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ABSTRACT 

The purpose of the this st4dy was to determine how two morphs 

of the acorn barnacle, Chthamalus anisopoma, coexist on rocky 

intertidal shores in the northern Gulf of California. The test of one 

of these forms (here called "typical") has the conical, volcano shape 

which is characteristic of acorn barnacles while the test of the 

atypical form (here called "bent") grows bent-over so that the plane 

of the aperture's rim is perpendicular to the substrate. 

I tested the hypotheses that bents are more resistant than 

typicals to: 1. desiccation during low tides and 2. attack by a 

carni vorous snai 1 (Acanthina angelica) involving the use of a labial 

spine. These two hypotheses (which were suggested from analysis of 

the distribution patterns of the two morphs) were tested in 

conjunction with experiments designed to determined whether the bent 

form is genetically controlled or environmentally induced. The 

results indicated that the bent-over morph is a developmental response 

to the presence of ~ angelica and that it is more resistant than the 

typical form to specialized predation by this gastropod. 

I also tested the hypotheses that: 1. bents are inferior 

competitors for primary rock space, and 2. the bent-over morphology 

places constraints on growth and reproduction. I found no evidence to 

suggest that bents are inferior competitors for space. They were, 

however, found to grow more slowly than typicals and to brood fewer 

eggs per unit body size. 

xi 



xii 

In summary, the bent-over form of ~ anisopoma is a 

conditional response to the presence of a predator and both the 

conditional strategy and the dimorphism appear to be maintained by a 

trade-off between resistance to predation and the ability to convert 

resources into offspring. 



CHAPTER 

INTRODUCTION 

One of the goals of evolutionary biologists is to understand 

the mechaniRms which permit the temporal and spatial coexistence of 

organisms having similar resource requisites (see Brown 1981). It is 

generally held that such coexistence becomes increasingly tenuous as 

the degree of overlap in the composition of contested resources 

increases (e.g. Roughgarden 1979). 

The coexistence of ecologically similar organisms also depends 

on whether the different forms are morphs (i.e. discrete forms of the 

same species) or separate species and, in the case of morphs, whether 

the differences between them are genetically or environmentally 

determined. Both genetically determined morphs and multiple species 

may be maintaine~ by selection which favors rareness (see Erhman 1967, 

Cain and Sheppard 1950, 1954, Connell 1978) or by seeking and 

remaining in slightly different microhabitats in which their 

respective fitnesses are highest given the presence of the other 

form(s) (Maynard Smith 1970, Taylor 1976, Rosenzwieg 1981). The 

former (negative, frequency-dependent selection) acts to equalize 

fitnesses while the latter (habitat selection) reduces the intensity 

of the interaction between morphs (and species). Genetic morphs, 

unlike species, may also be maintained by heterosis (reviews by 

Sheppard 1975, Ford 1975). 

1 
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The coexistence of environmentally-determined morphs does not 

require any of the above mechanisms. The reasons for this may be seen 

by contrasting the terms "morph" (one of two or more discrete forms of 

a species) and "strategy" ("the specification of what an individual 

will do in any situation in which it finds itself"--Maynard Smith 

1982) and by comparison with genetic polymorphism (see Maynard Smith 

1982, Dawkins 1980). Genetic polymorphism may be thought of as a 

mixture of unconditional strategies where the production of each of 

the different morphs is a different strategy. It is the maintenance 

of the different strategies (not the morphs per se) that requires 

habitat selection, frequency dependent selection, or heterosis. 

Environmentally-determined morphs, by contrast, arise from a single 

strategy which is conditional on the environment (e.g. become morph A 

in patch a and morph B in patch b). Therefore, one (or more) of the 

morphs may have a relatively low expected fitness and still be 

maintained as long as the strategy which generates them is stable 

against invasion and replacement by an unconditional pure strategy. 

The purpose of the present study was to determine how two 

morphs of the acorn barnacle, Chthamalus anisopoma, coexist on rocky 

intertidal shores in the northern Gulf of California. As is argued 

above, it is necessary to determine whether the morphs are the product 

of a single conditional strategy or if the population is a mixture of 

two or more unconditional strategies maintained by frequency-dependent 

selection, heterosis or habitat selection. It is also necessary to 

determine the respective costs (and benefits) of the alternative 

morphs, and to establish whether the environment is heterogeneous with 
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respect to the distribution of parameters underlying any trade-offs in 

fitness between the morphs. In the present study, I evaluated the 

general conditions under which genetically- and environmentally

determined dimorphisms are evolutionarily stable strategies (Maynard 

Smith and Parker 1973) using a game theory model. I then determined 

the nature of the barnacle test dimorphism and the costs and benefits 

of the two forms in their natural environment using experiments. An 

attempt .was made to contrast multiple alternative hypotheses at all 

levels of investigation (see Chamberlin 1965). 

Before continuing, it may be helpful to be explicit about the 

use of the terms "morph" and "polymorphism" in this report. I have 

followed Clark (1976) and Vaspailan (1978) and use "morph" to indicate 

one of two or more discrete, irreversible phenotypes. I have used 

"polymorphism" to indicate the sympatric coexistence of two or more 

such morphs (see Ford 1975, Sheppard 1975). When the nature of the 

polymorphism is known, I have used the phrases "genetically 

determined" and "environmentally determined" where appropriate. This 

differs from the more common usage which restricts the term morph to a 

discrete form which is genetically determined (Huxley 1954, Ford 1975) 

and refers to environmentally determined forms by a variety of· 

di fferent names. 



CHAPTER 2 

THE CHTHAMALUS DIMORPHISM: 
DESCRIPTION, PATTERNS AND HYPOTHESES 

The most common source of variation in the tests (shells) of 

acorn barnacles appears to be due to the effects of crowding; densely 

packed individuals may depart from the usual conical shape (Darwin .. 

1854) and become elongated cylinders (Darwin 1854, Barnes and Powell 

1950, Connell 1961). Discontinuous variation, other than that which 

may result from crowding, appears to be rare. In the present chapter, 

I describe a two discrete forms of Chthamalus anisopoma Pilsbry 

(1916), a Gulf of California endemic (Newman and Ross 1976), which is 

independent of crowding. The distribution patterns of the two forms 

are compared within and between shores, and from these patterns, two 

alternative hypotheses are suggested,regarding the adaptive 

significance of the atypical form. 

Description of the Dimorphism 

Methods and Materials 

Field observations indicated the existence of two different 

shapes of Chthamalus anisopoma in the northern Gulf of California. 

One type has the characteristic conical shape, while the other type 

appears "bent over" due to asymmetry in heights of the lateral plates 

on opposing sides. To determine whether the variation between the two 

forms is discrete or continuous, fifty ~ anisopoma were carefully 
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collected (8/22/82) from basalt boulders at Station Beach, a rocky 

shore 3 km east of Puerto Penasco, Sonora, Mexico (see Fig. 3). The 

only criteria for selection of barnacles were that they not be in 

direct contact with conspecifics (to eliminate the effects of crowding 

on morphology) and that their basal diameters be greater that 2 mm 

along the rostro-carinal axis. The heights of the lateral plates on 

the opposing sides of these individuals were measured to the nearest 

0.05 mm us ing cal i per s. 

Results 

When the length of the longer side was plotted against the 

length of the shorter side, the scatter of pOints fell into two 

discrete groups (Fig. 1). In one group, the ratio of the length of 

the shorter to the longer side was close to unity (mean=.904, 

S.E.=.014, n=30). This is characteristic of acorn barnacles and I 

henceforth refer to individuals of this type as "typicals". In the 

other group, however, this ratio was much less (mean=.221, S.E.=.010, 

n=20). Because these individuals appear bent-over (Fig. 2), with the 

plane of the aperture tipped perpendicular to the substrate, I refer 

to them as "bents" or as having the bent-over morphology. 

Distribution Patterns 

Methods and Materials 

To determine the biogeographical distributions of the two 

morphs, trips were made to many of the rocky shores in the Gulf of 

California between June of 1980 and May of 1983. Each site visited 
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ansopoma collected at Station Beach. 

6 



Fig. 2. Top view of the typical and bent-over forms of 
Chthamalus anisopoma. Both individuals are lined up along the same 
axis with the carinal plate on the right-hand side. The rostro
carinal diameters are 36 mm and 39 mm for the typical and bent forms 
respectively. 
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was searched for the presence of the two forms during a spring low 

tide for a minimum period of one hour. The presence of various 

barnacle predators at each site was also noted. 

8 

To determine local (within-shore) distribution patterns, 

horizontal transects were sampled (7/22-23/82) at each of four 

different tidal heights within the Chthamalus zone on an exposed shore 

at Punta Pelicano (located 10 km N.W. of Puerto Penasco; see Fig. 3). 

All 4 transects were 30 m long and their mean relative heights above 

mean low water (MLW) were estimated by determining the heights of 5 

randomly selected pOints on each line. Thirty stations were then 

randomly selected for each line. Per cent cover by each of the two 

morphs was determined at each station by recording the morph type 

under each of 10 points placed 1 cm apart in a line on a transparent 

surface laid perpendicular to the transect line. Because the bent 

form appeared to be associated with cracks and crevices in the granite 

rock surface, the distance to the nearest crevice greater than 5 cm 

wide was also recorded for each station. Crevices were categorized as 

either large (>15 cm deep), medium (>5 but <15 cm deep), or small 

«5cm deep). 

To compare the distributions of the two morphs between exposed 

and protected shores, transects were sampled at a protected shore at 

Santa Rosa and at the nearby, but more exposed, Punta Kino Norte (Fig. 

3). Santa Rosa was selected as the protected site because of its 

narrow exposure to open water due to the close proximity of Isla 

Tiburon (see Fig. 3). The primary hard substrate in the intertidal 
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zone at Santa Rosa consisted of fist-sized basalt boulders. Seven 

vertical transects were run 1 m apart through the Chthamalus zone and 

each was sampled (29 April, 1983) at 1 m intervals up the beach by 

recording the morph type of barnacles falling under each of 400 random 

dots in a 400 cm2 area. 

Three vertical transects were also sampled 1 day later at an 

exposed site nearby at Punta Kino Norte. This area differed from 

Santa Rosa in that it was of continuous granite and exhibited a more 

vertical relief. The transect lines were sampled every 20 cm through 

the Chthamalus zone as at Santa Rosa, except that only 100 random 

dots, on a 100 cm2 area, were used. At both locations, the lower 

limit of the Chthamalus zone was considered to be at the top of the 

vertical distribution of the brown alga, Dictyota spp. 

Results 

The results of the biogeographical survey are presented in 

Fig. 3. The most striking pattern emerging from this survey is that 

the bent form seems to be limited to the northernmost third of the 

Gulf of California. 

Within the northern Gulf, the intertidal distributions and 

abundances of the two morphs differed between the protected (Santa 

Rosa) and exposed shores (Punta Kino Norte and Punta Pelicano) 

sampled. At Santa Rosa (a cobble shore with minimal wave splash), the 

bent form was sparsely distributed throughout the Chthamalus zone and 

the typical form was absent from the tops of the cobble rocks where 

counts were made (Fig. 4). I did, however, observe individuals of the 
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typical form attached to the undersides of the cobble. 

On the nearby exposed shore at Punta Kino Norte (vertical, 

continuous granite substrate), the bent-over morph was the more rare 

form and was confined to the uppermost part of the Chthamalus zone 

(Fig. 4). Within this region, its numbers increased with increasing 

tidal height. The typical form, by contrast, peaked in density at an 

intermediate tidal height where it exceeded 90% cover. This pattern 

is similar to that observed at Punta Pelicano, near Puerto Penasco 

(Fig. 5). The transect sites at Punta Pelicano, like Punta. Kino 

Norte, were on a granitic outcrop exposed to direct wave action. 

The two barnacle morphs also exhibited differences in their 

distribution patterns with respect to the proximity of medium and 

large-sized crevices (as defined previously) in the transects sampled 

at Punta Pelicano. The bent-over form exhibited a hump-shaped 

distribution pattern while the typical form increased with increasing 

distance from crevices (Fig. 6). 

