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ABSTRACT 

Field experiments and observations were used to 

define the functional roles and relationships of species in 

the rocky mid-intertidal community at Pelican Point in the 

northern Gu~f of California. This approach provided 

resolution of the influences of grazing. predation. 

competition. and abiotic factors on community structure, and 

of the direct and indirect effects involved in species 

interactions. 

Competition for space. apparently via space pre-

emption, between the barnacle Ch!ha~~l~~ ~ni~~~ and 

encrusting algae of the genus ~~l£~l~ was consistently 

evident. Grazing by the limpet ££lll~~ll~ ~tr~l~~~ was 

shown to limit algal abundance and bring about the 

excluded Collisella from the rock surface. Predation on 

increased the abundances of both Ralfsia and Collisella. 

Some of the temporal variations in community structure 

observed during this study were clearly linked to variations 

in the abundances of Acanthina and Collisella and the above 

interactions. 

This relatively simple community. existing in what 

x 



xi 

seems a rigorous physical environment, was characterized by 

strong, highly interdependent biological interactions. 

Indirect effects were consistently important in species 

interactions. An intriguing result of this study was the 

emergence of indirect mutualism between ~£!~1nl~! and 

££llis~ll!; this interaction appears to contribute to the 

persistence and continuing influences of both consumer 

species, and hence may be of major importance in the 

organization of this community. 

The zonation of the barnacles £n1n~!!~~ ~l~£££~! 

and Tetraclita stalactifera at Pelican Point and elsewhere ---------- ------------
in the Gulf was examined in a test of recent ideas relating 

ecological and evolutionary patterns in barnacles to 

,morphology and competition for space. Experiments and 

observations indicated the restriction of Tetraclita to the 

upper part of the shore by competition from Ch1n!~!!~~, with 

I~tr!£l!1! able to survive above £n1n~!!~~ by virtue of 

greater tolerance to exposure. These results were in direct 

opposition to the presumed competitive dominance of large, 

rapidly-growing, tubiferous barnacles like !et£!£!!1!. 

Comparisons with results from other shores suggested that 

numerical dominance goes hand-in-hand with competitive 

dominance in acorn barnacles. Morphological differences 

appear to be of minor importance. 



GENERAL INTRODUCTION 

This research reflects attempts to identify some of 

the mechanisms and consequences of species interactions in 

the rocky intertidal zone of the northern Gulf of 

California. As such, it provides the means of addressing a 

number of general issues in contemporary community and 

evolutionary ecology, and others more peculiar to rocky 

intertidal ecology. The title stems from the realization on 

my part that there is a two-way relationship between spatial 

and temporal patterns of community structure and the 

dynamics of underlying processes. In this system, pattern 

and process can be viewed as interacting, mutually 

constraining variables. Competition for spac~, grazing, and 

predation are processes that influence community structure. 

But variations in the effects of these processes derive, 

proximately at least, from variations in the local 

abundances of species, i.e. from variations in community 

structure. Indeed, most of the experiments I (and other 

investigators) have conducted to determine the importance of 

biological interactions involve experimentally induced. 

variations in local community structure. The resulting 

inferences about the effects of underlying processes on 

community structure are possible because these processes are 
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altered through the manipulation of community structure. 

Several authors (Simberloff 1980; Grossman 1982; 

Strong 1983; Strong et ale 1984) have recently expressed 

doubts about the importance of interactions between species, 

at least in some natural communities. In discussing the 

intertidal zone of the Gulf of California, Brusca (1980, p. 

30) wrote, 

The numerically dominant species of invertebrates 
on any Gulf shoreline is under the overlapping and 
complex direction of a vast multitude ot factors, 
including such things as breeding cycles, local 
seasonal or aberrant current regimes, larval 
dispersal, chance immigrations, normal and abnormal 
fluctuations in water temperature (and in some cases 
salinity), substrate movement, sand scouring, 
presence or absence of local competitors or 
predators, etc. It is my belief that these numerous 
cause-and-effect sequences, when combined with the 
adaptive relationships of the multitude of 
invertebrate species occurring in the Gulf of 
California, are so complex and multifaceted that 
local invertebrate community structure, at anyone 
point in time and space, may be considered 
(mathematically) a random variable ••.• This 'random 
walk' effect on community composition in the Sea of 
Cortez appears to increase as one moves northward, 
into the upper Gulf. It is here that biological 
accomodation is most strongly suppressed by the twin 
(and complementary) phenomena of randomness and 
physically controlled habitats. 

A basic goal of this research was to resolve the importance 

of interspecific interactions in the physically rigorous 

setting provided by the intertidal zone of the northern Gulf 

of California. 

This research was concerned with the community of 

barnacles, algae, limpets, and predatory gastropods, found 
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in the mid-intertidal along the southwest shore of Pelican 

POint, near Puerto Penasco, Sonora, Mexico. Analogous 

assemblages are found nearly worldwide on mid- to upper

level rocky intertidal shores (Stephenson and Stephenson 

1972). These systems have been relatively well-studied 

(reviews by Connell 1972, 1974; Paine 1977; Underwood 1979; 

Branch 1981i Lubchenco and Gaines 1981; see also Menge and 

Lubchenco 1981; Underwood et ale 1983), but mostly in 

piecemeal fashion. In this research I attempted a relatively 

inc 1 us i v e a p pro a c h. 

Chapters 1 anc 2 are both concerned with the 

interplay of direct and indirect effects in species 

interactions, and the consequences of these interactions for 

partioular species and for overall community structure. Both 

chapters provide insights into the interacting effects of 

competition for space, grazing, and predation. A commonly 

held view is that competition and predation (including 

herbivory) are inversely related in terms of their 

importance in limiting populations and in structuring 

communities (Paine 1966a; Connell 1975; Menge and Sutherland 

1976; Stanley 1979, pp. 198-199; Zaret 1980). Mutualism has 

received far less attention than have competition and 

predatio~ At present, whether this in fact reflects the 

limited influence of mutualism in ecological communities, 

the neglect of mutualism for historical or political reasons 
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(Boucher et al. 1982), 01" the complexity of many mutualistic 

relationships (Wilson 1980; Thompson 1982) is unclear. 

Indirect mutualism (Vandermeer 1980) is one of the intriguing 

possibilities for this community, and provides the focus for 

Chapter 2. Chapters 1 and 2 together provide a fairly 

dp.tailed picture of the relative influences and 

interrelationships of different sorts of interspecific 

interactions, and of the functional roles of particular 

species in this system. 

In Chapter 3 the causes of barnacle zonation at 

Pelican Point and elsewhere in the Gulf of California are 

examined, with the aim of testing recent ideas about the 

relationships between competition, morphology, and 

ecological and evolutionary patterns in barnacles. 

Finally, a top carnivore, the starfish He!!~~!~ 

~~~!E!l! disappeared from this community during 1978, just 

as these investigations were being initiated (Dungan et ale 

1982). In a final section (Conclusions), I present what is 

probably the briefest possible view of community 

organization in this system, and comment on the suggestion 

by Paine (1966a) that g~!!~~!~! played a crucial role by 

preventing the monopolization of space by barnacles. 



CHAPTER 1 

THREE-WAY INTERACTIONS: BARNACLES, LIMPETS, AND ALGAE 
IN A SONORAN DESERT ROCKY INTERTIDAL ZONE 

Field experiments and observations were used to 

evaluate the interactions among barnacles, limpets, and 

algae in a rocky intertidal community in the northern Gulf 

of California. Competition for space, apparently via space 

pre-emption, between the barnacle Q~!~~!!~~ !rrl~£E£~~ and 

encrusting algae of the genus Ra!!~l! was consistently 

evident. Grazing by the limpet Q£!!l~~!!! ~!~~l!rr~ limited 

algal abundance and indirectly increased the abundance of 

detectable. High percent cover of Ch!~~!!~~ reduced both 

algal and limpet abundances. Q~th!~!~~ affected ~!!!~ia 

both directly, through space pre-emption, and indirectly, by 

limiting limpet densities. In one experiment, these opposing 

effects were equivalent, resulting in no net effect of the 

removal of Chthamalus on Ralfsia. Results also indicated a ---------- -------
negative feedback loop: removal of Ch!~~!~~ increased 

limpet densities, which suppressed any increase in ~!!!~l! 

cover, enhancing the recovery of Ch!~!~~!~~. The above 

interactions imply a beneficial indirect effect of ~~!!~l! 

5 
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on f£ll~~ll~, arising from the prevention of Chthamalus 

settlement by Ralfs!~. Circumstantial evidence suggested 

that predation by the gastropod !~anthina ~~ll£~ was 

important in limiting the abundance of f~~~~~l~~. 

These interactions appeared to explain some aspects 

of temporal variation in community structure in this system. 

This community was characterized by strong, highly 

interdependent interactions. Both direct and indirect 

effects of species on each other were repeatedly evident and 

operating on similar time scales. 

Introduction --------
Characterizing interspecific interactions and 

determining their importance is a basic goal of community 

ecology (Elton 1966; Strong et al. 1984). In any natural 

assemblage, major difficulties arise not only from the large 

number of species, and potential interactions, but because 

the mechanisms whereby species affect each other may be 

extremely subtle, involving both direct and indirect (by way 

of other species) effects. The potential complexity of 

species interactions when indirect effects are incorporated 

has long been appreciated (Darwin 1859. pp. 71-74) and is a 

common theme among recent theoretical analyses (e.g. Levins 

1975; Levine 1976; Holt 1977, 1984; Lawlor 1979; Wilson 

1980; SChaffer 1981; Abrams 1984; Bender et al. 1984). 

Whether the strong, interdependent interactions required to 



generate this sort of complexity are widespread in nature 

remains to be seen (Simberloff 1980; Strong 1983; Strong et 

al. 1984). 

7 

Evidence that particular species have important 

indirect effects on others is abundant (Wilson 1980; 

Thompson 1982). However, very few studies have attempted to 

work out the full complement of direct and indirect effects 

that determine species interactions in a natural assemblage 

(e.g. Lubchenco 1978; Lubchenco and Menge 1978; Brown et ale 

1979; Underwood et al. 1983; Davidson et al. 1984). Even in 

relatively inclusive, experimental studies of multispecies 

interactions (e.g. Wilbur 1972; Seifert and Seifert 1976; 

Underwood 1978; Brown et ale 1979; Fowler 1981; Smith and 

Cooper 1982; Davidson et ale 1984) the direct and indirect 

components of species interactions have not been clearly 

seperable. 

In this study I employed field experiments and 

observations to analyze the interactions among barnacles, 

limpets, and algae in a rocky intertidal community. I 

attempted to establish the direct and indirect components of 

the interactions, and the links between these underlying 

processes and patterns of community structure. Members of 

these three groups commonly occur together (Stephenson and 

Stephenson 1972), and existing evidence, beginning with 

Jones (1948), reviewed by a number of authors (Connell 1972, 
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1974; Underwood 1979; Branch 1981; Lubchenco and Gaines 

1981), and continuing in more recent studies (Paine 1981; 

Hawkins 1981; Hawkins and Hartnoll 1982; Underwood et al. 

1983; Jara and Moreno 1984), points to strong interactions 

among barnacles, limpets, and algae on marine rocky 

intertidal shores. However, to my knowledge, this study is 

the first to use direct evidence from field-experimental 

manipulations of all three groups in attempting to evaluate 

the interactions among them. 

These investigations were conducted along the 

southwest shore of Pelican Point (also known as Roca del 

Toro, 31 0 20'N,113 0 40'W), 10 km northwest of Puerto Penasco, 

Sonora, Mexico, in the northern Gulf of California (Fig. 1). 

Pelican Point is a granitic promontory whose intertidal zone 

consists of irregular outcroppings of bedrock with 

interspersed boulders, cobbles, and tidepools, sloping at 

about 5-10 0• The climate on the shore mirrors that of the 

surrounding Sonoran desert: annual rainfall at Puerto 

,J 
Penasco averages 7.4 cm (Thomson 1985), while air 

temperature typically fluctuates 10-18 oC daily, with winter 

minima of about 5 0 C and summer maxima frequently exceeding 

400C (Thomson and Lehner 1976; Dungan, personal 

observations). Onshore sea surface temperatures near Puerto 

Penasco range from winter minima of 9-15 0 C to summer maxima 
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Figure 1. Study sites at Pelican Point in the northern 
Gulf of California. -- Studies described in Chapters 1 and 3 
were conducted at site b, the study described in Chapter 2 
was conducted at site a. 



of 30-32 o C (Thomson and Lehner 1976; Brusca 1980; Maluf 

1983). Tides are of the mixed-semidiurnal type with a 

range of 5-7 m during spring tides (Thomson 1985). 

Significant wave action is associated with strong onshore 

winds, but surf rarely exceeds 1 m in height (Dungan, 

personal observations). 

1 0 

The primary locus for this study was a 5 m x 20 m 

section (long axis parallel to the shore) of an irregularly 

dissected outcrop. At this site, the force of breaking waves 

is diminished by the gradual slope of the shore and by 

seaward projections of bedrock. The study area lies between 

0.3 m and 0.9 m above mean low water' (Thomson 1985). At this 

elevation, the rock surface is uncovered once or twice daily 

for several hours, for 5-8 days every two weeks (Thomson 

1985). 

Mid-intertidal rock surfaces at Pelican Point are 

occupied primarily by barnacles, limpets, and algae (see 

Chapter 2). The major surface occupants on the study outcrop 

throughout these investigations were the barnacle £n!n~~~!~~ 

~~is££~~~, the limpet Co!!!~~!!~ ~!~~~ia~, and encrusting 

brown algae of the genus Ra!!~~ (species undescribed - see 

Dawson 1966; Norris 1975). The commonest associated species 

included the predatory gastropods Ac~~!nina ~~~!lE~ and 

~~~!~ !~rru~!~~~, the herbivorous gastropod Ner1!~ 

fu~lE~!~!~, and the omnivorous brachyuran crab ~!!Enl~ 
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~~~~~ta. For further description of community structure at 

Pelican Point see Chapters 2 and 3. Mackie and Boyer (1977), 

Brusca (1980), Littler and Littler (1981, 1984), and McCourt 

(1984) provide additional information on the rocky 

intertidal biota of the northern Gulf of California. 

£~~~~~~!~~ ~1~£E2~~ is a small (maximum diameter 7 

mm) barnacle which matures in about six weeks and reproduces 

year-round (Malusa 1983). Settlement densities and the rate 

at which £~~ha~~!~~ procures space are highest during summer 

months (Fig. 2). This species is endemic to the Gulf of 

California (Newman and Ross 1976), and most rocky shores in 

the G u I f ex h i bit a dis tin c t " C h ~~~~~!~~ Z 0 n e " (C hap t e r 3; 

Dungan, personal observations and unpublished data). 

£~~~~~~!~~ was the only barnacle averaging more than 1% 

cover in the study area at any time during these 

investigations. 

£2!!1~~!!~ ~~~2~1~~~ reaches 13-15 mm in length, 

although all the individuals encountered in this ~tudy were 

< 10 mm long. Recruitment from the plankton occurs during 

fall and winter, and there appears to be little overlap 

between year-classes (Dungan, personal observations; see 

below and Chapter 2). They are invariably found attached to 

bare rock at low tide (Dungan, personal observations), and 

tend to return to the same spot on the rock surface after 

foraging (Yensen 1973); in C1 series of photographs of 10 x 



Time since clearing (wks) 

Figure 2. Increase in Chthamalus cov~r on plots 
c I ear e d a t d iff ere n t tim e s • -=-=-ATl-j)i 0 t s w ere 1 0 x 1 0 em, 
located on a wave-washed outcrop. Date plots were cleared 
and number of replicates are indicated. Data are means and 
ranges. 
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10 cm plots, I found 24 of 36 individuals (identified on the 

basis of size, shape, and color pattern) remaining in the 

same location and position after four months. This species 

is a generalist herbivore, apparently feeding on whatever 

algae are available in the vicinity of their attachment 

sites, including ~~!!~l~, the green alga Q!~~ !~lda, blue

green algae, and diatoms (conclusion based on dissections 

and stomach analyses of 20 individuals) • .£2!!1~~!!~ 

~!!2~1~~ is also endemic to the Gulf of California, 

occurring in greatest abundance in the northern half of the 

Gulf, usually in close association with Ch!~~~!~~ (Keen 

1971; Yen:5en 1973; Dungan, personal observations). 

The ~~!!~~ crusts appear to become established at 

any time of year, and may persist for several years in the 

absence of '££!!l~~!!~ (Dungan, personal obse'rvations). 

Whether Ra!!~~ in the Gulf has an alternate, upright phase, 

as on other shores (Wynne 1969; Dethier 1980; Lubchenco and 

Cubit 1981) is not known. Littler and Littler (1984) suggest 

that a ralfsioid found at Las Cuevitas, about 200 km 

southeast of Puerto Penasco, is an alternate phase of one or 

more species of .£2!£2!~~n~. ~~!!~~-like crusts are common 

throughout the northern and central Gulf of Calfornia 

(Dungan, personal observations) • .£ht~~~~!~~, Co!!ise!!~, and 

!~!!~~ all occur primarily between mean low water (MLW) and 

1.5 m above MLW, with .£~!~~~~!~~ more common, and Ra!!~l~ 
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less so, in sites relatively exposed to wave action (Chapter 

2 ) . 

Other less common or ephemeral species encountered 

over the course of this study are mentioned below where 

appropriate. The effects of Ac~~!~~~ ~~~~!!£~ and ~£~!~ 

ferrug!~~~, both of which feed on £n!n~~!~~ (Chapter 2) on 

this barnacle-limpet-algal assemblage are considered briefly 

in this chapter, and in more detail in Chapter 2. 

Methods 

This study was conducted between spring 1978 and 

summer 1979, and between fall 1980 and spring 1983, although 

most of the work was finished by spring 1982. Abundances of 

sessile organisms were measured as percent cover in 10 x 10 

cm plots, with all plots situated on fairly homogeneous 

patches of substratum. Except where noted, percent cover was 

estimated by laying on the surface a clear plexiglas plate, 

marked wit~ a uniform grid of 100 dots within a 10 x 10 cm 

square, and counting the number of dots directly over 

particular species (Connell 1970). Organisms found on 

barnacle tests or limpet shells were not counted. All algal 

species are combined in the following analyses. ~~!!~l~ was 

predominant except during some of the winter censuses when 

the green alga Q!~~ r~!£~ bloomed and grew on both bare 

rock and pre-existing ~~l!~l~ crusts. Filamentous and 

encrusting blue-green algae, and diatoms were also noted 
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occasionally. Limpets were counted within the same plots, 

provided at least 1/2 of the animal was within the 

boundaries defined by the plexiglas square. In addition to 

Co!!~~!!~ ~!!~!~~~, two other limpet species, ~ ~~!~~ 

and C. tU!~~!, were occasionally found. The contributions 

of the latter two species to the data on limpet density 

presented below are noted. 

