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Succession on Marine Hard Substrata: A Fixed Lottery 

Charles H. Greene and Amy Schoener 
School of Oceanography, University of Washington, Seattle, WA 98195, USA 

Summary. Community development is described for a tem- 
perate fouling community near Bremerton, Washington. 
Multivariate and functional group analyses are undertaken 
which reveal certain underlying patterns in the observed 
succession. These patterns include a steady increase in the 
dominance of solitary animals over their colonial counter- 
parts, as well as a gradual convergence upon a few relatively 
persistent species assemblages. In our discussion of these 
results, a Markov model for succession on marine hard 
substrata is introduced. Implications of the model and its 
limitations are explored in terms of community develop- 
ment and stability. Finally, an attempt is made to reconcile 
the model's results with our field observations. 

Introduction 

Natural communities are characterized by structural chan- 
ges in response to various biotic and abiotic forces. These 
changes through time, referred to as community develop- 
ment, are often continuous, reflecting the processes asso- 
ciated with each species' recruitment, survival and mortali- 
ty. In the analysis of community development, ecologists 
are faced with the task of relating community structure 
at one instant in time with that at some other instant. I f  
the development is orderly and directional, some type of 
predictive capability can be achieved from the analysis. In 
many natural communities, however, the stochastic nature 
of the developmental process can often mask any underly- 
ing order and directionality. To reveal underlying patterns 
in the face of such stochastic noise is a difficult undertaking, 
and largely dependent on the spatial and temporal scales 
chosen for the analysis. Structural changes over "moder-  
ate"  time intervals are typically referred to as succession 
(MacMahon 1979). The concept of  succession is somewhat 
elusive, certainly controversial (Connell and Slatyer 1977; 
MacMahon 1979) and quite often conotes different pro- 
cesses to different ecologists. We will retain the term in 
our discussion, however, its usage is not intended to imply 
anything more than the directional changes observed in 
community composition through time. 

Successional studies had their origin and greatest prolif- 
eration in terrestrial communities (see review in MacMahon 
1979). Nevertheless, the rapidity of community develop- 
ment in certain marine environments has endeared the "en- 
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crusting beasties of rocky seashores" (Horn 1976, p. 188) 
to many of the recent workers addressing the topic of suc- 
cession (Osman 1977; Sutherland and Karlson 1977; Dean 
and Hurd 1980; Sousa 1979, 1980). The subtidal, epibenthic 
communities associated with the fouling of man-made 
structures (i.e., fouling communities) appear to be nearly 
ideal experimental testing grounds for investigating the pro- 
cesses associated with succession. In addition to rapid devel- 
opment, fouling communities offer the practical advantages 
of working with organisms which are relatively well-known, 
predominantly sessile and which can be induced to settle 
on easily replicated artificial substrates (Sutherland and 
Karlson 1973). Recognition of these assets has led to a 
considerable number of  studies describing the community 
development on artificial substrates in marine environments 
(WHOI 1952; Schoener, in press). Despite their numerical 
abundance, however, there is little agreement among these 
studies about whether or not succession really occurs in 
fouling communities (Sutherland and Karlson 1977). The 
purposes of the present study are twofold: first, to describe 
the succession observed in the fouling community at Bre- 
merton, Washington and second, to fit these observations 
into a more general, theoretical framework. 

Study Site and Methods 

Fouling community development was monitored for 
81 weeks in Phinney Bay, a small bay adjacent to Bremer- 
ton, Washington. In mid-June 1978, 16 textured, white 
formica panels (412 cm 2 each) were submerged at 1-1.3 m 
beneath the Bremerton Yacht Club's floating docks. 
Percent cover for sessile species growing on the "primary 
space" (Dayton 1971) of a given panel's undersurface was 
estimated by a point sampling technique (Sutherland and 
Karlson 1973), using 100 points randomly positioned over 
the panel's area. This sampling technique is nondestructive 
with panels being resubmerged for further development 
after censusing. More details on the sampling methodology 
are given in Schoener and Greene (1980; 1981). 