Discussion 

Two alternative hypotheses concerning the adaptive 

significance of the bent form are suggested from its distribution 

patterns. First, because the bent form was more abundant on the 

protected shore sampled and because it was found to increase with 

increasing tidal height (past a threshold level) on the two exposed 

shores sampled, it might be more resistant than the typical form to 

desiccation stress or thermal extremes during exposure by·low tides. 

I henceforth refer to this notion as the exposure hypothesis. 



13 

70 

60 

50 

40 
0::: 
I.&J 
> 30 0 
(.) 

I- 20 
Z 
I.&J 
(.) 
0::: 

10 I.&J 
a. 

O~~--~~--~----~~----~--~~----~~----~----~ 
40 50 6,0 70 BO 90 100 110 120 

TID'AL HEIGHT (em) 

Fig. 5. The results of transect samples at Punta Pelicano 
with respect to tidal height. Tidal height is given in cm above MLW. 
Per cent cover was arcsine transformed; vertical bars are 95% 
confidence intervals. 



20 

10 

a: 0 
lLJ 
> o 
(J 

f- 30 
z 
lLJ 
(J 
a: 
~ 20 

10 

o 

bents 

I 
I 

I 
I I I 

typieals 

I 
I I 

I I 
0-19 20-39 40-59 >59 

DISTANCE FROM CREVICES (em) 

14 

Fig. 6. The results of transect samples at Punta Pelicano 
with respect to distance from cre~ices. Data included are from large
and medium-sized crevice (as defined in the text). Vertical bars are 
one standard error of the mean. Sample sizes for the four size 
catagories are, from left to right: 18, 19, 8 and 7. 



15 

Increased resistance to exposure could be conferred on the 

bent form by tipping the aperture perpendicular to the substrate, 

thereby shading the opercular val ves from direct overhead sunlight. 

Additional support for this hypothesis comes from the observation that 

the bent form appears to be limited to the northe,rn Gulf of 

California, a region of seasonal extremes in air and sea surface 

temperatures (Hendrickson 1973) and from similar distribution patterns 

exhibited by other barnacle species which differ in their abilities to 

compete for space and resist exposure stress (e.g. Connell 1961). 

That the bent form is more closely associated with crevices 

suggests that it may be more resistant to predation by Acanthina 

angelica, a carnivorous snail which specializes on barnacles (Paine 

1966) and uses the crevices as retreats. ~ angelica commonly emerge 

from the crevices during periods of tidal exposure to forage on 

barnacles, then return to the crevices shortly after tidal inundation 

(unpublished data). Proximity to crevices would be expected to 

enhance the chances of predator/prey contact. 

Members of the genus Acanthina have a labial spine on the 

outer margin of the aperture (see Keen 1971) which is used by ~ 

angelica to push through the opercular valves of barnacle prey (Yensen 

1979) and thereby gain direct access to prey tissues without drilling. 

Resistance to this type of predation may be conferred on the bent form 

by virtue of having the aperture tipped upright (perpendicular to the 

substrate), thereby hindering direct vertical insertion of the snail's 

spine. I henceforth refer to this notion as the predation hypothesiS. 

It is worth noting that ~ angelica, like the bent form of the 



barnacle, is also restricted primarily to the northern Gulf of 

California. 
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CHAPTER 3 

GENETIC V S ENVIRONMENTAL DETERMINATION OF DIMORPHISM: 
- A GAME THEORY APPROACH 

The within-shore patterns presented in the previous chapter 

suggest that the typical morph is a competitive qominant in relatively 

benign microhabitats (i.e. in the lower portion of the Chthamalus zone 

or in low predation areas) while the bent form is competltvely 

inferior in these areas but more resistant to relatively harsh 

environmental conditions (with-respect to predation intensity or 

exposure stress). The purpose of the present chapter is twofold: 

first, to determine the general conditions under which a genetically 

determined dimorphism is evolutionarily stable in the absence, and 

then the presence, of a conditional (environmentally determined) 

strategy, and second, to determine when pure strategies and mixtures 

of pure strategies are stable under the specific trade-off conditions 

listed above. 

The Model 

In what follows, I consider an infinite population having two 

possible morphs (called 1 and 2) which disperse at random into two 

alternative patch types. Let the probabilities of dispersing into 

patch 1 and patch 2 be p and (1-p) respectively. A general payoff 

matrix for the intra- and intermorph interactions in the two patches 

is given in Table 1. 

17 



Table 1. The general payoff matrix. Variables 
give the "payoffs" for row entries when "played against" 
column entries. For example, "c" is the increment to 
fitness recieved by morph 2 when played against morph 1 
in patch-type 1. 

Patch 1 Patch 2 

morph morph 2 morph morph 2 

morph a b t u 

morph 2 c d v w 

18 
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Now, let there be three pure strategies, two of which are 

uncondi tional: A, "always develop into morph-type 1 "; and B, "always 

develop into morph type 2~ Let the third pure strategy, C, be a 

condi tional strategy so that individuals which find themsel ves in 

patch 1 develop into morph 2 with probability f (the probability of 

becoming the "wrong" morph in patch 1) and develop into morph 1 with 

probalility (1-f). Similarly, let conditional strategists which 

disperse into patch 2 become morph 1 with probability g (the 

probability of becoming the "wrong" morph in patch 2) and develop into 

morph 2 with probability 1-g. A single pairwise interaction is 

assumed for each individual. 

Genetic ~ Environmental Determination of Dimorphism 

Given that two morphs exist in a population, when would the 

morphs be expected to be genetically determined (or randomly 

determined by a stochastic cue, Levins 1963) and when would they be 

expected to be environmentally determined, provided the "machinary" 

for a condi tional response could evol ve? 

In the absence of the conditional strategy, C, a genetic 

polymorphism, I, is the ESS when both morphs can increase when rare; 

that is when W(A,B»W(B,B) and W(B,A»W(A,A). Under these conditions, 

the population would be expected to evol ve to an equalibrium 

frequency, q, of morph-type 1. At equalibrium W(A,I)=W(B,I) (Bishop 

and Cannings 1978, Maynard Smith 1982); hence: 

qW(A,A)+(1-q)W(A,B)=qW(B,A)+(1-q)W(B,B). 

By SUbstitution from Table 2, it can be shown that 



Table 2. Payoffs to pure strategies in a spatially 
heterogeneous environment. For example, in equation 1, 
W(B,B) is the fitness of strategy B when played against 
strategy B. p is the frequency of patch-type 1 (the 
benign patch) and a-d and t-w are as given in Table 1. 

1. W(B,B)=pd+(1-p)w 

2. W(A,B)=pb+(1-p)u 

3. W(C,B)=p[(1-f)b+fd]+(1-p)[gu+(1-g)w] 

4 •. W(A,A)=pa+(1-p)t 

5. W(B;A)=pc+(1-p)v 

6. W(C,A)=p[(1-f)a+fc]+(1-p)[gt+(1-g)v] 

7. W(C,C)=p[(1-f)2a+f(1-f)c+f(1-f)b+f2d] 

+(1-p)[g2t+g(1-g)v+g(1-g)u+(1-g)2w] 

8. W(B,C)=p[(1-f)c+fd]+(1-p)[gv+(1-g)w] 

9. W(A,C)=p[(1-f)a+fb]+(1-p)[gt+(1-g)u] 

20 
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q=[p(d-b)+(1-p)(w-u)]/[p(a-c+d-b)+(1-p)(t-v+w-u)]. 

If a conditional strategy can evolve, the genetic polymorphism 

is still the ESS as long as I is stable against any combination of A, 

Band C. That is when 

W(I,I»rW(A,I)+sW(B,I)+(1-r-s)W(C,I), 

where rand s are the probabilities of playing strategies A and B 

respecti vely. Substituting W(I,I) for both W(A,I) and W(B,I) (see 

above) it can be shown that I is an ESS if: 

[W(I,I)-W(C,I)](r+s-1)<O. 

Dividing both sides by the negative sum, r+s-1, I is an ESS if 

W(I,I»W(C,I). Subsitituting from the general payoff matrix (Table 

1), 

and, 

W(I,I)=q2[pa+(1-p)t]+q(1-q)[Pb+(1-p)u] 

+q(1-q)[pc+(1-p)v]+(1-q)2[pd+(1-p)w] 

W(C,I)=W(C,I)=qp[a(1-f)+cf]+(1-q)p[b(1-f)+df] 

+q(1-p)[v(1-g)+tg]+(1-q)(1-p)[w(1-g)+ug]. 

Substituting for q (see above) it can be shown than I is an ESS when: 

g+f> 1 • 

Therefore, C can increase when rare in a population of genetically

determined dimorphs at equilibrium when the sum of the probabilities 

of making the "wrong" choice in the two patches is less than unity. 

I now ask: When is the conditional strategy, C, stable against 

in vas ion by any mixture of A, Band r:? C is an ESS when: 

W(C,C»rW(A,C)+sW(B,C)+(1-r-s)W(C,C). 

This inequality is satisfied when: 



r[W(A,C)-W(C,C)]+s[W(B,C-W(C,C)]<O. 

Therefore, C is an ESS when W(C,C»W(A,C)·and W(C,C»W(B,C). 

Compet1ti ve Dominant ~ Morpo1ogica1 Resistant 

It is now useful to consider a more specific payoff matrix 

having some biological meaning (Table 3). In this game, let patch 
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be benign and patch 2 be harsh. Let morph 1 be competitively dominant 

in the benign patch (either through superior exploitation of resources 

or by interference) but unable to survi ve the environmental conditions 

of the harsh patch type and let morph 2 be competitively inferior in 

the benign patch, but resistant to the conditions of the harsh patCh 

type. Let 3 additional variables (y, k, z) be defined as follows: 

1. Let y be the intrinsic quality of the harsh patch 

relative to the benign patch. 

2. Let z be a value between 0.5 and 1.0 which ref 1ects the 

degree of asymmetry in the interaction between the two morphs 

in the benign patch. 

3. Let k be a value between 0 and 1.0 which reflects the 

relative fitness of the resistant morph; k<1 indicates 

additional energetic costs or constraints placed on fecundity 

due to construction of the resistant morphology. 

I now ask when "B" ("always develop the resistant morphology") 

is stable against invasion by "A" ("always develop the competi ti vely 

dominant morphology") and the conditional strategy "C". To simplify 

the algebra I set the value of the harsh patch equal to that of the 



Table 3. Payoff matrix for the competitive dominant/ 
morphological resistant game. y=the value of the harsh patch 
relative to the benign patch; z=the expected fitness of the 
dominant morph when played against the resistant morph in the 
benign patch and k=the fitness of the resistant morph relative 
to the dominant morpho In this game, morph 1 is competitively 
dominant but cannot survive in the harsh patch and morph 2 is 
competitively inferior but resistant to the conditions of the 
harsh patch. 

Competitive Dominant vs Morphological Resistant 

benign patch harsh patch 

morph morph 2 morph morph 2 

morph .5 z 0 0 

morph 2 (1-z) k .5k ky .5ky 
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benign patch (i.e. y=1)j the qualitative conclusions which follow, 

however, are independent of relative patch quality. B is stable 

against the rare strategy, A, when W(B,B»W(A,B). Substituting from 

Tables 2 and 3, that is when: 

p>k/2z 

24 

Note that A cannot increase when rare when there is no cost in fitness 

to adopting the B morph type (k=1) and there is no competitive 

advantage accrued to the A morph in the benign patch (z=1/2). 

Similarly, B is stable against the conditional strategy, C, when 

W(C,C»W(B,C). This is true when: 

p<[1-k(1-g)]/[2z+f(k-2z)-k(1-g)]. 

As above, B is stable against C for all p<1 when k=1 and z=1/2. 

Hence, the B strategy, "always produce offspring which are 

resistant to the conditions of the harsh patch" is an ESS for all 

values of p whenever there is no additional cost to producing the 

resistant form or in its ability to compete with the dominant form in 

the benign patch. It can be shown that B is the only ESS under these 

conditions (because, when rare, it can also increase against both of 

the other pure strategies when they are common). 

I now consider a situation when there is a cost to developing 

the resistant morphology. Let z=1 (i.e. the resistant form is 

excluded by the competitive dominant from the benign patch type) and 

let the relative quality (y) of the harsh patch be variable. It is 

known from above that, for z>1/2, the B strategy is subject to 

invasion by both A and C. By substitution from Tables 2 and 3, it can 

be shown that B is stable against invasion by A when 



p<y/(1+y) 

and B is stable against C when 

p<-yg/[(f-1)-yg]. 

