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Gradients of physical disturbance are central to

theories of community organization yet rarely are studies

performed in which physical factors are experimentally

manipulated. Pothole tidepool algal communities exhibit

distinct zonation patterns from top to bottom that result

from scouring by rocks and other debris in the pools.

Scouring is easily manipulated by removing or adding rocks

to tidepools. Thus, the gradient of physical disturbance

potentially causing community patterns can be manipulated

to test theories of community organization.

I documented the distribution pattern of algae

inhabiting pothole tidepools and measured a number of

physical factors which were hypothesized to be responsible

for the observed zonation patterns. Then, I experimentally

evaluated the roles of physical disturbance, herbivory, and

competition in these tidepool communities. I found that

scouring by rocks was primarily responsible for the

observed zonation patterns in pothole tidepools. However,



not all pools are potholes. Evaluation of the physical

properties effecting the cobble-retaining ability of

tidepools enabled prediction over a broad geographic range

of pools likely to have cobbles and thus show typical

pothole algal zonation patterns.

Coralline algae (Rhodophyta, Corallinaceae) are a

dominant feature of tidepools as well as many low

intertidal and subtidal habitats. I evaluated the relative

resistance of coralline algae (both articulated and

crustose forms) and other common tidepool algae to scouring

by rocks. Coralline crusts were highly resistant to

scouring while articulated coralline algae are very

susceptible to scouring. Erect fleshy algal species showed

intermediate resistance to scouring. This corresponds well

to observed algal zonation patterns in intertidal potholes.

Based on this information, I proposed that wave-induced

scouring may have been the selective force for the initial

incorporation of calcium carbonate into algal thalli.
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Algal Community Structure and Organization
in High Intertidal Rockpools

INTRODUCTION

Physical disturbances in the form of hydric, mechanic,

thermal, and photic stresses are an important factors in

determining the distribution and abundance of organisms in

nature (See Sousa 1984 for a review). Gradients of

physical disturbance often produce zonation patterns of

organism as well as patterns of biological interactions

(Menge and Sutherland 1987, Menge and Farrell 1989).

Despite the apparent importance of physical factors in

producing biological patterns, researchers have rarely

experimentally manipulated physical disturbance (but see

Sousa 1979). To fully test theories of community

organization which predict the importance of biological

processes along gradients of physical harshness (Connell

1975, Menge and Sutherland 1987), the importance of

biological interactions must be evaluated in the presence

and absence of the physical gradient.

Ideally, ecological studies of communities strongly

influenced by physical disturbance should not only document

patterns of distribution and abundance of organisms but

also the patterns of disturbance over space and time. Then

the study should experimentally evaluate the possible

causes of the observed patterns. Finally, the generality

of the patterns and processes can be determined. What is
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the spatial and temporal scale over which the patterns and

processes exist? How predictable is the system over space

and time? The goals of this dissertation are to 1)

document patterns of distribution and abundance of

organisms in a particular community as well as the patterns

of physical disturbance, 2) determine the processes which

cause the observed biological and physical patterns, 3)

assess the generality of the patterns and processes over a

wide geographic range, and 4) relate the evolutionary

history of some of the organisms studied to the documented

patterns and processes.

The algal community in intertidal potholes (round,

steeply sided tidepools) shows distinctive zonation

patterns. In chapter 1, I document these zonation

patterns. Around the upper margins of the pools, Corallina

vancouveriensis is most abundant. Other articulated

coralline species and erect fleshy algae are found just

below the C. vancouveriensis zone with the coralline

species extending slightly further down. Below these erect

algae, crustose algae, especially coralline crusts,

dominate. At the pool bottoms, few organisms are seen and

bare space is abundant. These zonation patterns correlate

well with measured rates of scouring at different levels in

the pools. Scouring occurs due to the movement of rocks

and other debris in the pools at high tide.
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In chapter 2, I test the hypothesis that cobble scour

produces the observed patterns of algal zonation in

intertidal potholes by manipulating the presence or absence

of cobbles in artificial tidepools. Simultaneously, I

manipulate the abundance of herbivores and coralline algae,

allowing assessment of the importance of physical factors,

herbivory, and competition in the presence and absence of a

gradient of physical harshness.

There is also variation in biological communities

between pools (Dethier 1984). In chapter 3, I investigate

the factors which cause potholes to retain rocks and

consequently show the typical zonation patterns described

above. Pool side steepness was manipulated and the cobble

retention abilities of pools were assessed under a variety

of wave conditions. With this information, I predicted

which pools would show algal zonation patterns over a broad

geographic range.

The results of the first three chapters suggest that

some algal types are more resistant to scouring than

others. Specifically, coralline crusts are tougher than

both articulated corallines and erect fleshy algae. In

chapter 4, I assess the scouring resistance of various

types of algae found in pools. I then use this information

to propose a theory of the initial evolution of

calcification in algae, demonstrating the importance of

ecological understanding in evolutionary inferences.
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Chapter 1

FACTORS INFLUENCING ALGAL ZONATION IN OREGON TIDEPOOLS:
THE RELATIVE IMPORTANCE OF PHYSICAL FACTORS AND COMPETITION

Abstract

The patterns and causes of algal zonation in small,

steeply sided tidepools (potholes) were investigated.

Zonation was quantified by estimating the percent cover of

all algal species as a function of pool depth. From top to

bottom, algal zones were erect coralline and fleshy algae

(pool edges), crustose coralline algae (pool sides), and

bare rock (pool bottoms). These zonation patterns were

extremely persistent. Erect fleshy algae fluctuated

seasonally, with peaks in abundance during the summer.

Seasonal variations were consistent between years, not only

among all pools but also within individual pools.

The relative importance of physical factors and

competition in determining these patterns was assessed.

Two physical factors, cobble scour and salinity, were

examined. Scouring by rocks and other debris was measured

by monitoring paint loss on painted plexiglass plates at

three different depths in the pools. Scouring, which was

greatest at the pool bottoms and declined in intensity up

the pool sides, may determine the lower limit of the erect

fleshy and erect coralline algae, allowing the scour

resistant coralline crusts to be more abundant lower in the

pools. Salinity fluctuated dramatically near the pool
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surface but remained relatively constant deeper in the

pools. These fluctuations may determine the upper limit of

the coarsely branched articulated coralline species.

Because the finely branched Corallina vancouveriensis is

likely to be more resistant to these variations in

salinity, it predominates at the pool edges. Competition

was evaluated by reciprocally removing erect fleshy and

erect coralline algae. After the removal of erect fleshy

or erect coralline algae, only very slight changes were

observed over 18 months, suggesting that competition is

relatively unimportant in determining algal distribution

and abundance in these pools.
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Introduction

Knowing the relative importance of biotic and abiotic

factors in controlling the distribution and abundance of

species in nature is essential to our understanding of

natural communities. Connell (1983) and Schoener (1983)

both reviewed the literature to assess the importance of

competition in nature. Abiotic forces have similarly been

reviewed for their importance in nature (Sousa 1984).

These syntheses have shown that both competiton and

physical forces can be important determinants of spatial

and temporal patterns seen in nature. Therefore, the

relative importance of competition and abiotic factors must

be assessed simultaneously to ascertain under what

conditions each will be important.

Sousa (1984) identified several different physical

factors that can disturb a community, differing in their

intensity, frequency, or severity. If a physical factor is

more intense or frequent in one part of a community than

another, then a gradient of physical disturbance will

result. Such a gradient can lead to zonation patterns

among the organisms living in the community. Species that

can better withstand disturbance will be found where the

disturbances are more frequent and intense; those less

resistant will be confined to more benign areas of the

gradient.
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As the intensity or frequency of disturbance declines,

the less-resistant species may be allowed to occupy a

greater proportion of the community, and the more-resistant

species may decrease in abundance because of the

competitive effects of the less-resistant species. In this

way, variations in the intensity of disturbance over time

can lead not only to changes in the relative abundance of

the organisms but also to changes in their distributional

patterns.

In this study I investigated the role of physical

disturbance and competition for space in structuring the

algal community in small, round (20-50 cm diameter and 10-

50 cm depth) tidepools with relatively steep sides and

rounded bottoms. These pools, called "potholes," result

from the scouring action of rocks in the holes, and

typically contain rocks and other debris. I show that this

community is subject to very frequent, low intensity, and

low severity disturbance at high tide when the rocks are

moved in the pools by waves, scouring the pool sides and

bottoms. This physical disturbance occurs frequently,

during virtually every high tide, and varies in intensity

from greatest at the pool bottoms to least near the pool

edges. The algae living in the pools exhibit

characteristic zonation patterns along this gradient of

physical disturbance. The more disturbance-resistant

species, crustose coralline algae, are found near the pool
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bottoms; erect fleshy and articulated coralline algae are

found higher in the pools. The pool bottoms are mostly

bare (Figure 1.1). During the summer, errect fleshy algae

are abundant, occupying more of the visible space. In

winter, however, erect fleshy algae lose many of their

fronds and the remaining fronds become tattered by heavy

wave action (Figure 1.1).