Relative to our other study sites in Puget Sound and 
the San Juan Archipelago, the Bremerton fouling commun- 
ity is rich in terms of the number of attached, epibenthic 
organisms. Fifty-two sessile, macrofaunal species were re- 
corded over the 81 weeks of the study. Five macroalgal 
species were recorded as well, however, these algae were 
generally rare throughout the study and never became an 
important component in the community. In this diverse 
community, multivariate and functional group analyses 
have greatly facilitated the investigation of community de- 
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Table 1. Classification of the Bremerton species into their appropriate functional groups 

Solitary animals 
A. Sessile animals 

Metazoa: Annelida: 

Protozoa: 

Polychaeta 
Eudistylia vancouveri 
Nereid sp. 1 
Pseudopotamilla occelata 
Sabellid sp. 1 
Schizobranchia insignis 

Arthropoda : Crustacea 
Amphiphod sp. 1 

Chordata: Tunicata 
Ascidia sp. 
Boltenia villosa 
Chetysoma productum 

Cnidaria: Anthozoa 
Metridium senile 

Scyphozoa 
Unknown scyphistomae 

Mollusca : Gastropoda 
Coryphella sp. eggs 
Crepidula sp. 

Bivalvia 
Chlamys sp. 
Hiatella sp. 

Unknown egg mass 
Ciliophora : Ciliatea 

Folliculina sp. 
B. Sedentary animals N.A. 
C. Excavators N.A. 

II. Colonial animals 
A. Runners 

Metazoa: Cnidaria: Hydroida 
Clytia sp. 
Tubularia sp. 

B. Sheets 
Metazoa: Chordata: Tunicata 

Diplosoma macdonaldi 
Ectoprocta: Gymnolaemata 

Electra crustulenta arctica 
Hippothoa hyalina 
Membranipora membranacea 
Reginella sp. 

Porifera: Demospongiae 
Halichondria panicea 
Haliclona permolis 

C. Mounds 
Metazoa: Chordata: 

D. Plates N:A. 
E. Vines 

Metazoa: Cnidaria: 

Ectoprocta: 

F. Trees 
Metazoa: Chordata: 

Ectoprocta : 

Porifera : 

Tunicata 
Aplidium sp. 

Hydroida 
Obelia sp. 

Gymnolaemata 
Bowerbankia sp. 

Tunicata 
Distaplia occidentalis 

Gymnolaemata 
Bugula sp. 
Crisia sp. 

Calcarea 
Scypha raphanus 

Serpulid sp. 1 
Spionid sp. t 
Syllid sp. 1 
Syllid sp. 2 

Balanus crenatus 

Corella willmeriana 
Styela gibbsii 
Tunicate sp. 1 

Hermissenda crassicornis eggs 

Mytilus edulis 

Hydroid sp. 1 

Rhamphostomella sp. 
Tubulipora sp. 
Bryozoan sp . l  
Bryozoan sp. 2 

Sponge sp. 1 

Bryozoan sp. 3 

Tunicate sp. 2 

Bryozoan sp. 4 

velopment.  A mult ivar ia te  clustering technique was em- 
ployed in this s tudy to reveal possible underlying pat terns  
in the observed communi ty  development.  The clustering 
method  we adopted  is agglomerat ive and hierarchical,  being 

based on the Bray-Curtis  Similarity Index (Clifford and 
Stevenson 1975) and utilizing a flexible combinator ia l  strat- 
egy (Lance and Will iams 1967). Da ta  were entered into 
the Clustan�9 statistical p rogram as a da ta  matr ix  consisting 
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Fig. l. The dendrogram corresponding to the 16 panels censused on 12 sampling dates (16 x ~2 = 192 entries). An agglomerative, hierarchi- 
cal clustering technique was utilized with a flexible combinatorial strategy (clustering intensity coefficient/~ = -0.25). Groups A through 
W were designated at a distance level D = 0.60 

of 192 separate individuals (representing the 16 panels for 
each of 12 sampling dates) and their 58 corresponding attri- 
butes (representing the relative abundance of each species). 
Empty space was treated as another species in the analysis Panel Week 
since, as does Quinn (1979), we view it as an essential and 

7 11 16 20 24 30 39 48 58 67 74 81 
interacting element in space-limited systems. 