To establish a baseline for comparisons with the 

experimental results, I censused sessile organisms and 

limpets in undisturbed portions of the study area on 12 

occasions, obtaining additional data on ~£~~!~!P~ and ~~~!~ 

on 11 of the 12. Each time, data were obtained at random 

pOints along a transect line, with sessile organisms and 

limpets censused as described above, while ~£~~!~!~~ and 

~~!~!~ were counted within 50 x 50 cm areas, defined by a 

wooden quadrat and overlapping nooks and crannies where the 

snails were often sequestered. Results presented in Chapter 

2 suggested important effects of ~£~~th!~~ on community 

structure, but negligible effects of ~~~!~. Accordingly, 

only data for ~£ant~!~~ are included in this chapter. 

Species interactions were evaluated with controlled 

removal experiments, as discussed in more detail below. All 

experiments involved selectively removing one or more 

species, with unmanipulated plots serving as controls. All 

experimental plots were 10 x 10 cm, and were located in 
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areas judged overall to be representative of the study site. 

Opposite corners of plots were marked for future reference 

by excavating shallow depressions just beyond the plot 

borders with a rock pick, and then either cementing a 1/4" 

length of plastic screw anchor with a non-toxic marine 

epoxy, or simply sticking a blob of the latter into the 

depression. Barnacles, limpets, and algae readily attached 

to these substrata, and there were no apparent artifacts. 

Unavoidably, although in some cases by design (see 

below), the removed species recovered to varying degrees 

following removals. Thus, the manipulations involved 

reductions, rather than complete eliminations of particular 

species, and I view them as conservative tests for the 

effects of the manipulated species. The experiments revealed 

the net effects of species on each other under a variety of 

conditions. By evaluating the responses of each of the 

component species to the manipulations it was possible to 

identify the most likely mechanisms - including direct and 

indirect effects - underlying the observed res~unses. 

Univariate statistical analyses were employed 

throughout. Where analyses of variance or t-tests were 

conducted, the assumption of homogeneity of variances was 

first tested with the F-max test (Sokal and Rohlf 1969). 

Where significant (P < .05) heterogeneity was indicated I 



used the modified t-test suggested by Sokal and Rohlf 

(1969). 

Experiment 1: Limpet Removal 

1 7 

To assess the effects of limpet grazing on algae and 

barnacles, I compared changes observed on plots from which 

limpets had been removed with those observed on 

unmanipulated control plots. On 21-22 May 1978 I marked four 

pairs of plots, with members of each pair a few cm apart. A 

coin toss determined which member of each pair was the 

"limpet removal" and which was the "control". Following an 

initial census and thereafter on each visit to the study 

area all the limpets within or in contact with the edges of 

the limpet removal plots were picked off with a pocket 

knife. I made semi-monthly or monthly visits to the site 

between 22 May and 25 November, 1978, and between 27 January 

and 7 August, 1979. On all but two occasions I censused 

sessile organisms and limpets (prior to removing them from 

the removal plots) on each plot in the manner described 

earlier. Twice during the fall of 1978, I estimated percent 

cover of sessile organisms from color slides, projected onto 

a uniform grid of 100 dots • .£2!.!.ise!!~ ~.!ron~ia.!!~ could not 

be clearly identified in these pictures, so no data were 

obtained for limpet densities on the control plots on these 

dates. 
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Limpet effects were evaluated via a split-plot 

analysis of variance (e.g. Steel and Torrie 1960), which 

tested for treatment (limpet) effects, effects of time, and 

the time-treatment interaction. 

Experiment 2: Factorial Removal + Recovery of Barnacles, 
Limpets, and Algae 

To test for the interdependence of species 

interactions, I conducted a 23 factorial experiment (Sokal 

and Rohlf 1969) in which barnacles, limpets, and algae were 

the three factors, with each either removed or unmanipulated 

in all possible (eight) combinations, durlllg the summer of 

1979. Following the initial removals, all plots were left 

undisturbed; removed species were allowed to recover. This 

permlttted assessment of the effects of temporary reductions 

of barnacle, limpet, and algal abundances, and of the degree 

of interdependence among these effects. 

Treatments were assigned to plots according to a 

randomized block design. There were four replicate groups 

(blocks) of eight plots, each group 1-3 m away from the 

others, with plots in each group bordered by at least 

several cm of undisturbed surface. All plots were marked on 

10-12 June. Two of the blocks were censused on 13-14 June, 

the other two on 25-26 June. Treatments were carried out on 

25-26 June as follows. Ch1n~~~!~~ (the only barnacle species 

present on the plots) were removed with an awl or small 
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screwdriver; limpets (all species - see below) were removed 

with a pocketknife; algae (predominantly ~~!!sia) were 

scraped off the surface with a piece of heavy gauge 

electrical wire, which could be wrapped around the fingers 

and precisely manipulated, in an attempt to simulate limpet 

grazing. Algae were removed as thoroughly as possible 

without damaging resident limpets and barnacles; some algal 

fragments inevitably remained. Plots were censused 1-2 days 

after the application of treatments. Limpets only were 

censused two weeks later, and all organisms were censused 

four and six weeks later. 

Data were analyzed in terms of the net change in 

abundance, of En!ha~~!~~, limpets, and algae, respectively, 

on each plot, measured as the value obtained in the final 

census, minus the value obtained in the initial, pre

trea'tment census. I used analysis of variance (ANOVA) to 

test for overall treatment effects, and if these were 

significant (P < .05), proceeded to test the main effects 

and interactions. Where interaction effects were suggested 

by the ANOVA, simple effects and simple interactions (Winer 

1971) were examined further in attempts to clarify the basis 

of these interactions. Finally, individual means were 

compared using the Student-Newman-Keuls (SNK) test (e.g. 

Sokal and Rohlf 1969). 
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Experiment 3: Barnacle + Limpet Removal 

This experiment tested the effects of Chthamalus on 

limpets and algae by reducing £n~n~!~~ densities over a 

longer period than in the previous experiment. The 

experiment was timed to coincide with (1) minimal levels of 

Ch~n!~!!~~ settlement, thereby facilitating an effective 

experimental reduction of its abundance; and with (2) the 

recruitment of Co!!!~~!!! ~~~~~!~!, such that if any 

effect of £n~n~!~~ on £~!l!~~ll! were present, it should 

have been detectable. 

In addition to "Chthamalus removal" and "control" ---------
trea tmen t s, a "Ch~n!~!~~ + 1 i mpet removal" trea tmen twas 

added to test for the role of limpets in mediating the 

effects of £n~b!~!!~~ on algae. £n~n!~!!~~ removals were 

continued until heavy Chthamalus settlement made them 

impractical to maintain, while limpet removals continued for 

several months longer (see below). This allowed an 

additional test for the effects of limpets on £n~n!~!!~~ 

recovery. 

On 7 December 1980, four pairs of plots, members of 

each pair separated by several cm, were marked and 

censused, and one randomly chosen member of each pair was 

designated a £htb!~!~~ removal, the other a control. On 6-7 

February 1981, I marked and censused an additional seven 

plots, these separated by at least 10 cm, and randomly 
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designated five as fn!n~~~!~~ + limpet removals, one as an 

additional Ch!n~~~!~~ removal, and one as an additional 

control. The latter two were included as a precaution 

against the effects of different starting times for the 

treatments. Treatments began the day after plots had been 

marked and censused, with the same methods used as in 

previous experiments. fnth~~~!~~ were removed on biweekly or 

monthly visits through 4 April 1981. Limpets were removed at 

biweekly or monthly intervals through 28 September 1981, and 

for the last time on 14 November 1981. Except for a gap 

between mid-March and mid-June, plots were censused at 2-6 

week intervals until 11 December 1981. On two occasions, 

only the controls and fn!n~~~!~~ removals were censused 

owing to limitations of time. 

T-tests were used to draw comparisons among means 

over the course of the experiment, with the aim of 

clarifying when treatment effects were or were not 

significant. 

Results -------

Natural Variations in Community Structure 

Results from transect samples are shown in Figure 3. 

Not included are data for the small (usually about 5 mm 

length) mussel ~!~nl~~~!~~ ~~~l!~~!l~, which averaged 10% 

cover in June 1981, 5.8% in September 1981, and less than 2% 
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at all other times. Otherwise, .£!!!ham~!~~ was the only 

sessile animal accounting for more than 1% cover in any 

sample. Among the algae, ~~!!si~ crusts were predominant 

(more than 90% of total algal cover) except in November 

1978, December 1981, and February 1983, when blooms of Ulva 

rig!~~ had occurred. All but five of the limpets (Fig. 3B) 

Between-year variations in community structure were 

pronounced, and generally similar to those described in 

Chapter 2 for another site 1 km to the west. Percent covers 

of .£!!!!!~~~!~~ and algae showed a striking inverse 

reI a t ion s hip, wit h .£!!!!!~~~!~~ c 0 v ere I e vat e d bet wee n f a I I 

1980 and fall 1981 (Fig. 3C). Relatively low limpet 

densities prevailed between summer 1981 and spring 1982 

(Fig. 3B). Few individuals from the cohort that settled 

during fall 1980/winter 1981 (over 90% of the individuals 

found during September and December, 1980 were estimated to 

be 1-4 mm long) survived through the summer, and very little 

recruitment was observed the following year. Variations in 

!.£~!!!!.!!~ den sit i e s ( Fig. 3 A) i n par t ref I e c ted the ten den c y 

of Acanthina to be most common and active between fall and --------

spring (Dungan, personal observations; see Chapter 2). 

!.£~nt!!!~ densities were much higher during fall 1978 and 

fall-winter 1981-82 than during fall-winter 1980-81 and 

winter 1983. 
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Experiment 1: Limpet Removal 

Limpet abundances were substantially reduced by the 

removals, except during late 1978-early 1979 when heavy 

recruitment of' juvenile £~!!!~~!!! ~!!~~!!~! occurred (Fig. 

4A; all but 4 of limpets recorded were C. ~!!O~g!!~!). These 

new recruits were removed at each census, and they appeared 

to have little effect. 

£nth!~~!~~ and algal abundances exhibited an inverse 

relationship over the course of the experiment, as a 

function of both season and treatment (Fig. 4B-C). Field 

measurements of algal cover combined all species; ~!!!~!! 

crusts were predominant on all plots except during winter 

when Q!!! increased sharply (Dungan, personal observations). 

~!!£n!~~~~!~~ ~mi!!~!!~ was present during the summer of 

1978 and summer 1979, but never averaged more than 3.5% 

cover in either treatment. No other sessile organisms 

accounted for more than 1% cover at any time. 

Plots assigned to both treatments were virtually 

identical at the start of the experiment (Fig. 4). Within 

two months, differences associated with treatments became 

apparent; the analysis of these data (July 1978 onward) is 

presented in Table 1. The results reveal significant effects 

of treatments (limpets) and time (seasonal variations) on 

both Ch!n!~!!~~ and algae, and the independence (non

significant interaction) of time and treatment effects. 



Figure 4. Results of limpet removal experiment. -
Data are means +/- one standard error, with four replicates 
per treatment. A. Limpet densities. Limpets were removed 
from the removal plots immediately after each census. 
Numbers on removal plots increased during fall and winter 
owing to recruitment of juvenile ££ll~ll~ strongl~. B. 
Percent cover of algae. C. Percent cover of Chtha~~l~~. 
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Table 1. Analysis of variance for limpet removal 
experiment. -- The analysis is for a split-plot in time 
(e.g. Steel and Torrie 1960). Block effects a~e ignored 
because preliminary analyses indicated they were not 
significant (P > .25). 
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------------------------------------------------------------

Effects on algal cover: 

Source 
Sum of 

squar es df 
Mean 

square F 

-----------~-------------------------------------------~----

Treatments 
Whole-unit error 
Time 
Time-treatment interaction 
Subunit error 

Total 

Effects on Chthamalus cover: 

Source 

Treatments 
Whole unit error 
Time 
Time-treatment interaction 
Subunit error 

Total 

22287.4 
5983.0 

17336.2 
3103.0 

17290.8 

66000.4 

Sum of 
squares 

2799.2 
2651.1 

15611.4 
845.0 

4316.2 

26222.8 

1 
6 

16 
16 
96 

135 

df 

1 
6 

16 
16 
96 

135 

22287.4 
997.2 

1083.5 
193.9 
1 80 • 1 

Mean 
square 

2799.2 
441 .8 
975.7 

52.8 
45.0 

22.3** 

6.0*** 
1 . 1 ns 

F 

6.3* 

21.7*** 
1 • 2 ns 

*--p-z-:os--------------------------------------------------
** P < .005 
*** P < .001 
ns = P > .25 
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In this experiment, limpet grazing significantly 

reduced algal cover and increased £nln!~!~~ cover. The 

increase in ~nln~!~~ cover associated with limpet grazing 

was brought about by the settlement of Chtn!~!~~ on grazed 

areas (Dungan, personal observations). These effects were 

superimposed on winter increases/summer decreases in algae, 

with ~nln!~!!~~ showing the opposite pattern. Seasonal 

variations appeared due in part to predation on Chln!~!!~~ 

by !£!~thl~! !~~!l£! during fall and winter, with algae 

occupying much of the space vacated by the barnacles 

(Dungan, personal observations). 

Experiment 2: Factorial Removal + Recovery of Barnacles, 
Limpets, and Algae 

The results of the experiment are summarized in 

Table 2. ~nln!~!!~~ settled heavily and increased above pre-

treatment levels on all plots. As in the previous 

experiment, algal species were combined in field 

measurements of algal cover, although ~!!!~l! was again 

predominant (Dungan, personal observations). No attempt was 

made to distinguish between the regrowth of algae and re-

establishment via the plankton on the algal removal plots. 

Between 91 and 100% of the limpets recorded on each of the 

five occasions when limpets were censused were ~~!!~~!!! 

~lr~!!~!; the inclusion of other species in the analysic 

does not affect the conclusions. Brachiodontes semilaevir 
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Table 2. Abundances of Chthamalus, algae, and limpets 
in experiment 2. -- Data are means, with standard 
deviations in parentheses. N = 4 except where noted. 

Treatment* 
Date 0 -c -L -A -CL -CA -LA -CLA 

% Chthamalus cover 

6-13/14, 11.0 14.0 24.0 15 .5 15.5 12.5 18.0 20.25 
6-25/26 (8.84) (4.70) 01.52) (7.50) (9.94) (5.80) (8.08 (9.56) 

6-27 10.25 0 19.75 19.25 0 0 10.75 0 
(9.10) 00.24) 01.44) (6.92) 

7-10 

7-23 24.33* 23.5 35.0 33.67** 16.75 37.25 27.75 39.75 
08.34) (11.20) 07.98) 03.01) (0.96) (9.42) (l0.72) (9.42) 

8-7 29.0 49.25 50.75 57.75 41. 75 66.0 52.5 61. 75 
00.68) (l0.88) (16.42) 01.32) 03.46) (8.44) (8.00) (12.52) 

% algal cover 

6-13/14, 40.75 33.5 22.5 39.75 29.75 34.75 37.5 31. 5 
6-25/26 (9.46) (10.90) (2.38) (10.88) (3.30) (4.58) (6.60) (14.53) 

6-27 39.0 33.25 24.0 9.25 2B.5 1. 25 5.75 2.75 
(9.52) (10.62) (6.48) (5.56) (3.10) (1.50) (3.30) (2.22 ) 

7-10 

7-23 32.33* 23.25 22.0 11.33** 40.25 11. 75 30.5 13.25 
(11.50) (13.74) (2.94) 02.70) 03.46) (8.02) (6. 02) (8.42) 

8-7 40.25 20.25 21.25 12.25 37.25 13.0 32.25 25.75 
(B.78) (9.00) (9.54) (8.50) (22.02) (6.78) (9.40) 01.B8) 

Limpet density (no./.Olm2) 

6-13/14, 7.25 9.75 10.0 6.75 4.75 8.0 4.5 8.5 
6-25/26 (3.46) (5.38) (6.16) (2.BB) (2.98) (4.96) (1.74) (5.9B) 

6-27 6.5 7.5 0 5.5 0 3.0 0 0 
(3.78) (3.10) (2.52) (1.16) 

7-10 4.75 6.25 1. 25 4.0 0.25 3.25 0 0.75 
(4.04) (2.88) (0.96) (2.16) (0.50) (1.70) (0.50) 

7-23 5.25 5.5 2.25 4.0 1.5 2.0 1.5 1. 25 
(2.22) (2.52) (1. 70 (2.94) (1. 92) (0.82) (0.58) (l.50) 

8-7 4.25 5.0 3.75 3.5 1.5 2.0 1.5 1.25 
(2.76) (2.44) (3.10) (1.74) (1.74) (0.82) (0.58) (1.26) 

*Treatments identified according to which organisms were removed on 6-25/26 (O-control, 
-C-Chthsmalus removed, -L-limpets removed, -A-algae removed). 

**n-3; sessile organism6 accidentally not censused on one plot. 
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was present on most plots, but its average percent cover was 

not significantly greater than zero at any time in any of 

the eight treatments. 

Plots assigned to particular treatments were not 

significantly different prior to the removals (ANOVAs for 

C h t h ~2..!..!:!~ ,Ii m pet s , and a 1 g a e , res p e c t i vel y: P > • 2 5 ) . 

Preliminary analyses of net changes in abundance (final 

minus pre-treatment values) revealed no significant effects 

of treatments on limpets (ANOVA: P > .25). Recolonization of 

the limpet removal plots, primarily via immigration from 

adjacent areas (Dungan, personal observations), coupled 

with the decline of Co.!..!.l~.!..!.2. on other plots led to the 

convergence of densities across treatments by the final 

census (Table 2). Limpet removals are viewed as having 

produced temporary reductions in abundance. Significant 

treatment effects on Ch!n2.~2..!..!:!~ and algae were found (ANOVA: 

P < .001 for treatment effects in both cases) and are 

analyzed in more detail below. 

To facilitate the interpretation of ANOVAs, the 

means associated with each treatment, together with the 

results of the SNK test, for £n!n2.~2..!..!:!~ and algae, 

respectively, are shown in Table 3. 

The analysis of net changes in £nth2.~.!..!:!~ cover is 

presented in Table 4. The main effect of algae was highly 

significant (P < .001). The initial removal of algae led to 
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Table 3. Results of Student-Newman-Keuls comparisons 
among treatment means for net changes in Chthamalus and 
algal cover, respectively, in experiment 2.-Verti'car-lines 
overlap means not significantly different (P > .05). 

Change in Chth~~~l~~ cover Change in algal cover 

Treatment* Mean Treatment* Mean 

0 18.0 -A -27.5 

-CL 26.25 -CA -21.75 

-L 26.75 -C -13.25 

-LA 34.5 -CLA -5.75 

-C 35.25 -LA -5.25 

-CLA 41.5 -L -1 .25 

-A 42.25 0 -0.5 

-CA 53.5 -CL 7.5 

* Treatments identified as in Table 2. 
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Table 4. Analysis of variance of net changes in 
Chthamalus cover in experiment 2. Significance levels are 
Indicated-(ns = P > .10). 