This study had three parts. First, I quantified the

zonation patterns of algae living in these pools by

estimating the percent cover of each algal species as a

function of depth within the pools. Pools were sampled

over 30 months, allowing observations of any seasonal and

yearly variations in community structure. Second, I

examined patterns of physical disturbance and salinity

stress. The rate of scouring was measured at three depths

in the pools over two years to ascertain the intensity, and

seasonal and yearly variations of this disturbance.

Salinity was also measured at various depths in tidepools

to determine if this physical factor could lead to any

distributional patterns seen in the algae. Third, I

investigated the influence of competition for space on

algal abundance. The two major types of space occupiers in

this community, erect fleshy and articulated coralline

algae, were reciprocally removed. From these observations

and experiments, I assessed the zonation patterns, rate of

physical disturbance, and competitive ability of major
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space occupiers. Thus, I was able to assess the relative

importance of competition and physical factors in

determining the observed algal zonation patterns.

Herbivores were not abundant in the pools studied here, and

the effect of grazers in similar tidepools is assessed

elsewhere (Chapter 2).
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Methods

Study site and samplina methods

Pools were studied at Boiler Bay on the central Oregon

coast (44°50'N, 124°03'W) about 27 km north of Newport.

Farrell (1988) describes this site in detail. The pools

studied were on a horizontal bench consisting of rapidly

eroding sandstone, which is part of the Astoria formation.

The cliffs surrounding the bench were all rapidly eroding,

supplying rock debris to the area. The 15 pools, located

between 1.0 and 1.5 m above mean lower low water, were

submerged at least once a day by the mixed semidiurnal

tide.

To quantify the abundance of algal species in

tidepools, I constructed a plexiglass box with a 12 X 12 cm

grid consisting of 100 evenly spaced squares marked on one

side of the box. Data were obtained for entire pool sides

to 24 cm deep and organisms were counted row by row to

estimate abundance for each 1.2 cm row in the pool. I

counted the number of squares primarily occupied by each

species. Only non-mobile species that I could see without

moving other species were counted; no attempt was made to

determine primary space occupancy. One permanent plot in

each pool of the 15 pools was censused every 2-4 months for

30 months.

This technique for estimating percent cover may have

underestimated the abundances of some types of algae since
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larger species may visually obscure shorter species.

However, most of the algae in the pools studied formed a

turf and did not overlap. The technique used did not allow

estimates of percent cover greater than 100% of all groups

combined, and only rarely did any one group reach 100%

cover. Thus, I believe that the percent cover estimates

accurately reflect biomass or "actual" abundance of at

least the larger types of algae.

To evaluate the amount of overlap by erect fleshy and

erect coralline algae, I censused plots used for the

competition experiment (see below) before and after removal

of erect coralline algae and erect fleshy algae (Figure

1.2). Removal of erect coralline algae resulted in an

increase in the apparent cover of coralline crusts and bare

space (Figure 1.2A). Removal of the erect coralline fronds

made their crustose bases visible, increasing the estimated

cover of coralline crusts. Occasionally, the holdfast of

an erect coralline branch was also removed along with the

branch creating more bare space. Removal of erect fleshy

algae resulted in an apparent increase in percent cover of

erect corallines and coralline crusts (Figure 1.2B). Since

erect fleshy algae grow slightly larger than erect

coralline algae in the spring, when these observations were

performed, and obscure coralline crusts all year, the

removal of erect fleshy algae in the spring led to the

apparent increase in both coralline groups. Both erect
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types of algae obscured about 15-20 percent of the

coralline crusts, and erect fleshy algae obscured about 20

percent of the erect coralline algae in the spring.

Physical factors

Two physical factors that vary with depth in tidepools

were measured: salinity and scouring by rocks and other

debris. Other factors, such as light intensity and

temperature, may also vary with depth in tidepools, but the

ones measured were thought to be the most important in

determining algal distributional patterns. These two

physical factors occur frequently on the Oregon coast;

scouring occurs during every high tide and precipitation is

not uncommon in this area.

To measure salinity, water samples were drawn into a

hydrometer from three different depths--the surface, 6 cm,

and 12 cm--in twenty pools with nearly identical sizes and

shapes. Salinity was determined from the density of the

water measured by the hydrometer and the concurrently

measured water temperature. Care was taken in sampling not

to mix the water in the pools in any way. I was interested

only in low salinities which were presumed to be the most

likely times which the distribution of an alga may be

limited. Because low salinity extremes are caused by

precipitation during low tide, measurements were made on
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only rainy days. High salinities during the summer months

were rare.

To determine the relative amount of scouring at

different depths in tidepools, paint removed by scouring

from painted plexiglass plates fixed to the pool walls was

measured at three depths in tidepools. Permanent bolts

were secured into the substrate at three different heights

in four pools. One bolt was at the bottom of every pool,

two bolts each at the mid and high levels in three pools

and three bolts each at the mid and high levels in the

final pool. Plexiglass plates (8 x 8 cm) were secured to

these bolts so that the bolt did not protrude above the

plate. Plates were uniformly coated with an opaque gray

primer paint (Nybco brand). The paint did not deteriorate

in seawater. I placed control plates in seawater for the

duration of the first trial and observed no loss of paint.

All plates for each trial were painted at the same time and

before their depth was assigned to avoid possible bias from

differential painting. The amount of paint may have varied

between dates, but I tried to keep it constant, applying

the paint until the plate was just opaque. The plates were

left in the pools for about 60 days and then retrieved.

The amount of paint removed by scouring was measured

on a light table by estimating the amount of light shining

through each plate. A thin cardboard square with 100

randomly placed pinholes was placed over the plate, and the
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number of holes with light shining through was recorded,

which gave the percent paint lost for each plate. To allow

comparisons between trials with different numbers of days,

total paint loss was divided by the number of days in the

trial to yield percent paint loss per day. This procedure

was repeated in all four seasons for two years. Only two

pools were used for the first two trials. The final two

pools were added just before the third trial.

Competition Experiments

In all of the potholes studied, virtually all of the

space was occupied by algae, except near the bottom. This

distribution suggested that competition between algal

species living in the upper areas of the pool could be

intense. If competition was important, large changes in

the cover of other algae would be expected if one of these

groups of algae was removed. To assess the competitive

relations between erect fleshy algae and articulated

coralline algae, a reciprocal removal "press" (sensu Bender

et al. 1984) experiment was performed. The three

treatments were: (1) removal of all erect fleshy algae; (2)

removal of all erect coralline algae, including Corallina

vancouveriensis; and (3) an unmanipulated control. The

experiment was replicated in eight pools in a randomized

block design. Percent cover was estimated by the same

technique described above to estimate algal abundance in
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pools. Percent cover of erect fleshy algae, articulated

coralline algae, coralline crusts, bare space, and other

organisms was monitored on the same day before and after

the manipulations were performed. Thereafter, new

coralline or erect fleshy recruits were removed from their

respective removal plots and monitoring occurred every 1-2

months for 18 months.

pata Analyses

If absolute depth in pools was used for analyses, then

I would be making comparisons of the bottom of a shallow,

12 cm deep pool to the middle of a 24 cm deep pool. To

compare the middles and bottoms of all pools I adjusted for

differences in pool depth, ranging from 12 to 24 cm, by

converting actual depth to relative depth by averaging the

percent cover in adjacent rows in pools deeper than 12 cm.

Adjacent 1.2 cm sampling rows (see above) were averaged as

necessary to obtain a total of ten rows. For example, in a

pool 24 cm deep (20 rows), every row was combined with an

adjacent row; in a pool 18 cm deep (15 rows), only five

rows were combined with adjacent rows. The most central

rows were always combined first and the rows at the top or

bottom of the pool were combined last. This technique

yielded a percent cover of organisms for ten different

levels in all pools. These adjustments did not alter the
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sample size or the average percent cover throughout the

pool.

To facilitate analysis and interpretation, algal

species were lumped into five broad categories: (1) erect

fleshy algae (EF), (2) articulated coralline algae, except

C. vancouveriensis (EC), (3) C. vancouveriensis (CV), (4)

coralline crustose algae (CC), and (5) bare space (BA)

(Table 1.1). To compare distributions of these groups,

their abundance as a function of relative depth in each

pool on each date were fitted to a quadratic least squares

regression. Since the groups did not vary linearly with

pool depth, a higher order regression was required to

describe the data. A quadratic rather than a cubic or

higher order regression was used to keep the number of

coefficients low. Each best fit line is described by three

beta coefficients: the constant, first order, and second

order coefficients in the quadratic function. These

coefficients determine the shape and placement of the best

fit line. The three coefficients describing the best fit

line through each group were compared by one-way ANOVA to

compare one coefficient from all groups or MANOVA to

compare all coefficients simultaneously. If differences

were found between groups, then they were considered to

have significantly different distributions within the

pools.
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All other comparisons were made using ANOVA techniques

where possible. The assumption of homogeneity of variances

was tested using F-max tests, and the assumption of

normality was examined visually by inspecting probability

plots. If the raw data violated either of these

assumptions, the data were normalized using the

transformation, log, square root, or arcsin, which best

normalized the data; otherwise, the raw data were analyzed.