Funct ional  group analysis provides an additional ana- 1 A G G K M K E N R R R T 
lyrical tool in describing community  development, perhaps 2 A B B J H K L P U U U U 
more clearly extracting the relationship between form and 3 A C C D F H L N R R R R 
function in the hard substratum epibenthos (Greene and 4 D F I I H L F P U T T T 
Schoener, in preparation). This method involves, first, as- 5 A C C F F H H P T T T T 
signing epibenthic organisms to functional groups on the 6 A B D D H L L P V T R T 
basis of how they use and alter their environments (Woodin 7 A B B L L L E P U U U U 
and Jackson 1979), and then following the development 8 A C B I J E F P W W W W 

9 A D C I G J F O S S S T 
of these species aggregates through time. Using the defini- l0 A A C F F H F P V Q Q Q 
tions of Jackson (1979) and Woodin  and Jackson (1979), 11 A A I F F J L N V T T T 
all macrofaunal  species in the Bremerton fouling commun-  12 A C D G G F F P V R W T 
ity were classified and placed into their appropriate func- 13 A C C I H H E N V R R T 
tional groups (Table 1). Since data were only collected for 14 A A C D F H H O W R W R 
sessile species, sedentary animals were not  included in the 15 A A C I I I L N R R R R 
analysis. 16 A C C I H H E N V R R R 

Table 2. The species assemblage designation corresponding to each 
of the 12 sampling dates during the Bremerton study 

Results 

The dendrogram in Fig. 1 corresponds to the output  of 
the clustering program described previously. F rom this den- 

drogram, 23 characteristic species assemblages were as- 
signed at a distance level equal to 0.60 and then given a 
letter designation from A through W. The 0.60 level was 
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SOLITARY ANIMALS 
Balonus crenotus 

Core//o willmeriono 

Me/ridium senile 

Mylilus edu/is 

Nereid Sp.1 
Serpulid Sp. l 
Slyelo gibbs# 

COLONIAL ANIMALS 
Bowerbankia sp. 

8ryozoan sp. :~ 

Diplosoma macdonald/ 

Distap#a occidentalis 

Yellow sponge spp.* 

Hippothoa hyalina 

Obelia sp. 

Sponge sp. I 

Tunicate sp. 2 

EMPTY SPACE 

*Holichondrio poniceo 
Holiclono permoli$ 

A B C D E F G H I J K L M N  O P Q  R S T  U V W  
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Fig. 2. Compositions, in terms of 
the relative abundances of solitary 
and colonial species, for species 
assemblages A through W. The 
coded key corresponds to 8 relative 
abundance categories based on 
mean percent cover; the mean 
percent cover for a given species 
being determined from all of the 
panels represented in each species 
group. Arrows to the left indicate 
that the 95% confidence interval 
for the observed mean overlaps 
with the next lowest category, 
arrows to the right indicate an 
overlap with the next highest 
category 
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Fig. 3. The trends in relative abundances through time of the var- 
ious morphological subdivisions of colonial animals. Relative 
abundances are measured in terms of percent cover; each point 
representing the mean value of 16 panels and enclosed by its corre- 
sponding 95% confidence interval. Figure 3a corresponds to the 
vine-like morphological types; the hatched area representing the 
hydroid Obelia sp., the open area representing a pair of vine-like 
bryozoans. Figure 3b corresponds to the sheet-like morphological 
types; the hatched area representing three sheet-like sponges, the 
stipled area representing the tunicate Diplosoma macdonaldi, and 
the open area representing a variety of sheet-like bryozoans. 
Figure 3e corresponds to the tree-like morphological types; the 
stipled area representing three tree-like bryozoans, the open area 
representing a pair of tree-like tunicates 
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Fig. 4. The trends in relative abundances through time of the soli- 
tary tunicate species Corella willmeriana and Styela gibbsii at Bre- 
merton, Washington. Relative abundances are measured in terms 
of percent cover; each point representing the mean value of 
16 panels and enclosed by its corresponding 95% confidence inter- 
val 