Sour ce* SS df MS F 

------------------------------------------------------------
C 
L 
A 

C-L interaction 
C-A interaction 
L-A interaction 
C-L-A interaction 
Block effects 
Error 

Total 

Simple effects: 

C within L+ 
C within L-
L within C+ 
L within C-

Simple interactions: 

C-L within A+ 
C-L within A-

61 2.5 
200.0 

2145.1 
242.0 

1.1 
190.1 

91.1 
81.8 

1580.3 

5144.0 

81 2.3 
42.3 

1.0 
441.0 

31 5.1 
1 8.1 

1 61 2.5 
1 200.0 
1 2145.1 
1 242.0 
1 1.1 
1 1 90.1 
1 91.1 
3 27.3 
21 75.3 

31 

1 
1 
1 
1 

81 2.3 
42.3 
1.0 

441 .0 

31 5.1 
1 8.1 

8.1 P < .0 1 
2.7 ns 

28.5 P < .001 
3.2 .1 0 > P > .05 - 0 ns 
2.5 ns 
1.2 ns 
0.3 ns 

1 0 .8 P < .0 1 
0.6 ns - 0 ns 
5.9 P < .025 

4.2.10>P>.05 
0.2 ns· 

* C = Chthamalus, L = limpets, A = algae; + = not removed 
initially:-~-:removed initially. 
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increased settlement of £htE~~l~E (Dungan, personal 

observations), and generally increased £E~E~~~l~~ cover 

above levels observed on plots where algae were left 

undisturbed (Tables 2 and 3). The main effect of Ch~E~~l~E 

on its own increase was,also highly significant (P < .01), 

while the main effect of limpets was not (.25 > P > .10). 

However, the £E~E~~~l~~ x limpet interaction was marginally 

significant (.10 > P > .05), suggesting the need to examine 

Ch~E~~~l~E and limpet effects in more detail. Following 

Winer (1971), this was done by evaluating the simple effects 

of £E~E~~~l~E with versus without limpets initially removed, 

the simple effects of limpets with versus without £Eth~~l~E 

initially removed, and the simple interaction, £Eth~l~E x 

limpets, with versus without algae initially removed. 

These analyses (Table 4) reveal that the effects of 

£Eth~~~l~E removal were significant only with limpets 

initially not removed, whereas the effects of limpet removal 

were significant when £Eth~~~l~~ was initially removed, but 

not otherwise. In other words, greater limpet densities 

enhanced the effects of Ch~E~~~l~E removal, while the 

removal of £E~E~~l~E enhanced the effects of differences in 

limpet densities. The direction of these effects can be seen 

in Table 3: the initial removal of £Eth~~l~E tended to lead 

to net increases in Chth~~~l~E cover, while the initial 

removal of limpets tended to damp increases in Chth~~~l~E. 
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Table 4 also indicates that the simple interaction 

of £h!h~~~!~~ and limpet effects was marginally significant 

(.10 > P > .05) when algae were not removed. Table 3 reveals 

that with limpets initially removed, £hth~~~l~~ removal had 

virtually no effect (compare limpet removal with Chth~~!~~ 

+ limpet removal); but with limpets undisturbed, an increase 

of 17.25% cover, relative to the control, was associated 

w i't h the i nit i a Ire m 0 val 0 f £.b.!h~~~!~~. A I t ern a t i vel y, not e 

that with £h!h~~~!~~ initially undisturbed, an increase of 

8.75% cover, relative to the control, was associated with 

the removal of limpets; but with Ch!h~~~l~~ initially 

removed, the removal of limpets was associated with a 

reduction by 9% of the net increase in £hth~~~!~~ cover 

(compare Chth~~~!~~ removal with £hth~~~!~~ + limpet 

removal). It should be noted that none of these differences 

individually are significant by the SNK test (Table 3). 

The analysis of net changes in algal cover is 

presented in Table 5. Highly significant main effects of 

limpets and algae are indicated (P < .001 in both cases). 

Referring to Tables 2-3, net decreases in algal cover were 

associated with the initial removal of algae, while overall, 

the removal of limpets tended to increase algal cover 

relative to treatments in which limpets weren't removed. The 

main effect of Ch!.b.~~~!~~ and the three first-order 

interactions were not significant. 
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Table 5. Analysis of variance of net changes in algal 
cover in experiment 2. Significance levels are indicated (ns 
= p > .10). 

Source* SS df MS F 

C 0.8 1 0.8 - a ns 
L 1696.6 1 1696.6 18.3 p < • a 01 
A 1391.3 1 1391.3 1 5. a p < .001 

C-L interaction 1 1 6.3 1 1 1 6.3 1.2 ns 
C-A interaction 42.8 1 42.8 0.5 ns 
L-A interaction 166.5 1 166.5 1.8 ns 
C-L-A interaction 385.1 1 385.1 4.2 .10 > P > .05 
Block effects 746.6 3 248.9 2.7 • 1 a > p > . a 5 
Error 1948.1 21 1948.1 

Total 6494.0 31 

Simp Ie in teract ions: 

C-L within A+ 462.3 1 462.3 5.0 p < · a 5 
C-L within A- 39.1 1 39.1 0.4 ns 
C-A within L+ 342.3 1 342.3 3.7 • 1 a > p > . a 5 
C-A within L- 85.6 1 85.6 0.9 ns 
L-A within C+ 529. a 1 529. a 5.7 p < · a 5 
L-A within C- 22.6 1 22.6 0.3 ns 

* Identified as in Table 4. 
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The marginally significant (.10 > P > .05) second

order interaction in the ANOVA suggested the need to examine 

the three first-order interactions, within levels (removal 

vs. non-removal) pf the third factor. Results of these 

analyses are shown in Table 5. The simple interaction of 

£~th~~!~~ and limpet effects with algae undisturbed, and 

the simple interaction of limpet and algal effects with 

£~!~~~~lE~ undisturbed were significant (P < .05), while the 

simple interaction of £~!~~~lE~ and algal effects with 

limpets undisturbed was marginally so (.10 > P > .05). 

The basis of the above interaction effects can be 

seen in Table 3. First, note that while the initial removal 

of £~!ha~~lE~ was associ~ted with a reduction of algal 

cover, and the initial removal of limpets had little effect 

(relative to the control), a net increase in algal cover was 

associated with the removal of both Ch!~~~~!E~ and limpets. 

The limpet-algae interaction with Ch!~~~l~~ undisturbed is 

attributable to significant effects of the removal of 

limpets on the recovery of algae following its removal 

(compare algal removal with limpet + algal removal), as 

opposed to the absence of a "limpet effect" when algae were 

not removed (control vs. limpet removal). Finally, the 

marginally significant £~th~~~l~~-algae interaction with 

limpets undisturbed reflects a net decrease in algal cover 

when both were initially removed which was less than would 
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have been expected from each of the single-species removals. 

However, this seems unimportant in view of the fact that 

even if algal cover had decreased to zero in response to the 

removal of both barnacles and algae, the net decrease would 

still have been only 34.15% (Table 2), which is less than 

the 40.15% predicted if the effects of barnacle and algal 

removal were additive. 

Re-examining the individual treatment means for 

£~!~~~l~~ and algae (Table 3), changes in the two were 

consistently in the opposite direction; the Spearmann Rank 

correlation coefficient for the eight pairs of means is -.93 

(P < .01). The SNK test sets the probabil ity of any type I 

error among all possible pairwise comparisons at < .05; thus 

it is conservative with respect to individual comparisons 

(e.g. Sokal and Rohlf 1969). Clear evidence for the 

interdependence of species interactions comes from the 

comparison of control, limpet removal, algal removal, and 

limpet + algal removal treatments. By the SNK test, algal 

removal significantly increased £~!~~~~l~~ cover and 

decreased algal cover (this reflects the lack of algal 

recovery) as compared with the control. However, with 

limpets initially removed, algae recovered from removal and 

the increase in Ch!~~~~l~~ cover was not significant; there 

were no significant differences between control, limpet 

removal, and limpet + algal removal treatments for either 
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£h!ha~~!~~ or algae. This can be interpreted in terms of 

either the enhancement of the effects of reduced limpet 

densities when algae were initially removed, or the damping 

of algal removal effects when limpets were removed. The 

aforementioned simple interaction of £htha~~!~~ and limpet 

effects with algae undisturbed suggests either the 

enhancement of limpet effects when £htha~~!~~ were removed, 

or the damping of Chth~~~!~~ effects when limpets were 

removed. Evidence for the interdependence of £h!h~~~!~~ and 

limpet effects is weak however, since none of the four 

relevant treatments (control, limpet removal, £hth~~!~~ 

removal, £h!h~~~!~~ + limpet removal) were significantly 

different by the SNK test. 

Experiment 3: Barnacle + Limpet Removal 

Results for Chth~~~!~~, limpets, and algae appear in 

Figure 5. 99% of the limpets recorded were Co!!!~~!!~ 

~!r~!~Q~ (Fig. 5A); the inclusion of other limpets does 

not affect the conclusions. The removal of limpets from the 

Chthamalus + limpet removal plots effectively reduced limpet 

densities relative to those on the £hth~~~!~~ removal plots, 

but not relative to those on the controls (Fig. 5A). Except 

for late 1980 and late 1981, Ralfsia crusts accounted for -------
more than 90% of total algal cover (Fig. 5B). Censuses at 

the former times revealed mixtures of ~!!~ and Ra!fsi~. 

~r~£h!£~£nte~ was temporarily abundant in the study area, 



Figure 5. Results of Chthamalus + limpet removal 
experiment. -- A. Limpet de;Sities~-B. Percent algal cover. 
C. Percent Chthama1us cover. The dashed vertical line 
indicates the last-tIme Chthamalus were removed. To the left 
of this line, values for-Chthamalus cover on Chthama1us 
removal and Chthamalus + lImper-removal plots were obtained 
immediately prior to removing Chthamalus. Values for limpet 
densities on Chthamalus + limpet removal plots were obtained 
immediately prior to removing limpets. Data are means +/
one standard error; N = 5 for Chthamalus + limpet removals, 
N = ~ for controls and Chthamalu;-r~m-o-v-als through February, 
N = 5 thereafter. ----------
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experiment. 

Results of the £hth~~l~~ + limpet removal 
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and on the control plots in this experiment, during the 

summer of 1981; this will be discussed later. 

The removal of Ch!~~~~l~~ significantly increased 

limpet densities, as compared with controls, from late 

January through the end of ,July (t-tests, P < .05. 

Comparisons through February involve the first four 

replicates; thereafter, all five replicates are combined). 

Barnacle, limpet, and algal abundances on the Ch!~~!!!~l~~ 

removal plot added in February were initially similar to 

those on the control plots (t-tests, p' > .10),' and 

statistically indistinguishable from those on the four 

earlier £~!~~~~l~~ removal plots from mid-March onward (t

tests, P> .10). 
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The initial increase in limpet densities reflected 

greater colonization of the £n!n~~~l~~ removal plots by 

recently settled « 6 mm long) limpets (Dungan, personal 

observations). Following the cessation of Chth~~l~~ 

removals, ~n!~~~~l~~ abundance increased (Fig. 5C) and 

limpet densities declined, eventually converging with those 

on the control plots (Fig. 5A) and in the study area as a 

whole (Fig. 3B). Limpets on the former £n!n~~~l~~ removal 

plots were quickly hemmed in by ~n!n~~l~~, and subsequently 

disappeared, as did most of the limpets on the control plots 

and in the rest of the study area during spring and summer 

1981 (Fig. 3B; Dungan, personal observations). Thus, these 
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results provide circumstantial evidence that crowding from 

Ch!~~l~~ caused the mortality of limpets, although the 

mechanisms were not clear. It would have been necessary to 

maintain Ch!~~~~l~~ removals for a longer time to provide a 

more definitive test for effects of f~!~~~~l~~ on limpet 

mortality. 

Removal of Ch!~~~~l~~ alone had no effect on algal 

cover (Fig. 5B); means for controls and Ch!~~~~l~~ removals 

were not significantly different at any time (t-tests, P > 

.10). The increase of limpets when fht~~~l~~ were removed 

is therefore attributable to the provision of barnacle-free 

space, rather than to any indirect effect by way of algae. 

The response of limpets apparently prevented any increase in 

algal cover. By summer there was a five- to tenfold increase 

in algal cover where the limpet response was prevented - on 

the f~!~~~~l~~ + limpet removal plots (Fig. 5B). The 

differences between the Chth~l~~ + limpet removals and the 

other two treatments were signi.ficant (t-tests; P < .05) 

from mid-June until the end of the experiment. 

The recovery of f~!~~~~l~~ was enhanced by the high 

limpet densities, and the accompanying low coverage of the 

surface by algae, that resulted from the removal of 

Ch!~~~l~~ alone, relative to the Ch!~~~l~~ + limpet 

removals. Percent f~!~~~~l~~ cover on the former Chth~~~l~~ 

removal was statistically indistinguishable from that on the 
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controls from mid-June onward (t-tests, P > .10), and 

significantly greater than that on the Chtha~~l~~ + limpet 

removals in July, August, and September (t-tests, P < .05). 

The lack of significant differences after September was due 

in part to the effects of predation by ~£~~!nl~~ ~~~lic~, 

which reduced Ch!ha~~l~~ cover to a slightly greater extent 

on the Chthamalus removals and controls than on the 

Ch!ha~~l~~ + limpet removals (Dungan, personal 

observations). 

In mid-March, percent cover of recently settled 

Ch!n~~~l~~ was measured on plots assigned to the two 

treatments involving £n!n~~~l~~ removals, before the 

barnacles were removed again. The values for the two 

treatments were nearly identical (Fig. 5C). Because this was 

before any differences in algal cover were ~vident (Fig. 

5B), it appears that differences in limpet density per se 

had no effect on Chthamalus. The beneficial effect of high 

limpet densities on fn!n~~~l~~ recovery mentioned above 

apparently resulted solely from the limpets preventing any 

increase in algal cover. 

Despite limpet densities of close to zero on the 

control plots from mid-June onward, algal cover did not 

increase on the controls until November (Fig. 5B). This 

increase was slight, and coincided as noted above with 

predation on Ch!n~~~l~~ by !£~~!n!~~. This suggests that the 
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increase in algal cover on the ~~!~~~l~~ + limpet removals 

was brought about by the combined effects of both 

treatments, rather than merely by the removal of limpets. 