If the data still violated any assumptions, the test was

performed on the data having the least heteroscedasticity,

either transformed or raw, and the violation of assumptions

is indicated.
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Results

Algae living within intertidal potholes exhibited

distinct zonation patterns (Figure 1.3). Corallina

vancouveriensis was found around the edges at the top of

the pool and rapidly declined in abundance down the sides.

Erect fleshy algae were also most abundant at the top, but

this group extended deeper into the pool and did not

decline as rapidly as C. vancouveriensis. Articulated

coralline algae showed peak abundance a little less than

half way down the pool sides. Crustose corallines were

most abundant at about three quarters the depth of the

pool. Finally, bare space increased dramatically at the

bottom of the pools.

The quadratic regressions fit the data quite well,

explaining significant amounts of the variation in the

abundance of all groups (Figure 1.3). Comparisons between

the quadratic curves yielded significant differences

between all of the algal groups (Table 1.2). The curves of

erect corallines and crustose corallines were very similar;

they were statistically different only when all three

coefficients were analyzed together in a MANOVA. These two

curves differed mainly in the Y-intercepts, with the

crustose corallines having a lower value and being

distributed further down in the pools (Figure 1.3). In all

other comparisons, specific coefficients differed (Table
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1.2). This analysis showed that each group had a unique

distribution in the pools studied.

The groups of major space occupiers also varied with

season (Figure 1.4). Erect fleshy algae showed the most

dramatic changes over the year, being most abundant in the

summer (June-September). Three other groups--crustose

corallines, C. vancouveriensis, and bare space--varied over

time and were most abundant in winter (December-March).

Erect coralline algae did not vary seasonally. Although

the abundance of tidepool algae fluctuated seasonally, the

magnitude of the change was consistent between years. For

example, erect fleshy algae increased to nearly identical

abundances each summer and decreased to about the same

values every winter. The other algal types showed

similarly predictable fluctuations over the years.

Salinity varied significantly with pool depth (Figure

1.5). Mean salinity was constant in the deeper areas of

the pools at 6 and 12 centimeters, but decreased

dramatically at the surface. Rainwater running into the

pools, being less dense than seawater, tends to float on

the pool surfaces creating a halocline. The variation

between pools was high; some pools exhibited greatly

reduced surface salinity, but others did not. This

variation is probably because the pools received

differential amounts of freshwater runoff related to

microtopographical differences. Note that these
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differences in salinity were only measured during rainy

days and are probably not applicable every low tide.

The amount of scouring by rocks and other debris also

varied with depth in the pool and over seasons and years

(Figure 1.6). The lowest depths consistently had the most

scouring, and the upper level had the least. The mid-depth

was subjected to an intermediate amount of scouring.

Significant differences between all depths were found only

in summer 1987. Significant differences were found between

some of the depths in half of the trials, but always with

the same trend. When averaged over all time periods the

mean scouring rate showed significant differences between

all levels in pools (Figure 1.7). The highest rate of

scouring recorded occurred in fall 1986 and winter 1987 at

the lowest depths, coinciding with seasonal storms, but the

scouring rate increased less dramatically the following

winter. Scouring rates in the middle of the pools

exhibited seasonal variations similar to those in the lower

depths, but no seasonal variations were found in the upper

areas of the pools.

The results of the reciprocal-removal experiment are

shown in Figure 1.8. For the unmanipulated algal groups,

the percent cover on the initial date after the first

removals was subtracted from the percent cover observed on

each subsequent date for each plot, to yield the change in

percent cover. This eliminated the possibility of one
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erect group of algae visually obscuring the other erect

group. For the algal groups being removed, the percent

cover before removal on the initial date was subtracted to

give a change in percent cover. A value of zero indicated

that the abundance of a group in a treatment did not change

since the starting date. A positive or negative value

meant that the abundance increased or decreased since the

start of the experiment. The effects of the treatments

should be compared to the control values to account for

seasonal variation in the abundance of algae.

The treatments were usually effective in reducing the

amount of erect coralline or erect fleshy algae. The

removal plots showed significantly reduced abundances of

the removed species relative to the controls, except on two

dates of erect coralline removal and during the winter in

the erect fleshy removal treatments (Figure 1.8A,B). The

absence of a significant decrease in fleshy algal abundance

where these algae were removed during the winter was

probably due to the low abundance of erect fleshy algae at

that time (Figure 1.4).

In response to the removal of erect fleshy algae,

erect corallines were significantly less abundant than in

controls on only one date (Figure 1.8A). When erect

corallines were removed, erect fleshy algae seemed to

increase in abundance, but significant differences were

found in only two of ten cases (Figure 1.8B). At the end
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of the experiment, erect fleshy algae in the erect

coralline removal and control plots had almost exactly the

same relative percent cover. Differences were found in the

relative abundance of crustose coralline algae in all

treatments, but only one clear trend is evident. The

amount of coralline crusts seemed to have decreased in the

manipulated plots relative to the unmanipulated plots

(Figure 1.8C).

In summary, few significant changes occurred when

either erect coralline or erect fleshy algae were

continually removed from tidepools. Erect corallines may

have decreased slightly in response to the removal of erect

fleshy algae. Erect fleshy algae may have increased

slightly upon removal of erect coralline algae, but there

was no difference from controls at the end of the

experiment. Coralline crusts may have decreased slightly

because of the removal of either group.



23

Discussion

Factors controllina alaal distribution

Algae inhabiting mid to high intertidal potholes

exhibited distinct patterns of zonation (Figure 1.1,1.3).

The finely branched C. vancouveriensis was found primarily

near the pool edges. Erect fleshy algae were most abundant

at the edges but could be found throughout the pool.

Articulated coralline algae were found at the mid-depths of

pools, and crustose corallines were found just below the

articulated corallines. Finally, bare space predominated

near the pool bottoms. Padilla (1984) found similar

patterns in larger tidepools in Oregon and Washington.

Physical factors may explain many of the algal

zonation patterns observed here, but, in some cases,

biological forces may also be important. Corallina

vancouveriensis, found near the pool surfaces, is composed

of very dense clusters of fine branches. This morphology

reduces desiccation, allowing this plant to survive in

areas where other coralline species cannot, such as on

emergent substrate (Padilla 1984). Because desiccation is

just a special case of diffusion and convection--of liquid

water into the surrounding air as water vapor (Campbell

1977, Vogel 1988)--algae that are resistant to desiccation

are also likely to resist diffusion of freshwater into

their fronds. Because C. vancouveriensis is relatively

resistant to desiccation, it should be more resistant than
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other coralline species to the dramatic changes in salinity

found at the pool surfaces. Thus C. vancouveriensis may

dominate pool edges, at least in part, because it is

resistant to changes in salinity found there. The lower

limit of C. vancouveriensis may be set by two factors.

First, competition with other algal types may inhibit

vancouveriensis from growing lower in pools. Second, the

slight amount of scouring at the lower edge of the

vancouveriensis zone may keep C. vancouveriensis from

growing deeper in pools. The results of this study do not

address these two hypotheses for the lower limit of

vancouveriensis.

Scouring probably determines the lower limits of the

different algal groups; algal types that are more resistant

to scouring are found lower in the pools (Chapter 4).

Scouring removes all of the algae from the pool bottoms,

accounting for the dramatic increase of bare space seen

there. Erect corallines are very brittle and are less

resistant to scouring than the crustose corallines (Chapter

4). This difference explains why coralline crusts are

found lower in pools than erect coralline algae. Although

the difference between the fitted curves was slight, the

actual peak of abundance of crustose corallines was lower

than the fitted peak (Figure 1.3). The actual peak of

erect corallines was above the fitted peak, suggesting that

these groups have more distinct distributional patterns
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than indicated by the fitted curves. The lower limit of

the erect fleshy algae may also be explained by the effects

of scouring. Erect fleshy algae decline in abundance where

scouring becomes intense.

Seasonal Variations

Erect fleshy algae showed the most dramatic seasonal

changes in abundance (Figure 1.4). The percent cover of

this group increased from about 10% in the winter to about

40% in the summer. The seasonal fluctuations of this group

were about the same magnitude over two years, suggesting

that regrowth in the spring and summer comes from basal

crusts present all year. Each spring and summer, the basal

crusts produced about the same number of erect fronds, and

each fall these erect parts were damaged and broken by the

effects of winter storms (Pers. obs.). This interpretation

is strengthened by the observation that seasonal variations

are consistent within each pool, as well as among all pools

combined. Wolfe and Harlin (1988) observed a similar

situation, in which abundance of macroalgal species in

Rhode Island tidepools showed seasonality, but each pool

had about the same amount of each species at the same time

every year.

