v 100
3-

50
2 -

0 2 4 6 8
Native sp ec ie s  richness

Fig. 5. Regression planes show ing how the slope of the relationship 
betw een  native and invader richness changes as a function of the 
amount of resources available (percent open space) and the presence 
of structurally complex species that provide additional attachm ent 
sites for sessile species. (A) Data for all plots, showing that as resources 
becom e limiting (as open space approaches 0) the slope of the re la 
tionship betw een  native and invader richness decreases from strongly 
positive to nearly flat. (B) Data for plots in  which the cover of the head- 
forming bryozoan Watersipora subtorquata is <10%, show ing that the 
native-invader relationship becom es negative w hen  W. subtorquata 
is absent and space is limiting. These figures combined suggest the 
following: (1) w hen  resources (open space) are not limiting, the m ech
anism underlying biotic resistance cannot operate, and natives and in 
vader diversities are positively correlated; (2) as free space becomes 
limiting, the signal of biotic resistance becom es stronger, shifting the 
relationship to negative at low levels of available space; and (3) the 
effect of biotic resistance can be offset by the presence of species 
(facilitators) that provide secondary substrate on their shells or tests, 

alleviating the resource limitation

ship betw een native diversity and exotic d iver
sity, regardless of the level of open space (open 
space Fli360 = 1.17, p = 0.28; native richness Fli360 
= 6.72, p = 0.001; interaction F1360 = 0.14, p = 
0.70, r2 = 0.070). In contrast, w hen W.
subtorquata  is rare (<10% cover), there is a sig
nificant interactive effect of the availability of 
open space and native diversity on invader 
diversity (F1|74 = 5.99, p = 0.018, r2 = 0.430): the 
native-invader relationship is positive at high 
levels of open space, but becomes negative at 
low levels of open space (Fig. 5B). We regularly 
observed many different species growing on 
dead  and live parts of the W. subtorquata colony, 
and the 3-dimensional structure of colonies sug
gests that W. subtorquata  may provide more 
space resources than  it uses up. However, it may 
not just be that W. subtorquata  provides more 
space, but that it increases heterogeneity, 
including the subdivision of space into discrete 
patches. Indeed, a recent analysis suggests that 
spatial heterogeneity  may be the key to u n d er
standing how native-exotic correlations change 
across spatial scales (Davies et al. 2005).

These data suggest that the presence of a 
structure-form ing species can alleviate space 
limitation and increase the num ber of both 
native and exotic species that can coexist in a 
given area, m asking or elim inating the im 
portance of biotic resistance. Interestingly, the 
field survey by Stachowicz et al. (2002a), one of 
the few to show a negative invader-native rich
ness relationship in field survey data, was con
ducted in a system that lacked abundant foun
dation species such as these and had low 
availability of free space. Factorial field m anipu
lations of space availability and facilitator p res
ence are needed  to more directly test their effect 
on biotic resistance, but these conclusions are in 
accord with those from other studies showing 
that exotic habitat modifiers often increase the 
diversity of both natives and exotics (e.g. Crooks 
2002). Although our discussions here consider 
space as the relevant limiting resource in fouling 
communities, in principle this could work for any 
sort of resource limitation in other types of com 
munities. For example, in nitrogen-limited te r
restrial plant communities, it would be in terest
ing to consider native-exotic relationships across 
gradients in nitrogen availability and the p res
ence of N-fixing species such as legumes.

The results of these and other surveys suggest 
that the diversity of both native and introduced 
species often respond similarly to spatial varia
tion in environm ental conditions, leading to pos-
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itive correlations betw een native and invader diversity 
(Shea & Chesson 2002, Davies et al. 2005). This is p ar
ticularly apparent w hen resources are not limiting 
(high amount of open space). However, as available 
resources becom e scarce, invader diversity is ulti
m ately determ ined by a mix of competitive and facili- 
tative interactions betw een natives and invaders that 
control resource availability (summarized in Table 1). 
Looking at the shape of the relationships betw een 
native diversity, available resources (both prim ary and 
secondary space), and invader diversity can elucidate 
which of these processes are acting w ithin a system, 
how they determ ine the invasibility of the system, and 
the relative im portance of biotic resistance.