chosen somewhat subjectively after the analysis was at- 
tempted at a number of different distance levels. The choice 
of an appropriate "stopping rule" is typically subjective 
(Boesch 1977), and this level seemed to yield the most con- 
sistent results (further details on this choice are available, 
upon request, from the authors). 

Table 2 lists the species assemblage corresponding with 
each panel on a given sampling date. The species composi- 
tions of these assemblages are portrayed in Fig. 2, each 
assemblage being broken down into its solitary and colonial 
components. Only species which on the average occupied 
greater then 10% of the space in a given assemblage were 
included in the figure. Less abundant species have little 
effect on the results with the clustering method employed 
(Boesch 1977), and this relatively arbitrary lower limit is 
consistent with Sutherland and Karlson's (1977, p. 427) cri- 
teria for defining the community's foundation species. 

By following the transitional sequences of species assem- 
blages observed for each panel through time (Table 2), and 
then inspecting the composition of these assemblages 
(Fig. 2), a fairly detailed picture of the community's devel- 
opment can be described. Initially, most of the bare panels 
underwent a similar development, being rapidly exploited 
by the colonial tunicate Diplosoma macdonaldi and the 
hydroid Obelia sp. As the first season progressed, however, 
the development on many of the individual panels began 
to diverge from one another. A variety of colonial species 
(Fig. 2) and morphological types (Fig. 3) were important 
space occupiers on different panels and at different times 
during the first year. During the same period of time, only 
one solitary species, the tunicate Corella willrneriana, ever 
made a large contribution to the percent cover (Fig. 4). 
Its high abundance, however, is responsible for the early 
conversion in week 20 from a colonial- to solitary-dominated 
community (Fig. 5). This feature, as well as Corella's high 
relative abundance at some point in every panel's develop- 
ment during the first year, serves to emphasize the tunicate's 
early importance in the community. 
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Fig. 5. The trends in relative abundances through time of the soli- 
tary and colonial animals at Bremerton, Washington. Relative 
abundances are measured in terms of percent cover; each point 
representing the mean value of 16 panels and enclosed by its corre- 
sponding 95% confidence interval 

50 

45 

3O 

25 

10 UM 

5 

[3 ~,-" 
O 5 tO 15 20 25 30 3S 40 45 50 5S 60 65 70 '75 8b 85 

TIME (WEEKS) 

Fig. 6. The trends in relative abundances through time of the soli- 
tary species Metridium senile and Mytilus edulis at Bremerton, 
Washington. Relative abundances are measured in terms of percent 
cover; each point representing the mean value of 16 panels and 
enclosed by its corresponding 95% confidence interval 

By week 48, Corella's abundance had declined, and this 
was followed by a rapid but brief increase by the tree-like 
bryozoans and tunicates on the newly available, primary 
space (Fig. 3). More striking than this brief resurgence of 
colonial animals, however, was the relatively steady increase 
in percent cover by solitary animals beginning with week 
48 (Fig. 5). Another solitary tunicate, Styela gibbsii, took 
over Corella's position as the community's dominant 
species (Fig. 4). In addition, two other solitary species, the 
anemone Metridium senile and the mussel Mytilus edulis, 
became important space occupiers during the second year 
(Fig. 6). Each of these species contributed, to a greater or 
lesser extent, in the dominance by solitary animals in each 
of the species assemblages from weeks 58 through 81 (Ta- 
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ble 2, Fig. 2). A particularly noteworthy feature of the com- 
munity's development during this period is its convergence 
upon a few, relatively persistent species assemblages. Unfor- 
tunately, before the stability of these assemblages could be 
fully evaluated, the floating docks which supported our 
panels were repositioned, thus terminating the study after 
week 81. 