The slight seasonal fluctuations of the other algal

groups can be attributed to the variation in abundance of

erect fleshy algae. All other algal groups showed peaks in
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abundance in the winter. Because erect fleshy algae, when

fronds are large, may visually obscure other groups, the

abundance of erect and crustose coralline algae may be

underestimated. In comparing the abundance of the

different algal groups with and without erect fleshy algae

on the same day, erect and crustose coralline algae

apparently increased in abundance with removal of erect

fleshy algae (Figure 1.2A). The amount of apparent change

resulting from removal of erect fleshy algae is about the

same as the seasonal changes observed in these groups

(Figure 1.2A).

The algae in this community showed little change over

two years, and the seasonal changes that occurred were

highly regular. Other studies of tidepools on the east

coast of the United States (Femino and Mathieson 1980, Sze

1982, Wolfe and Harlin 1988) and in Washington state

(bethier 1982, 1984) show fairly dramatic seasonal

fluctuations in the abundance of algal species inhabiting

tidepools. Whether or not seasonal variations in the pools

studied by these authors are consistent within particular

pools is not known, except in the case of Wolfe and Harlin

(1988). The greater seasonal variation observed by all of

these authors may be explained, at least in part, by the

highly seasonal weather in their study areas compared to

the fairly constant weather found at my study site.
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Annual freezes on the east coast of the United States

may kill or inhibit the growth of various species of

tidepool algae. During a rare freeze, in 1989, on the

Oregon coast, I observed that much of the coralline algae

showed heavy bleaching, indicative of dead tissues. If

freezing conditions occurred annually on the Oregon coast,

it could lead to seasonality in algae which decreases in

abundance occur due to freezing and increases in abundance

occur due to regrowth in warmer seasons.

Many species of tidepool algae have been observed to

bleach or reduce growth rates after being subjected to

severe heating (Dethier 1982, 1984, Femino and Mathieson

1980, Wolfe and Harlin 1988). On the east coast, summer

temperatures can get quite high and these often correspond

with daytime low tides, leading to extreme temperatures in

tidepools. Dethier (1982, 1984) performed her studies on

the outer coast of Washington state and in the San Juan

Islands. During the summer, the San Juan Islands can be

subjected to warm daytime temperatures and low tides occur

frequently in mid day, leading to high tidepool

temperatures. In contrast, the outer coast of Washington

and Oregon rarely have warm summer temperatures and the low

tides usually occur early in the morning. In addition,

temperatures rarely, if ever, were high enough to affect

algae in the pools studied because the site received very

little direct solar radiation. These observations suggest
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that high summer temperatures in tidepools may lead to the

greater seasonality of tidepool algae observed by other

workers.

Relative Importance of Competition and Physical Factors

Despite removal of the major space occupiers, few

changes took place (Figure 1.8). The changes that were

observed supported the competition hypothesis only in the

case of the removal of erect coralline algae resulting in a

slight and temporary increase in erect fleshy algae. The

other changes observed, slight decreases in abundances of

erect and crustose corallines, were opposite of the changes

expected if competition was important. This result is in

contrast with the current paradigm that competition is

intense in rocky intertidal areas where space is limiting.

It seems likely that space is limiting in this community,

considering that about 95% of the available space is

occupied. However, competition between the upright fornds

of erect algal groups does not seem to be important in

controlling the abundance of algae in this community on the

short time scales investigated here. However, competition

may be important on a longer time scale than that observed

here, but there were no trends to indicate that competition

would become important if the experiment were run longer

than 18 months (Figure 1.8). An alternative explantion for

the observed lack of competition between erect algae is
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that competition occurs between the crustose bases of the

plants rather than between the upright fronds examined here

so removal of the fronds did not lead to any observed

competition. Another possibility is that competition may

be occurring between species within a group but not between

groups. Any competitive effects observed in this study

were between erect coralline and erect fleshy algae which

have very similar distributions in pools. Thus, even if

competition is important in determining the abundances of

erect algae it is unlikely to have any effect on the

distribution of these algal groups.

The distribution of algae in potholes seems to be

determined primarily by physical factors. The lower limits

of most types of algae correlate well with scouring from

rocks and other debris in the tidepools. In the upper

areas of the pools, the abundance of C. vancouveriensis may

be maintained by extremes in salinity limiting the growth

of other types of algae. Although few competitive

interactions were demonstrated in this study, this biotic

process may explain the lower limit of C. vancouveriensis.

Competition between basal holdfasts may also determine the

relative abundances of erect fleshy and erect coralline

algae, but competition is unlikely to set the upper or

lower limits of erect algae. In these pools, where

herbivores are rare and comptition is undetectable over

short time scales, physical factors seem to be important in
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determining the distribution and abundance of algae than

biological factors.
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Table 1.1. List of species and algal groups found in the
tidepools studied. Stars indicate species comprising more
than 20 percent of a group.

Coralline Crusts (CC)
*Pseudolithophvlum whidbevense
Lithothamnion sp.
*Basal crusts of erect coralline algae

Erect Corallines (EC)
*Corallina vancouveriensis (CV)
*Corallina officinalis
*Eossiella sp.
*Calliarthron tuberculosum

Erect Fleshy Algae (EF)
*Odonthalia floccosa
*Neorhodomela larix
ulvoid algae
polysiphonous algae
Microcladia borealis
Plocamium cartilaaineum
Hvmenena sp.
pilsea californica
Iridaea sp.
Halosaccion alandiforme

Other Organisms
Balanus alandula
Chthamalus dalli
Stronavlocentrotus ourouratus
Anthopleura xanthoarammica
Anthopleura eleaantissima
sponges
crustose fleshy algae
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Table 1.2. The beta coefficients derived from the
quadratic regressions describing the distribution of the
various groups. Each entry is the mean value (jSE) of the
beta coefficients averaged over all six time periods,
giving a sample size of six. The Y-intercept positions the
curve along the y-axis. The linear term positions the peak
along the x-axis. The quadratic term determines the
orientation of the curve, whether it opens up (positive) or
down (negative), and its curvature (larger values are more
curved). Values for each coefficient are statistically
indistinguishable if they have the same letter to the right
of the value (one-way ANOVA and SNK post-hoc test).

COEFFICIENT

GROUP Y-Interceot joinear Ouadratic

CV 4.410 (0.80)a -0.993 (0.01)c 0.056 (0.01)

EF 4.060 (0.88)a -0.071 (0.11) -0.026 (0.01)

EC 0.290 (0.33)b 0.966 (0.12)d -0.101 (0.01)e

CC -0.800 (0.25)b 1.188 (0.19)d -0.095 (0.02)e

BA 1.976 (0.20) -1.191 (0.10)c 0.165 (0.01)
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Figure 1.1. Sketch of a typical tidepool showing the
distribution of algae in the pool during summer and
winter.



SUMMER WINTER

L

Figure 1.1

cD°
0

L.77

Cv = Corallina vancouveriensis
NI = Neorhodomela larix
Of = Odonthalia floccosa
EC = Articulated Corallines
CC = Crustose Corallines
FC = Fleshy Crusts



35

Figure 1.2. The change in observed percent cover of all
algal groups immediately after erect coralline (A) and
erect fleshy (B) algae were removed. A star above a pair
of bars indicates that that group changed significantly in
cover after the treatment (p<0.05, paired t-test). See
Table 1.1 for group codes (BA=bare space).
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Figure 1.3. Percent cover of the five groups of space
occupiers as a function of relative depth in 15 tidepools
over 30 months (dashed lines) and quadratic regressions
(solid lines).
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Figure 1.4. Seasonal variation of the five groups of space
occupiers over the duration of the study. Each point
represents the abundance of that group in all 15 pools
averaged over all depths.
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Figure 1.5. The salinity of water in 20 tidepools as a
function of depth measured on a rainy day. Error bars
represent one standard error of the mean, and the two lines
to the right connect statistically indistinguishable means
(p=0.05, one-way ANOVA and Student-Nueman-Keuls (SNK) post-
hoc test). However, the variances in this analysis are not
homogeneous.
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Figure 1.6. The scouring rate at three different depths in
the pools, upper (U), middle (M), and lower (L) over 2
years. The arrow indicates the addition of the two new
pools, and the numbers next to the symbols indicate sample
size. Error bars represent one standard error of the mean.
Symbols at the bottom of the graph not joined by a line
indicate that they are statistically different (p=0.05,
one-way ANOVA and SNK post-hoc test).
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Figure 1.7. The scouring rate at three levels in pools
averaged over all time periods. All three bars are
statistically different from the others (one-way ANOVA and
SNK post-hoc test). Error bars represent one standard
error of the mean.
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Figure 1.8. The change in percent cover since the
starting date in three groups of space occupiers in
response to three treatments: 0----40 = erect coralline
removal, 0 0 = erect fleshy algae removal, and X _

unmanipulated control. Arrows indicate a significant
difference between the control value and the indicated
point (One-way ANOVA, p=0.05).
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Chapter 2

EXPERIMENTAL EVALUATION OF THE ROLES OF PHYSICAL
DISTURBANCE, HERBIVORY, AND COMPETITION IN TIDEPOOLS

Abstract

Despite the broad recognition that the effects of

physical factors underly many theories of community

organization, physical factors are rarely experimentally

manipulated. Artificial pothole tidepools provide a system

in which both physical and biotic factors can be

manipulated. In a multifactorial experiment, using

stainless steel mesh lids, I manipulated cobbles,

herbivores, and coralline algae, a major space occupier in

these pools. Cobbles produced a gradient of physical

disturbance in the pools. Thus, I was able to evaluate the

relative importance of physical disturbance and biotic

interactions in determining tidepool community structure

along a gradient of physical harshness. This experiment

was performed at both wave-exposed and wave-protected sites

to ascertain the effect of wave exposure on the outcome of

the experiment. The effects of the lids on physical

properties of the pools was addressed.