Similarly, A is stable against B when 

p>y/(.5+y) 

and A is stable against C when 

p>(1-g)y/[~5f+(1-g)y]. 

Finally, C is stable against invasion by B when 

p>y(g+g2)/[(1-f)+y(g+g2)] 

and against invasion by A when 

P<y(1-g2)/[f+y(1-g2)]. 
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Because of the number of competing strategies and the possible 

mixtures between them, it is useful to solve for some specific 

conditions and graph the results. This has been done in Fig. 7 for f 

(the probability of becoming the resistant morph in the benign 

patch)=.1, .5, and .9 and y (the relative quali,ty of the harsh 

patch)=.1, 1 and 10. The above equations were then solved for p (the 

frequency of the benign patch) in terms of g (the probability of 

becoming the dominant morph in the harsh patch). 

Several trends emerge from the analysis of Fig. 7 which are of 

interest. First, there are narrow regions at intermediate patch 

frequencies under which a genetic polymorphism (a mixture of 

strategies A and B) is the ESS. The widths of the regions, with 

respect to values of p (the frequency of the benign patch), are widest 

when the value of the harsh patch is equal to the value of the benign 
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patch. The heights of the regions, with respect to g (the probability 

of becoming the dominant morph in the harsh patch), increased with 

decreasing values of f (the probability of becoming the resistant 

morph in ~he benign patch). Hence, genetic polymorphism is favored by 

intermediate patch type frequencies, equal intrinsic qualities between 

the benign and harsh patches and poor cues as indicators of patch 

type. 

The maintenance of dimorphism by a pure conditional strategy 

was observed only when the sum of the probabilities of making the 

wrong choice was less than one. Within this constraint, the 

conditional strategy was favored by reliable cues and by intermediate 

patch-type frequencies (especially as the cues became less accurate as 

indicators of patch type). 

Perhaps most surprising, there are regions where a mixture of 

a pure, unconditional strategy (A or B) and the conditional strategy, 

C, is the ESS. This means that under certain conditions (those marked 

A&C or B&C in Fig. 7), some fraction of the individuals w'ill have 

their development canalized directly into either morph 1 or morph 2 

and the remaining fraction of the individuals will be conditional 

strategists and their morphologies will be dependent on environmental 

cues. Genetic and environmental determination of dimorphism in the 

same population is, therefore, not mutually exclusive. 

Summary and Discussion 

The results of the model presented above are summarized and 

discussed here in two parts: first, with respect to the general form 
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of the payoff matrix (Table 1) and second with respect to the 

dominant/resistant game (Table 3). For the general form, the payoffs 

associated with the various inter- and intramorph interactions in the 

two patch types were not specified. I found that if a g~netic 

polymorphism is an ESS in the absence of a conditional strategy, it is 

stable against invasion by the conditional strategy only if the sum of 

the probabilities of making the wrong choice in the two patches is 

greater than 1. This means that if the probabilities of making the 

wrong choice in the two patches are equal then they must be less 

than .5, a result which is consistent with the work of Lloyd (1984). 

It is not difficult to imagine, however, situations where the 

probabilities of making the wrong choice in the two patches are 

not equal. Consider, for example, a resistant morph which is a 

developmental response to a cue which indicates a harsh microhabitat. 

Suppose also that if the cue is not sensed, a default morphology, 

which is competitively dominant in a benign patch, is assumed. What 

is of interest here (with respect to the model presented above) is the 

distribution of the cue for the harsh microhabitat. If the cue is 

infrequently distributed over the benign patch, say only 3%, a 

conditional strategy can increase when rare against an genetic 

dimorphism as long as the probability of becoming a dominant (default) 

morph in the harsh patch is less than .97 (i.e. when the cue is 

distributed over at least 3% of the harsh microhabitat). The results 

of the model also suggest that such a conditional strategy will 

increase to unity as long as it is also stable against invasion by a 

canalized (see Waddington 1953) monomophism. The major fault of this 
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approach is that I have not allowed the equilibrium frequencies of the 

two morphs in the genetic polymorphism to evolve in response to the 

conditional strategy. The seriousness of this is not presently known. 

In the .second part of the model, I substituted a payoff matrix 

designed to investigate the coexistence of a competitive dominant and 

a morphological resistant in a spatially heterogeneous environment. 

There were two types of competitive advantages to the dominant form 

built into the matrix: superior interference ability in a benign patch 

and superior exploititive ability (defined in terms of the capacity to 

convert resources into offspring). In the absence of either of these 

advantages, the resistant morphology was stable against invasion 

against any combination of strategies. I then solved for the case 

where the dominant morph is superior in its ability to interfere with 

the resistant morph given various intrinsic qualities of the harsh 

patch. The results are presented in Fig. 7 and are qualitatively 

similar to the results obtained for the situation of exploitative 

dominance (Lively unpublished). 

The most striking result of the interference dominant vs 

morphological resistant game was that under some conditions, the ESS 

was a mixture of conditional and unconditional strategies. There is 

some evidence of such strategies in natural populations, although not 

previously interpreted as such. For example, Clark (1978) reports on 

a nematode which, under conditions of high density (indicated by a 

metabolite), has a tendency to become male. However, no more than 16% 

of individuals were found to respond as such to the cue even when it 



30 

was applied in excess. Therefore, it appears that some individuals 

are conditional strategists and become female under low density and 

male when in high density and some individuals are unconditional 

strategists and became female whether or not they are in the presence 

of the cue. 



CHAPTER 4 

DETERMINATION AND ADAPTIV E SIGNIFICANCE 
OF THE ATYPICAL FORM 

In chapter 2, two hypotheses were suggested regarding the 

adaptive significance of the bent-over form: 1) the bent morph is more 

resistant to specialized predation by the carnivorous gastropod, 

Acanthina angelica, and 2) the bent form is more resistant to exposure 

during low tides. In the present chapter, these two hypotheses (which 

are not mutually exclusive) are tested in conjunction with experiments 

designed to determine the nature (genetic vs environmental 

determination) of the Chthamalus dimorphism. . 

As was argued in chapters 1 and 3, it is necessary to 

determine the nature of a polymorphism in order to ascertain whether 

the morphs are products of the same conditional strategy or if the 

population is a mixture of unconditional strategies maintained by 

frequency-dependent selection, heterosis or microhabitat selection. 

In what follows, several alternative hypotheses (summarized in Fig. 8) 

are presented which consider the rel~tionship between the adaptive 

significance of the bent form and its mode of determination. 

If the morphs are genetically determined, they may either 

settle from the plankton at random or actively select different sites 

for settlement. Random settlement by genetic morphs or random 

determination of morphology by a stochastic cue (see Levins 1963) 

could produce the within-shore distribution patterns reported in 
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Chapter 2 if bents are more resistant to either exposure stress or 

specialized predation while typicals are competitive dominants in more 

benign areas. As was shown in chapter 3, a genetic polymorphism is an 

evolutionari ly stable strategy under relati vely narrow condi tions 

given such a trade-off between competitive ability and the capacity to 

survive in harsh microhabitats. 

Microhabitat selection by genetically determined morphs could 

also produce the observed distribution patterns if larvae of the bent 

morph selectively settled in desiccated or predation-stressed areas. 

There is some evidence that barnacle larvae can select settlement 

sites by using the presence of conspecifics (Crisp 1974) or other 

sessile species as indicators of location (Strathman and Branscomb 

1979). Environmental determination of morphology could also produce 

the observed patterns if the bent form is a developmental response to 

parameters associated with desiccation or predation risk. 

Both microhabitat selection by genetic morphs and 

developmental flexibility by environmental morphs would require the 

presence of environmental cues associated with microhabitat type. Two 

variables predictably correlated with exposure stress are wave action 

and emergence (or submergence) period. In addition, the presence of 

chemical cues associated with the presence of the herbivorous 

gastropod, Nerita funiculata, might be expected to indicate desiccated 

regions of the Chthamalus zone. This common gastropod forages in the 

upper part of the Chthamalus zone and seems to be more abundant on 

protected than exposed shores (personal observations by myself and 
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P. T. Raimondi). The experiments described in the following section 

were designed to discriminate between random and selective settlement 

(with respect to exposure stress) by a genetically determined bent 

form and evironmental induction of the bent-over morphology by 

variables expected to be correlated with exposure stress. Experiments 

to determine whether the bent form is more resistant than the typical 

morph to exposure during low tides are also described •• 

The most likely cue expected to be associated with predation 

stress would be a watersoluble chemical released by Acanthina. 

Environmental induction of predator resistant morphs by chemical cues 

are known in cladocerans (Grant and Bayley 1981, Krueger and Dodson 

1981), rotifers (Gilbert 1966) and bryozoans (Yoshioka 1982). In what 

follows, experiments are presented which were designed to test the 

hypothesis that the bent morph is more resistant to predation by 

Acanthina and that it is either induced by the presence of Acanthina 

or, if genetically determined, accompanied by active selection of 

sites expected to have a high incidence of Acanthina predation. 

Methods and Materials 

Genetic vs Environmental Determination 

Physical factors. In this section, the hypothesis that the 

bent form is genetically determined and either settles from the 

piankton at random or actively selects settlement sites which are 

subject to exposure stress (i.e. low wave action or upper part of C. 

anisopoma zone) is tested against the hypothesis that the bent form is 

a developmental response to either of these factors or to a stochastic 



switch mechanism. All experiments were conducted in the field at 

Punta Pelicano, a granitic shore 10 km N.W. of Puerto Penasco (31 0 

21 'N., 1130 40'W.), Sonora, Mex ico, in the northern Gulf of 

Cali forn ia. 
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To determine the effect of tidal height, six 10 x 10 cm . 

quadrats were cleared of organisms during the summer of 1981 and 

sterilized using a strong solution of NaOH at a site exposed to di~ect 

wave action at each of the following levels above mean low water 

(MLW): .61, 1.2, 1.8, 2.4 and 3.3 m. To determine the effect of wave 

action, 6 additional quadrats of the same size were sterilized at a 

protected site (i.e. low wave action) at approximately 2.4 m above 

MLW. Six weeks after sterilization, all quadrats were checked for the 

presence of the bent form. In addition, at least one quadrat in each 

treatment (except +.61 m on the exposed site) was randomly selected 

and settlement densities of both morphs were estimated by counting the 

number of individuals in 10 randomly selected, 1 cm2, subquadrats. 

The predictions for these experiments are given in Table 4. 

In order to distinguish between habitat selection by a 

genetically-determined morph and a developmental response to low wave 

action, a controlled, reciprocal transplant experiment (exposedto 

protected and vice versa) of recently settled ~ anisopoma was 

carried out during the summer of 1982. Five granite boulders were 

NaOH-sterilized and placed in an area exposed to direct wave action 

(approximately 0.91 m above MLW). Eight days later (following 

barnacle settlement) three of the boulders were randomly selected and 
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transplanted to a protected site at approximately the same tidal 

height. At the time of transplantation, a minimum of 60 individuals 

on each boulder were circled with a black permanent marker so they 

could be followed through time. The marking was repeated as often as 

necessary (about every 4 days) to preserve the ink lines; and 

individuals which settled within 2 cm of marked individuals were 

removed by scraping. 

In the same manner, 3 additional boulders and four 10 x 10 cm 

quadrats on a granitic outcrop were sterilized at a site protected 

from direct wave action. The three boulders were transplanted 15 days 

later (following barnacle settlement) to an exposed site and 30 

individual barnacles (total) were followed as above. Individuals in 

the 4 quadrats were followed photographically. All sites were sampled 

for the presence of the bent form approximately one month after 

sterilization. The predictions for these manipulations are given in 

Table 5 (assuming transplants were made before induction of morphology 

by an en v ironmental cue). 

Biotic factors. To determine whether the bent form is a 

developmental response to, or habitat selecting for, the presence of 

Acanthina angelica or Nerita funiculata, factorial additions of these 

snails were carried out on 16 NaOH-sterilized (16 Aug., 1982). 

quadrats (10 x 10 cm) at Punta Pelicano. The additions were randomly 

assigned to the 16 quadrats so that there were two replications of 

each of the following treatment combinations: 0 Acanthina with 0, 2, 9 

and 32 Nerita, and 5 Acanthina with the same combination of Nerita. 