Percent cover of ~~£h!£~£~te~ on the control plots 

increased from zero prior to June to a maximum of 24.2% 

(s.d. 5.5) at the end of July, then declined to less than 5% 

at the end of September. This increase was paralleled 

elsewhere at Pelican Point during the summer of 1981 

(Dungan, personal observations). On the other plots, 

~~~£h!£~£~!~ increased to a much smaller extent; the 

average for ~hth~~l~~ removals at the end of July was 5.6% 

(s.d. 3.0), for £h!h~~~l~~ + limpet removals, 2.2% (s.d. 

2.6). The difference in the abundance of ~~~h!£do~!~ among 

the experimental plots was associated with the settlement of 

the mussels among Chth~!!!~l~~, especially between relatively 

large barnacles (Dungan, personal observations). In any 

case, the increase in ~~~h!£~£~!~~ was temporary and had no 

obvious influence on barnacle, limpet, or algal abundances 

in this experiment. 

Discussion -------
All three experiments gave evidence for the 

limitation of algal cover by limpet grazing, with 

experiments 2 and 3 suggesting greater effects of limpets on 

establishment or recovery than on already-established 

~~l!~!~ crusts. All three exp8riments also showed increases 
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in £E!E~~~l~~ cover associated with higher limpet densities. 

That the beneficial effect of limpet grazing on Chthamalus 

was indirect, resulting from algal grazing f was verified in 

experiment 2, where the effect of limpets was duplicated by 

scraping algae from the surface by hand. Furthermore, 

experiment 3 showed no effect of differing limpet densities 

on the recovery of £E!~~~l~~ until these differences were 

reflected in differences in algal cover. The effect of 

~~l!~l~ on £ht~~~l~~ apparently arises through the pre-

emption of space for settling barnacles, with grazing by 

££!!l~~!!~ ameliorating this effect. 

The rem 0 val 0 f C h! h a ~~!~~ i n ex pel' i men t 3 pro v ide d 

clear evidence for the limitation of Collisella densities by 

£~!~~~~!~~. The pre-emption of space, for foraging and 

attachment at low tide, also appears to be the mechanism 

underlying this effect. As noted above, high percent cover 

of Chth~~l~~ appeared to reduce both recruitment and 

survival of Co!!l~!!~. 

The removal of £E!~~~~!~~ alone in experiment 3 

revealed no effect on algal cover, but this was attributable 

to the response of limpets. All three experiments gave 

indications that algal cover was limited in part by the 

availability of barnacle-free space. The zero net effect of 

£~!~~~~!~~ on ~~!!~l~ observed in experiment 3 can therefore 

be interpreted as the outcome of two opposing effects: an 
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indirect effect - resulting from the effects of Cht~~~l~~ 

on '££ll..!.~~ll~ and of Coll..!.~~.!.l! on Ralfs..!.!, and a di rect 

effect - resulting from space pre-emption. Remarkably, these 

two effects offset each other almost exactly in experiment 

3. However, the limpet densities observed when Ch!~~~!l~~ 

were removed in experiment 3 were the highest I have yet 

recorded at Pelican Point (see also Chapter 2). The results 

from transects (Fig. 3) and the observed increases in algal 

cover coincident with predation on Cht~~~!l~~ by ~~!~!~in~ 

suggest that the net effect of Ch!~!~!l~~ on ~~l!~..!.! is 

usually negative; Le. the direct effect outweighs the 

indirect effect. 

Finally, the effect of ~!l!~..!.! on Coll..!.~~ll~ was not 

clear in experiment 2 or 3. Some beneficial effect resulting 

from the consumption of Ral!~..!.! might be presumed. However, 

based on the above considerations, an indirect beneficial 

effect would be predicted. This effect, which could be 

termed "space reservation", should result from the crusts 

preventing Ch!~~~l~~ from settling and pre-empting space. 

Similar conclusions about barnacle-limpet-algae 

interactions at Pelican Point were derived from experimental 

manipulations of limpet and predatory gastropod densities at 

another site, as described in Chapter 2. These interactions 

are summarized in Figure 6. It is noteworthy that the 

component effects were detectable from fairly slight, short-
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Figure 6. Direct interspecific effects (on abundance) 
involving Collisella, Ralfsia, and Chthamalus. -------- ------ ---------
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term manipulations of species abundances, with all plots 

open to surrounding physical and biological influences. The 

interactions can therefore be viewed as being quite strong. 

This assemblage appears to be characterized by three-way 

interactions, with limpets affecting barnacles by way of 

algae, barnacles affecting algae by way of limpets, and 

(probably) algae affecting limpets by way of barnacles. The 

component tWo-species interactions cannot be understood in 

isolation. These interactions also yield a three-species 

loop (£n~n~~~l~~ to Colll~~ll~ to Ra!!~l~ to Ch~ha~~!~~), 

resulting in negative feedback (Levins 1975). Experiment 3 

gave direct evidence for a stabilizing influence of this 

loop: removal of £nth~~~l~~ increased ££lll~~!l~ densities, 

which prevented increases in ~~l!~l~, leading to enhanced 

recovery of £n~n~~~l~~. 

This study provided circumstantial evidence for the 

effects of !£anthin~. Experiments described in Chapter 2 

showed that Ac~~lnl~~ predation reduced Ch~n~~~!~~ cover, 

leading to increases in both ££l!l~~!l~ and ~~l!~~, while 

~£!~l~, which feeds on both £n~n~~~l~~ and ~!~nio~~~~~~ 

(Chapter 2) appeared to have little influence. The barnacle

limpet-algae interactions described above (Fig. 6) by 

themselves do not explain how reductions in Chth~l~~ cover 

occur. Overgrowth of live Ch~n~~~!~~ by ~~l!sia was not 

observed in this study or in the one described in Chapter 2. 
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Thus, the effects of !~~~thl~~ are probably important in 

affecting the long-term behavior of this barnacle-limpet

algae assemblage. Given the specialization of !~antn~~ on 

Chtha~~!~~ (Chapter 2), the increases in Chth~~!~~ cover 

that resulted from Co!!l~~!!~ grazing, and the apparent 

dependence of Co!!l~!!~ on Ac~~thl~ for the removal of 

£n!n~~~!~~, indirect mutualism (Vandermeer 1980) between 

!~~~!nl~~ and £~!!l~~!!~ also emerges from these 

interactions (see Chapter 2 for further discussion). In this 

regard, it is intriguing that £~!!l~~!!~ can be viewed as 

both a keystone species (Paine 1969b) and a fugitive species 

(Hutchinson 1951). 

The above interactions may explain some of the 

variations in community structure seen during this study 

(Fig. 3), including (1) the consistent inverse relationship 

between barnacle and algal cover; (2) the decline of limpet 

densities, coincident with high barnacle cover during 1981, 

and the return of high limpet densities with the reduction 

of barnacle cover by early 1983; and (3) changes in barnacle 

and algal cover between fall 1980 and spring 1981, versus 

those observed between fall 1981 and spring 1982. In the 

latter case a greater reduction of £n!n~~~!~~ cover, and a 

greater increase in algal cover, was associated with higher 

!~~~!nl~~ densities and lower limpet densities, than during 

fall 1980 - spring 1981 (Fig. 3). Lacking information on the 



48 

above interactions, the observed variations in community 

structure might be interpreted as evidence for the 

stochastic regulation (Grossman 1982) of this community. 

This community was obviously not at equilibrium during this 

study, but nevertheless, there appear to be strong 

deterministic components to these variations. Based on the 

above results and those described in Chapter 2, competition 

for living space on the rock surface is virtually always 

present in this community. 

Similar assemblages of barnacles, limpets, and algae 

are found on most rocky intertidal shores (e.g. Stephenson 

and Stephenson 1972), and existing evidence (reviewed in 

part by Connell 1972, 1971t; Underwood 1979; Branch 1981; 

Lubchenco and Gaines 1981; see also Hawkins 1981; Paine 

1981; Hawkins and Hartnoll 1982; Underwood et ale 1983; Jara 

and Moreno 1984) suggests that the sorts of interactions 

found at Pelican Point, including the component indirect 

effects, are probably widespread. The interaction between 

f2!!l~~!!~ and f~~~~~~!~~ may be unusual in that no direct 

effect of the limpets on the barnacles was detectable. 

"Bulldozing" or the consumption of juvenile barnacles by 

limpets has been documented on several other shores (e.g. 

Connell 1961; Dayton 1971; Denley and Underwood 1979). 

Schaffer (1981), Connell (1983) and Bender et al. 

(1984) have pointed out that indirect effects can make it 
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difficult to interpret results from perturbation 

experiments. Positive effects of limpet grazing on barnacle 

abundance as found above would be difficult to account for 

other than as indirect effects via algae. Experiment 3, 

showing zero net effect of the removal of f~th~~~!~~ on 

algae has perhaps more serious implications. As a test for 

competition .between barnacles and algae, this experiment 

"failed" because of the indirect effect via limpets. Thus, 

indirect effects may mask even what are otherwise very 

strong interactions. 

Bender et al. (1984) present a protocol for 

perturbation experiments which they suggest allows direct 

and indirect effects to be distinguished. They argue that 

direct effects of a single species on members of a community 

can be measured in a "pulse experiment" by perturbing its 

density and comparing the instantaneous (per capita) growth 

rates of all community members with those exhibited in an 

unperturbed control. They note that indirect effects should 

be expressed over longer time periods. In practice, would 

there be any way to be sure that, given a set of responses 

to a perturbation experiment, these responses were in fact 

independent and hence revealing only direct effects? I 

believe that the only way is to use additional information 

which rules out the possibility of indirect effects; in 

Connell's (1983, p. 681) words, to "study the system from 
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all angles so as not to miss the important iriteractions." 

The system studied here is one in which indirect effects 

were so quick in some cases (e.g. limpet effects on 

barnacles in experiment 2, barnacle effects on algae in 

experiment 3), as to preclude the measurement of only direct 

effects following the perturbations (see also Abrams 1984). 

This relatively simple system, existing in what 

would seem a harsh, variable environment for marine. 

organisms ~ the intertidal zone of the Sonoran desert (see 

e.g. Thomson and Lehner 1976; Brusca 1980; Littler and 

Littler 1981), is characterized by strong, interdependent, 

biological interactions. Strong et al. (1984: preface) 

state, 

One possibility that we expect to obtain fairly 
commonly is the community with so few strong 
interactions that organization arises primarily from 
mutually independent autecological processes rather 
than from synecological ones. Such communities would 
not be holistic entities, but rather just 
collections of relatively autonomous populations in 
the same place at the same time. 

The rocky intertidal zone at Pelican Point appears to harbor 

a community of the opposite kind. 



CHAPTER 2 

INDIRECT MUTUALISM: 
COMPLEMENTARY EFFECTS OF GRAZING AND PREDATION 

IN A ROCKY INTERTIDAL COMMUNITY 

The interrelationships of grazing and predation in 

rocky intertidal communities, and the potential indirect 

effeots of grazers and predators on each other, as mediated 

by their effects on sessile organisms, have received little 

attention. This study examined the interacting effects of 

algal grazing by 1 impets (f~.!..!..!.~~l.!.~ ~!!:~.!.~~) and 

predation on barnacles by neogastropods (Ac~~!~.!.~ ~~~~.!.ic~ 

and ~~~.!.~ !~~~.!.~~~~) in the rocky intertidal zone of the 

northern Gulf of California. 

Most of the rock surface in this community is 

occupied by either the barnacle f~!~~~~.!.~~ ~~isoE~~~ or 

encrusting algae of the genus ~~.!.!~.!.~. Both limpets and 

.!!~.!.!~.!.~ appear to be excluded by Ch!ha~~.!.~~, while the 

1 a t t e r doe s not set tIe 0 n a 1 gal c r us t s. .£.2.!. .!.~~.!..!.~ and the 

two predatory gastropods were hypothesized to interact 

indirectly as mutualists, with the pathways involved in the 

interaction provided by (1) the reduction of algal cover, 

and a resulting increase in barnacle abundance, by limpet 

grazing; and (2) increased availability of space and/or food 

51 
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for the limpets as a result of the elimination of Chthamalus 

by Ac~~!~!~~ and ~~~!~. These ideas were tested with field 

experiments involving the simultaneous manipulation of 

limpet and predatory gastropod densities. 

~or~!~'s influence appeared to be slight. Otherwise, 

the results generally supported the above hypothesis. The 

functional roles of Co!!!~~!!~ and !£~~!~l~~, and the 

impacts of grazing and predation in this community, were 

interdependent. Limpet grazing reduced algal cover and 

increased Cht~~~!~~ abundance, while Ac~~thl~~ predation 

had opposing effects and prevented the exclusion of 

Co!!l~~!!~ by £~!~~~!~~. Seasonal changes in !£~~thl~~'s 

abundance also accounted for pronounced variations in 

community structure. Ac~~thl~~ is presumed to benefit from 

the increase in the abundance of its primary prey, 

Chthamalus, produced by Collisella grazing. Collisella ---------- ---------- ----------
densities were apparently increased by the elimination of 

£~1~~~~!~~, rather than in response to increased algal 

cover. The indirect mutualistic interaction between 

AC~~l~l~~ and £~!!~~!!~ probably contributes to their 

persistence and continuing influence in this community. The 

possibility of analogous relationships between grazers and 

predators on other rocky shores is discussed. 
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Introduction ---------
The functional roles and relationships of species in 

ecological communities emerge from their direct and indirect 

(by way of other species) effects on co-occurring species 

(Darwin 1859. pp. 71-7~). The explanation of patterns of 

community structure in terms of processes like competition 

and predation necessitates the same consideration of direct 

and indirect pathways by which these interactions affect 

members of a community. The importance of indirect effects 

is illustrated by results from a variety of systems in which 

consumer species, by reducing the effects of their prey on 

co-occuring species, have a major influence on community 

structure and dynamics (e.g., Brooks and Dodson 1965; Paine 

1966a, 1969a. 1980; Harper 1969; Connell 1975; Menge and 

Sutherland 1976; Caswell 1978; Lubchenco 1978; Lubchenco and 

Menge 1978; Duggins 1980; Zaret 1980; Thompson 1982; Morin 

1983). 

Relationships between consumer species are likely to 

be complicated by indirect effects (Dayton 1973; Lynch 1978; 

Schaffer 1981; Connell 1983; Bender et al. 198~; see also 

Holt 1977. 198~). Theoretical and empirical stUdies have 

suggested the generation of beneficial effects of one 

consumer species on another when indirect effects are 

incorporated (Dodson 1970; Levine 1976; Lawlor 1979; 

Davidson 1980; Wilson 1980; Duggins 1981; Dethier and 
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Duggins 1984; Davidson et al. 1984). Thus, commensal or 

mutualistic interactions between species which might 

otherwise be viewed as competitors or as non-interacting may 

be widespread. Recent reviews of mutualism (Boucher et ale 

1982; Thompson 1982; Addicott 1984) also point to indirect 

effects as a potentially pervasive, but neglected source of 

mutualism. Of greater significance is the possibility that 

mutualism between consumer species contributes to their 

persistence and continuing influence in ecological 

communities. 

Benthic algae and sessile, suspension feeding 

invertebrates (especially barnacles and mussels), together 

with their consumers, are typical inhabitants of marine 

rocky intertidal shores (Stephenson and Stephenson 1972). 

Grazing and predation appear to be of general importance in 

affecting the structure of rocky intertidal communities 

(e.g. Dayton 1971; Connell 1972, 1974; Paine 1974, 1977, 

1980; Lubchenco and Menge 1978; Underwood 1979; Branch 1981; 

Lubchenco and Gaines 1981; Menge and Lubchenco 1981; 

Underwood et ale 1983; Jara and Moreno 1984). These two 

processes would seem to be linked in that predation on 

barnacles or mussels frees space on the rock surface which 

can then be utilized by algae and/or herbivores (e.g. Paine 

1969a, 1971,1974, 1980; Lubchenco and Menge 1978; Underwood 

et ale 1983), while grazing - by limpets in particular - can 
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affect barnacles and mussels directly (e.g. Connell 1961a; 

S tim son 1 9 7 0; Day ton 1 9 7 1; Den 1 e y and Un d e l' w 0·0 d 1 97 9 ), 0 l' 

indirectly, by reducing algal abundance and its affects on 

the settlement and survival of barnacles or mussels (e.g., 

Jones 1948; Dayton 1971; Luckens 1974; Petraitus 1983; 

Underwood et al. 1983). However, very few studies have deal t 

simultaneously with the influences and interrelationships of 

grazing and predation (Dayton 1971; Lubchenco and Menge 

1978; Underwood et al. 1983). Interactions between rocky 

intertidal grazers and their predators have been examined 

( e. g. P a i n e 1 969 a ; Ga 1'1' i t y and Lev in g s 1 98 1; Fa w c e t t 1 984 ) , 

but the indirect effects of grazers and predators on each 

other, as mediated by their effects on the abundance of 

primary space occupants, have received little attention 

(Paine 1969a; Underwood et al. 1983). 

In this study I examined the interacting effects of 

grazing and predation, and the resulting functional 

relationships of grazers and predators in the lower rocky 

intertidal zone of the northern Gulf of California. The 

commonest occupants of the rock surface in this system are 

the barnacle f~th~~~!~~ ~~l~£E~~, encrusting algae of the 

genus Ra!!~~, and the limpet ££!!1~~!!~ ~!~~1~~. Closely 

associated with these organisms are the predatory gastropods 

both of which feed on Chthamalus. ----------
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Initial observations suggested (1) the local 

elimination of macroscopic algae by limpet grazing; (2) the 

settlement of Ch1h!~!!~~ on unoccupied rock surfaces, 

including grazed areas near limpets, but not on established 

algal crusts; (3) the exclusion of algae and limpets from 

areas with high Ch1h!~!..!:!~ densities; and (4) potential 

effects of predation by !~!E1h!E! and ~2!..!:!!! on the 

abundance of Ch1h!~!!~~. This led to the hypothesis that 

Collisella and the two thaids interact indirectly as 

mutualists, as follows. The removal of algae by limpet 

grazing should increase the abundance of £h1h!~!!~~, thereby 

benefiting AC!Eth!E! and ~2!..!:!!!. Thaid predation on 

Chthamalus should increase the availability of food (algae) 

and/or space for £2!!!~~!!!. 

The above ideas were tested with controlled field 

experiments involving the simultaneous manipulation of thaid 

and limpet densities, supplemented with the description of 

community structure and dynamics over a four-year period. 

The results permit inferences about the relative importance 

and interrelationships of competition for space, grazing, 

predation, and seasonally varying physical factors in this 

warm-temperate rocky intertidal community. 

This study was conducted about 1 km west of the site 

described in Chapter 1 (see Fig. 1). Variations in community 
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structure with respect to elevation and exposure to wave 

action at this site were quantified by sampling at random 

intervals along horizontal transects between August 29 and 

October 10, 1980. Briefl'y, percent cover of sessile species 

on relatively homogeneous portions of substratum was 

estimated by laying on the surface a clear plexiglas plate 

(either 10 x 10 or 16 x 16 cm) marked with a uniform grid of 

100 dots, and counting the number of dots directly over 

particular surface occupants (Connell 1970). The general 

absence of canopy-forming algae above mean low water at 

Pelican Point obviated the need to distinguish canopy from 

understory species (Dayton 1971; Lubchenco and Menge 1981). 

Limpets were counted within the area defined by the 

plexiglas plate, while predatory gastropods were counted 

wj.thin a 50 x 50 cm wooden quadrat, which overlapped 

crevices and other surface irregularities. Relatively small 

or cryptic organisms (e.g., isopods, polychaetes), the 

hermit crab £!l£~E~!!~~ ~~~~~!, and the brachyuran crab 

~!!En!~ ~g~~~~~ were present but not censused. Two groups 

of consumers common on other rocky shores - sea urchins and 

asteroids - were not encountered and are generally rare at 

Pelican Point. The absence of asteroids is a recent 

development discussed elsewhere (Dungan et ale 1982) and in 

the Conclusions section of this dissertation. 
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The results of the above transects are summarized in 

Table 6. These data do not express the pronounced temporal 

variations seen in some sites (see below; Chapter 1; Dungan, 

in preparation), but they are representative of the general 

patterns of zonation, and of differences associated with 

exposure to wave action I observed between 1977 and 1984. 

Ascending the intertidal, the major occupants of the 

surface are (1) turf-forming algae and zooanthids (not shown 

in Table 6 but common below mean low water); (2) the 

barnacle £~!~~~~!~~ ~~!~2~~' encrusting algae of the genus 

~~!!~!~ (the species is/are undescribed - Dawson 1966; 

Norris 1975), and the limpet £2!!!~~!!~ strongiana 

(densities of this species recorded in Table 6 are 

relatively low because of the time of year these samples 

\>/ ere 0 b t a i ned; see below); (3) the bar n a c I e !~!.!:~!! t a 

~!~!~£!!!~.!:~ and the limpet Co!!!~~!!~ ~~!~~; and (4) 

blue-green algae. Barnacle cover is generally higher, algal 

cover lower, in relatively exposed sites. Changes associated 

with exposure to wave action are apparent within a short 

distance; the exposed and protected sites of Table 6 are 

less than 200 m apart. 

This study was conducted within the "Chth~~!~~ 

zone", between 0.3 m and 0.9 m above mean low water, on one 

of the protected outcrops sampled in the above transects. At 

this level, the rock surface is uncovered once or twice 



Table 6. Abundances with respect to elevation and exposure to wave action of the 
most common sessile organisms and gastropods on bedrock outcrops at Pelican Point. 
Data are means, based on 10-12 samples at random intervals along horizontal transects, 
during August-October 1980, (see text for methods). 

Elevation (m) above mean low water 

Protected Exposed 

Organisms 0- .6- 1. 2- 1. 8- 2.4- 0- 0.6- 1. 2- 1.8- 2.4-
0.3 0.9 1.5 2. 1 2.7 0.3 0.9 1.5 2.1 2.7 

Algae - % cover 
Turf-forming species 1 95.3 0 0 0 0 90.5 0 0 0 0 
Ralfsia spp. 0.1 31.5 2.0 0 0 0 0 18.0 0.2 0 
Blue-green algae 2 0 0 12.6 29.2 52.7 0 0 0 2.3 24.2 
Barnacles - % cover 
Chthamalus anisopoma 0 58.8 23.2 0.3 0 7.3 93.7 19. 1 0 0.1 
Tetraclita stalactifera 2 0 0 2.7 10.8 0 0 0 37.8 38.7 11.4 
Herbivorous gastropods - film 
Turbo fluctuosus 22.3 2.0 0 0 0 22.0 0 0 0 0 
Collis ella strongiana 0 30.0 39.1 0 0 0 100.0 70.3 27.3 0 
Nerita funiculata 0 80.0 145.2 290.8 183.2 0 0 0.4 18.0 69.8 
Collisella acutapex 2 0 0 910.2 339.8 3.9 0 0 347.71156.2255.9 
Carnivorous gastropods - HIm 
Morula ferruginosa 12.7 15.2 0.8 0 0 36.0 97.6 43.2 0 0 
Acanthina angelica 0 25.6 19.2 3.6 0 0 2.4 103.2 30.4 0.4 

1mostly Amphiroa annulata, Valoniopsis pachynema, Laurencia paniculata, and Corallina 
pinnatifolia. 

2Calothrix crustacea and Rivularia atra. 
\J1 
\0 
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daily for several hours, for 5-8 days every two weeks (e.g. 

Thomson 1985) • .£.!:!!ha!!!!l~~, Ral!~.!!, and '£~ll.!~ll! 

~!!2~.!!~! were the major surface occupants on the study 

site throughout these investigations. Other less common or 

ephemeral residents included the small (less than 6 mm 

length) mussel ~!~hi~E~~te~ ~~!!!.!l!~!.!~, the barnacles, 

~!l!~~~ ~.E.!:! i t r .! tea n d !~!!~l.!!! ~ t a l~!.!.!~!! , the lim pet s 

'£~ll.!~~ll! ~~!!.E~! and S. !~!!~!.!., the green alga !!l!! 

!~.!E!, the blue-green alga Ri!~l!!.!! !tra, and unidentified 

diatoms. A£!~!.!:!.!.~! ~~l'!'£! and ~2~l! !~!~.!~2~! were the 

only predatory gastropods found on the outcrop during this 

stu d y. . The her b i v 0 r 0 u s gas t r 0 pod !!~! it! f u ~ i c u l!!! i s wid ely 

distributed and abundant in the intertidal at Pelican Point 

(Table 6) but was not considered in this study. 

Pertinent aspects of the biology of .£.!:!th!!!!!l~~ 

!~.!.~2.E~!!!!' '£~ll.!~ll! ~!~~.!.~~! and Ral!~.!.! were discussed 

in Chapter 1. A£!~!.!:!.!.~ !~~l.!.£! (typically 20-35 mm long) 

feeds almost exclusively on £.!:!!.!:!!~l~~ within the .£.!:!th!!!!!l~~ 

zone (Paine 1966b; Yensen 1979; 449 out of 454 observations 

by M.L. Dungan); AE!~!.!:!.!~! feeds primarily on Te!racl.!!~ on 

the upper part of the shore (Paine 1966b; Yensen 1979; 

Dungan, personal observations). As will be seen below, 

A£~th.!~! abundance fluctuates seasonally within the 

Ch!.!:!~~l~~ zone. Peak abundances, between fall and spring, 

occur in conjunction with breeding and the deposition of egg 
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capsules; development is direct (Yensen 1979; Turk 1981). 

Ac!.!!l!2.!..!!! forages primarily during low tides,· and more so 

during evening than morning low tides. The snails usually 

retreat to cracks or crevices during high tide and remain 

inactive while submerged (Dungan, personal observations). 