Despite difficulties maintaining cobble removals,

scouring by cobbles generally reduced the abundance of

organisms in pools or limited them to higher areas in pools

or both. The effects of cobbles were especially apparent
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on pool bottoms or on the distribution of algae, suggesting

that there was a strong gradient of scouring where cobbles

were not removed. This gradient led to the zonation

patterns observed in the pools.

Herbivores had no effect on algal distributions in

tidepools, but they seem to have contributed strongly to

the differences observed between exposed and protected

sites. At protected sites herbivorous snails were abundant

and led to a high proportion of coralline algae and more

bare space. However, these snails were not manipulated to

test the cause of this observation.

Coralline algae recruited evenly throughout the pools

but became restricted to pool tops due to post settlement

factors. Removal of corallines resulted in an increase in

the abundance of fleshy crustose algae at both sites, but

fleshy crusts did colonize all of the space made available

by coralline removals. This suggests that corallines may

preempt space from fleshy crusts but that there is some

other factors which limit colonzation by fleshy crusts.
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Introduction

Many factors can affect the distribution and abundance

of organisms in natural communities. Competition,

predation, recruitment, and physical factors can all have

major effects on community structure. A number of authors

have tried to combine all or a subset of these factors into

theories which allow prediction of the structure and

organization of communities (Hairston et al. 1960, Connell

1975, Menge and Sutherland 1976, 1987). Most recently,

Menge and Sutherland (1987) predicted the relative

importance of competition, predation, recruitment, and

physical factors along gradients of physical harshness and

recruitment. Previously, Connell (1975) and Menge and

Sutherland (1976) proposed similar theories based on a

gradient of environmental stress as the underlying force

driving the proposed mechanisms. These authors suggested

that physical harshness can be of utmost importance in

determining the organization of a community. Despite this

potential importance of physical factors, there is little

experimental evidence for the role of physical factors in

determining the distribution and abundance of organisms in

a community, especially in rocky intertidal regions. In

only one case has a physical force been shown to be

important to the structure and organization of a community

by experimental manipulation (Sousa 1979). There have

been, however, a number of studies which have evaluated the
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role of competition, predation, physical disturbance, and,

to a lesser extent, recruitment in structuring communities

along gradients of physical harshness (Dayton 1971, Menge

1976, 1978a, 1978b, 1983,). These studies, however, lack

experimental evidence for the role the physical factor

plays in creating the gradient of physical harshness.

Typically, these investigations manipulate biotic factors

at different sites varying in their physical harshness, and

infer the influence of physical stress from between site

differences in experimental results. For example, Dayton

(1971) manipulated consumers and competitors at a variety

of sites in Puget Sound, which is relatively protected from

waves, and on the exposed Washington coast. He also

evaluated the roles of log damage and desiccation at the

different sites. With the additional evidence presented in

the paper, Dayton (1971) convincingly argued the importance

of physical stress in determining community structure.

Dethier (1984) documented a variety of different kinds

of communities in tidepools, but the mechanisms determining

which community type is found in a tidepool were not

completely understood. She presented evidence that both

competition and physical factors may determine the type of

community in a pool. Some types of pools do show

consistent patterns of community structure. Communities in

intertidal pothole tidepools (steeply-sided, roughly

circular tidepools) have been shown to to have distinct



53

zonation patterns along a depth gradient within the pools

(Padilla 1984, Chapter 1). There is a gradient of physical

disturbance, scouring by rocks and other debris, within

these pools (Chapter 1). The most intense scouring occurs

at the pool bottoms and declines in intensity up the pool

sides. The zonation pattern of algae within pools

corresponds to this gradient of physical harshness. At the

pool bottoms there is little algae, and on the pool edges

there is a lush growth of erect fleshy and articulated

coralline algae. Between the bare space at the pool

bottoms and the stand of erect fleshy algae there is a zone

of crustose algae, both fleshy and corallinaceous. In the

present study, I manipulated the amount of scouring within

pools to test the importance of this physical factor on the

structure of tidepool communities. To simultaneously

assess the roles of predation and competition in tidepools,

I manipulated herbivores and the dominant space occupier,

coralline algae. This experimental design allowed the

evaluation of the relative importance of physical

harshness, competition, and predation in communities with

and without a gradient of physical disturbance.
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This study was carried out at Boiler Bay on the

Central Oregon Coast (Figure 2.1). The site was located in

a cove at the back of the bay and was divided into an

exposed site, located at the mouth of the cove, and a

protected site at the cove base (Figure 2.1). Both sites

were on rock benches consisting of weakly cemented and

rapidly eroding (1-2 cm per year) sandstone. Both benches

were at about the same tidal level, 1.0-1.5 m above mean

lower low water, and were largely sheltered from direct

sunlight by a large cliff on the south side of the cove.

Farrell (1986) and van Tamelen (Chapter 1) describe this

site in detail. The two current study sites were located

about 20 meters shoreward and seaward of the natural pools

investigated in chapter 1. The natural pools of chapter 1

were intermediate in wave exposure to the sites used in

this study.

The algae observed in this study were categorized into

groups reflecting four distinct morphologies similar to

those described by Littler and Littler (1980). Calcified

algae include all those species which incorporate calcium

carbonate into their cell walls (Corallinaceae,

Rhodophyta). Non-calcified, or fleshy algae, were

taxonomicaly diverse, including members of the Rhodophyta,

Phaeophyta, and Chlorophyta. These two functional groups
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were further divided on the basis of growth form into

erect, foliose forms and crustose forms. All articulated

coralline algae begin growing as small crusts and then

sprout branches and form intergenicula, the articulations

between the hard calcified parts of the plant (Wray 1977).

These were recorded as crustose coralline algae before any

branch articulations could be identified. The branches

were the only part recorded as erect coralline algae. Some

of the coralline crusts were actually crustose phases of

erect coralline algae, but these crusts are difficult to

distinguish from true crusts which never produce

articulations. The species found in this study are listed

in Table 2.1 by group and taxonomic affliation.

Experimental Design

To eliminate size, shape, and historical differences

among pools as potential confounding effects, I chiseled 40

pools out of the two intertidal benchs from 6 to 25 June

1986. All new pools were about the same size and shape:

circular (diameter = 23.93 ± 1.17cm SE) with vertical sides

and horizontal bottoms (depth = 13.48 ± 1.32cm SE). Each

pool was at least 75 cm from the nearest artificial or

natural pool.

To test the role of scouring by rocks, herbivores, and

competition for space on the development and organization

of tidepool communities, I performed a factorial design
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experiment (Figure 2.2). All four combinations of the

presence and absence of rocks and herbivores were

established in entire pools. At the exposed site both

rocks and herbivores were included or excluded by securing

stainless steel mesh covers over the pool. Stainless steel

mesh lids were initially used at the protected site but

caused excessive sedimentation in the pools. I thus

removed them after 10 months of the experiment and excluded

herbivores with copper based paint (Cubit 1984, Paine 1984)

and manipulated rocks manually. Coralline algae, the major

space occupiers in this community, were manipulated on one

randomly selected side of each pool by manually picking off

all new recruits on each sampling date (Figure 2.2). Since

it is impossible to distinguish erect and crustose

corallines just after settlement, all coralline algae were

removed. All treatments were maintained as "press"

treatments (Bender et al. 1984) for two years.

Manipulations were then discontinued and community recovery

was monitored for an additional 1.5 years (Farrell 1988).

This design allows full assessment of experimental

treatments and potential indirect effects, best seen in

"press" experiments, while also revealing insight into

community resilience and other aspects of community

dynamics.