The snails were added daily from Aug. 16-21 and Aug. 30 through Sept. 
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4 during evening low tides just prior to the inundation of the sites 

by the incoming tide. The additions were discontinued prior to the 

observation of bents, so the relative frequencies of the two morphs 

could not have been affected by selective predation by Acanthina. The 

quadrats were sampled on September 16 by recording the morph type of 

all barnacles in the quadrats having basal diameters greater than 

mm. If the bent morph is genetically determined and habitat selecting 

for, or a developmental response to, the presence of Acanthina or 

Nerita, more bents should be observed in those sites to which these 

snails were added. 

To decouple the independent predictions of habitat selection 

for, from a developmental response to, the presence of Acanthina, 

three squares of plexiglass (3.1 mm thick and 12.5 cm on each side) 

were prepared as follows and placed in the Chthamalus zone at Punta 

Penasco (a rocky shore composed of basalt boulders 2 km south of 

Puerto Penasco) on 12 June 1983. They were mounted next to each other 

on a fiberglassed board attached to a large basalt boulder at Punta 

Penasco. Each had 121 small pits drilled on one side in a 11 x 11 

grid pattern such that the pits were 1 cm apart. After 4 days, about 

half of the pits had been colonized by Chthamalus and the coordinates 

of these locations were recorded. No Acanthina were observed in the 

vicinity of the plates during this time. On June 17 (the fifth day) 

and daily through the period of June 20-28, I added approximately 30 

Acanthina to each of the two outside plates. The snails were placed 

on the plates during low tides and allowed to crawl off. They were 
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observed to craw lover the middle plate as well. During the addition 

period most of the remaining pits were colonized. Therefore, some of 

the individuals colonized the plates before and some during the the 

Acanthina treatments. If the bent form of the barnacle is actively 

selecting for the presence of Acanthina, none of the barnacles which 

colonized prior to the Acanthina addition period should be bent. If 

the bent morph is instead a developmental response to Acanthina, then 

there should be no difference in the frequency of bent forms between 

the two colonization periods assuming that all individuals were 

equally sensitive to the cue. The plates were sampled after one month 

by recording the morph type of individuals having basal diameters 

greater than 1.5 mm. 

Adaptive Significance of the Atypical Form 

Exposure resistance. To determine the relative resistances of 

the two barnacle morphs to exposure stress the following experiment 

was conducted at Las Conchas Reef (3 km east of Puerto Penasco). On 

July 26, 1983 six basalt boulders bearing the typical form and six 

boulders bearing the bent-over form were collected and placed together 

in the intertidal zone. On each boulder, 15 to 20 individuals of 

comparable size were selected and marked by placing a dab of nai 1 

pol ish nearby. All indi viduals selected were at least 1 cm from their 

nearest conspecific (low-density treatment). To determine the effect 

of density on resistance to exposure stress, a third set of 6 boulders 

was collected which had clumps of individuals of the typical form in 

direct contact. (I was unable to include the corresponding treatment 
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for bents because they rarely occur at such high densities.) Two 

clumps, with a minimum of 20 adults in each, were marked as above on 

all 6 boulders and they were placed wi th the other two sets of 

experimental boulders. One boulder from each of the three 

"treatments" (high density typicals, low density typicals and low 

density bents) was then randomly assigned one of the following six 

inundation times: at 10:30, 11 :00, 11 :30, 12:00, 12:30 and 13:00 

hours. Thirteen-hundred hours is about as late in the day as 

Chthamalus are normally exposed by low tides during the summer months 

(see Thomson 1983). Following inundation, the numbers of surviving 

barnacles were estimated by recording the number of feeding 

individuals. Individuals which did not feed within 5 minutes of 

inundation were counted as dead. The experiment was repeated on 

August 12, 1983. Per cent survivorship (arcsine transformed; see Zar 

1974) for each inundation time for the three treatments was analyzed 

by analysis of covariance. 

Predation resistance. In order to determine the relative 

resistances of the two barnacle morphs to predation by Acanthina, I 

selected two separate sites (about 20 m apart) which contained a 

mixture of both forms. In one site the majority of individuals were 

typicals and in the other site the majority of individuals were bents. 

At both sites, I established 4 quadrats (12.5 x 12.5 cm) and within 

each I mapped 20 individuals of each morph type on a piece of 

transparant plexiglass. Beginning the 16th and ending the 20th of 

Nov., 1983, I added 25 Acanthina to 2 of the quadrats at both sites 

within an hour of exposure by evening low tides; the remaining sites 
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were unmanipulated. The quadrats used for the additions were selected 

randomly within the constraints posed by an attempt to maximize 

interspersion of treatment and control locations (see Hulbert 1984). 

The quadrats were sampled daily until 21 Nov.; 1983 by recording the 

number of marked individuals with their opercular valves intact. 

I also directly observed 104 spining attempts· by Acanthina 

between 8 July and 11 November 1982 on rocky shores in the Puerto 

Penasco vicinity: 51 on the bent form and 53 on the typical form. A 

spining attempt was considered to be a downward thrust of the spine 

from a raised position. Those attempts in which the spine penetrated 

the opercular val ves were scored as "hi ts"; at tempts which were 

followed by a repeated attempt on the same individual were scored as 

"misses". 

Results 

Genetic vs Environmental Determination 

Physical factors. None of the 30 quadrats (6 at each of 5 

different tidal levels) at the exposed site contained individuals 

having the bentover morphology (see Table 4 for predicted and 

observed results). Hence there was no evidence to suggest that the 

bent morph is genetically determined and acti vely selecting settlement 

sites according to physical variables associated with tidal height or 

that it is a developmental response to such factors or to a stochastic 

cue. The bent form, however, was found to be present in all 6 

quadrats established (at the same time, summer 1981) on the protected 



Table 4. Predicted and observed results for the tidal 
height/wave action experiment. Tidal height is given in meters 
above mean low water. ND=no data. 

TIDAL HEIGHT: 
HABITAT SELECTION FOR: 
Tidal height 
Low wave action 
(random settlement) 

DEVELOPMENTAL RESPONSE 
Tidal height 
Low wave action 
(stochastic cue) 

% quadrats with bents 
Chthamalus/cm2 

standard error 
Bents/cm2 

standard error 

PRE D I C T ION S 

EXPOSED PROTECTED 

.6 1.2 1.8 2.4 

few bents<------)many bents few bents 
<--------few bents--------) many bents 
<---------p(bents), (1-p)typicals--------) 

TO: 
few bents<------)many bents few bents 
<--------few bents--------) many bents 
<---------p(bents), (1-p)typicals--------) 

R E S U L T S 

0% 0% 0% 0% 0% 100% 
ND 28.4 24.2 17.2 8.0 10.3 
ND 1.0 2.7 2;7 1.1 0.7 

0 0 0 0 O· 3.0 
0 0 0 0 0 0.4 
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shore suggesting that it may be may be genetically determined and 

selecting sites having low wave surge or that it is a developmental 

response to low wave surge (Table 4). 
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The results of the reciprocal transplant experiment (summer 

1982) designed to descriminate between these hypotheses are presented 

in Table 5. The difference between transplanted (exposed to protected 

sites and vice versa) and control sites were not significantly 

different (X2~7.37, d.f.=4, p>.10) and the differences which were 

observed were not in the "directions" predicted by either hypothesis. 

The results are also inconsistant with the 1981 results presented 

above. The inability to replicate the 1981 results in the reciprocal 

transplant experiment (1982) is especially curious in that some of the 

protected sites were the same in both years. One of the major 

observable differences between years is that in 1981, when 30% of the 

individuals on the protected site were bents (see Table 4), Acanthina 

was observed foraging near the sites prior to sampling. The role of 

Acanthina in inducing the bent-over morphology is presented in the 

next section. 

Biotic factors. The results of the Acanthina/Nerita addition 

experiment are presented in Table 6. All eight quadrats to which 

Acanthina were added contained some proportion of the bent form 

(x=26.2%; SE=5.8); none of the remaining quadrats did so. It is 

important to note here that snail additions were discontinued prior to 

observing bent morphs in any of the quadrats; therefore, selective 

predation by Acanthina could not have produced the observed result. 

The numbers of bent morphs in the Acanthina addition sites were 



Table 5. Predicted and observed results of the reciprocal 
transplant experiment. T=mostly typicals; B=mostly bents. EXP 
and PROT indicated exposed and protected sites respectively. 

PRE D I C T ION S 

TRANSPLANTS CONTROLS 

EXP TO PROT PROT TO EXP PROT 

Habitat selection 
Developmental response 

Number of bents 
Number of typicals 

T 
B 

o 
62 

B 
T 

B 
B 

RES U L T S 

o 
31 

5 
86 

EXP 

T 
T 

1 
92 
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Table 6. The means and standard errors for the numbers of 
bents and typicals observed in the Acanthina/Nerita addition 
experiment. 

Number of Nerita added 
0 2 i 32 Total 

No. Acanthina added 
0 typicals 78.5 182.0 142.0 132.0 133.6 

SE 10.5 . 12~0 17.0 45.0 16.9 
bents . o· 0 . o· o· 0 

SE 0 0 0 0 0 

5 typicals 96.5 69.0 85.0 79.5 82.5 
SE 8.5 8.0 19~0 53.5 23.2 

bents 33.0 25~5 25.5 27~5 27~9 
SE 19.0 13.5 14.5 11.5 5.7 

44 
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significantly greater than the numbers expected by chance alone (see 

Table 7 for probability values). There was no effect of the Nerita 

additions (so snail travel ~ ~ can be eliminated) nor was there an 

interaction effect between Acanthina and Nerita (Table 7). 

The results of the experiment designed to contrast habitat 

selection (for the presence of Acanthina) by genetic morphs against a 

developmental response to Acanthina by environmental morphs are 

presented in Table 8. As previously, Acanthina additions were 

discontinued prior to observation of bents, so the relative 

frequ~ncies of the t\ofO morphs could not have been affected by 

selective predation. The number of bent forms was independent of 

colonization period (before ~ during Acanthina additions) on all 

three settlement plates suggesting that the bent form of the barnacle 

is not genetically determined and actively selecting for the presence 

of Acanthina (probability values given in Table 8). The results are 

consistent with the hypothesis that the bent morph is a developmental 

response to the presence of Acanthina and the assumption that 

barnacles which settled before and after the Acanthina additions were 

equally sensitive to the cue. 

Adaptive Significance of the Atypical Form 

Exposure resistance. The results of the desiccation 

experiment are presented in Fig. 9. The difference between treatments 

(low density bents and typicals and high density typicals) was 

significant, and inundation time was a significant covariate (ANOVA 

summary, Table 9). A multiple comp,arison of slopes for percent 



Table 7. ANOVA summary table: comparison of mean number of 
bents between treatment and control quadrats in the Acanthina and 
Nerita addition experiment. Total (bents + typicals) was run as a 
covariate. 

Analysis of Variance 

Source df SS MS F P 

Covariates 
Total 17 .11 1'7 • 11 0.08 0.791 

Main effects 
Acanthina 1 3308.39 3308.11 14.73 0.006 
Nerita 3 102.44 34.15 0.15 0.925 

Interaction 3 30.08 10.03 0;05 0~986 
Error 7 1572.17 224.60 
Total 15 4954~94 330~33 

46 



Table 8. The numbers of bent-over and typical morphs 
resulting from larvae which settled both before and during the 
Acanthina addition treatments. Acanthina were added directly to 
the two outside plates (East and West) and were observed to crawl 
over the middle plate as well. X2 values were calculated using 
Yates correction for continuity (see Zar 1974). 

West plate Middle plate East plate 
Before During Before Durin6 Before During 

Bents 9 27 9 14 19 20 

Typicals 11 36 17. 48 28 17 

X2 value 0.01 0.81 1.02 

probe (1 df) >.90 >.75 >.25 

47 



48 

100 .~ . ,.-~-·-. ~~- -- -~·--- - ~ - ___ .. 
....... ...... • • ...... ....... 

'..q • ., ....... 0 

90 
....... 

a.. ....... ....... - ....... 
:c ....... 
(f) 80 ....... 