~~~l! !~!~~.!..!!~! (typically 15-20 mm long) occurs 

from below mean low water up through the .£.!:!th!E!!l~~ zone. 

This species feeds primarily while submerged, although some 

individuals remain feeding at low tide, especially during 

evening. ~~~l! also retreats into cracks and crevices when 

not feeding. Out of 183 instances when I identified prey of 

~~!~l! feeding in the f.!:!!.!:!!E!!l~~ zone, 90 were Cht.!:!!E!!l~~, 

93 were ~!!£.!:!.!.~£2.!!!~; feeding was almost exclusively on 

~!!£.!:!.!.~£~.!!!~~ when the latter were available, even though at 

much lower abundance than Ch!.!:!!E!!l~. ~£!~l! densities 

within the study site were highest during summer months (see 

below). Nothing is !mo~n of reproduction in this species. 

With the exception of Ralfsl.!, about which little is 

known, the above species are restricted to the Gulf of 

California and immediately adjacent shores (Brusca 1980). 

Methods -----

The abundances of sessile species were measured as 

percent of the rock surface occupied, in the same manner as 

mentioned above, within 10 x 10 cm areas. Other than 

.£.!:!!.!:!!E!!l~~, the only sessile animal averaging more than 1% 
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cover at any time within the study site was Brachiodontes 

(10-20% cover during summer 1981, 2% during summer 1982). 

All algal species are pooled in the following analyses; 

Ra!!~l~ accounted for at least 90% of total algal cover 

except during some winter censuses coinciding with temporary 

blooms of Q!!~ r~l~~. Limpet densities were measured 

concurrently within the same areas. Data presented for 

limpets include all 'three species of Co!!l~ll~ mentioned 

above; the contributions of species other than ~ ~!~E~l~E~ 

are noted below. Densities of predatory gastropods were 

measured within 50 x 50 cm quadrats. Data are presented as 

means and standard deviations or standard errors, except in 

the case of the two thaids, where only mean densities are 

shown; variances, in thaid densities depended on whether the 

snails were out foraging or sequestered in cracks and 

crevices when censused. 

To establish a baseline for comparisons with 

experimental results and with data from other sites, I 

censused the study site in the manner described above by 

sampling at random intervals along horizontal transects. 

Transects were run intermittently over the course of the 

study and thus provide information on seasonal and between

year variations at the study site. 
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Design and Analysis of Experiments 

To assess the effects of limpet grazing and thaid 

predation on local community structure, I conducted 

experiments incorporating four treatments: control (no 

manipulations other than those involved in the initiation of 

the experiment - see below); limpets removed; predatory 

gastropods removed (variations of this treatment are 

discussed below); and limpets plus predatory gastropods 

removed. These treatments were incorporated into a split

plot design (Steel and Torrie 1960). The split-plot design 

was necessitated by the decision to employ manual removals 

(see below), and the differences in the mobility of thaids 

and limpets. Predators were removed from one side of the 

study site (hereafter termed the "removal side"), as defined 

by a relatively deep crevice, and lef~ undisturbed on the 

other side (hereafter termed the "control side"). A coin 

toss determined which side received which treatment. Within 

each side, six 10 x 10 cm plots were randomly designated as 

"limpet removals", six as "limpet controls". 

The experiment was designed to isolate the effects 

of limpets and predatory gastropods, while allowing all 

other factors to vary naturally (Connell 1974). Manual 

removals, as opposed to devices used to exclude species 

(e.g. Dayton 1971; Menge 1976), were employed in order to 

minimize the potential artifacts associated with 
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manipulations, and to permit the use of unmanipulated plots 

as controls (Dayton and Oliver 1980; Connell 1983). Removals 

were unavoidably recolonized (data are presented below), and 

this no doubt lessened their effects (Underwood 1980). 

Accordingly, they provide conservative tests for the effects 

of the removed species. 

The thaid x limpet removal experiment was repeated 

twice. In the first replicate, conducted from February to 

August 1979, both !~~~!n!~~ and ~~!~ were removed. In the 

second replicate, conducted from November 1980 to May 1983, 

only !~~~th!~~ was removed. Observations during the first 

replicate suggested that the effects of predator removals 

were due primarily to !~~~!nl~~, and the second replicate 

was designed to isolate the effects of !~~~thina. The second 

experiment was also intended to provide better resolution of 

the interacting effects of grazing, predation, and 

seasonality. 

In both replicates of the experiment, I cleared 12 

10 x 10 cm plots on each side of the study site by scrubbing 

the surface with a wire brush, rinsing and rescrubbing until 

macroscopic remains were gone. In the first replicate, I 

followed this by burning each plot with a propane torch. In 

the second replicate, after plots had been scoured, rinsed, 

and allowed to dry, I appl ied a thick coating of 4% sodium 

hydroxide (commercially available oven cleaner) and left 
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plots in the sun at low tide for at least one hour, after 

which they were rinsed by the rising tide. Both techniques 

ensured that the rock surface within plots was unoccupied at 

the start of the experiments. Opposite corners of plots were 

marked for future reference by excavating a small hole (just 

outside of the corners) and cementing in a 1/4" length of 

plastic screw anchor with an underwater epoxy. 

Removals were maintained at approximately two week 

intervals for most of both experiments. Limpets were counted 

within the appropriate plots prior to removal with a pocket 

knife. Thaids were censused before being removed by counting 

them within non-overlapping 50 x 50 cm areas, defined by 

haphazardly placing a wooden frame on the surface, in the 

vicinity of experimental plots. This method was used to 

census thaids on the control side during the· same low tide 

period. Both AC~EthiE~ and ~£~!~ were censused in this 

manner in in the 1979 experiment. In the 1980-83 experiment, 

~~~Eth!E~ was emphasized and ~£~!~ was censused 

incidentally on about half of the trips to the study site. 

Snails found on the removal side were tossed 5-10 minto 

adjacent rocky areas. Snails found at the edge of the 

crevice bordering the control and removal sides were assumed 

to have entered by way of the control side and were tossed 

back in that direction, always> 2 m from any experimental 

plots. 
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In the design of these experiments, predator effects 

are confounded with any intrinsic differences that exist 

between the two halves of the study site. In Hurlbert's 

(1984) terminology, there is "pseudoreplication" of the 

predator treatments. The bias due'to this potential source 

of variation was consistent, since I used the same side as a 

predator removal in both replicates. To test for differences 

between sides of the study site, I examined the results of 

transect samples from each side before, during, and after 

the experiments, plus data obtained from old experimental 

plots after all manipulations stopped and plots were left 

undisturbed. These analyses are used to evaluate the extent 

to which the experimental results may have been biased by 

differences between sides of the study site. 

Comparisons are also drawn between experimental 

plots and transect samples. These comparisons are 

informative in testing for the initial effects of clearing 

plots and for the convergence of experimental plots with the 

surrounding undisturbed areas. 

Prior to comparisons of means or testing for 

treatment effects in analysis of variance (ANOVA), I tested 

for heterogeneity of variances with the F-max test (Sokal 

and Rohlf 1969). Where significant (P < .05) heterogeneity 

was indicated, I have used the modified t-test - which 

assumes unequal variances - suggested by Sokal and Rohlf 



67 

(1969), or the non-parametric Mann-Whitney U test. 

Otherwise, limpet and predator effects on percent cover of 

£ht~~~~l~~ and algae, respectively, are assessed with ANOVA. 

Given the design of these experiments, the ANOVA reveals the 

proportion of the variance explained by predator treatments 

(confounded with differences between sides of the study 

site), but. it does not yield an appropriate error term with 

which to test the significance of predator effects. This is 

because there is in fact only one replicate for predator 

treatments: each of the two treatments is assigned to a 

single site (Hurlbert 1984; see Federer (1975) for 

discussion of this and other problems arising in split-plot 

designs). Limpet effects and the limpet x predator 

interaction can be tested for significance with standard F-

tests, because of the random assignment and replication of 

limpet treatments within sites. The significance of predator 

effects is tested with two-sample t-tests, supplemented with 

the aforementioned comparisons between sides of the study 

site. 

Results -------

Natural Variations in Community Structure 

Results discussed in this section were obtained from 

the control side of the study site, except in October 1978 

(only thaids were censused) , February 1979, and May and 
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August 1980, when species' abundances were similar on both 

sides, and the data were pooled. Comparisons between the two 

sides are considered further in conjunction with the results 

of the experiments. 

The data for percent cover of Chthamalus and algae -------- . 

(Fig. 7) reveal a striking inverse relationship between the 

two, which is emphasized by long-term reciprocal variations 

in their relative abundances. Similar results were obtained 

in concurrent studies 1 km to the east (Chapter 1). 

Limpet densities are shown in Fig. 8; 99% of the 

limpets encountered were £~!!isel!~ ~!!~~l~E~. Within 

years, peak densities coincided with recent recruitment. 

Limpet densities failed to reach the levels seen in the 

spring of 1979 again in any sample from May 1980 onward. 

Means from May 1980, May 1981, March 1982, and May 1983 are 

statistically indistinguishable (pairwise t-tests, P > .10 

in all cases), and each is Significantly less than those 

seen in the first four 1979 samples (pairwise t-tests, P < 

.05 ) • 

Average densities of !~~Ethin~ and ~~!~!~ are shown 

in Fig. 9. The results for 1980-83 suggest strong seasonal 

fluctuations, with AC~EthlE~ abundance peaking between 

spring and fall, and Morula densities highest during summer. 

The data obtained in conjunction with the 1980-83 experiment 

(see below) provide better resolution of this seasonal 
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Figure 7. Percent cover of Chthamalus and algae in the 
study site. -- Data are from random-quadrat samples on the 
control side (see text), except in February 1979 and May and 
August 1980 (data from control and removal sides pooled). 
Data are means +/- one standard error, N = 5-10. 
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pattern. These fluctuations appeared to result from 

migrations of the two species, with ~~~!~ shifting upward 

during summer, downward in winter, and !£~~hin~ moving 

downward in the fall, and upward during spring or summer. 

!£~~~E!~~'s immi-gration into the study site was associated 

with the formation of breeding aggregations and the 

deposition of egg capsules during winter (Dungan, personal 

observations). I have no information relating to their 

activities in areas adjacent to the study site. Turk (1981) 

describes similar behavior of Acanthina at another site. 

1979 Thaid x Limpet Removal Experiment 

The experiment was initiated in late February and 

continued until August. The former experimental plots were 

censused again in May 1980. Limpets colonized plots almost 

immediately after clearing and were censused on all visits 

to the study site. Barnacle settlement and algal growth were 

first noted in early April; sessile organisms were censused 

from late May onward. 

Ac~ntE!~~ densities near experimental plots on the 

control side averaged between 6.25 and 11.75 per .25 m2 • 

Corresponding densities on the removal side, measured before 

snails were removed, averaged between 0 and 3.75 per .25 m2. 

~~r~!~ densities were low on the study site and not 

obviously affected by removals; 0.5 to 1.5 snails per .25 m2 

were found near plots on the control side, while 0 to 1.25 
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per .25 m2 were found prior to their removal on the removal 

side. I attribute any effects of predator removal to 

Acanthina. -------

Limpet densities on the experimental plots are 

displayed in Fig. 10. 89% of the limpets recorded were 

£~!!l~~!!~ ~!!~~~~, most of which were 6-10 mm long. The 

remainder were ju v,eni 1 e (2-5 mm long) S ~~!~.E~ or C. 

tU!!~!l. Limpet densities on the experimental plots remained 

below those found in transect samples (compare Figs. 8,10); 

possible reasons for this will be discussed in conjunction 

with the results of the 1980-83 experiment. The data 

indicate only a slight reduction in limpet densities by the 

removal treatment (Fig. 10). Limpet densities on control vs. 

thaid removal plots (Fig. 10) were not significantly 

different (t-tests, P > .10) on any of the census dates. 

Slight effects of both limpets and thaids on percent 

cover of £h!ha~~!~~ and algae, respectively, were evident 3-

lj months after the start of the experiment (Fig. 11). In 

particular, increased £h!h~~!~~ cover and decreased algal 

cover were associated with thaid removals, while the reverse 

was true for limpet removals. In July and August, predator 

effects overshadowed previous differences associated with 

the limpet treatments. ANOVAs for percent cover of 

£h!h~~!~~ and algae, together with results of t-tests 

comparing predator removal vs. predator control plots for 
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the two limpet treatments, based on results of the final 

census, are shown in Table 7. Limpet effects and the limpet 

x thaid interaction effects are insignificant. The results 

suggest that predation by !~~~thl~~ decreased Chth~~~!~~ 

cover and increased algal cover (Fig. 11). 

Were the differences associated with the predator 

removals due to the treatments or to some underlying 

difference between the two sides of the study site? Transect 

data from both sides of the study site on 2~ February and 22 

July, 1979, and on 15 May 1980, plus censuses of the former 

experimental plots on 15 May, 1980, (Table 8) support the 

conclusion that the experimental results were due to the 

differences in predation intensity imposed by the 

experiment. Transect results show no significant differences 

in percent cover of £htn~~~!~~ or algae, or in limpet 

densities, either at the start of the experiment or 9 months 

after manipulations stopped. The transect data from 22 July 

1979 show differences in £nth~~~!~~ cover commensurate with 

those seen on the experimental plots, while algal cover 

remained similar on both sides of the study site. The data 

for 15 May 1980 show the convergence of former experimental 

plots on both sides of the study site. 

These results support the hypothesis that predation 

by !~~~~nl~~ reduces Ch~n~~~!~~ cover, and increases algal 

cover. The increase in algal cover was an indirect effect, 
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Table 7. Effects of predators (thalds) and limpets on 
percent cover of Chthamalus and algae at the end of the 1979 
experiment. --, The-analysis-of variance does not yield an 
appropriate error term for testing differences between 
predator removal and control areas (discussed in text); 
predator effects are assessed with two-sample t-tests, by 
comparing control vs. predator removaJ plots, within limpet 
treatments. 

Percent Ch!~~~~!~~ cover - ANOVA 

Source Sum of Squares df Mean Square F 

Predators 570lJ.16 570lJ.16 
Limpets 6.0 6.0 
Interaction lJ8.17 lJ8.17 
Error 25lJ7.0 20 127.35 

Total 8305.33 23 

Predator effects on percent f~!~~~~l~~ cover: 

Limpets removed: t = lJ.28 (p < .01) 
Limpet controls: t = 5.18 (P < .001) 

Percent algal cover - ANOVA 

Source Sum of Squares df Mean Square F 

Predators 3601.5 1 3601.5 
Limpets 216.0 1 216.0 
Interaction 112.67 1 112.67 
Error 2805.67 20 1lJO.28 

Total 6735.83 23 

Predator effects on percent algal cover: 

Limpet s removed: t = 3.09 (P < .05) 
Limpet controls: t = lJ.OlJ (P < .01) 

1. 5lJ (P > .1 0 ) 



Table 8. Comparisons between control and predator 
removal sides of the study site. -- Data presented are 
means, standard deviations, with sample sizes indicated in 
parentheses in the left-hand column. Results of t-tests 
follow each pair of values. 
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------------------------------------------------------------

Date & Source 

2-24-79 transects 
control (5) 

predator removal (5) 

7-22-79 transects 
control (6) 

predator removal (6) 

5-15-80 transects 
control (5) 

predator removal (5) 

5-15-80 former 
experimental plots 

Chthamalus a 

19.2,5.31 
15.4,3.78 
t = 1.30 

26.5, 5.50 
51.5,13.67 
t = 4.16* 

29.0,13.91 
20.6, 9.29 
t = 1.12 

control (12) 21.8,6.42 
predator removal (12) 19.3, 5.96 

t = 0.99 

a percent cove~ 
b number/.01 m 

Algae a 

53.4,21.22 
54.6,14.57 
t=0.10 

25.7,11.96 
23.8, 10.68 

t = 0.28 

49.0,17.16 
58.0,18.76 

t = 0.79 

61.2,11.43 
66.8, 9.59 

t = 1.30 

* P < .01; P > .10 for all other t-tests. 

Limpets b 

5.6, 3.58 
6.2, 3.77 

t = 0.26 

2.7,1.75 
1.7,0.82 

t = 1.27 

2.2,0.84 
2.6, 1.67 

t = 0.48 

2.6, 1.38 
2.3, 1.37 

t = 0.45 
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attributable to the provision of barnacle-free space on the 

rock surface. However, that algal cover did n~t increase on 

the undisturbed portions of the control side of the study 

site - where limpet densities were higher than on the 

experimental plots - suggests that the indirect effect 

depends on limpet densities. The experiment revealed no 

-effect of !£~~!~!~~ on limpets, and at best only temporary 

effects of limpet grazing on algal and barnacle cover. 

These conclusions should be viewed with caution, given the 

short-term nature of the experiment and the fact that limpet 

densities on the experimental plots (which were initially 

cleared) did not recover to levels found on the undisturbed 

portions of the study site. 

1980-83 Acanthina x Limpet Removal Experiment 

This experiment was initiated in late October 1980. 

Plots were censused at approximately monthly intervals; 

additional censuses of limpet abundances were made in 

conjunction with the limpet removals. Ac~~!~!~~ removals 

continued until the end of August 1982, whereas limpets were 

removed for the last time two weeks later. Plots were 

censused thereafter until 29 January 1983. Data from a 

transect spanning both sides of the study site and from the 

former experimental plots were also obtained on 13-14 May, 

1983. As in the previous experiment, these data were used to 
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test for the convergence of plots on both sides of the study 

site after manipulations ceased. 

A£~~th!~ densities around the experimental plots, 

immediately prior to removals on the removal side, are shown 

in Fig. 12. Comparable data for t!~~.!~ are in Fig. 13. 

Despite removing A£~~!n!~ on 36 separate spring tide 

series, there were several occasions' when densities found on 

the removal side exceeded those on the control side. 

Particularly between fall 1981 and spring 1982, there were 

obvious effects (dead barnacles) of these invasions on the 

removal side. As noted earlier this introduces a 

conservative bias in the assessment of Acanthina effects. 

The seasonal fluctuations in thaid abundance alluded to 

earlier were especially pronounced over the course of the 

experiment. ~~!~.!~ densities were higher than in the 1979 

experiment, and frequently greater on the 0ontrol side of 

the study site; however, the correspondence between 

A£~~!n!~~ densities and changes in community structure (see 

below) suggests that t!~~.!~ had little influence. 

Data for limpets are shown in Fig. 14. 97% of the 

limpets recorded were Co.!.!!~~.!.!~ ~!!~~!~~~; numbers of 

other species were too low to permit any meaningful tests of 

effects of Ac~~th!~ on them, and limpet effects are assumed 

due to ~ ~!!~~iana. Limpet densities early in this 

experiment were substantially higher than in the 1979 
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experiment, and also higher than found contemporaneously in 

undisturbed parts of the study site (Fig. 8; discussed 

further below). Seasonal variations in limpet abundance 

mirror those of Ac~~!nl~ and were the result of winter 

recruitment of ~ ~!r£~l~~. Between-year differences and 

effects of Ac~nthl~~ on limpets are discussed below. Limpet 

removals were generally effective in producing substantial 

reductions in density, especially during the first 9 months 

of the experiment (Fig. 14). 

Results for algae and fn!n~~~!~~ are presented in 

Figures 15 and 16, respectively. Results of ANOVAs for each 

census from mid-March, 1981 onward, are summarized in 

graphical form in Fig. 17. In the following discussion, 

effects of limpets and Ac~~!nl~~ are termed significant if 

the corresponding test (for limpets, F-tests based on the 

ANOVAs or t-tests assuming unequal variances, depending on 

results of F-max tests; for !£~~!nl~~, comparisons of means 

with t-tests) exceeded the value required for rejection of 

the null hypothesis at the .05 level. Because the 

interaction effect in the ANOVA was not significant in any 

case, plots on each side of the study site were combined in 

testing for Ac~~!.!},in~ effects. Likewise, tests for 1 impet 

effects involved pooling across the two !£~~!~ 

treatments. 
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Removal of limpets significantly increased algal 

cover throughout the experiment. The effects of previous 

limpet removals were not significant in the two censuses 

following the termination of limpet removals. The magnitude 

of the difference between limpet removals and limpet 

controls varied considerably. In particular, limpet effects 

on algae were most pronounced early in the experiment, but 

were relatively small in comparison to Ac~ntnl~! effects 

from fall 1981 through fall 1982 (Fig. 15,17). Ch!n!~!!~~ 

cover was lower on limpet removal plots throughout the 

experiment, although the differences between limpet removals 

and limpet controls were significant only between June and 

December, 1981. Thus, limpet grazing generally decreased 

algal cover and increased £n!n~~!~~ cover. Explanations for 

the variations in limpet effects will be offered below. 

Removal of !£~thl~! led to significant increases in 

£n!n!~!!~~ cover during spring 1981. The effects 

disappeared, as did Ac~~~nl~~ (Fig. 12), while the effects 

of limpets on £n!n!~!!~~ became pronounced during summer 

1981. From fall 1981 until removals stopped, the presence of 

Acanthina on the control side was associated with dramatic 

reductions in £n!n~~!~~ cover, while £n!n~~!~~ cover 

remained high on the removal side (Fig. 16,17). Algal cover 

was also significantly increased on the control side from 

fall 1981 until the removals stopped. In general then, 
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~~~nth!E~'s effects were opposite to those of limpets: 

Ac~th!~~ predation reduced Chthamalus cover and increased 

algal cover. Differences in the intensity of ~~~!hi~ 

predation on the two sides of the study site from fall 1981 

onward were sufficient to sharply reduce the evidence of 

1 impet effects. 

Algae and Chthamalus again exhibit reciprocal 

variations in abundance (Fig. 15,16). For most of the 

experiment, the rank order (highest to lowest) of means for 

£n!n~~l~~ cover was Ac~~!hi~~ removed (limpets not removed) 

> ~~~~!n!~~ + limpets removed> control> limpets removed 

(~~~~!n!~ not removed). The rank order for means of algal 

cover is the reverse. These data indicate complementary 

effects of ~~~~!n!~~ and limpets on the allocation of space 

in this community. The best explanation for this 

complementarity is that competition for space between 

£Eth~~~l~~ and algae produces contrasting indirect effects 

of the two consumers. 

The data permit a subtle but critical test of the 

dependence of the indirect effects on competition for space. 

If this is the case, indirect effects should become more 

pronounced as the density of sessile organisms increase~ and 

space becomes limiting. In March 1981 (refer to Fig. 15,16), 

four months after plots were cleared, £n!n~~~l~~ and algal 

cover had begun to increase, but total percent cover was 
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only 13-33%. At this time significant (direct) effects of 

Ac!~!~!~ on Chth~!l~~ and of limpets on algae were 

evident, but the postulated indirect effects were not. In 

the succeeding six months, with !~!~thi~! for the most part 

absent, total percent cover reached 80-90% and the indirect 

effect of limpets on Chth~!l~~ became pronounced. 

Subsequently, !~!~!~!~ predation on f~th!~!l~~ had the 

expected beneficial indirect effect on algal cover. 

Much of the temporal variation in f~!hamal~~ and 

algal abundances was directly or indirectly attributable to 

!~!~thi~!. After September 1981, until the removal of 

!~!~!!!!~! stopped, there were only slight changes in percent 

cover of algae (Fig. 15) and f~!~!~!l~~ (Fig. 16) on the 

removal side. This is in dramatic contrast to the behavior 

of plots on the control side, where reductions in f~!~~!l~~ 

cover and increases in algal cover followed the appearance 

of !~!~th!~ in the fall, and reversed during the summer. In 

the fall of 1982, with !~!~!~!~! undisturbed on both sides 

of the study site, all plots showed reductions in Ch!~~~!l~~ 

cover and increases in algal cover. 

It is noteworthy that the decrease in Ch!~!~!l~~ 

cover brought about by AC!~!~l~! during fall 1982 was much 

greater on the former removal side (Fig. 16), despite the 

similarity of Ac!~!nina densities on both sides (Fig. 12). I 

did not measure feeding rates of snails on the two sides of 
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the study site, but the implication is that ~canthina fed 

more efficiently, given the initially higher barnacle 

densities on the removal side. 

Finally, what were the effects of experimentally 

produced differences in ~£!~!Eina abundance on limpets 

(refer to Fig. 14)? It took almost one year for strong 

effects of ~£!~!E!~ on fE!E~!!~~ to be expressed. Prior to 

1982, there were no significant differences in limpet 

density on the two sides of the study site (conclusion ba3ed 

on t-tests for each census date). Indeed, if such 

differences had appeared early in the experiment, when only 

slight differences in fE!E!~!!~~ cover were evident, their 

relationship to ~£!~!E!~! effects would have been 

questionable. The same reasonin,g used above applies here: if 

the indirect effect of ~£!~!E!~ on limpets derives from the 

competitive effects of fE!E!~!!~~' it should be pronounced 

only when space is in short supply, as was the case after 

summer 1981. Limpet densities on the control side of the 

study site were significantly elevated from January through 

July, 1982 (Mann-Whitney U test, based on average limpet 

density on each plot over this period: U = 31, P < .025). In 

fact, limpets were virtually absent from the removal side of 

the study site in 1982 untll fall (see also Table 9), when 

removals ceased and Ac!~!E!~! predation sharply reduced 

Chthamalus cover. 
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Was the increase in limpet density associated with 