The experimental design was thus a split-plot

randomized block design (Petersen 1985) with two factors--
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rocks and herbivores--evaluated on the whole plots (pools)

and coralline algae evaluated on the split-plots (pool

sides) (Figure 2.2). Each block (=replicate) of the

experiment consisted of five pools, and there were four

blocks at both the exposed and protected sites. At the

exposed site, four of the pools representing all possible

combinations of rocks and herbivores had lids and the final

pool served as a control to test for the effects of the

lids. In each block at the protected site, two pools were

completely surrounded by copper paint to remove herbivores,

and two additional pools had a broken ring of paint around

them, allowing access to herbivores. The amount of paint

used on each of these treatments was kept approximately

equal by painting wider broken rings than entire rings.

There was no copper paint around the final pool which was

analogous to the pool without a lid at the exposed site.

The whole pool treatments, cobbles and herbivores, were

randomly assigned to pools in each block, and the coralline

algal removal treatments were randomly chosen within each

pool.

Monitoring and analyses

The experiments were begun in June 1986 and monitored

every three months through April 1988 when manipulations

ceased. Community recovery was monitored in July 1988,

December 1988, and August 1989. Manipulations were always
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maintained just after sampling, which consisted of removal

of limpets (herbivores) from herbivore removal pools,

removal of new coralline algal recruits from the coralline

algal removal plots, and removal or replenishment of

cobbles where needed.

The percent cover of sessile organisms on pool sides

was quantified using an inverted periscope (Chapter 1).

Data were either gathered in the field (September 1986 and

August 1989), or the plots were photographed for analysis

at a later time. The inverted periscope had a 12x12cm grid

consisting of 100 1.2x1.2cm squares. All data were

recorded on a row by row basis to detect vertical patterns

of space occupancy. When taking data in the field, I

counted the number of squares dominated by each species on

each row of the grid. The slide photographs were projected

onto a screen with a systematic array of dots marked on it.

There were 22 dots per row and 220 dots per plot. The

proportion of dots which fell on a species was recorded for

each row and each plot. Only dots in which accurate algal

group determinations could be made were counted with this

method, so the total number of dots may have been lower

than 22 per row or 220 per plot. With both methods of

determining cover only areas submerged by water were

recorded. In addition, on some of the sampling dates the

percent cover of bare space, gravel, and all organisms on

the pool bottoms was visually estimated.
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Distributional patterns of the algal groups and bare

space were quantified by regressing the percent cover of

each group on row number with row 1 being at the top of the

pool and row ten at the bottom. If the slope of the best

fit line was positive, it indicated that the group was

found more abundantly at the bottom of the pool. If the

slope was negative, it indicated that the group was found

more at the top of the pool. If the slope was zero it

either indicated no relationship between abundance and

depth in the pool or that the group was most abundant in

the middle of the pool.

To quantify the abundance of mobile organisms and

recruitment of sessile organisms into relatively bare areas

density counts were taken. These densities were recorded

for whole pools by counting large (>1 cm) and small (<1 cm)

limpets on 21 Oct 1987.

To estimate the degree to which stainless steel mesh

lids may have affected the physical environment of the

pools, I estimated both light and maximum wave force in and

out of pools at both sites. Light was measured using a

photovoltaic cell encased in plexiglass and sealed with

silicon. The voltage produced by the cell was proportional

to the amount of light striking the cell (r1=0.99, df=8,

p<0.001). For each pool, the voltage output of the cell

was recorded with and without a lid at the top, the middle,

and the bottom. Maximum wave force was measured using a
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device similar to that used by Denny (1982). Dynamometers

were fastened with bolts to the center of the bottom of

pools with and without lids and out of pools on the

surrounding rock. Four estimates were taken: two over 24

hour periods in late September 1989 and two over two week

periods in October 1989.

The effect of the lids and copper paint on the

biological communities was assessed by comparing the

unmanipulated pools, those without lids or copper paint, to

the pools with lids or copper paint representing the

"natural situation". The natural situation at the exposed

site was with cobbles absent and herbivores present since

rocks were not retained in these pools. The natural

situation at the protected site since rocks were retained

in these pools was with both herbivores and rocks present.

Physical differences between the sites were also

quantified. Comparisons of light intensity and maximum

wave force were made using the data collected to assess the

effects of cages on the physical environment of pools (see

above). Movement of marked cobbles placed in exposed and

protected pools was determined by quantifying the number

retained for 24 hours on several occasions throughout the

experiment.

Another factor that can impact rocky shores is wave-

borne logs (Dayton 1971). The frequency of this factor was

estimated by noting damage to bolts from floating logs.
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The bolts were used to hold the lids over the pools and

each lid had the same number of bolts at each site at the

beginning of the experiment. After the last sampling date

in August 1989 the number of bolts missing, bent, or broken

were counted at each site.

Data analyses used ANOVA techniques. Statistical

tests were run using Systat (version 3.0) or SAS (version

6.01). Repeated measures analyses were used on time series

data when at least three sampling periods were performed

during the time of the press experiments. The two sampling

periods after manipulations were terminated were analyzed

with independent, univariate tests. If the raw data

violated an assumption of ANOVA, the numbers were

transformed using one of three methods--log, square root,

or arc-sin transformations--whichever best normalized the

data. The cases where these transformations did not

alleviate the heteroscedasticity are indicated in the

results section.
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There were differences in the rate of colonization and

final algal composition between the two sites (Figure 2.3).

However, the successional sequence in unmanipulated pools

was the same as that observed in the pools which received

experimental treatments. Fleshy algae were the first

colonists in both areas. At the exposed site, erect fleshy

algae initially occupied about 20 percent of the space and

increased slightly throughout the experiment. At the

protected site, fleshy crusts initially increased to occupy

about 10 percent of the space and then declined when

coralline algae colonized. Coralline crusts colonized both

sites at about the same time, in spring and summer 1987,

reaching a maximum of 10-35 percent cover. Erect coralline

algae colonized faster and reached greater final abundances

at the exposed site, covering up to 70 percent of the

space. At the protected site erect corallines appeared

later and only reached about 40 percent cover at the end of

the experiment. After 3 years on the final sampling date,

the exposed pools were dominated by erect algae, both

coralline and fleshy with little crustose algae visible.

The protected site, in contrast, lacked erect fleshy algae

but had significant amounts of both types of crustose algal

groups.
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Effects of Treatments: Bare Soace

The amount of bare space on the pool sides was

affected most by the removal of all coralline algae (Figure

2.4, Table 2.2). At the exposed site, algal removals

resulted in about 25% more bare space (Algae (A) main

effect p=0.002, Table 2.2). After treatments were

terminated, bare space decreased in plots which had

herbivores. At the protected site, the presence of cobbles

resulted in an increase in the amount of bare space in

plots where coralline algae were not removed (CxA

interaction p=0.005, Table 2.2). On the last sampling date

when treatments were no longer being applied there was less

bare space where cobbles and corallines had been removed.

At the exposed site, there was a strong trend to more

bare space lower in pools with cobbles than without cobbles

(Cobble (C) main effect p=0.054, Figure 2.5, Table 2.2).

At the protected site, cobbles had the same trend (C main

effect p=0.069, Figure 2.5, Table 2.2). Removing algae

resulted in bare space being evenly distributed throughout

the pools as opposed to being more abundant at the pool

bottoms when corallines were not removed (A main effect

p<0.001, Figure 2.5, Table 2.2). On the final sampling

date bare space was lower in pools with both cobbles and

algae present but higher in pools with corallines removed

and cobbles present (Figure 2.5, Table 2.2).
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On the pool bottoms, cobbles increased the amount of

bare space at the exposed site (Figure 2.6). This effect

of cobbles remained for one sampling date after treatments

ceased. There were no significant effects of cobbles on

pool bottoms at the protected site (Figure 2.6).

On the pool bottoms there was about 50% cover of bare

space at the end of the experiment, while there was only

about 10% cover of bare space on the pool sides (Figures

2.4, 2.6). This suggests that cobbles and gravel in the

pools may have affected the pool bottoms more than the pool

sides.

Overall, the effect of cobbles on the amount of bare

space was either to create more bare space (protected site)

or to limit bare space to lower in the pools (both sites)

(Figures 2.4, 2.5, Table 2.2). Also, cobbles caused more

bare space to be present on the pool bottoms at the exposed

site (Figure 2.6). The algal removals resulted in more

bare space at the both sites and a more even distribution

of bare space (Figures 2.4, 2.5, Table 2.2). It is

important to keep in mind that these effects occurred

during the the successional process, so bare space

continually declined throughout the experiment as the pools

were colonized by algae and animals.
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Community Structure: Exposed Pools

Continuous removal of both articulated and crustose

corallines resulted in about 20% less cover of both

coralline crusts and erect coralline algae (Figure 2.7,

Table 2.3). In coralline removal pools crustose corallines

invaded shortly after treatments were terminated. Shortly

thereafter erect corallines became abundant in coralline

removal pools and crustose corallines declined in

abundance. Erect coralline algae were more abundant in the

upper parts of pools where corallines were left intact

(Figure 2.8, Table 2.4). Fleshy crusts were found higher

in pools where coralline algae had been removed especially

when cobbles were also removed (A main effect p<0.001, CxA

interaction p=0.029, Figure 2.8, Table 2.4).