....... 
a:: 0 ....... ...... 
0 70 • .. 
> • 
> 60 
a:: 50 0 
::::> 
(f) 40 0 

._ 
30 z 

w 0 

u 20 
a:: 
w o- low density bents 
a.. 10 ·-- low density typicals 

0 

A-·- High density typicals 

10:30 II :OO JJ:3Q 12:oo 12:30 13:00 

INUNDATION TIME 

Fig. 9. Survivorship by bents and typicals in the desiccation 
experiment. Inundation time is the time at which individuals were 
submerged and checked for a feeding response; all individuals were 
exposed by the tide at approximately 06:00. Per cent cover was 
arcsine transformed (see Zar 1974). A multiple comparisons of slopes 
is given in Table 10. 



Table 9. ANOVA summary table: comparison among treatment 
mean survivorships in the desiccation experiment. Treatments are: 
isolated bents, isolated typicals and clumped typicals. Days are 
July 26 and August 12. Time at inundation was run as a covariate. 

Analysis of Variance 

Source df SS MS F P 

Covariates 
time 3822 3822 14.32 .001 

Main effects 
treatments 2 6768 3384 12.68 .001 
days 1 448 448 1.68 .205 

Interaction 2 374 187 0.70 ~505 
Error 29 7739 267 
Total 35 19151 547 
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survivorship against inundation time is presented in Table 10. The 

typical form in high-density conditions showed no response to the 

different inundation times (non-significant slope; see Table 10). 

However, survivorship for both the typical and bent forms under low 

density conditions decreased with increasing exposure time 

(significant negative slopes). Hence, there is an enhanced resistance 

to exposure during low tides when in high density. The slopes for 

both morphs under low density conditions were significantly different 

from that of the typical form in high density, but they were not 

significantly different from each other. The bent form, therefore, is 

not more resistant to exposure to atmospheric stress than is the 

typical morph under comparable density conditions. 

Predation resistance. The results of the Acanthina additions 

to quadrats having adult Chthamalus of both morph types are presented 

in Fig. 10. After 5 days, survivorship was significantly lower in 

Acanthina addition quadrats than in control quadrats and mean 

survivorship was higher for bents than for typicals (Table 11); the 

interaction effect between the presence of Acanthina and barnacle 

morphology was also significant (Table 11). The difference between 

sites (blocks), however, was not significant suggesting that the 

difference in the relative abundances of the two Chthamalus morphs 

(see Methods section) was not a factor of importance. 

A Student-Newman-Kuels multiple comparison of means (Table 11) 

allows the following summary of this experiment: Survivorship was 

significantly higher in control quadrats (than in Acanthina addition 



Table 10. Slopes and multiple comparisons of slopes 
for the desiccation experiment. q is the SNK test statistic; p is 
the number of comparisons; v is the degrees of freedom in the 
pooled regression (see Zar 1974, pp. 230-2). Probabilites given 
are for one-tailed tests. The y axis (per cent survivorship) was 
arcsine transformed. 

Treatment SloEe t-value df Probe 

1 • high density typicals 0.229 0.418 9 >0.25 
2~ low density typicals -6;414 2.820 9 <o~ 01 
3. low density bents -11.357 3.215 9 <0.01 

Student-Newman-Kuels Multiple Comparisons of Slopes 

Comparison .9- .E. v Probe Conclusion 

1 & 2 4.02 2 30 <0.01 2<1 
1 & 3 4.58 3 30 <0.01 3<1 
2 & 3 1.66 2 30 >0.25 2=3 
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Fig. 10. Survivorship by bents and typicals in the Acanthina 
addition experiment. Per cent cover was arcsine transformed (see Zar 
1974); vertical bars are one standard error of the mean. 



Table 11. ANOVA summary table and Student-Newman-Kuels 
multiple comparison or mean survivorships (after 5 days) for the 
predation experiment. BC=bents in control sites; TC=typicals in 
control sites; BA=bents in Acanthina addition sites; TA=typicals 
in addition sites. 

Analysis of Variance 

Source . df SS MS F P 

Main effects 
predation 2228.06 2228.06 60.94 . <.001 
morph type 637.56 637~56 17.44 <~005 
block 0~56 0~56 0~02 >~050 

Interaction 
pred. x type 1 410.63 410.63 11.23 <.020 

Error 11 402.12 36.56 
Total 15 3730~94 248;73 

Student-Newman-Kuels Multiple Comparisons Test 

Comparison Difference SE q P probe 

BC & TA 73.3-36.8=36.5 3.02 12.09 4 <.001 
BC & BA 73 ~ 3-59 .5=13.8 3.02 4.56 3 <.025 
BC & TC 73.3-70.8=2.5 3.02 0~83 2 >.50 
TC & TA 70.8-36.8=34.0 3.02 11.26 3 C001 
TC & BA 70.8-59.5=11;3 3;02 3;74 2 <~025 

BA & TA 59.5-36.8=22.7 3.02 7.52 2 <.001 

Conclusion: BC=TC>BA)TA 
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quadrats), but within the controls there was no difference between the 

survivorships of the two morphs. Within the addition quadrats. by 

contrast, survivorship was significantly higher in control than in 

addition quadrats. Therefore, bents are susceptible to mortality by 

Acanthina predation, but significantly less so than are typicals. 

This result is supported by the direct observations of spining 

attempts on both morphs. Only 11.7% (6 of 51) of the observed spining 

attempts on the bent form were successful while 43.4% (23 of 53) 

attempts on the typical form were successful. The probability of 

observing this difference by chance alone is less than .001 (X2=11.4, 

df=1; calculated using Yate's correction for continuity). 

Discussion 

The purpose of this study was to determine the present 

adaptive significance, if any (see Gould and Lewonton 1979), of the 

atypical, "bent-over", morph in a dimorphic population of the acorn 

barnacle Chthamalus anispoma and to determine whether the two morphs 

are the product of a single conditional strategy or result from a 

mixture of unconditional strategies. I tested the hypotheses that: 1. 

the bent form is an adaptation to resist greater exposure stress 

during periods of tidal exposure and 2. the bent form is more 

resistant (than typicals) to specialized predation by a carnivorous 

gastropod. These studies were conducted in conjuction with studies 

designed to determined whether the dimorphism is genetically 

(unconditionally) controlled or environmentally (condi tionally) 

determined. 
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I found no evidence to suggest that the bent form has a 

greater resistance to desiccation or thermal extremes during periods 

of tidal exposure. Crowded typicals, however, were found to have 

greater resistance to such exposure than individuals of both morphs 

which were isolated from contact with conspecifics. Hence, in the 

uppermost part of the Chthamalus zone, the costs due to crowding (see 

Chapter 5) may be outweighed by the benefits (survivorship) due to 

enhanced resistance to exposure stress. Becuase bents are rarely 

observed in crowded stands (personal observation), they may be more 

likely (on average) to experience mortality due to exposure than 

typicals as an artifact of their association with low densities. This 

may account for the observed reduction in the densities of the bent 

form during the summer months (see Chapter" 6). 

I also found no evidence to suggest that the bent form is 

genetically determined and that its larvae ei ther settle randomly or 

actively select exposure-stressed microhabitats for settlement. 

Similarly, there was no convincing evidence to indicate that the bent 

form is an environmentally determined developmental response to 

exposure stress. The association of the bent form with a protected 

site in the first set of experiments (1981) appears to have been an 

artifact of the presence of Acanthina on the protected site chosen. 

Given this conclusion, it is difficult to reconcile the association of 

the bent form with protected shores and the upper regions of the 

Chthamalus zone on exsosed shores. This apparent anomaly is 

discussed in Chapter 7. 
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The results of the present study do indicate that the bent

over form of Chthamalus anisopoma is better adapted than typicals to 

resist predation by the carnivorous gastropod, Acanthina angelica. A. 

angelica is a carnivorous snail which specializes on barnacles (Paine 

1966, Dungan 1984) and most commonly gains access to their soft 

tissues by pushing a labial spine (see Keen 1971) through the 

opercular plates (MacGinitie and MacGinitie 1968, Yensen 1979, and 

personal observations). The spine is then withdrawn and the barnacle 

is consumed without recourse to drilling through the walls of the 

test. Perry (1983) has recently shown that this process, known as 

"spining", is more efficient than dr"illing for !:.. spirata attacking ~ 

fissus and Balanus glandula on the California coast. The bent-over 

morphology of ~ anisopoma appears to be more resistant to predation 

of this type by having the plane of the aperture tipped perpendicular 

to the substrate, thereby hindering, direct vertical insertion of the 

spine. 

The bent morph was also found to be a developmental response 

to the presence of Acanthina, possible mediated by a water-soluble 

chemical cue released by this predator. Therefore, two morphs of ~ 

anis6poma are the resul t of a single conditional strategy: "grow bent

over in the presence of !:.. angelica and mature as a typical morph in 

the absence of this predator". Because the dimorphism is conditional, 

the two morphs need not have the same fitnesses at equilibrium as 

required for a gentic polymorphism in the absence of heterosis 

(Dawkins 1980, Maynard Smith 1982). Indeed, the bent form may be 

expected to have a reduced expected relative fitness due to 
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constraints placed on growth or reproduction by the bent condition or 

a reduced ability to compete with the typical form for space. These 

assertions are tested in the next Chapter. 



CHAPTER 5 

COMPETITION AND COMPARATIV E LIFE HISTORIES 

The results of experimental studies presented in earlier 

chapters demonstrate that the atypical, "bent-over" form of Chthamalus 

anisopoma is a developmental response to the presence of the 

carnivorous gastropod, Acanthina angelica, and that it is more 

resistant than the typical form to specialized predation by this 

snail. Given that the bent form has this advantage, it is reasonable 

to ask why the conditional strategy: "grow bent in the presence of 

Acanthina and mature as a typical form in its absence" has not been 

replaced by the canalized (unconditional) strategy: "always grow bent 

over". There are two possible answers to this question: 1) the 

replacement of both the developmental strategy and the typical form by 

canalization of the bent-over morphology is presently in progress or 

2) there is a cost to being bent in the absence of specialized 

predation by Acanthina. In the present chapter, I evaluate two costs 

which may be associated with the bent-over qondition. 

First, I experimentally evaluate interference competition for 

space within and between the two morphs by comparing the survivorship 

of bents when crowded by typicals (intermorph competition) with that 

of typicals when similarly crowded by other typicals (intramorph 

competition). If bents fare worse against typicals than do typicals 

against other typicals, then the bent form would not be expected to 
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replace the typical form over evolutionary time. 

Space competition between barnacle species is well documented, 

the best known case being the studies of Connell (1961). He observed 

the elimination of ~ stellatus due to undercutting and overgrowth by 

the larger and faster-growing Semibalanus balanoides in the lower 

fraction of the barnacle zone when the latter species was present. 

More recently, Dungan (1984) has documented a conceptually similar 

situation, only with the sizes of the respective winner and loser 

reversed. He' demonstrated the elimination of the larger Tetraclita 

stalactifera confinis by ~ anisopoma (predominately the typical form, 

Dungan personal communication) in the lower portion of the barnacle 

zone in the Gulf of California. With respect to the dimorphism under 

consideration here, it is reasonable to suspect that the bent form of 

~anisopoma is more subject to mortality due to crowding by typicals 

than are other typicals. The mechanism for this increased mortality 

may be due to either undercutting (sensu Connell 1961) of the bent 

form on the "short" side or by inhibition of feeding due to blockage 

of the perpendicular aperture. 

I also conducted mensurative experiments (see Hulbert 1984) on 

the growth rates, age at first reproduction and ·fecundities of the two 

forms to determine whether, due to their different modes of existence, 

they utilize different strategies for growth and reproduction or 

whether the bent-over morphology places constraints on these factors. 

Growth rates and age at first reproduction may differ between the two 

forms for at least 3 reasons: 

1. Because of their association with high densities (see Chapter 
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6), typicals might be expected to grow faster, possibly at the 

expense of delayed reproduction, in order to secure space (see 

Hines 1979). 

2. The typical form might also be expected to grow faster if 

there were feeding, material, or structural constraints placed 

on the growth of the bent form. Delayed reproduction b~ 

typicals would not be expected to be coupled with faster 

growth in this case. 