Discussion 

Upon first inspection, the transitional sequences in Table 2 
appear quite variable, with perhaps little apparent pattern. 
This variability, especially in the early stages of panel devel- 
opment, is highly reminiscent of the stochastic effects ob- 
served in the recovery of small patches in the rocky intertid- 
al (Paine and Levin 1981). As Paine and Levin (1981) 
suggest: 

"when attention is focused on a single site (or panel), the 
dynamics appear highly stochastic... (thus each panel) may 
go through any of a number of possible transitional se- 
quences in a pattern which can only be described probabil- 
istically." 

This line of reasoning suggests to us the necessity of devel- 
oping a stochastic model for succession on marine hard 
substrata. Here we introduce such a model, and then 
attempt to reconcile its results with the field observations 
described previously. 

The "Fixed Lottery" Model 

If we take Gleason's (1927) reductionist approach and 
assume that changes in community structure can be viewed 
as the result of each component species' patterns of recruit- 
ment, survival and mortality, then community development 
in space-limited systems can be analyzed as a species by 
species replacement process (Horn 1975, 1976; Connell and 
Slatyer 1977). For illustrative purposes, a hypothetical, 
space-limited community of three species will be examined. 
We can begin by dividing the community's primary space 
into identical and contiguous subunits. Each subunit in the 
community can be in any of four possible states, either 
occupied by one of the three species A, B or C, or empty, 
as represented by the null state 0. Whenever a change in 
state occurs within a subunit, there is an associated transi- 
tional probability of going from one state to another 
(Fig. 7). In matrix form the transitional probability matrix, 
P, looks like: 

To O) 

0 A B C 

From (i) PO0 P~A POB Poc 
A PA0 PAA PAB PAC 
B PB0 PBA PBB PBC 
C Pc0 PCA PCB Pcc 

where Pij represents the probability of going from state 
i to state j over some set time interval, t, and the probabili- 
ties in each row of the matrix must sum to one (i.e., ZPi~ = 
1.0). t should be chosen short enough such that any subunit 
can only undergo one transition during the time interval. 

PBB 

Pcc 

PCA 
Fig. 7. Graphical representation of the possible states and transi- 
tions in a hypothetical, space-limited community of three species. 
Matrix representation and symbols are described in text 

Along the main diagonal of the matrix (i.e., where i =j), 
each entry can be interpreted as the probability that no 
change in state occurs during time t. When j is equal to 
A, B or C, then Pij can be interpreted as the probabilities 
of: (1) recruitment onto empty space by species j when 
i = 0, or (2) one resident species, i, being directly outcom- 
peted (i.e., overgrown) by another resident, j, when i = A, 
B or C and i:pj. Finally, when i--A, B or C and j=0 ,  
then Pij can be interpreted as the probability that the resi= 
dent species is disturbed and replaced by empty space after 
time t. 

When the next state of any subunit is only dependent 
on its current state, and if P remains constant through time, 
the community development is a stationary Markovian 
process (Usher 1979). Horn (1975, 1976) has developed a 
simple, stationary Markovian treatment of forest succession 
as well as explored some of the interesting nonlinearities 
of succession, such as when community composition affects 
the transitional probability matrix. In analyzing the validity 
of (he stationarity assumption, Usher (1979) concluded, 
both on empirical and theoretical grounds, that most eco- 
logical successions are non-stationary processes. Despite 
this conclusion, we feel that the approach is a valuable 
one in quantifying certain conceptual models of community 
development in the ecological literature, and in relating 
these ideas to our field observations. 