The percent cover of sessile animals increased 10-15%

in the presence of herbivores, especially when cobbles were

absent (H main effect p<0.001, CxH interaction p=0.036,

Figure 2.7, Table 2.3). Erect fleshy algae also decreased

from about 45% cover to about 15% cover in the presence of

herbivores and the presence of cobbles enhanced this effect

(H main effect p<0.001, CxH interaction p=0.033, Figure

2.7, Table 2.3). Animals were found slightly higher in

pools when herbivores were present (H main effect p=0.040,

Figure 2.8, Table 2.4).

On the pool bottoms at the exposed site, cobbles

caused a reduction in the amount of erect corallines,
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fleshy crusts, and erect fleshy algae (Figure 2.9).

Coralline algal abundance increased in the presence of

herbivores. The abundance of erect fleshy algae increased

when herbivores were present and cobbles were removed

(Figure 2.9).

Community Structure: Protected Pools

At the protected site, algal removals decreased the

percent cover of crustose coralline by about half and

virtually eliminated erect corallines (Figure 2.10, Table

2.5). Fleshy crusts slightly increased their abundance

when corallines were removed (A main effect p=0.001, Figure

2.10, Table 2.5). Coralline algae were found higher in

pools where corallines were left intact (Figure 2.11, Table

2.6). The abundance of sessile animals was slightly higher

in the presence of cobbles and the absence of coralline

algae (C main effect p=0.039, A main effect p=0.033, Figure

2.10, Table 2.5). Animals were lower in pools where

coralline algae were removed (A main effect p=0.023, Figure

2.11, Table 2.6).

Cobbles reduced the abundance of coralline crusts from

about 15% cover to about 5% cover where corallines were not

removed (CxA interaction p.0.004, Figure 2.10, Table 2.5).

There were almost no erect corallines when cobbles were

present and corallines were removed (CxA interaction

p=0.006, Figure 2.10, Table 2.5). Fleshy crustose algae
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were more abundant and higher in pools when cobbles were

present (C main effect p=0.010, Figure 2.11, Table 2.6).

Erect fleshy algae decreased from about 15% cover to almost

zero percent cover in the presence of herbivores (H main

effect p=0.001, Figure 2.10, Table 2.5). Animals were

higher in pools where herbivores were present (H main

effect p=0.007, Figure 2.11, Table 2.6).

Fleshy crusts decreased from about 15% cover to about

5% cover in the presence of herbivores early in the

experiment (Figure 2.12). There were no other significant

treatment effects on the abundance of algae on protected

pool bottoms, but cobbles also tended to reduce the

abundance of fleshy crusts.

Community Resilience

After manipulations were terminated, coralline algae

began recovering immediately (Figures 2.7, 2.10). Crustose

corallines showed no effects of their removal on either of

the last two dates at both sites (Tables 2.3, 2.4, 2.5,

2.6). At the exposed site, erect corallines increased in

abundance where they had been removed but never to the

levels where they were left intact during the experiment (A

main effects p<0.001 time 7 and p=0.034 time 8, Figure 2.7,

Table 2.3). Erect corallines initially colonized the pool

tops when recovering from coralline removals but the

distribution was still not as strong as in non-removal
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pools (A main effect p=0.009 on time 7, Figure 2.8, Table

2.4), and crustose corallines become more abundant at the

pool bottoms (A main effect p=0.041 on time 7, Figure 2.8,

Table 2.4). Fleshy crusts showed a variety of effects

after treatments were terminated (Tables 2.3, 2.4). Most

of these effect were probably related to the recovery of

coralline algae after treament termination.

At the protected site, fleshy crusts continued to show

the effects of cobbles for one sampling date (C main effect

p=0.029 on time 7, Table 2.5). Erect fleshy algae

increased dramatically when treatments were terminated in

coralline removal plots (A main effect p=0.036 on time 8,

Figure 2.10, Table 2.5). The distributions of fleshy

crusts, erect corallines, and animals also showed

significant differences after treatments were terminated

(Table 2.6). As with the exposed site, these changes seem

to mainly due to recovery of corallines after their

removal.

Treatment Effectiveness

The herbivore removal treatments effectively reduced

the density of limpets at both sites (Figure 2.13). Both

the total number of limpets and the number of large limpets

in removal pools were about half that in the non-removal

pools. The number of small limpets was not reduced at the

exposed site but there were fewer small limpets at the
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protected site in herbivore removal pools. However, at the

protected site the herbivorous turban snail, Teaula

funebralis, was abundant (7=21.8 per pool). Copper paint

did not reduce the number of Teaula even after one day (P.

van Tamelen, Pers. Obs.). Thus, the protected herbivore

removal pools had fewer limpets but not fewer snails than

the non-removal pools. Teaula was not abundant at the

exposed site so the herbivore removals were more effective

at reducing the total herbivore density than at the

protected site.

The cages were effective in maintaining the cobble

treatments at the exposed site for rocks larger than the

mesh size of the cages. No large rocks were ever found in

exposed pools which were designated "minus cobble"

treatments. Sedimentation occurred during the experiment

and some pools, regardless of treatment designation,

collected various amounts of sand and gravel (Table 2.7).

Due to the movement of rocks, manual manipulation of

cobbles at the protected site was less effective than the

lids at the exposed site. There were no significant

differences in the number of large or small rocks on the

two dates surveyed (Table 2.8). This manipulation was

probably still somewhat effective since the rocks were

removed from pools once every two months and slowly invaded

the removal pools over the next two months. Rocks at the

protected site never migrated from pools after one day
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whenever this was checked with marked cobbles. Thus, rocks

were reduced in abundance for some time period less than

two months after their removal and before the next

observation date.

Caae Effects

The effect of cages and copper paint was assessed by

comparing the successional sequence of pools which

represented the natural situation with a lid or copper

paint and the unmanipulated pools (Figure 2.3). At the

exposed site, the natural situation was with herbivores but

lacking cobbles since cobbles were never found naturally in

the exposed pools. No differences were found in algal

composition between natural pools and caged pools at the

exposed site (Figure 2.3). However, at the protected site,

where the natural situation was with both herbivores and

cobbles, the abundance of coralline crusts and fleshy

crusts was reduced in manipulated pools, those with cages,

initially, or copper paint (Figure 2.3).

Physical Conditions

In addition to differences in wave action, the

physical environments at both sites differed in other

aspects even though the two sites were at the same tidal

height and consisted of the same rock type. Maximum wave

forces were significantly greater at the exposed site than
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at the protected site when measured over 2 weeks (Figure

2.14). Measurements over a 24-hour period were not

different between sites, however. There were higher wave

forces out of pools than in pools at both sites measured

over both 2 weeks and 24 hours, but the difference was

greater at the protected site (Figure 2.14). The rocks

placed in the protected pools tended to remain in the pools

for weeks or months. Thirty percent of marked cobbles

placed in exposed pools had moved by the next day as

opposed to none moving at the protected site.

Damage to bolts used to secure the lids over pools

varied between sites (Table 2.9). There were more bent,

broken, and missing bolts at the protected site. This was

probably due to logs being trapped in the cove at the

protected site and sloshing around at high tide. Due to

the cliff on the south side of the protected site, light

intensity was lower there than at the exposed site (Figure

2.15). Light also decreased with depth in pools,

diminishing more rapidly at the exposed site and with lids

(Figure 2.15). The stainless steel lids reduced the light

levels by about half at both sites and at all levels

(Figure 2.15). Recall that the protected site only had

lids for the first part of the experiment. The light level

at the protected site without lids was about the same as at

the exposed site with lids (Figure 2.15). Finally, by the

end of the experiment pools at the protected site tended to
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be slightly deeper than at the exposed site, but all pools

had the same diameter (Table 2.10).

Artificial Pools vs. Natural Pools

The distribution of organisms in these artificial

pools corresponded well to the distribution seen in natural

pools (Chapter 1). The magnitude and position of the

linear slopes in Figures 2.5, 2.8, and 2.11 indicate the

distribution of those groups in the artificial pools.