3. Because very small bents appear to be more susceptible than 

large bents to predation by Acanthina (because the entire test 

can be crushed by the spine, personal observation), the bent 

form might grow faster than typicals at the expense of delayed 

reproduction, in order to more rapidly reach a size where the 

bent-over morphology becomes resistant to predation by 

Acanthina. 

The fecundities of the two morphs might also be expected to 

differ for at least two reasons: 

1. The typical form, because of its association with high-density 

stands, may allocate more of its resources to male function 

(sperm production) and produce fewer eggs per unit body size 

as a result (see Charnov 1980). 

2. The bent form, because of constraints placed on the internal 

volume of the shell, may produce fewer eggs per unit body 

size. 
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Because of the number of null hypotheses implicit in the above 

discussion, it may be helpful to list them before proceeding to 

descriptions of experiments designed to test them. They are as 

follows: 1. Survivorship for bents when crowded by typicals is equal 

to that of typicals when comparably crowded; 2. The two forms grow at 

equal rates and begin reproduction at the same age; and 3. The two 

forms are equally fecund relative to their body sizes. 

Methods and Materials 

Intra- and Intermorph Competition for Space 

To determine the effect of crowding by the typical form on 

both typicals and bents, I established four 12.5 x 12.5 cm quadrats 

on each of 5 large basalt boulders at Punta Penasco, Sonora, Mexico 

between 21 November and 6 December, 1983. All 20 quadrats contained a 

mixture of both morph types (about 2 months old) in different 

proportions. Within each quadrat, both morphs were mapped (onto 1.6 

mm thick clear plexiglass) under solitary (not in direct contact with 

conspecifics) and crowded (adjoined by 2 or more typical forms) 

conditions. Individuals within 1 cm of "solitary" individuals were 

periodically removed by scraping for the duration of the experiment. 

To prevent selective removal of the typical form by Acanthina (see 

chapter 4), this gastropod was regularly removed from a large area 

around each of the experimental boulders. The quadrats were sampled 6 

months later (on May 13, 1984) by counting the number of living 

individuals. 
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Comparative Life Histories 

Growth rates and first reproductive effort. To determine the 

relative growth rates and the age and size at first reproductive 

effort, ~ anisopoma were "farmed" on' three, 3.1 mm thick, clear 

plexiglass plates (12.5 x 12.5 cm). Because this barnacle has a 

membranous base, the reproductive state of individual barnacles could 

be determined without destructive sampling by viewing trough the 

undersides of the clear plates. To facilitate larval settlement, 121 

small pits were drilled on one s ide of the p la tes in a 11 x 11 grid 

pattern so that the distance between any two adjacent pits in any row 

or column was 1 cm. The plates were attached (on 12 June 1983) with 

brass screws to a fiberglassed wooden plank bolted to a large boulder 

at +1.3 m above MLW at Punta Penasco. Individuals which settled 

between the pits on the smooth plexiglass surface were wiped away. In 

those cases where two or more individuals settled in a single pit, all 

but the largest individuals were removed with a probe. In this way, 

both density and nearest-neighbor distances were strictly regulated. 

In addition, the orderly arrangement of the pits allowed each 

individual to be identified and followed through time by a coordinate 

system. 

During low tides on the 17th of June and daily during the 

period of June 20-28, 1983, I added approximately 30 Acanthina to each 

of the two outside plates. The snai ls were allowed to crawl off and 

were observed to craw lover the middle plate as well. This had the 

effect of producing a mixture of the two morph types (see chapter 4). 

At approximately 10-day intervals the transparent settlement plates 
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were temporarily removed from the wooden planks and inspected through 

the bottom for the presence of ripe ovaries (operational definition: 

the presence of discrete yellow masses at 30x under a 

stereomicroscope). At the same time, the rostro-carinal diameters 

were measured using a lens micrometer. 

Fecundities and test mass. To compare the number of eggs and 

the masses of the tests for different-sized Chthamalus of both morphs, 

small basalt boulders, having indi viduals of both morph types, were 

collected during four successive spring-tide series beginning 21 

November 1983. Individual barnacles were pried off the boulders and 

observed whi le still alive under a dissecting microscope. When 

indi viduals were found bearing nauplii, the nauplii were removed from 

the test, fixed and separated in Gibson's solution (see Bagenal 1967) 

and counted. The soma was then cut away from the test, fixed as were 

the nauplii, and measured along a standardized axis (from the distal 

end of the body to the jOints of the first appendages) using an ocular 

micrometer. Finally, the remaining fleshy material was cut away f.rom 

the tests, and the tests were weighed after being placed in a drying 

oven for 12-15 hours at 600 C. 

Results 

Intra- and Intermorph Competition 

I found no evidence (after 6 months) to suggest that the bent 

form is more susceptible than typicals to mortality due to crowding by 

typicals (means and probability values given in Table 12); 



Table 12. ANOVA summary table: comparison of mean 
survirorships (after 6 months) of bents and typicals in 
crowded and uncrowded conditions. Parenthetic values are 
threatment means. *=one-tailed test. 

Analysis of Variance" 

Source df SS MS F p 

Main effects 
morph-type 1 .067 .067 2.33 >.10* 
crowding 1 .125 .125 4.17 <.05* 
block 4 .938 .234 7~80 < ~001 

2-way interaction 
morph x crowd. 1 .309 .309 0.03 >.50 

Error 64 1 .924 .030 
Total 71 3.055 ~O43 

Conclusions: crowded (.68) < uncrowded (.77) 
bents (.76) = typicals (.69) 
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survivorship was unexpectedly high in all 4 combinations of treatments 

(mean=.72, MSE=.03). Hence, intermorph competi tion does not appear to 

be more intense than intramorph competition in this species (see 

Connell [1983J for a discussion of the importance of measuring both). 

There was, however, a trend for crowded individuals of both morph 

types to have experienced higher mortality than uncrowded individuals 

(Table 12). Much of this mortality appeared to be due to the 

formation of hummocks (see Chapter 1) which are more easily dislodged 

from the substrate during storms. 

Comparative Life Histories 

Growth rates and first reproductive effort. The results of 

"farming" both morphs interspersed and under low density conditions 

indicated a faster growth rate for the typical form. At 30 days, when 

the two morphological types could first be distinguished, there was no 

apparent difference between their mean sizes (see Fig. 11). At 11 

weeks (76 days), however, typicals measured about 10% longer along the 

rostral-carinal axis than did bents (Fig. 11). The probability of 

observing a difference of this magnitude b~ chance alone is less than 

0.001 (see ANOVA summary, Table 13). It is also noteworthy that there 

was a significant plate (block) effect in this experiment (Table 13). 

This is surprising given the proximity of the plates and their similar 

orientation. Microspatial differences which are not easily 

observable, therefore, may be of great consequence to barnacles (and 

other intertidal species). 

The frequencies of individuals of both morph types with ripe 
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Fig. 11. Results of the growth rate experiment. Both morphs 
were grown interspersed on each of three different settlement plates. 
Vertical bars are one standard error about the mean. 



Table 13. ANOVA summary table: comparison of mean 
sizes for bents and typicals at 76 days of age. Size is the 
diameter of the rostral-carinal axis. 

Analysis of Variance 

Source df SS MS F P 

Main effects 
Morph type 1 2.41 2.41 21.83 <.001 
Plate 2 L41 0.70 30.50 <.001 

Interaction 2 O~02 0.01 0.13 ~875 
Error 135 10.66 0.08 
Total 140 15.85 0.11 
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ovaries over the course of the experiment are given in Fig. 12. The 

differences between morphs with respect to changes in these 

frequencies over time were not significant (Table 14). Both morphs 

were first observed with ripe ovaries at about six weeks of age, a 

resul t which is consistent wi th the work of Malusa (1983) concerning 

onset of reproduction in the typical form. Hence, there is no 

evidence to suggest that the faster growth by typicals (discussed 

above) is at the expense of a delay in the timing of their first 

reproducti ve effort. 

68 

Fecundities and test mass. The results of the study to 

compare the fecundities and test weights of the two morphs are 

presented in Fig. 13. The two forms did not differ in their material 

investment in the test relati ve to body size (ANOCOV A, test for 

coincidental regressions (Zar 1974): F=.37j d.f.=2, 46j p>.50--see 

Table 15). Similarly, there was no significant difference between 

morphs in rostral-carina! diameter relative to body size (ANOCOVA, 

test for coincidental regressions: F=.80j d.f.=2, 46j p>.50--see Table 

16), so its use as a size variable in the growth experiment presented 

above is satisfactor~ 

The results do, however, indicate a significant difference in 

the fecundities of the two forms with respect to body size (ANOCOVA, 

test for coincidental regressions: F=8.37j d.f.=2, 46j p<.002--see 

Table 17). The slopes and elevations of the two lines (eggs brooded 

against body size) were then compared separately (see Zar 1974): 1. 

The difference between elevations (intercepts) of the two lines was 

significantly different (F=14.98j d.f=1, 47j p<.001), wi th the 



69 

100 • Typicals 

CJ) 97 o Bents 
(.!) 
(.!) 88 
w 
J: 75 .._ 
3: 59 

.._ 41 
z 25 w 
(.) 

12 0:: 
w 
a. 3 

0 

30 40 50 60 70 80 

AGE (days) 

Fig. 12. Onset of reproduction for the two morphs. Vertical 
bars are 95% confidence intervals about the mean. 



Table 14. ANOVA summary table: comparison of differences 
between successive sample periods in (arcsine transformed) 
percents of typical and bent-over individuals brooding eggs. 

Analysis of Variance 

Source df SS MS F P 

Main Effects 
Morph 1 8.28 8.28 0.11 >.500 
Time 3 2615~68 871 .89 11.08 <.002 
Block 2 16~ 57 8.~28 0.11 >~500 

Interaction 
Morph x Time 3 567.88 189.29 2.40 >.200 

Error 14 '1101.36 78.67 
Total 23 4318~77 187~77 
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Table 15. ANOCOVA summary table: test mass against body 
length for both morphs. Test mass was In transformed. * indicates 
probabili ty value for 'slope less than .001. 

Analysis of Covariance 

Regression Residual 
Source N intcpt. slope F SS df SS df R2 

bents 25 3.90 2.08 37.42* 3.17 1.95 23 .62 
typicals 25 4.29 1.73 45.93* 2~61 L31 23 .67 
pooled 3~25 46 
common 3~30 47 
total 50 4.10 1.89 5.92 3.31 48 .64 
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Table 16. ANOCOVA summary table: diameter of rostral
carinal axis against body length for both morphs. * indicates a 
probability value for slope less than .002. 

Analysis of Covariance 

Regression Residual 
R2 Source N intcpt. slope F SS df SS df 

bents 25 1.02 2.15 15.66* 3.38 4.96 23 .41 
typicals 25 1.49 L84 26~11* 2;95 2~59 23 .53 
pooled 7.56 46 
common 7~60 47 
total 50 1.20 2.04 6.87 7.82 48 .47 
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Table 17. ANOCOVA summary table: egg number against body 
length for both morphs. Egg number was arcsine transformed. * 
indicates a probability value for slope less than .001. 

Analysis of Covariance 

Regression Residual 
R2 Source N in tcpt. slope F SS df SS df 

bents 25 2.58 2.40 37.10* 4.21 2.61 23 .62 
typicals 25 3~65 1.74 24~77* 2~64 2~45 23 .52 
pooled 5.06 46 
common 5.23 47 
total 50 2.96 2.21 8.04 6.91 48 .54 
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elevation of the typical line being higher (Fig. 13); 2. The 

difference between slopes, however, was not significant (F=1.60; 

d.f.=1, 46; p>.40). Hence typicals are uniformly more fecund (across 

body sizes) than bents. 

Discussion 

It was argued in the introduction to this chapter that, 

because the bent form is more resistant to specialized predation by 

Acanthina, it should have become canalized and replaced the typical 

form unless there is a cost, in terms of fitness, associated with the 

bent form in the absence of predation. I tested the hypotheses that 

the bent form is an inferior competitor for space and that the bent 

form has a reduced capacity to turn resources into offspring. 