~~~th!~ a response to greater algal cover or simply to the 

provision of barnacle-f~ee space? Limpets rapidly colonized 

plots, before any macroscopic algae were established, in the 

first few weeks of both this experiment and the 1979 

experiment. A similar response following the removal of 

£ht~~~!~~ by hand, again before any increase in algal cover 

occurred, was described in Chapter 1. Thus, the simplest 

explanation is that the limpets respond directly to the 

provision of barnacle-free space. 

Data obtained from transect samples spanning both 

sides of the study site before, during, and after the 

experiment, plus the last census of plots in May, 1983 are 

summarized in Table 9. Before the experiment was set up 

there were no evident differences between the two sides. In 

March 1982, undisturbed parts of the two sides exhibited 

differences commensurate with those seen on the experimental 

plots. The former experimental plots had converged by May 

1983. However, the transect samples showed percent 

£~th~~~!~~ cover higher, and algal cover lower, on the 

former control side. These differences are the opposite of 

those seen earlier on the experimental plots and in the rest 

of the study area, and I have no explanation for them. If 

anything, they hint at a bias which would work against the 

effects detected in the experiment. 
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Table 9. Comparisons between control and Acanthina 
removal sides of the study site. -- Data presented-ire-
means. standard deviations with sample sizes indicated in 
parentheses in the left-hand column. Results of t-tests 
follow each pair of values. 

Date & Source 

8-11-80 transects 
control (8) 

!£~~!~1~~ removal (8) 

3-28-82 transects 
control (10) 

Acanthina removal (5) 

5-14-83 transects 
control (5) 

Acanthina removal (5) 

Chthamalus a ----------

69.4. 15.54 
67.3.11.72 

t = 0.31 

34.9. 21.60 
83.4. 9.40 

t = 6.05** 

42.2.19.11 
24.4, 8.35 

t = 2.96* 

5-14-83 former 
experimental plots 

control (12) 
Acanthina removal 

30.1. 20.09 
(12) 26.8,9.31 

t = 0.51 

Algae a 

15.4,15.52 
16.5,13.22 

t=0.16 

41.7. 22.72 
6.6. 3.08 

t = 4.80** 

44.2. 8.70 
58.2. 6.76 

t = 2.84* 

61.9,21.47 
55.3.18.82 

t = 0.80 

Llmpets b 

0.5. 0.76 
0.6, 1.06 

t = 0.27 

1.2. 1.03 
o. 0 

t = 3.68* 

1.8, 1.64 
2.0, 1.58 

t = 0.20 

2.3.2.31 
2.5. 2.32 
t=0.18 

~-----------------------------------------------------------Percent cove~ 
b number/.01 m 
* P < .05; ** P < .01; P > .10 for all other t-tests. 
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Comparisons of the experimental results with 

transect samples from the control side (Fig. 7,8) suggest an 

unanticipated side effect of the initial clearing of plots 

for the experiment. Limpet densities on experimental plots 

(Fig. 14) during early 1981 rose significantly above those 

recorded in transects (t-tests comparing data from control 

treatments with transect results on 9 January and 19 May; P 

< .05 in both cases). I attribute the differences to the 

provision of Ch!E~~~!~~-free space, as discussed earlier. 

Two things probably contributed to the difference between 

this experiment and the 1979 experiment, in which limpet 

densities on plots remained lower than in surrounding areas. 

First, this experiment coincided more closely with the 

recruitment of Co!!l~~!!~ ~!!£~~l~~~; most of the limpets 

colonizing plots were recently settled and 2-6 mm long. The 

1979 experiment began later (relative to the limpets) and 

most of the limpets colonizing plots were already 6-10 mm 

long. Second, £E!E~~~!~~ cover was substantially higher in 

the study area as a whole during late 1980 and early 1981 

than in early 1979 (Fig. 7); thus, a greater response on the 

part of limpets to the removal of £E!ha~~!~~ would be 

expected in the second experiment. 

The initial elevation of limpet densities in this 

experiment apparently kept algal cover low and allowed 

Chthamalus cover to reach levels similar to those seen in 
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the transects by summer 1981 (compare Fig. 7 with Fig. 

15,16). The limpet removal plots on the control side 

exhibited significantly lower £niham~!~~ cover, and 

significantly higher algal cover, than were found in 

transect samples during summer and fall, 1981 (t-te:;;ts, P < 

.05 ) • 

Discussion 

The major direct interspecific effects 

characterizing this community are summarized in Fig. 18. 