Sale (1977, 1978) has likened reef fish community devel- 
opment to a lottery for living space. In a legitimate and 
purely noninteractive lottery [i.e., the community is struc- 
tured by the dynamics of larval recruitment and resident 
mortality, species interactions, especially competition, are 
presumed insignificant (Anderson et al. 1981)], all entries 
in P with the exception of P00 must be equal in the first 
row, equal in the first column and equal along the main 
diagonal. All other entries in the matrix are zero. If these 
conditions are not met, then the lottery is "fixed", and 
species will not have an equal chance to reside in the com- 
munity (Connell 1978). A "fixed lottery" model surely 
seems the most ecologically realistic. Sources of mortality 
usually exhibit some type of species selectivity and the pool 
of available larvae would rarely be expected to give all 
species the same likelihood of recruitment. In fact, in its 
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Fig. 8. Processes associated with the "fixed lottery" model of suc- 
cession. For completeness, competitive overgrowth is included in 
the figure as well 

basic form our "fixed lottery" model is largely analogous 
to the inhibition model of succession proposed by Connell 
and Slatyer (1977). In this type of succession, community 
residents inhibit the invasion of subsequent colonist, and 
space can only become available through the damage or 
death of resident species. With succession proceeding in 
the manner of a species by species replacement process, 
the community composition gradually shifts toward species 
which live longer (i.e., species with higher probabilities 
along the main diagonal of the matrix). Hence, succession 
can be characterized largely as a statistical phenomenon 
rather than a uniquely biological one (Horn 1976), reflect- 
ing the probability of each species' recruitment into the 
community (entries in the first row of the matrix) and the 
probability of its subsequent removal from the community 
(entries in the first column of the matrix). Figure 8 portrays 
the processes associated with this type of succession. 

The basic "fixed lottery" model can be generalized fur- 
ther by adding terms accounting for direct, interspecific 
competition. Inclusion of nonzero values for PAB, PAO PBA, 
PBc, PCA and PcB fills out the remainder of the matrix and 
relates the probabilistic nature of direct confrontations and 
their outcomes between species A, B and C. The probability 
of species j outcompeting i is equal to the product of their 
encounter probability times the proportion of confronta- 
tions j wins. In determining encounter probabilities, ob- 
viously position effects (Karlson and Jackson 1981) as well 
as the relative abundances of both species are important, 
and thus community composition affects Pij. The theoreti- 
cal implications of such nonlinearities need further investi- 
gation, but could have important consequences on com- 
munity development and stability (see Limitations of the 
Model). In comparison, the proportion of successful en- 
counters for species j with species i is less likely to be compo- 
sition-dependent, and thus may be treated as a constant. 
In a simple competitive hierarchy of C > B > A, the competi- 
tion terms below the main diagonal of P (i.e., PBA, PCA 
and PcB) vanish. Only disturbance and recruitment rates 
that can keep pace with the rate of competitive overgrowth 
will maintain the diversity in such an assemblage. As an 
alternative, competitive networks (Jackson and Buss 1975; 

Buss and Jackson 1979; Karlson and Jackson 1981) can 
be accommodated by the model as well, but we will not 
elaborate upon the complexities involved at present. 

If we ignore nonlinearities and violations of the station- 
arity assumption for the moment, then our "fixed lottery" 
model yields several important predictions. As a regular 
Markovian process, our model of succession exhibits the 
ergodic property, a fundamental feature of all regular 
Markov chains (Kemeny and Snell 1976). The ergodic prop- 
erty results in convergence, after sufficient time, upon a 
stationary community composition irrespective of the com- 
munity's previous or initial conditions (Horn 1975). This 
feature is consistent with the concept of "global stability", 
a situation in which all possible configurations in n-dimen- 
sional phase space (where n is the community's species rich- 
ness) eventually converge upon a single, stable equilibrium 
point (Lewontin 1969). The final community composition 
achieved, and in this case appropriately referred to as the 
"climax community" composition, is determined only by 
the transitional probability matrix, P, and derived indepen- 
dently of the historical peculiarities associated with each 
individual succession. As mentioned previously, in situa- 
tions where species' turnover times in the community are 
dominated by recruitment and disturbance processes, suc- 
cession possesses the important features of Connell and Sla- 
tyer's (1977) inhibition model. At the other extreme, when 
competitive terms dominate P, then succession proceeds 
in a manner more closely resembling that described by 
Connell and Slatyer's (1977) tolerance model. In the former 
case, succession leads to a community composed of species 
that are longer lived; in the latter case, succession leads 
to a community dominated by species most efficient in uti- 
lizing space, i.e., better competitors. Thus, rather than por- 
traying succession as two alternative processes with their 
consequent alternative conclusions, we prefer to view 
Connell and Slayter's (1977) models as two extremes of 
a more generalized successional process. 