I found no evidence to suggest that the bent form is an 

inferior competitor for primary rock space. Neither overgrowth nor 

undercutting (sensu Connell 1961) of the bent form by the typical form 

was observed. This result differs from experimental studies on 

competition between full species of barnacles which show a general 

pattern of competitive exclusion of resistant upper intertidal species 

by lower intertidal species (Connell 1961, Luckens 1975, Wethey 1983, 

Dungan 1984). The lack of competition between the Chthamalus morphs 

is even more surprising in the light of Dungan's (1984) work which 

indicates that typicals can overgrow and undercut the larger and more 

robust barnacle, Tetraclita stalactifera confinis. 

There is no precedent, however, for undercutting or overgrowth 

within barnacle species. Monospecific (and monomorphic) stands of 
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acorn barnacles commonly grow up, instead of out, under crowded 

conditions. When settlement density is sufficiently high, this 

tendency results in mounds known as hummocks (Barnes and Powell 1950, 

Connell 1961). Both the typical and bent forms were observed to be 

invol ved in hummocks and presumably grew up by adding shell material 

at the base in the manner suggested by Darwin (1854). In many cases 

the bent form retained its "hooded" shape in spite of the crowded 

conditions. The greater ease of detachment of barnacles in hummocks 

appears to have accounted for the greater mortality of both forms 

under crowded conditions. 

The results of this study do indicate that bents grow more 

slowly and are less fecund than typicals. The slower growth and 

reduced fecundity of the bent form, however, does not appear to be the 

result of a greater material investment in the test; the difference 

between the mean weights of the tests, standardized by soma length, 

was not significant. It is reasonable to suspect, therefore, that the 

reduced growth rate and fecundiEy of the bent form is due either to 

constraints on the uptake of food or to structural constraints on 

growth (possibly because shell material is only added to one side), as 

well as on brood space. 

In conclusion, the maintenance of the conditional strategy, 

"grow bent in the presence of Acanthina", appears to be due 

(ultimately) to a trade-off between reproductive potential and 

resistance to predation. 



CHAPTER 6 

PREDATOR REFUGIA AND POPULATION STRUCTURE 

The results of previous chapters indicate that the bent form of 

Chthamalus anisopoma is a developmental response to the presence of 

Acanthina angelica and that it is more resistant to specialized 

predation by this snail, but less fecund and slower-growing than the 

typical form. Given this information, one would predict that 

Chthamalus populations should be monomorphic stands of typicals in the 

absence of Acanthina (as in the southern and central Gulf of 

California) and monomorphic stands of bents in areas of intense 

predation (see Chapter 3). For the two forms to coexist, predation by 

Acanthina would be expected to be heterogenous in its distribution. 

Acanthina emerge from crevices in continuous rock platforms, 

the undersides of small boulders, and other sources of refuge (such as 

dense stands of the large barnacle, Tetraclita stalactifera confinis) 

when exposed by low tides (Lively, personal observations). They feed, 

primarily on Chthamalus (Yensen 1979, Turk 1980, Dungan 1984), until 

they are once again inundated, at which time they return to refuges. 

I have suggested elsewhere (Lively unpublished) that this behavioral 

cyclicity on the part of Acanthina (and some other gastropods in the 

Gulf of California) is in response to fish predation--as appears to be 

the case for some tropical gastropods in Panama (Bertness et. ale 

1981) • 
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It is, therefore, reasonable to suspect that the risk of 

barnacle predation by Acanthina is highest in the near vicini ty of 

crevices and other sources of refugia. This suspicion is further 

supported by the results of transect samples (Chapter 2) which 

indicated that barnacle cover increased with increasing distance from 

crevices at Punta Pelicano. A similar pattern of sessile prey 

densities and the presence of carnivorous gastropod refugia is 

-reported by Menge (1978). The purpose of the present study was to 

experimentally examine the null hypothesis that predation intensity is 

independent of remoteness of Acanthina refugia and to access the 

effects of such refugia on the structure of the Chthamalus population 

with respect to the dimorphism. 

Methods and Materials 

To determine the role of Ancanthina in producing the observed 

"crevice effect", I selected 8 sites at Punta Pelicano, a granitic 

shore 8 km west of Puerto Penasco, Sonora, Mexico (see Fig. 3). All 8 

sites were exposed to direct wave action and were distributed between 

1 and 2 meters above mean low water (MLW). In addition, each of the 

sites had a minimum radius of ~O cm within which the substrate was 

unbroken by cracks and crevices which were subjectively judged to be 

suitable as refuges for Acanthina. 

At each of the 8 sites, ~ quadrats (15 x 15 cm) were 

established: 2 "near" «20 cm) and 2 "far" (>~O cm) from the crevices. 

On 5 Jan., 1980 all 32 of these quadrats were cleared of organsims by 

scraping, and then "sterilized" by burning with a propane torch. One 
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"near" quadrat and one "far" quadrat at each of the eight sites was 

then randomly selected for erection of an exclosure fence. The fences 

were 15 x 15 cm at the base and were 2.5 cm high. They were 

constructed from galvanized steel mesh (hole size: .73 mm) and were 

attached using lead anchors and screws (through 2.5 cm bent-out 

flanges) on all four sides. The fences were positioned .5 mm above 

the substrate to allow passage underneath by limpets while 

simultaneously preventing entry by Acanthina. The fences were 

replaced every two weeks, if necessary, and on only one occasion was 

one temporarily lost before it could be replaced. The fences were 

permanently removed approximately one year later (on 6 Feb, 1981). 

The establishment and succession of sessile species on the 32 

quadrats was monitored by recording the'organisms directly under each 

of 100 randomly placed dots on a piece of transparent plexiglass (10 x 

10 cm in area and 3.1 mm thick) when centered in the middle of the 

quadrats. This allowed a 2.5 cm wide buffer zone between the edge of 

the quadrat (or fence) and the area sampled. The quadrats were 

sampled approximately every month for the first 14 months and then at 

6 to 10 week intervals thereafter for an additional three years. 

Results and Discussion 

The results of the above experiment are presented in Fig. 14 

and are consistent with the hypothesis that predation by Acanthina is 

greater near crevices which provide refugia for Acanthina during 

periods of tidal inundation. Approximately one year after 

sterilization of the quadrats, in Dec. of 1980, per cent cover by 
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Fig. 14. Results of the distance/exclosure experiment and 
succession study. Open circles indicate bents and filled circles 
indicate typicals; dashed lines indicate fenced sites and solid lines 
indicate control si tes. The fences were removed (see arrow) in Feb., 
1981, and the data for both fenced and control sites were combined for 
1982 and 1983. Per cent cover has been arcsine transformed (see Zar 
1974). Vertical bars are one standard error of the mean. 
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typicals was significantly lower (see Table 18) in near, unfenced plots 

than in near, fenced plots and in far sites both fenced and unfenced. 

No difference was observed between the means of the latter three 

treatments (Table 18), suggesting that there was no effect of fences 

independent of excluding Acanthina and that predation by Acanthina had 

no significant effect on the density of typicals "far" from crevices. 

Per cent cover by bents, conversely, was significantly higher (Table 

19) in near, unfenced·plots than in fenced plots near crevices or far 

plots (fenced and unfenced). No significant differences. were observed 

(Table 19) between the latter three treatments where bents were 

essentially absent (Fig. 14). 

Following removal of the fences in Feb. of 1980, a sharp 

decrease was observed in the density of Chthamalus in the previously 

fenced near plots near crevices which was not observed in the any of 

the other plots (see Fig. 14). This is consistent with the 

conclusions reached above and indicates a rapid response by Acanthina 

to dense stands of Chthamalus near crevices. A concurrent increase in 

bents was also observed in these sites, presumably due to the 

conditional response of juvenile Chthamalus to the presence of 

Acanthina. 

Throughout this study, temporal fluctuations in the densities 

of the two morphs were consistent with the seasonal foraging patterns 

of Acanthina. Acanthina was observed in this study and is reported 

elsewhere (Dungan 1984) to forage predominately from September through 

May; only very 1 ight foraging was observed between June and September. 

During the summers, when foraging is light, typicals increased and 



Table 18. ANOVA summary table and Student-Newman-Kuels 
multiple comparisons test of per cent cover by typicals after one 
year in the distance/exclosure experiment. Per cent cover was 
arcsine transformed. NC=near control; NE=nearexclosed; FC=far 
control; FE=far exclosed. 

Analysis of Variance 

Source df SS MS F probe 

Main effects 
Exclosures 1 1657.44 1657.44 15.43 <.001 
Distance 1 1917.66 1917.66 17.85 <.001 

Interaction 1 1746:40 1746.40 16:26 < ;001 
Error 28 3007.84 107.42 
Total 31 8329.35 

Student-Newman-Kuels Multiple Comparisons Test 

Comparison Difference SE q P probe 

FC & NC 71.83-41.57=30.26 3.66 8.28 4 <.001 
FC & NE 71.83-70.74=1.09 3.66 0~30 3 >;50' 
FC & FE 71.83-71.45=0.38 3.66 0.10 2 >.50 
FE & NC 71~45-41.57=29.88 3~66 8.16 3 <.001 
FE & NE 71.45-70.74=0.71 3.66 0.19 2 >.50 
NE & NC 70.74-41.57=29.17 3~66 7:97 2 <;001 

Conclusion: NC<NE=FE=FC 
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Table 19. ANOV A summary table and Student-Newman-Kuels 
multiple comparisons test of pel" cent covel" by bents after one 
year in the distancelexclosure experiment. Pel" cent covel" was 
arcsine transformed. NC=near control; NE=near exclosed; FC=far 
control; FE=far exclosed. 

Analysis of Variance 

Source df SS MS F probe 

Main effects 
Exclosures 1 510.00 510.00 13.97 <.002 
Distance. 1 576.73 576~73 15~79 <.001 

Interaction 1 510~00 510~00 13.97 <.002 
Errol" 28 1022.46 36.52 
Total 31 2619;19 

Student-Newman-Kuels Multiple Comparisons Test 

Comparison Difference SE q P probe 

NC & FC 16.48-0.00=16.48 2.14 7.71 4 <.001 
NC & FE 16~48-0.00=16.48 2.14 7~71 3 < ~ 001 
NC & NE 16.48-0.51=15.97 2~14 7.46 2 <.001 
NE & FC 0~51-0.00=0.51 2.14 0.24 3 >.50 
NE & FE 0.51-0.00=0.51 2.14 0.24 2 >.50 
FC & FE 0.00-0.00=0.00 2.14 O~OO 2 >.50 

Conclusion: NC>NE=FE=FC 
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bents decreased in density; the opposite result was observed from Fall 

through Spring, when foraging is heavy. In all cases the fluctuations 

were weaker (or even absent) in far plots than in near plots. 



CHAPTER 7 

SUMMARY AND DISCUSSION 

The primary purpose of this study was to determine how two 

discrete forms (i.e. morphs) of the acorn barnacle, Chthamalus 

anisopoma, coexist on rocky intertidal shores in the northern Gulf of 

California. One form (called "typical") is distributed throughout the 

Gulf of California and has the conical, volcano shape which is 

characteristic of acorn barnacles; the other form (called "bent") is 

restricted to the northern Gulf and grows bent-over so that a plane 

through the rim of the aperture is perpendicular to the substrate, 

rather than parallel as in the typical form. It is argued in Chapter 

1, that in order to determine how two (or more) morphs coexist, it is 

necessary to determine the nature of the polymorphism (i.e. 

genetically or environmentally determined) and assess the costs and 

benefits of the alternative morphs under the environmental conditions 

which prevai l. 

Two hypotheses were suggested in Chapter .2 regarding the 

adaptive significance of the bent form following analysis of the 

within- and between-shore distribution patterns of the two barnacle 

morphs: 

1. The exposure hypothesis. Because the bent form was found to 

increase, and the typical form to decrease, with increasing 

tidal height on two exposed shores and because the bent form 
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was more common on a protected (low wave splash) shore, it was 

suggested that the bent form is more resistant to exposure 

stress (desiccation, thermal extremes) than the typical form. 

2. The predation hypothesis •. Because the bent form is more 

closely associated' with cracks and crevices which provide 

refuge and breeding sites for a barnacle-eating gastropod 

(Acanthina angelica) it was suggested that it may be more 

resistant to predation by this gastropod. 