Positive effects of food resources on Collisella and 

~~~~inl~~ are considered likely, although these were not 

measured. ~£ru!~ !~r~~l~~~ appears to playa minor role 

and is therefore omitted. These direct effects combine to 

form the pathways for a number of indirect effects, which 

are of major importance in the organization of this 

community. 

complementary effects on local community structure. Each 

consumer might be viewed as a keystone species (Paine 

1969b), but they are mutually dependent, and their effects 

are interrelated. Predation by Acantnl~~ is important in 

pre v en tin g the I 0 c a I m 0 no pol i z at ion 0 f spa c e by C h i~1.~~ , 

to the exclusion of algae and limpets. Grazing by Co!!l~~!!~ 

likewise prevents the exclusion of £nin~~~!~~ by ~~!!si~. 

Thus, the limpets are dependent on Ac~~thl~~ for the 
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provision of space, and perhaps food, while the prey 

(Ch!n!~!l~~) which Ac!~!n!~! appears to depend on are in 

turn dependent on limpet grazing for the provision of space. 

In Paine's (1980) terminology, both the Acanthina-Chthamalus 

and ££ll!~ll!:..!!!lf~.!.! subsystems are "modules", dependent 

on another species for the removal of a potentially dominant 

competitor. the functional roles of these two consumers are 

inseperable. Ac!~!hi~! predation on £n!n~!l~~ is important 

because the potential for space monopolization by the latter 

is brought about in part by limpet grazing; the importance 

of limpet grazing derives partly from the generation of 

barnacle-free space by Ac!~!n!~! predation. 

Acanthina and Collisella facilitate the recovery of 

each other's prey. The presence of limpets prevents Ralf~!! 

from pre-empting space where barnacles have been removed. 

Acanthina contributes to the re-establishment of Ralfsia 

following limpet grazing and the colonization of grazed 

areas by £n!n!~!l~~. These effects were clearly illustrated 

in the 1980-83 experiment: after plots were cleared, high 

limpet densities on the controls limited algal growth and 

allowed the recovery of £n!n!~!l~~, in contrast to the 

limpet removals; during fall 1981, Ac!~th!~! predation 

regenerated barnacle-free space and facilitated the increase 

of algal cover to the point that past effects of limpet 

grazing were much-reduced. Where ~E!~!n!~! was removed, 
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£nl~~~!~~ remained in high abundance, preventing any 

increase in algal cover. 

As in Chapter 1, all the evidence here suggests that 

removing algal competitors for space. The effects of 

£nln~~~!~~ on ~~!!si~ are potentially both direct, via 

competit.ion for space, and indirect, by way of effects on 

limpets. In Chapter 1 these opposing effects were equivalent 

in one experiment where limpet densities increased to 30-40 

individuals per .01m2 in response to the removal of 

£nlha~~!~~, preventing any increase in algal cover. In this 

study, the effect of fnth~~~!~~ on ~~!fs!~, as inferred from 

the increase in algal cover which accompanied higher levels 

of ~~~~th!~ predation, was primarily the direct one 

resulting from space pre-emption. 

However, results from the first six months of the 

1980-83 experiment lend some support to the hypothesized 

indirect beneficial effect of Chthamalus on Ralfsia. ---------- -------
Elevated 1 impet densities (about 10 per .01 m2 ) kept algal 

cover low on the limpet controls. As stated earlier, this 

can be viewed as an indirect effect of the removal of 

barnacles, on algae. Where this indirect effect was blocked 

- the limpet removal plots - algal cover increased 

significantly above levels seen in undisturbed areas or on 

the limpet control plots (Fig. 1,15). 
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The above considerations imply that Acanthina 

predation on Chth~~~!~~ could actually lead to reduced algal 

cover, depending on the response of £2!!1~~!!~. Although 

there is as yet no evidence that Ac~~~~l~~ indirectly 

reduces algal cover, the indirect beneficial effect is more 

pronounced at lower limpet densities, as prevailed on the 

experimental plots during the 1979 experiment, and during 

the latter part of the 1980-83 experiment. 

Many features of this system hinge on there being a 

strong, approximately symmetrical competitive interaction 

between £~th~~~!~~ and algae. This generates the reciprocity 

of consumer effects. Here, as in Chapter 1, unoccupied space 

was generally in short supply. Once established, Ch~~~~~!~~ 

and ~~!!~l~ each appear able to pre-empt space. Changes in 

community structure are driven by the effects of consumers 

and the ensuing recolonization of the surface. 

The density- and frequency-dependence of indirect 

effects like those found here has been pOinted out by Lawlor 

(1979) and Underwood et ale (1983). Indirect effects produce 

a strong dependence of two-species interactions on the 

surrounding community (Schaffer 1981; Bender et ale 1984). 

In this system, two-species interactions can only be 

understood within the context provided by the direct and 

indirect effects that link the participants to other 

species. Similarly, predation, grazing, and competition for 



space are all influential, yet interdependent, in 

determining local community structure. 
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These results provide clear evidence of indirect 

mutualism between Ac~~th~~ and Co!!l~~!!~. In this case, 

mutualism emerges from predation, grazing, and competition 

for space, and might be viewed as merely a "happy 

coincidence" (Vermeij 1982), or an "epiphenomenon" 

(Underwood et al. 1983). How important is this relationship 

to the persistence of the two consumers? All of my 

experiments (see also Chapter 1) were freely accessible to 

other consumers not explicitly considered (e.g. fishes, 

shorebirds, crabs, the herbivorous gastropod Nerl!~ 

!~~ic~!~!~), were subject to prevailing abiotic influences 

in what seems a harsh, variable environment for marine 

organisms, and all involved relatively slight perturbations. 

Yet dramatic effects of limpet grazing and thaid predation, 

as well as of competition for space, have been repeatedly 

demonstrated. Compensation by other consumers for 

experimental reductions of !£~~!~~~ or ££!!l~~!!~ 

~!££ngl~~~ has not been evident in these experiments, nor 

has the elimination of Ch!.!!~!!!~!~~ or established algal 

crusts by abiotic disturbances. However, it is unlikely the 

relationship between the two consumers is obligate (i.e. 

necessary for their continued survival) for at least two 

reasons. First, !£~~!.!!l~~ occurs (and reproduces) in the 
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upper intertidal above E~!~~~~l~~ and E2ll~~ll~ strongi~E~' 

where it feeds on !~tr~l!!~ ~!~l~!!!~r~ (Dungan, personal 

observations and unpublished data; Paine 1966b; Yensen 

1979). Second, on wave-washed outcrops, where Ch!ha~~l~~ 

us u a I I Y co v e r s m 0 ret han 80 % 0 f the a.v a i I a b I e sur fa c e ( Tab I e 

6; Dungan, unpublished data), patches of free space appear 

to be generated intermittently when virtually continuous 

sheets of f~th~~~l~~ are torn off by wave action; limpets 

colonize these areas, especially during fall and winter 

(Dungan, personal observations). In any case, until the 

rep"roductive success of Coll!~~ll~ ~!rong!~E~ from a variety 

of habitats, with and without AC~E!~!E~, is established, the 

long-term dependence of the limpet population on !£~E!~!E~ 

cannot be evaluated. Nevertheless, it is not unreasonable to 

suggest that each consumer would be eliminat~d from habitats 

like those studied here and in Chapter 1 by the continued 

absence of its indirect benefactor. The implication is that 

the structure and dynamics of this community are strongly 

influenced by the mutualistic relationship between !£~E!~!~~ 

and f2ll!~~.!.l~. 

In contrast to what might have been expected in the 

intertidal zone of the Sonoran desert, biological 

interactions appear to be of primary importance in 

determining local community structure. The consistent 

inverse relationship between f~!ha~~l~~ and algae suggests 
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that competition for space is nearly always present in this 

system. Grazing and predation can produce dramatic spatial 

and temporal differences in community structure, as was seen 

most clearly in the 1980-83 experiment. In particular, 

recall (Fig. 15-17) that with !~~~!~in~ removed, community 

structure remained relatively unchanged between September 

1981 and September 1982. Meanwhile, on the control side, 

Ac~~!~~~ predation caused strong seasonal fluctuations in 

the abundances of barnacles, limpets, and algae. However, I 

have no explanation for why f~!~~~~!~~ abundance was not 

sharply reduced by Ac~~~thl~~ predation at this site in 

1980-81, nor for the failure of limpet densities to recover 

to 1979 levels, once f~!ha~~!~~ cover was reduced after late 

1981 (refer back to Fig. 7-9). 

Seasonal, and perhaps between-year, variations in 

f~!~~~~l~~ recruitment probably interact with the behavior 

of !~~~thl~~ to influence the importance of predation. The 

intensity of grazing by f~!!l~~!!~ ~!r~~l~~~ - apparently 

an annual species - depends on its recruitment during fall 

and winter. Whether limpet grazing actually shifts community 

structure in favor of Ch!~~~~!~~ is also likely to depend on 

how rapidly the barnacles procur newly-grazed space. Thus, 

the physical environment probably mediates the dynamics of 

predation, grazing, and competition for space by influencing 

the behavior and recruitment of the component populations. 
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Vandermeer (1980) has explored the conditions 

fostering indirect mutualism (in the neighborhood of a four

species equilibrium point) in model systems involving the 

exploitation of two competing prey species by two consumer 

species. The !.£~!!!!.!!!!~ - £2.!..!.!~.!..!.~ relationship at Pel ican 

Point supports his conclusion that indirect mutualism is 

most likely'between relatively specialized consumers that 

fee& upon strongly competing prey species. In this case 

however, !.£~nt!.!!~ benefits £2.!..!.!~~.!..!.~ primarily by 

increasing the availability of barnacle-free space, rather 

than by indirectly increasing algal abundance. 

A situation which parallels this one in several 

respects is the indirect commensal relationship between 

limpets and the chiton !~!!.!~~!!!~ tunic~!~ in the Pacific 

Northwest described by Dethier and Duggins (1984). In their 

study, !~!!.!~~!!!~ grazing reduced macroalgal cover, 

increasing the availability of both space and microalgae 

(food) for limpets. However, microalgae, or its removal by 

limpet grazing, appeared unlikely to affect macroalgae or 

!~!!.!~~!!!~; thus the commensal relationship. They used their 

results to illustrate the dependence of indirect 

interactions between consumers on the symmetry of the 

competitive interaction between prey species. As noted 

above, the !.£~!!!!.!!!!~ - £2.!..!.!~~.!..!.~ relationship, and the 

functional importance of both consumers, are clearly related 



to the fairly symmetrical competitive interaction between 

fl! t h a !!!~.!~~ and R a.! f s l~ . 
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Whether indirect mutualism between rocky intertidal 

grazers and carnivores, as found in this study, is 

widespread remains to be seen. The symmetry of competitive 

interactions between algae and sessile animals, effects of 

algae on carnivores (e.g. Menge 1978) and of sessile animals 

on grazers (e.g. this study; Lewis and Bowman 1975; Choat 

1977; Paine and Levin 1981; Underwood et al. 1983), 

incidental effects of grazing on sessile animals (e.g. 

Connell 1961a; Stimson 1970; Dayton 1971), and direct 

interactions between herbivores and carnivores (e.g. Paine 

1969a; Garrity and Levings 1981; Underwood et al. 1983; 

Fawcett 1984), must all be considered on a case-by-case 

basis. 

In some cases (e.g. Dayton 1971; Paine 1974, 1980; 

Lubchenco and Menge 1978), it is clear that plant"'herbivore 

relationships are contingent upon the elimination of 

competitively dominant barnacles or mussels by predators; 

these situations imply indirect commensalism, as in Dethier 

and Duggins (1984). In New Zealand (Luckens 1974, 1975a) and 

the British Isles (e.g. Jones 1948; Connell 1961a; Lewis 

1 9 7 7; Haw kin s 1 9 8 1 ), in d ire c t m u t u a lis m bet wee n limp e t san d 

thaid gastropods, as in this study, can be hypothesized on 

the basis of experiments and/or observations suggesting that 
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(1) barnacles and algae compete for space; (2) limpets can 

bee xcI u de d by h i g h bar n a c 1 e den sit i e s ; ( 3) 1 i mp e t g r a z in g 

limits algal abundance and may thereby increase barnacle 

abundance; (4) thaid predation is important in limiting 

barnacle abundance. The studies of Underwood and co-workers 

(e.g. Underwood et al. 1983) in New South Wales, Australia 

establish the interdependence of grazing, predation, and 

competition for space in a community of thaids, barnacles, 

algae, and limpets, while indicating a varieiy of direct and 

indirect interactions involving thaids and limpets. 

Grazer-predator relationships on rocky shores, and 

consumer interactions in ecological communities in general, 

will undoubtedly hinge on the details of a large number of 

direct and indirect interspecific interactions. The value of 

"looking for" indirect mutualism in these systems is that it 

leads necessarily to a relatively broad, mechanistic 

approach to the analysis of ecological communities. 



CHAPTER 3 

COMPETITION AND THE MORPHOLOGY, ECOLOGY, AND EVOLUTION 
OF ACORN BARNACLES: AN EXPERIMENTAL TEST 

Recent ideas about the role of competition in the 

ecology and evolution of acorn barnacles are based partly on 

relationships between morphology and the outcome of 

competition for space. One hypothesis is that present 

distributions and patterns of evolutionary diversification 

and decline among acorn barnacles reflect the competitive 

exclusion and replacement of solid-walled forms by those 

with tubiferous skeletal structure. An alternative view is 

that large barnacles generally outcompete smaller ones, 

independent of differences in skeletal structure, with 

predation and disturbance favoring the ecological and 

evolutionary success of small barnacles. Field experiments 

and observations in the Gulf of California indicated that 

the small, solid-walled species, Chth~~~l~~ ~El~££~~~, 

competitively excluded the larger, tubiferous Tetr~ll.!:.~ 

~tal~.!:.l!~~~ ~~E!!E!~ on the lower part of the shore. 

Greater tolerance to aerial exposure appears to allow 

!~.!:.~~l!.!:.~ to occupy a high intertidal refuge above 

Chthamalus. A common denominator of these results and those ----------
106 
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from other shores is the greater settlement density of the 

competitive dominant, not its morphology. Morphological 

considerations alone are insufficient to predict or explain 

the outcome of competition between barnacle species • 

.!.!ltrodu.£l!21! 

In this chapter I offer an experimental test of 

recent ideas relating interspecific competition to the 

morphology, ecology, and evolution of acorn barnacles 

(Balanomorpha). The results prompt a reconsideration of the 

mechanisms that determine the outcome of competition for 

space between barnacle species. 

In what is perhaps the strongest case for a major 

evolutionary replacement resulting from competitive 

exclusion (cf. Gould and Calloway 1980; Cifelli 1981; Benton 

1983), Stanley and Newman (Stanley and Newman 1980; Newman 

and Stanley 1981; Stanley 1982; Stanley et ale 1983) have 

argued that present distributions and patterns of 

evolutionary diversification and decline among acorn 

barnacles reflect the competitive exclusion and replacement 

of solid-walled forms in the Superfamily Chthamaloidea by 

those with tubiferous skeletal structure in the 

superfamilies Balanoidea and Coronuloidea. In their 

hypothesis, tubiferous skeletal structure was an adaptive 

breakthrough, enhancing competitive ability by permitting 

rapid growth and firm attachment, enabling balanoids and 
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members of the coronuloid Family Tetraclitidae to outcompete 

and replace chthamaloids in shallow water. They suggested 

that patterns of barnacle zonation worldwide on continental 

shores (e.g. Stephenson and Stephenson 1972) result from the 

competitive exclusion of chthamaloids by balanoids and 

tetraclitids on the lower part of the shore, with 

chthamaloids occurring primarily in high intertidal refugia 

by virtue of greater tolerance to aerial exposure. 

In contrast, Paine (1981) presented evidence that 

smaller, slower-growing barnacles tend to lose in 

competition with larger, faster-growing forms, regardless of 

differences in skeletal structure. Most modern chthamaloids, 

£n~n~~~!~~ spp. in particular, are smaller than coexisting 

balanoids or tetraclitids, and he predicted that where 

competition is important, small chthamaloids will be 

restricted to the upper intertidal. However, Paine suggested 

the general importance of predation and disturbance in 

ameliorating the effects of competition for space (Paine 

1966a; Dayton 1971; Connell 1975; Sousa 1979), and argued 

that reduced susceptibility to predation and disturbance has 

offset the competitive disadvantages of small chthamaloids 

and contributed to their ecological and evolutionary 

success. 

The explanation of ecological and evolutionary 

patterns by the above hypotheses hinges on the outcome of 
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competition between barnacle species being a predictable 

consequence of their morphologies (although ~nder Paine's 

hypothesis, the outcome of competition i~ frequently 

irrelevant). That the postulated relationships between 

competition and morphology are in need of further testing is 

emphasized by the fact that there is only one published 

study (Connell 1961b) in which the effects of competition 

between barnacle species were directly assessed in a 

controlled field experiment (~~~ Connell 1974,1975, 

1983). 

This study employed field experiments and 

observations to assess competitive relationships and the 

causes of zonation in two species of acorn barnacles in the 

Gulf of California. Initial observations along the coast of 

Sonora, Mexico revealed dense populations of the small, 

solid-walled chthamaloid, £n!n~~~!~~ ~ni~£E~~ in the low to 

middle rocky intertidal zone, with a larger, tubiferous 

s p e c i e s, !~!!:~!!!~ ~~!~!!!~!:~ ~2!!!!!!!~ us u a I I Y h j g her 0 n 

the shore. This suggested the hypothesis that competition 

from £nth~~!~~ was restricting !~!!:~!!!~ to the upper part 

of the shore, and a corollary, that greater tolerance to 

aerial exposure allowed !~!!:~!!!~ to survive higher on the 

shore. If substantiated, this would imply that 

considerations other than the morphological ones envisioned 

in the Stanley-Newman and Paine hypotheses are important in 
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determining the outcome of competition between barnacle 

species. 

Materials and Methods --------- --- -------

~~!l~~l!~!! ~£~!lEl~ and the causes thereof were 

investigated in detail at Pelican Point (refer back to Fig. 

1). Observations were also made on the distributions of the 

two species throughout the northern and central Gulf (north 

of 24 0 ). In Chapter 2, the zonation of barnacles and other 

organisms at Pelican Point was described (Table 6). Results 

for Ch~n!~!l~~ and Te~!~l~! are graphed in Fig. 19. 

Aspects of the biology and ecology of £nth!~!l~~ 

were covered in Chapters 1 and 2. Tetr~ll~! ~~!l~~l!~!! 

~£~!l~is (maximum diameter 40-50 mm) reaches sexual maturity 

during its second year; reproduction and settlement occur 

during late summer and fall (Malusa 1983; Dungan. 

unpublished data). Relationships between basal diameter and 

bod y wei g h t 0 f S. !~l~.2..E£~ are not k now n , but J. R • Mal usa 

(unpublished data) obtained the following relationship 

between wet body weight (W) and basal length (L) - measured 

along the rostral-carinal axis. for T.s. confinis: 

In W(g) = 2.867 In L(mm) - 9.781 (r = .94. n 30) 

Malusa (1983) reported S. !~l~.2..E£~! attaining an average wet 

bod y wei g h t 0 f abo u t .0 0 5 gin 11m 0 nth s, and T. s. ~£~!l~l~ 
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averaging about .036 g wet body weight after 7 months. C. 

!~!~£E~~! is endemic to the Gulf of California (Newman and 

Ross 1976), while T.s. ~~~!!~!~ occurs from the Gulf of 

California to west-central Mexico (Newman and Ross 1976; 

Southward and Newman 1977). 

To test the hypothesis that competition from 

£~!~!~!l~~ was limiting the abundance of !~~~l!ta on the 

lower part of the shore, I conducted the following 

experiment. On a wave-washed outcrop similar in terms of 

wave action and community composition to the "exposed" site 

ofT a b 1 e 6, I c 1 ear e d all £~!~!~!l~~ fro m a 250 x 3 0 c m 

strip, extending from mean low water (MLW) to 1.2 m above 

MLW. Initially about 95% of the surface between these levels 

was occupied by Ch!~!~!l~~, while the top of the outcrop 

(1.4 m above MLW) was capped with a mixture of Chtham!l~~ 

and Tetraclita. Tetraclita does not settle on Chthamalus ---------- ---------- ----------
(Dungan, personal observations), and the initial removal of 

Ch!~!~!l~~ (20 August 1982), coinciding with the first 

observations of !~!~~l!!! settlement, was designed to 

enhance the settlement of Tetraclita in the lower 

intertidal. The cleared area was subdivided into three 

plots: a lower one, 70 x 30 cm, extending from MLW to 0.6 m 

above MLW; a middle one, 80 x 25 cm, from 1.0 .to 1.2 m 

above MLW; and an upper one, 50 x 25 cm, at 1.2 m above MLW. 
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In October (upper and lower plots) and November 

(middle plot), 1982, juvenile Tetraclita that had settled 

onto the clearing were mapped for future reference and 

assigned in alternate order to one of two treatment groups. 

"R em 0 v a 1 s" had n e i g h b 0 r in g (w i t h i n 2 - 4 m m) .£.!!!.!!!!.~!!..!..!:!~ k ill e d 

and removed with an awl at approximately monthly intervals 

until September 8, 1983. "Controls" were left exposed to 

crowding from Ch!.!!!!.~!!..!..!:!~. Survival of Te!r~.!.!!!!. in the two 

treatment groups was monitored until November 4, 1983. 

To test for additional effects of Chthamalus on the 

growth of !~!r!!.~.!.!!!!., the basal widths (perpendicular to the 

rostral-carinal axis) of Tetraclita were measured at 

approximately monthly intervals until September 8, 1983. 

Basal width (W) and length (L) in this species are related 

in the following manner (based on measurements of barnacles 

on the experimental plots): 

L 0.95 W + 0.56 (r .98, n 57) 

Recalling the aforementioned relationship of wet body weight 

to length, a two-fold difference in basal width corresponds 

to an approximately six-fold difference in wet body weight. 

The data obtained for control barnacles were 

unsatisfactory because points of contact with the rock 

surface were often obscured by surrounding .£.!!!ha~.!..!:!~ (see 

below). Accordingly, I removed .£.!!!.!!!!.~!!..!..!:!~ from around the 
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surviving controls prior to measuring them on the final 

visit to the study site (November 4, 1983), and used these 

data for comparisons with the removals. 

To test the hypothesis that greater tolerance to 

aerial exposure allowed Tetr~l!!~ to live higher on the 

shore than £E!E~~l~~, I transplanted rocks with attached 

barnacles above the high water mark, fully exposed to sun 

and wind, and monitored the survival of the two species. 

This experiment was conducted August 5-7, 1982, with air 

temperatures from 30 to 35 0 C and relative humidity between 

52% and 82% (monitored throughout the experiment). After 6, 

12,24,30,36,48,54, and 60 hours of exposure I 

resubmerged 1-2 rocks with £E!E~~~l~~ attached, in fresh sea 

water for at least three hours, and determined the survival 

of 50 juveniles « 2 mm diameter) and 100 adults (> 2 mm 

diameter). I scored £E!E~~~!~~ as alive if they exhibited 

any activity or would respond to taps on the shell with a 

probe. Repeated checks of individuals submerged for 6-12 

hours showed no increase in viability after three hours. 

I~!r~!!!~ open their opercular valves when exposed 

to air, and respond to taps on the shell by closing the 

valves and withdrawing. I used this response to test for the 

survival of I~!r~!!!~. Rocks with I~!r~!it~ attached were 

left unmoved throughout the experiment; at each of the 

aforementioned times I haphazardly chose 100 individuals 



without regard to their size - all were larger than 10 mm 

diameter. Exposure times for !~lr:!!..£!.!ta were .about 1.5 hr 

longer than for Chln~~!~~, owing to the fact that 
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Telr:!!..£!.!l~ were collected from higher in the intertidal and 

were exposed sooner by the falling tide. 

Results 

The pattern of barnacle zonation at Pelican Point 

(Fig. 19), with I~lr:!!..£!.!l~ above £nln~~~!~~, is similar to 

those I have observed on barnacle-dominated shores 

throughout the northern and central Gulf of California (from 

Puertecitos to Punta San Lorenzo in Baja California, and 

from Puerto Penasco to Guaymas in Sonora). I~!r:!!..£!ita 

becomes progressively rarer to the south, while rocky shores 

throughout this region harbor a well-defined £nln~~~!~~ zone 

(Dungan, personal observations and unpublished data). 

In the experiment testing for effects of Chth~!~!~~ 

on !etr:!!..£!.!l~, I estimated (visually) that the density of 

recently-settled £nln~~!~~ was 20/cm2, about 500 times that 

of !~1r:!!..£!.!1~, by the time the removal treatments began. 

Chthamalus settlement occurred throughout the experiment 

while !~1r:!!..£!.!1~ settlement was limited to a single pulse 

between August and October (Dungan, personal observations). 

The only !etr:!!..£!.!ta settlement observed in adjacent 

uncleared areas was in patches of bare rock near the top of 

the outcrop. 



Crowding from £hth~~l~~ greatly reduced the 

survival of Ietr!.£l..!.1~ (Fig. 20). Overall, only lI/92 
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I~tracl..!.1~ in the control group survived, compared to lI5/90 

w 1 t h £ h t !!~!!!~l~~ rem 0 v e d (c his qua r e = II 8 • 2 , P < • a 0 1 ). 

Except where f!!!!!~~l~~ were removed, Iet~l!ta were 

surrounded and frequently undercut or overgrown by 

£!!!!!~!!!~l~~ (Dungan, personal observations). Most of the 

mortality among the controls appeared to result from their 

having been dislodged by the growth of neighboring 

Chthamalus. --------

Owing to settlement of Chth~!!!~l~~ throughout the 

experiment, the removal of £!!!!!~~l~~ reduced, but could not 

completely eliminate interspecific crowding in the removal 

group. Thus, the possibility that temporary crowding caused 

some of the mortality seen in the removals cannot be ruled 

out. Another possible cause of death among I~!~!.£l..!.1~ was 

predation by the gastropod ~2~l~ fe~ru~~2~~' which was 

present on the outcrop and is known to feed on £!!!!!~!!!~l~~ 

(Chapter 2). Although predation on I~!~!.£l!!~ by ~2~l~ has 

not been directly observed, the fact that ~2~l~ feeds 

primarily while submerged (Chapter 2), coupled with the 

greater mortality of Te!~l!!~ on the lower plot (Fig. 20) 

- where submergence times were longer - is circumstantial 

ev idence for an effect of ~2~~l~. In any case, the resul ts 

of this experiment showed that crowding from £!!!!!~!!!~l~~ 
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limits the abundance of !~trac!!!~ on the lower part of the 

shore. 

Crowding from ~~E~~!~~ stunted the growth of the 

few surviving controls (Table 10). Sizes of juvenile 

Te!r~!!!~ in the two treatment groups were statistically 

indistinguishable within each of the three plots at the 

start of the experiment. By the end of the experiment, 

!~!r~!!ta with £E!E~~~!~~ removed were significantly larger 

than the controls. Using the aforementioned relationships 

among width, length, and wet body weight, the final mean wet 

body weight of removals (overall mean basal width = 13.2 mm) 

is estimated to have been .090 g, as compared with .01l.i g 

for the controls (overall mean basal width = 6.6 mm). The 

true difference in growth rates is probably somewhat larger, 

since the comparison here is between 12-month old removals 

and 1l.i-month old controls. Close inspection of the four 

surviving controls after neighboring £E!E~~~!~~ had been 

removed on the final visit to the study site suggested the 

inhibition of growth along points of contact with 

£E!E~~~!~~; there was no sign of growth having been 

differentially directed upward. 

The results of the experimental transplants of the 

two species (Table 11) showed that !~!r~!!ta was more 

resistant to aerial exposure. All juvenile £Etha~~!~~ died 

during the first day; none of the adults survived after the 



1 1 9 

Table 10. Effect of £htE!~!l~~ on the growth of 
Tetraclita. -- Levels are in m above mean low water. Means 
are-compared using t-tests. 

------------------------------------------------------------

Basal Width (mm): 
Level Treatment / Date t 

x, s.d. (n) 

Initial -------
+1.2 m Control / 10-17-82 2.87, 0.69 (43) 0.27 

Chthamalus (p > .5) 
-removed-7 10-17-82 2.91 , 0.70 (44) 

+1.0 - Control / 11-14-82 4.02, 0.67 (26) 0.38 
+ 1 .2 m Chthamalu3 (p > .5) ----------removed / 11-14-82 3.94, 0.83 (25) 

0 ... Control / 10"'17"'82 2.68, 0.65 (23) 0.54 
+0.6 m Chthamalus (p > .5) 

-removed-7 10 ... 17 .... 82 2.79, 0.70 ( 21) 

Final -----
+ 1 .2 m Control / 11 ... 4.,.83 5.0 ( 1 ) 2.82 

Chthamalus (p < .01) 
-removed-7 9 .... 8 ... 83 13.20, 2.86 ( 27) 

+ 1 .0 ... Control / 11 ... 4 ... 83 7.1 7 , 3.86 (3) 3.26 
+ 1 .2 m Chthamalus ---------- (p < .01 ) 

removed / 9 ... 8 ... 83 12.96, 2.59 ( 1 4 ) 

0 ..,. Control / 11..,.4..,.83 (0 ) 
+0.6 m Chthamalus 

-removed! 9 ... 8..,.83 13.80, 2.1 9 ( 4 ) 

------------------------------------------------------------
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Table 11. Survival of £E1E~~~l~~ and Tetraclita 

transplanted above the high water mark. 

Number surviving / total examined 

hours exposed Tetraclita Chthamalus 

juveniles adults 

6 98/100 50/50 100/100 

1 2 100/100 1/50 95/100 

24 100/100 0/50 60/100 

30 100/100 0/50 3/100 

36 96/100 0/50 1/100 

48 78/100 0/50 0/100 

54 80/100 0/50 0/100 

60 54/100 0/50 0/100 
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second day. The last check of the experiment, on the evening 

of the third day, found over half of the Tetraclita still ----_._---
gaping, ind withdrawing when the shell was tapped. Since I 

did not resubmerge Te.!:.!.~.!..!..!:.~, it is possible that som'e of 

the non-responsive individuals were still viable. 

Discussion 

The zonation of Chthamalus and Tetraclita at Pelican 

Point and in much of the Gulf of California is "upside down" 

with respect to that expected if competition determines 

zonation patterns in the manner suggested by the Stanley-

Newman or Paine hypotheses. The outcome of competition 

between the two barnacle species is in direct opposition to 

the predictions of both hypotheses. The experimental 

evidence supported the hypothesis that competition from the 

small, solid-walled species (£n.!:.n~~~.!.~~) restricts the 

larger, tubiferous species (r~l~.!..!..!:.~) to the upper part of 

the shore, where it survives by virtue of greater tolerance 

to aerial exposure. 

The settlement and growth of Chth~~~.!.~~ on 

r~.!:.~.!..!.l~ observed in the experiment suggests little or no 

effect of r~.!:.!.~.!..!..!:.~ on £n.!:.n~~~.!.~~. In several experiments 

conducted in the upper intertidal where Tetr~.!..!.ta was 

common (Dungan, unpublished data), £n.!:.n~~~.!.~~ occasionally 

settled, but rarely survived, and the removal of r~.!:.!.~.!..!.l~ 

from the surface had no effect on the abundance of 



£n!n~~~l~~. Thus, the rarity of Chtn~~~l~~ in the upper 

intertidal appears best explained by its inability to 

survive there and not by any affect of I~!~lita. 

Both the Stanley-Newman and Paine hypotheses link 
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competitive dominance to more rapid growth. This is clearly 

not the case for Chthamalus and Tetraclita at Pelican Point. 

The growth rates of £n!n~~l~~ were not measured in this 

study, but as noted earlier, Malusa (1983) found I~!~acll!~ 

increasing in wet body weight far faster than £n!n~~~l~~. 

His data were obtained immediately adjacent to the exposed 

site I sampled using transects in 1980 (Table 6), and were 

for Ch!n~~~l~~ that settled in cleared plots in the low 

intertidal, versus I~!!~l!!~ settling in undisturbed plots 

higher on the shore, with £n!n~~~l~~ absent (Malusa 1983 and 

personal communications; Dungan, personal observations). The 

results I obtained for Tet!~l!!~ growing in the low 

intertidal with Ch!n~~~l~~ removed yield estimates of wet 

body weight very similar to those Malusa (1983) presented 

for one-year old I~!!acl!!~ in the mid- and upper 

intertidal, again with Ch!n~~l~~ absent; these values are 

about 18 times those of 11-month old £n!n~~~l~~ in the low 

intertidal (.090 g versus .005 g) (Malusa 1983). Crowding 

from £n!n~~~l~~ severely depressed the growth of I~!!~l!!~ 

as discussed above, but the estimated wet body weight (.014 

g after 14 months) implies that even under conditions of 
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extreme crowding, the growth rate of I~!r~lita was at least 

as high as that of Ch!~~~~l~~. 

The northern Gulf of California cannot be viewed as 

an ecologically marginal situation for I~!~l!ta (cf. 

Newman and Stanley 1981). T.s. ~~~!!~!~ reaches its greatest 

abundance (at least between the head of the Gulf and 24 0 

south) in the upper intertidal of the northern Gulf (Dungan, 

personal observations and unpublished data), where the 

"Tetraclita zone" is one of the salient features of zonation ---------
(Table 6; Brusca 1980). The growth rate of I~!r~l!ta at 

Pelican POint, under undisturbed conditions in the upper 

intertidal (Malusa 1983), and with £~!~~~~l~~ removed in the 

lower intertidal (this study), was intermediate between that 

reported for ~ ~~~~~~ in central California (Hines 1979), 

and for T. ~tal~!!!~r~ in Costa Rica (Villalobos 1980). 

To summarize, these results raise serious doubts 

about the generality of the relationships between morphology 

and the outcome of competition postulated by the Stanley-

Newman and Paine hypotheses. It remains to consider how 

£~!~~~~l~~ manages to exclude I~!r~l!!~ in the Gulf, and to 

ask whether similar mechanisms operate on other shores. 

Competitive Exclusion in Acorn Barnacles 

The elimination of I~!r~l!!~ by £~!~~l~~ in the 

above experiment appeared to be a direct consequence of the 

cumulative effects of crowding, brought about by the high 
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densities of Ch!~~~~!~~. Malusa (1983) documented 

differences in settlement densities of Chthamalus and --------

!~!~~!l!~ similar to those that I observed. During 

September and October, .1983, the settlement of the two 

species was examined again on the outcrop where the 

competition experiment was conducted (Dungan, unpublished 

data). I cleared all £~!~~~~!~~ from 16 plots, varying in 

size from 64 to 225 cm 2 (total area 2339 cm 2 ). One month 

later, I visually estimated the density of £~!~~~~!~~, and 

counted the number of !~!~~!l!~, on each plot. Only 13 

!~!~~!it~ were found, while the average estimate for 

£~!~~~~!~~ was 22/cm2 • 

While the experimental results showed the importance 

of interference competition, insofar as Te!~!l!~ does not 

settle on Ch!~~~~!~~ (Malusa 1983; Dungan, personal 

observations), space pre-emption by £~!~!~~!~~ in probably 

also important in restricting !~!~!£!it~ to the upper 

intertidal. The strength of both competitive effects is 

clearly a function of the density of £~!~~~~!~~. Thus, the 

basis of the competitive dominance of £~!~~~!~~ in the low 

intertidal at Pelican Point appears to lie in what might be 

termed a numerical advantage, resulting from year-round 

reproduction and high settlement densities. 

The greater settlement density of the competitive 

dominant, and not its skeletal structure, size, or relative 
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growth rate, is a common denominator of this and other cases 

of competitive exclusion in acorn barnacles. In a classic 

study, Connell (1961b) showed that competition from the 

(tubiferous) balanoid ~~~ib~l~~~ (formerly ~~l~~~) 

~~!~~oid~~ contributes to the restriction of the (solid

walled) chthamaloid £nth~~~!~~ ~~1~~! (~ ~1~!!~1~~ in 

Connell's paper) to the upper intertidal in Scotland. 

Connell found that many £n1n~~~!~~ that settled on the lower 

part of the shore were ki lIed as a resul t of overgrowth or 

undercutting by the larger, faster-growing ~~~~~!~~. 

Those not eliminated at the end of a year of competition 

with ~~~ib~!~~~ were smaller and usually misshapen and less 

fecund than those free of competition. While Connell showed 

clearly that the growth of £~~ib~!~~~ caused the death of 

£n1n~~~!~~, he pointed out (1961b and personal 

communication) the greater settlement density of 

£~~~~!~~~~ , not in g t hat (1 9 6 1 b, p. 7 2 0) "t h eel i min a t ion 

o f £n1n~~~!~~ r e qui res a den s e pop u I a t ion 0 f ~~!~~~". 

Wethey (1983) provides evidence of a similar 

relationship between ~~mib~!~~~~ and Ch1~~~~!~~ in New 

England. In his study, heavy settlement of £~~~!~~~ 

resulted in the smothering of Ch1n~~~!~~ that had settled 

low on the shore. 

Both Connell (1961 b) and Wethey (1983) describe the 

amelioration of competition where densities of £~~~!~~~~ 
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were reduced by natural causes. Other authors (Southward and 

Crisp 1956; Southward 1967; Lewis et ale 1982) have 

attributed long-term, large-scale shifts in the 

distributions and abundances of Chthamalus and Semibalanus ---------- -----------
in the British Isles to the effects of climate on 

reproduction and recruitment. The competitive dominance of 