Limitations of the Model 

"The best model is the one that works best. The perfect 
model, working infinitely well, is not for men now living." 

Reginald Aldworth Daly 

In nature, succession on marine hard substrata is con- 
siderably more complex than our simple model can portray. 
Throughout the development of the model thus far, we 
have neglected possible nonlinearities in the system and vio- 
lations of the stationarity assumption. These omissions can 
have far-reaching consequences in terms of community de- 
velopment and stability. Nonlinearities arise when com- 
munity composition can affect the processes of recruitment, 
competition and disturbance. Nonlinearities in recruitment 
are exemplified by the phenomena of gregarious and asso- 
ciative settlement (Crisp 1979) common in many sessile, 
marine invertebrates. The nonlinearities and position effects 
associated with competition were commented upon before, 
and the reader is referred to Karlson and Jackson (1981) 
for further details. Lastly, nonlinearities can develop when 
community composition affects the survivorship of certain 
species by altering their susceptibility to both physical and 
biological disturbances. Examples can be found in the rocky 
intertidal, where the more dense assemblages of Mytilus 
californianus are less prone to wave damage through byssal 
reinforcement (Paine and Levin 1981), and in fouling corn- 
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munities, where some residents provide refuges from preda- 
tors for other species (Sutherland 1974; Russ 1980; Dean 
1981). In each of these examples, the observed nonlinearities 
have the potential to drastically affect development within 
the community. Horn (1976) recognized this potential and 
explored some of the theoretical implications in his Markov 
models for forest succession. Perhaps his most profound 
finding is that nonlinearities can increase the importance 
of historical events in the succession and thereby lead to 
the coexistence of  multiple stable points (Lewontin 1969). 
Sutherland (1974) came to the same conclusion based on 
empirical evidence from the fouling community at Beaufort, 
North Carolina, however, he has subsequently modified this 
interpretation (Sutherland 1981, in preparation). 

Although we can speculate with some theoretical assur- 
ances on the possible consequences of nonlinearities in com- 
munity development, the effects of violations of the station- 
arity assumption are largely unknown. The most common 
and obvious violations of the stationarity assumption are 
observed periodicities in recruitment and disturbance pro- 
cesses. In recent papers, Sutherland (1981, in preparation) 
has operationally defined perturbations as processes poten- 
tially capable of changing community structure through the 
addition or subtraction of species from the resident adult 
assemblage. Perhaps visualizing violations of the stationar- 
ity assumption as perturbations in the system is a reason- 
able approach to the problem. In this view, perturbations 
of small magnitude may temporarily impede the succes- 
sion's convergence toward a given stable point. At the other 
end of the spectrum, large perturbations may jar the system 
into another"  basin of attraction" (Lewontin 1969; Holling 
1973), and thus convergence toward a different endpoint. 
In addition to their intensity, the frequency of perturbations 
can significantly alter the speed and course of succession 
as well (Sutherland and Karlson 1977; Connell 1978; Sousa 
1979, 1980). Although we find this perturbation approach 
conceptually straightforward and intuitively pleasing, we 
hope to see further theoretical development along these 
lines in the future. 