These two alternative, but not mutually exclusive, hypotheses 

were experimentally tested along with whether the dimorphism is 

environmentally-determined by biotic or abiotic variables associated 

with predation and exposure stress, or whether the morphs are randomly 

determined by genetic means or by a stochastic environmental cue. The 

results conferred no support for the hypotheses that the bent form is 

more resistant to exposure stress or that it is an environmental 

response to physical factors associated with exposure stress (i.e. 

tidal height and low wave action). I also found no evidence to 

suggest that the bent form is randomly determined and either settling 

from the plankton at random or actively seeking exposure-stressed 

microhabitats for settlement. The results were consistent with the 

hypothesis that the bent morph is more resistant than the typical form 

to predation the by carnivorous gastropod, Acanthina angelica, and 

that it is a developmental response to the presence of this common 

intertidal species. 

That the bent morph is a developmental response to Acanthina 
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provides a proximate explanation for some of the distribution patterns 

reported for this morph in Chapter 2. First, populations of 

Acanthina, like the bent form of the barnacle, appear to be restricted 

to the northern Gulf of California. The bent form is apparently 

absent from the central and southern regions of the Gulf (see Fig. 3) 

because the stimulus for its development is also absent. Second, The 

association of the bent form with cracks and crevices which provide 

refuge for Acanthina during periods of tidal inundation is likely to 

be due to: 1. an enhanced probability of contact with Acanthina during 

the period in which juvenile Chthamalus are sensitive to the cue; and 

2. selective predation by Acanthina on adult typicals in such areas. 

The association of bents with the protected shore at Santa Rosa and 

the increase of bents with tidal height within the Chthamalus zone on 

exposed shores is more difficult to explain. I have, however, 

observed a similar increase in the density of Acanthina (unpublished 

data) at an exposed site at Punta Pelicano (see also Mackie and Boyer 

1977). 

Acanthina angelica is a carnivorous snail which specializes on 

barnacles (Paine 1966) and most commonly penetrates the test by 

pushing its labial spine (see Keen 1971) through the opercular valves 

(MacGinitie and MacGinitie 1968, and Chapter 4 of the present report). 

The spine is then withdrawn and the barnacle is consumed without 

recourse to drilling through the walls of the test. Perry (1983) has 

recently shown that this process, which she calls "spining", is more 

efficient than drilling for ~ spirata attacking ~ fissus and Balanus 

glandula on the California coast. Direct observations and 
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experimental studies indicated that the bent-over morphology of ~ 

anisopoma is more resistant than the typical form to predation of this 

type, by virtue of having the plane of the aperture tipped 

perpendicular to the substrate, thereby ·hindering direct insertion of 

the spine. 

Given that the bent form is more resistant to predation by a 

common predator, it should have become canalized (Waddington 1953) 

and replaced the typical form, as well as the conditional strategy 

(grow bent only in the presence of Acanthina), unless there is a cost 

(in terms of fitness) to adopting the bent-over morphology (see 

Chapter 3 for a mathematical treatment). Two possible costs were 

experimentally considered in Chapter 5: 

1. Interference inferiority. The bent form may be an inferior 

competitor for space in the absence of predation by Acanthina, 

perhaps due to blockage of the operculum or by crushing of the 

lateral .plates on the "short" side under crowded conditions. 

If so, it would be expected to have a lower survi vorship when 

crowded by typicals would than typicals of the same size when 

similarly crowded by typicals. 

2. ExplOitative inferiority. The bent form may be inferior in 

its ability to convert resources into offspring. This may result 

from a greater energetic investment in the test or constraints 

placed by the bent condition on growth or reproduction. 

I found no evidence to suggest that the bent form is an 

inferior competitor for space. Survivorship was not significantly 
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lower for bents when crowded by typicals than for typicals when 

similarly crowded by typicals. The bent form, however, grew more 

slowly and brooded fewer eggs per unit size than the typical form. 

There was no evidence to indicate that these costs to fitness were the 

result of a greater material investment in the test of the bent form. 

This suggests that the reduced growth rate and fecundity of the bent 

form is due to structural or feeding constraints imposed by the bent 

condition. 

Because the bent-over morphology is a developmental response 

to the presence of Acanthina, the two morphs are not necessarily 

expected to have the same fitness at equilibrium as would be the case 

for genetically-determined morphs (see Dawkins 1980, Maynard Smith 

1982). Given that bents grow slower and are less fecund, they may be 

expected to produce fewer offspring during their lifetime than 

typicals. Therefore. the conditional strategy. "grow bent-over in the 

presence of Acanthina", appears to be one which attempts to maximize 

fitness in a predation-stressed environment by increasing 

survivorship. 

Given the information presented thus far, one would predict a 

monomorphic population of typicals in the absence of Acanthina 

predation, as is the case in the central and southern Gulf of 

California, and a monomorphic population of bents in areas of intense 

predation by Acanthina. For the two morphs to coexist, as they do in 

the northern Gulf of California, the environment must be heterogeneous 

with respect to predation pressure. The results of field experiments 
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pr~sented in Chapter 5 demonstrate this to be the case. Per cent 

cover by typicals, and barnacle cover in general, was significantly 

less in fenced sites near to crevices «20 cm) than in control sites 

far from crevices (>40 cm) and in fenced sites both near to and far 

from crevices. Conversely, percent cover by bents was significantly 

higher in fenced sites near to crevices than in the other 3 site 

types. These results are consistent with the hypothesis that 

predation by Acanthina is heavier in the near vicinity of its refuges. 

These experiments also indicated a temporal effect of Acanthina on the 

population structure of ~ anisopoma with respect to the dimorphism. 

Near to crevices, typicals increased and bents decreased during the 

summer months (in the northern hemisphere) when Acanthina are 

relatively inactive (Dungan 1984, Lively unpublished data). The 

converse was observed during the remaining part of the year when 

Acanthina are actively feeding and breeding (Turk 1981). Such 

fluctuations were less obvious far from crevices. 

Hence, the within-shore overlap in the distribution of the two 

forms is probably due to spatial and temporal "noise" in the foraging 

activity of Acanthina. Alternatively, or possibly in combination, the 

ESS may be a mixed strategy of conditional and typical morphs.(Chapter 

3). That is, some proportion of individuals develop as bents in the 

presence of Acanthina, and the remaining fraction develop as typicals 

whether or not the cue is sensed. 

In summary, the proximate explanation for the coexistence of 

the bent-over and typical forms on rocky shores in the northern Gulf 

of California is that at least some proportion of individuals develop 
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as bents in response to a cue (the presence of Acanthina) which is 

both spatially and temporally heterogeneous in its distribution. The 

ultimate explanation would appear to be that there is a trade-off 

between predation resistance and exploitative dominance (defined here 

as the capacity to generate offspring) in an environment which is 

similarly heterogeneous with respect to predation intensity. 

There has been recent interest in conditional strategies for 

the determination of sex, morphology and behavior (Charnov 1982, 

Charnov and Bull 1977, Lloyd 1984, Maynard Smi th 1982, Thornhill and 

Thornhill 1983). Environmentally-determined polymorphism may be. 

thought of as a conditional strategy in which discrete forms, 

incapable of easily reversing their phenotypes, are developmental 

responses to their environment (Dobzhansky 1970). As indicated 

previously, the fitnesses of environmental morphs need not be 

equilibrated by frequency-dependent selection in order coexist as long 

as the conditional strategy which generates them is stable against 

invasion by a pure (i.e. unmixed) unconditional strategy (e.g. a 

canalized monomorphism). Conditional dimorphisms appear to be 

uninvasible (i.e. they are evolutionarily stable strategies; see 

Maynard Smith and Price 1973) when one morph, which has reduced 

fitness in the better patch (or behavioral situation), is a 

developmental response to, and better adapted to survival in, a 

relatively harsh patch (or behavioral situation). Dawkins (1980) has 

termed this phenomenon "making the best of a bad job". 
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There are several examples of "making the best of a bad job" 

which are conceptually similar to the barnacle dimorphism presented 

here. Gilbert (1966) found that the rotifer, Brachionus calyciforous, 

develops spines when exposed as juveniles to a chemicai cue released 

by the predatory rotifer, Asplanchna brightwelli. The spined form was 

found to be more resistant than the unspined form to predation by ~ 

brightwelli. Bryozoans have similarly been observed to produce spines 

in response to nudibranch predators (Yoshioka 1982); the production of 

spines, as in rotifers, reduces the susceptibility of predation but 

results in a reduced fecundity. Grant and Bayley (1981) have shown 

that members of the Austral ian Daphnia pulex "complex" grow crests 

which reduce the risk of predation by notonectids. As was the case 

for bryozoans, the production of crests is at the expense of egg 

production. A similar response to predators was found by Kruegar and 

Dodson (1981) in North American ~ pulex. Finally, Eberhard (1981) 

suggests that a short-horned morph in a dimorphic population of male 

beetles, Podischnus agenor, is a developmental response to low 

resource availability. It is competitively inferior to a long-horned 

form in aggressive contests for females, but by emerging earlier, it 

may obtain some matings before the long-horned form emerges. However, 

the nature of this dimorphism has not been directly determined and 

genetically-determined morphs maintained by frequency-dependent 

selection cannot be ruled out. 

It has generally been assumed that genetic and environmental 

determination of behavior or morphology (including sex) are mutually 

exclusive. The results of the game theory model (chapter 3), however, 
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suggest that this may not be the case. Under some conditions, the ESS 

may be a mixture of conditional (environmental) and unconditional 

(genetic) forms. Because the same morph type is produced by two 

different strategies in the same population, I have referred to such a 

mixture of pure strategies as a higher-order mixed strategy (HOMS). 

It is important to note here that I am using "mixed" here to indicate 

a mixture of strategies between individuals, instead of within 

individuals in space (the multiple strategies of Lloyd 1984) or within 

individuals expressed randomly over time as originally defined for 

behavioral strategies in animal conflicts (Maynard Smith 1982). 

There is some evidence of HOMS in natural populations. For 

example, Clark (1978) reports on a nematode which, under conditions of 

high density (indicated by a metabolite), has a tendency to become 

male. No more than 16% of individuals, however, were found to respond 

to the cue even when it was applied in excess. It therefore appears 

that some individuals are conditional strategists and become 

parthenogenetic females under low density and males when in high 

density and some individuals are unconditional strategists and became 

females whether or not they are in the presence of the cue. I cannot 

determine from the results of the experiments in the previous chapters 

whether such a mixture of strategies underlies the barnacle test 

dimorphism discussed here. 

An additional aspect of the game theory model presented in 

chapter 3 is of interest with respect to the high degree of overlap 

observed between the two barnacle morphs. This is that a conditional 



94 

dimorphism is an ESS over at least some frequencies of patch types as 

long as the sum of the probabilities of making the ''wrong'' choice is 

less than one. The range of patch-type frequencies under which a 

conditional dimorphism is stable increases ~s this sum approaches 

zero. 

I understand the biological importance of this to be as 

follows: For many (if not most) of the conditional dimorphisms known, 

there is only one cue and it is usually associated with the harsher 

patch type. Conditional strategists which sense the cue develop the 

resistant morphology (or appropriate behavior); individuals which do 

not sense the cue assume the "default" morphology (or behavior) which 

is usually that of the competitve dominant. Given this situation, the 

cue can be absent (i.e. wrong) from the harsh patch most of the time 

as long as it does not slop over into the benign patch with any 

appreciable frequency and the conditional strategy can still be an 

ESS. 

With respect to the barnacle dimorphism discussed here, the 

cue (presence of Acanthina) would seem to be much less than perfectly 

correlated with high predation risk microhabitats for at least two 

reasons: }. even near to refu~ia for Acanthina, predation is often 

patchy and variable during the breeding season (personal observation, 

Turk 1981); and 2. Acanthina are not actively foraging during the 

summer months when settlement by ~ anisopoma is at its maximum 

(Mal usa 1983). Hence indi v idual barnacles which set tIe in high 

predation risk microhabitats (e.g. near a crevice) may not receive the 

cue prior to committing their development to that of the typical 
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(default) morphology. The result of this would be expected to ba one 

of a high degree of overlap between the two forms, which appears to be 

the case for the Chthamalus dimorphism. 
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