~~~ib~!~~~ in this system appears to be realized only under 

conditions fostering high settlement density, wi~h 

subsequent events, e.g. predation (Connell 1961a,b), further 

influencing the net effect of ~~~!£~!~~~ on f~!~~~~lu~. 

An apparent case of large-scale competitive 

displacement involves the spread of the Australasian 

~!~l~iu~ ~£~~tu~ at the expense of ~~~ib~!~~~ in northwest 

Europe. ~!~l~~~, a primitive balanoid (Newman and Ross 

1967), has solid walls and is generally smaller than 

~~~!£~!~~~ (Crisp 1960a). Crisp (1960b) also suggests that 

~~~ib~!~~~ can force ~!~l~iu~ off the surface. However, 

~!~l~iu~ matures rapidly and reproduces year-round; heavy 

settlement results in the overgrowth of ~~~ib~!~~~ and the 

eventual pre-emption of sp~ce by ~!~l~l~~ (Crisp 1958, 

1960a; Hui and Moyse 1982). 

Other investigators (e.g. Dayton 1971; Luckens 

1975b) have emphasized the mediation of competitive 

relationships by variations in settlement densities and 

post-settlement causes of mortality - especially predation. 
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These considerations emphasize the importance of 

population densities in competitive interactions. This is 

not neWj competition is inevitably contingent upon the 

abundance of potential competitors, with some of the best 

examples coming from rocky intertidal communities (Paine 

1966aj Dayton 1971j Connell 1975). The above examples 

suggest that "for acorn barnacles, the expression of 

competitive dominance goes hand-in-hand with numerical 

dominance. This begs the question: what allows some species 

to" achieve high densities in the first place? Life history 

differences (e.g. this study), effects of climate on 

survival and reproduction (e.g. Wethey 1983), predation and , 

disturbance (e.g. Dayton 1971), the vagaries of settlement 

(e.g. Denley and Underwood 1979), and success in competition 

for space are all potentially influential. The important 

point is that morphological considerations alone are 

insufficient to predict, or explain, competitive exclusion 

in acorn barnacles. 

The available evidence indicates that the outcome of 

competition between barnacle species is not a 

straightforward consequence of differences in morphology. 

With regard to the Stanley-Newman hypothesis, the evidence 

for an evolutionary decline in the diversity of 

chthamaloids, and the rapid diversification of balanoids and 

tetraclitids (Stanley and Newman 1980; Newman and Stanley 
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1981) has not been questioned here (but see Paine 1981). 

Likewise, despite exceptions (this study; Reimer 1976; Paine 

1981), descriptive surveys (e.g. Stephenson and Stephenson 

1972) support the generalization that chthamaloids are 

commonly found in the upper intertidal. However, the 

mechanistic explanation for these patterns provided by the 

Stanley-Newman hypothesis has, at present, little empirical 

support. Accordingly, differences in skeletal structure 

should be viewed as a correlate, rather than the cause of, 

ecological and evolutionary patterns in acorn barnacles (cf. 

Gould 1982). 

The relative importance of predation in barnacle 

ecology and evolution (Paine 1981; Palmer 1982) has not been 

addressed here. Indeed, these results are not in conflict 

with Paine's (1981) suggestion that small size is 

advantageous in the face of predation and disturbance. 

Rather, they imply that the advantages mentioned by Paine 

need not be purchased at the expense of competitive ability. 



CONCLUSIONS 

The above results demonstrate the importance of 

competition for space, grazing, and predation, and the 

interaction of these processes, including the influence of 

indirect effects in species interactions. I believe 

community organization in this system is best described in 

terms of this interaction of processes. No single species or 

process is of pre-eminent importance. 

Different aspects of community structure were 

addressed in Chapters 1 and 2, as opposed to Chapter 3. 

Chapter 3 offers a fairly simple explanation for zonation 

patterns: competitive exclusion, coupled with differential 

tolerance to aerial exposure. In contrast, several 

interdependent biological interactions must be considered in 

the attempt to explain the more localized spatial and 

temporal variations in community structure that characterize 

the community which f~!~~~lu~ excludes I~!!~!l!~ from. 

This dichotomy is intriguing and counterintuitive, because 

it implies that smaller-scale patterns in community 

structure may be more difficult to explain. 

The exclusion of I~!!ac!l!~ by f~!~~~!~~ 

notwithstanding, this system does not appear to be 

characterized by a single competitively dominant species. 
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Q£!£~~~!~~ and ~~!!~~ each appear capable of excluding the 

other via space pre-emption, once they procur space on the 

rock surface. This symmetrical competitive interaction 

seems to be the key to the complexity of species 

interactions, as emphasized by the complementary effects of, 

and mutualistic interaction between, Ac~!hi~~ and 

Chthamalus. --------

As noted earlier, a top carnivore, the starfish 

~~!!~~!~! ~~£!~!2! virtually disappeared from the Gulf of 

California rocky intertidal zone in 1978 (Dungan et ale 

1982). At this writing, Heliaster remains rare in much of --------
the Gulf of California (Dungan, personal observations and 

unpublished data). The most frequent prey of ~~li~~!~£ at 

Pelican Point was Ch!n~~~!~~ ~~is££2~~ (H. T. Paine, 

personal communication), and Paine (1966a) suggested the 

importance of He!!~!~! in preventing the monopolization of 

space by the barnacles. However, based on the above results, 

it is clear that the abundance of Ch!ha~~!~~ is limited by 

by (1) A c ~~! h i ~ pre d a t ion, ( 2) com pet i t ion for spa c e wit h 

~~!!~!~, and (3) the amelioration of Ha!fs!~'s effects by 

Co!!!~~!!~ grazing. Given these processes, and the fact that 

~~!!~!~ and Co!!!~~!!~ - organisms that bear the brunt of 

competition from Qn!£~~~!~~ ~ have persisted in the absence 

of ~~!l~~!~!, it is reasonable to conclude in retrospect 

that ~~!!~~te! was not a keystone species (Paine 1969b). 
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