Finally, before we attempt to reconcile the model's 
results with our field observations, we wish to point out 
two additional simplifications. First, the effects of spatial 
heterogeneity are completely ignored in the model. This 
may or may not be an important consideration depending 
on the community being studied. For purposes of keeping 
the model general, however, we find it useful to separate 
the successional processes described previously from the 
complicating effects of spatial heterogeneity. The second 
simplification involves the lack of any age or size structure 
in the populations of each resident species. Perhaps greater 
realism and precision could be achieved by adding more 
states to the model which would correspond to the different 
age or size classes in each species' population. For introduc- 
tory purposes, however, we again prefer to present the mod- 
el in its more general form. 

The Model Versus Reality 

In the context of our observations from the fouling com- 
munity at Bremerton, the "fixed lottery" model yields sev- 
eral important insights and working hypotheses. In this 
paper, we only stress the deterministic consequences of the 
model, although part of our original intent was to account 

for stochastic variability. Monte Carlo simulations with 
even the simple, three species system can yield considerable 
variability (Greene, personal observation). Therefore, when 
we attempt to interpret the succession of a 57 species system 
in which both nonstationary and nonlinear processes are 
at work, the task of revealing underlying patterns would 
indeed seem formidable. Nevertheless, the emergence of 
some patterns has both intrigued us and laid the ground- 
work for further investigations. 

In another paper (Greene and Schoener, in prepara- 
tion), we elaborate extensively upon our functional group 
analysis of the fouling community at Bremerton. The ob- 
served trend in dominance, shifting from colonial to solitary 
animals (Fig. 5), presents us with a situation in conflict 
with Jackson's (1977) predicted trend of eventual colonial 
dominance. In an attempt to explain this trend and recon- 
cile the conflict, we propose a working hypothesis that suc- 
cessional processes other than competition can alter "the 
adaptive significance of solitary and colonial strategies" 
(Jackson 1977, p. 743). Relying on some of our own obser- 
vations, but primarily on the results of other investigations 
of temperate fouling communities (Sutherland and Karlson 
1977; Dean and Hurd 1980), we suggest that succession 
at Bremerton may possess many features in common with 
Connell and Slatyer's (1977) inhibition model. In such a 
succession, as our "fixed lottery" model confirms, the lon- 
ger-lived species will eventually dominate. At Bremerton, 
most of the important solitary species do seem to outlive 
their colonial counterparts (Greene and Schoener, in prepa- 
ration) and this is proposed to account for their eventual 
dominance. In addition, one of the solitary species, Styela 
gibbsii, may be able to perpetuate itself in dense assemblages 
by gregarious settlement and the ability to filter out other 
species' larvae while sparing its own (C. Young, personal 
communication). Gregarious settlement and other processes 
which favor self-replacement may thus represent examples 
of nonlinear effects which can also "increase the odds" 
for solitary animals (Jackson 1977; Scheltema et al. 1981). 
Each of these hypotheses needs to be tested with well-de- 
signed, carefully controlled field experiments. The rewards, 
however, in terms of resolving several broad evolutionary 
and biogeographical questions (Jackson 1977; Greene and 
Schoener, in preparation) could be well worth the effort. 

One other emergent pattern in the Bremerton data, 
which we will address finally, involves both successional 
convergence and community stability. Inspection of Table 2 
reveals a high degree of between panel variability during 
the earlier stages of succession. As the succession pro- 
ceeded, however, this variability declined and the panels 
began to converge upon a few, relatively persistent species 
assemblages. This suggests, as one might expect, that the 
stochastic effects of succession are reduced with the passage 
of time. Whether the observed pattern represents conver- 
gence toward a globally stable point or multiple stable 
points cannot be distinguished from our time series. In fact, 
it is possible that perturbations, as we described them 
before, may not allow convergence to continue any further. 
Community stability must be assessed on time scales consis- 
tent with the life histories of all the resident species (Connell 
and Sousa, in preparation) and, unfortunately, we were 
forced to terminate our study far short of this goal. It is 
our hope that future studies of community succession and 
stability will be of sufficient duration to adequately ap- 
proach these questions of such broad ecological concern. 
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