CONCLUSION AND APPLICATION TO BROADER 
DIVERSITY-FUNCTION STUDIES

The few studies on the relationship betw een diver
sity and invasion in m arine systems are most notew or
thy for their em phasis on assessing the mechanism(s) 
underlying the patterns of na tive-invader diversity 
relationships. The balance of the evidence suggests 
that diversity can and does enhance resource use, such 
that fewer resources rem ain unused over time in more 
diverse communities. Because resource use will relate 
to so many other ecosystem functions, these results 
provide a firm m echanistic basis for the diversity- 
functioning relationship. For example, if more diverse 
communities have higher resource utilization, then 
they are also likely to have greater biomass or produc
tivity and lower losses of energy or nutrient resources 
than less diverse communities. The suggestion that 
diversity enhances the consistency of resource use and 
space occupancy (e.g. Figs. IB & 2A) lends further evi
dence to the idea that diversity is related  to community 
stability. For instance, in terrestrial studies and theo
retical work, as diversity increases, the stability of indi
vidual species' populations tends to decrease slightly

(May 1974), w hereas the stability of aggregate  com 
munity properties, such as biomass or percent cover
age, tends to increase (Tilman 1996, Tilman & Lehman
2001). This is exactly w hat w e have found in our study 
of diversity and invasion (Stachowicz et al. 2002a).

However, w hen resources do not limit invasion— or 
more broadly, w hen resource availability or use does 
not affect an ecosystem process—then  the m echa
nisms w e have identified can be overw helm ed by other 
factors. For example, as suggested above, the presence 
of a facilitator can generate additional resources that 
enhance both native and non-native species, leading 
to higher diversity of both (e.g. Crooks 2002). How
ever, most work to date has been  on sessile taxa, and 
resource limitation may be less common in other 
groups (e.g. mobile species). It would be interesting to 
test the robustness of diversity-invasibility relation
ships within such groups. Of course m echanism s other 
than  resource depletion might link diversity and inva
sibility, and other papers in this Them e Section explic
itly illustrate how diversity and other ecosystem func
tions can be linked via a variety of non-competitive 
mechanisms.

Our results and those of others (e.g. Levine 2000) 
suggest that the synthesis of observational, experim en
tal, and simulation approaches, such as presented  
here, might also be profitable w hen exam ining the 
effect of diversity on other ecosystem functions. In
deed, observational approaches tested by Emmerson & 
Huxam (2002) show promise for gaining insight into 
diversity-functioning relationships at larger scales and 
in high-diversity communities. Given the importance 
of the ocean to global ecosystem functioning, it seems 
clear that small-scale experim ents will not be suffi
cient.

Finally, at least in the short term, m any invasions 
have resulted in a net gain in the num ber of species 
present at the local/regional level (Sax & Gaines 2003). 
This is not surprising and is similar to w hat is seen in 
geological-scale invasions: most regions gain in the

Table 1. Summ ary of how the effects of native richness on invader richness m ight change as a function of the availability of 
resources (open space) and the presence or absence of facilitators. Predictions based  on data trends in Fig. 5

Low native richness High native richness

Low fraction Biotic resistance overw helm ed by invaders
of resources Invader-invader competition m ay reduce
available invader diversity

INVADER DIVERSITY HIGH TO MODERATE

High fraction Exploitative competition and biotic
of resources resistance unim portant
available Both native and invader diversity determ ined

by extrinsic factors (e.g. recruitm ent, disturbance, flow) 
INVADER DIVERSITY LOW

Biotic resistance reduces invasion success 
G reater likelihood of facilitator presence that 
increases diversity of natives and invaders 
INVADER DIVERSITY LOW TO MODERATE

Exploitative competition and biotic resistance 
unim portant
Native and invader diversity determ ined by 
extrinsic factors (e.g. recruitm ent, disturbance, flow) 
INVADER DIVERSITY HIGH



Stachowicz & Byrnes: Species diversity, invasion success, and ecosystem functioning 261

total num ber of species, though some resident species 
eventually go extinct (e.g. M arshall et al. 1982, Vermeij 
1991). The diversity-ecosystem  functioning debate has 
mostly been  fram ed in the context of w hat will happen 
to ecosystem functioning as species richness declines 
due to extinctions. But in cases w here invasions cause 
a net increase in diversity at the scale at w hich ecosys
tem processes are m easured, it is w orth considering 
w hat effects this m ight have on ecosystem functioning. 
There are virtually no data  to address this question, 
although it is clear that invasive species can affect 
ecosystem structure and function. For example, eco
systems lacking dom inant filter-feeding organisms 
(either because natives have been driven ecologically 
extinct or because there w ere none to begin with) are 
dram atically altered w hen such species are introduced 
(e.g. Alpine & Cloern 1992). Assessing the effects of 
invasion-caused increases in diversity on a range of 
ecosystem processes would allow for a more robust test 
of the diversity-functioning relationship. Additionally, 
such studies would contribute to a fuller understanding 
of the degree to w hich ecosystem functioning saturates 
at high levels of diversity and provide a more balanced 
view  of the consequences of species introductions.
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