Recall that a positive value indicates greater abundance

lower in the pools and a negative value indicates greater

abundance higher in the pools. At both sites bare space

was most abundant at the pool bottoms (Figure 2.6). At the

exposed site, in all treatments where corallines were not

removed at the exposed site, coralline crusts were

initially found higher in pools and then became more

abundant in the lower part of the pools (Figure 2.8). This

switch in the distribution of coralline crusts corresponded

well with the increase in erect coralline algae (Figure

2.8). Erect coralline algae were strongly correlated with

the tops of pools. Fleshy crusts showed little to no

relationship to depth in the pools (Figure 2.8). They were

either evenly distributed throughout the pools or most

abundant in the middle of the pools. Erect fleshy algae in

the natural situation was found mostly near the pool tops,

but they extended further down than erect coralline algae
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(Figure 2.8). Sessile animals were found initially near

the pool tops but later showed no relationship with pool

depth (Figure 2.8). At the protected site, fleshy crusts

showed simlar distribution patterns as erect fleshy algae

at the exposed site (Figure 2.11). Other than that and the

absence of erect fleshy algae, the distributional patterns

at the protected site were similar to those at the exposed

site (Figure 2.11).
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There were many differences in the physical

environment between the exposed and protected sites. Wave

action was greater at the exposed site (Figure 2.14),

evidently leading to higher erosion rates. Pools at the

exposed site were shallower at the end of the experiment

than those at the protected site (Table 2.10). Since pools

were initially the same depth, this suggests that faster

erosion of the surrounding substrate led to the differences

observed in pool depth. The difference in wave action also

led to differences in the ability of pools to retain

cobbles. At the exposed site, fewer cobbles were retained

than at the protected site. Paradoxically, there was much

greater damage to bolts at the protected site (Table 2.9).

This was probably caused by logs being trapped in the base

of the cove over the protected site and sloshing back and

forth with the waves. As the tide receded, the logs rubbed

on the rock substrate at the protected site. Logs were

never observed over the exposed site at high tide. Any

floating debris in the water passes briefly over the

exposed site on its way to being caught in the area above

the protected site. A final difference in aspects of the

physical environment between the two sites was light

intensity (Figure 2.15). At the protected site light was
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less intense due to a large cliff just to the south of this

area blocking all but the morning and late afternoon sun.

Higher wave action at the exposed site may also have

led to reduced herbivore abundance or efficiency. Teaula

funebralis and Littorina scutulata were rare or absent at

the exposed site leading to lessened herbivore pressure by

these snails. These two snail species do not attach

strongly to the rock surface and may be unable to resist

the high flow rates typical of the exposed site (Denny

1988, Lubchenco and Menge 1978, Lubchenco 1983).

More intense herbivory at the protected site may have

led to some of the differences observed between the two

sites. By inhibiting the establishment of erect fleshy

algae, Teaula and Littorina may be responsible for the

scarcity of erect fleshy algae at the protected site.

These herbivores may also have retarded the establishment

of erect coralline algae by grazing the upright portions or

newly recruited basal crusts before they can grow to become

articulated and less susceptible to grazing. The true

effect of herbivores other than limpets in tidepools needs

to be assessed, but the snails in this study proved

difficult to manipulate. Their high density at the

protected site and scarcity at the exposed site, the lack

of erect fleshy algae, and the lower abundance of coralline

algae all lead me to conclude that these herbivores were



76

important in determining the final algal community in pools

protected from waves.

Other factors may have caused the observed differences

between the sites. It is unlikely that reduced wave action

and light at the protected site may also have contributed

to the lack of erect fleshy algae. Erect fleshy algae may

be more resistant to wave action and scouring caused by

wave action but is competitively inferior to coralline

algae. If this were the case, however, erect fleshy algae

would have been abundant in the coralline removal plots at

the protected site, but this was not observed. The light

levels at the protected site may have been too low to allow

erect fleshy algae to grow in that area. Recall that light

levels were reduced by about half by the stainless steel

lids at the exposed site and that the protected site did

not have lids during most of the experiment. If light were

limiting to erect fleshy algae then erect fleshy algae

would be expected to be scarce in the exposed pools with

lids, but erect fleshy algae were abundant in pools with

lids. Another factor which varied between the sites was

log bashing. It is unlikely that logs and other floating

debris effected the tidepool communities since the logs

would have to fit in the pools to do any damage, and most

logs observed in that area were larger than the diameter of

the pools.



77

Manipulation Effectiveness

The success of manipulations imposed on the artificial

pools in this study varied. Removal of coralline algae was

very successful, reducing the abundance of coralline algae

to neglible levels despite the ability of this algal group

to recover rapidly after the manipulations were terminated

(Figures 2.7, 2.10). Enclosing or excluding cobbles from

pools was relatively easy to accomplish with the stainless

steel mesh lids. However, sedimentation due to effects of

the lids on the flow regime in the pools affected most

pools. Since there were no differences in the amount of

sediment in pools of different cobble treatments (Table

2.7), any differences between treatments would be due to

cobbles alone. Sediment may have made cobble removal pools

more similar to pools with cobbles, decreasing the observed

effects of cobbles. Therefore, the effect of cobbles on

tidepool algal communities was underestimated due to

sedimentation in cobble removal pools.

As mentioned earlier, removing all herbivores from

protected pools proved difficult. Since herbivore removals

were only effective at reducing the abundance of limpets,

the effects of consumer pressure are probably

underestimated at the protected site since there were two

other abundant herbivores at that site, Teaula and

j,ittorina. In contrast, at the exposed site the effect of

herbivores was probably estimated relatively accurately by
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this experiment, since herbivore removals effectively

reduced the abundance of limpets, especially large limpets

(Figure 2.13).

Effects of Treatments

Overall, the effect of cobbles in this experiment was

to reduce the abundance of organisms in pools and to limit

them to higher parts of the pool. Only in one case did

cobbles positively effect any organisms. However, the

effect of cobbles was not statistically significant all the

time. This is probably at least partly a function of the

lack of success in keeping cobble removal pools free from

small debris able to pass through the mesh of the lids.

Even in non-significant cases the trend was for cobbles to

have a negative effect on the algae or animals. The

effects of cobbles were limited to lower parts of the pool

sides or the pool bottoms, since the effects were more

obvious on pool bottoms rather than on pool sides (Figures

2.4-2.12).

Herbivores had a surprisingly small effect on the

algae in this study. Undoubtedly, part of this result was

due to only the partial removal of herbivores, especially

at the protected site. Herbivores did seem to positively

effect the abundance of sessile animals, however. The

animals which were affected by the herbivores were mostly

barnacles and spirobid worms. This positive effect is
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probably an indirect effect like that found by van Tamelen

(1986). Limpets graze mostly on microalgae and if limpets

are removed then microalgae will become abundant,

interfering with the settlement of barnacles. Although

herbivores are at least potentially important in

determining the algal composition of tidepool communities,

they were unimportant in determining the distribution of

organisms in tidepools. They had no effect on any of the

algal distributions in this study, but they did contribute

to the differences observed between the sites and the

relative abundances of some algal groups.

Removal of coralline algae, which occupied up to 100%

of the space in control pools at both sites had

surprisingly few effects. The most prominent effect of

coralline removal was an increase in fleshy crusts at both

sites, especially at the protected site. This result

suggests that coralline algae will preempt some of the

substrate from fleshy crustose algae. Since there was

still more bare space in coralline removals than non-

removals, however, other factors must have limited the

ability of fleshy crustose algae to colonize all of the

available space. The fact that coralline algal

distribution differed significantly in pools where it was

removed from pools where it was left intact suggests that

distributional patterns are due to post settlement factors.

In removal plots, coralline algae recruited relatively
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uniformly throughout the pool; the linear slopes are all

about zero. However, where they were unmanipulated,

corallines tended to be found higher in pools, suggesting

that recruits in lower parts of the pools suffered from

higher mortality or slower growth rates. This was

especially true of the erect coralline algae. The crustose

corallines initially recruited evenly throughout the pool

sides, then they became more abundant higher in pools.

When these algae began sprouting erect parts and erect

corallines became abundant, then crustose corallines became

more abundant lower in pools, especially at the exposed

site.

Physical disturbance by cobbles was found to be

greater in pool bottoms than on pool sides, especially near

the tops of pools. This is consistent with earlier

observations of natural pools (Chapter 1). The patterns of

space occupancy are typical of those in natural pools with

cobbles, and the successional sequences on the pool sides

are what would be expected if cobbles regulated the

distribution of algae within cobble retaining pools. The

major space occupier in these pools, coralline algae,

recruited equally well throughout the pool, but articulated

species were soon limited to the pool tops and the more

cobble resistant crusts were found further down in the

pools.
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After treatments were terminated, both crustose and

articulated coralline algae recovered rapidly where they

had been removed (Figures 2.7, 2.10). Crustose corallines

were the first to recolonize, and they equally colonized

all depths in the pools. Articulated corallines colonized

later and higher in the pools, making crustose corallines

more abundant near the pool bottoms (Figures 2.8, 2.11).

The recolonization by corallines led to other effects

of treatment termination. A variety of effects were seen

in the fleshy crusts at both sites. Since most of these

changes are associated with either a main effect or an

interaction of the algal removals, the effects can be

attributed to coralline recolonization (Tables 2.3, 2.4,

2.5, 2.6). In most cases it seems that fleshy crusts were

overgrown by corallines and this led to changes in

abundance and distribution. Erect fleshy algae also showed

increased abundances in plots which were formerly coralline

removals. These increases were asssciated with the rise in

abundance of articulated corallines, suggesting that

articualated corallines facilitate the establishment of

erect fleshy algae.

Other Factors Influencing Algal Distributions

There are other factors which can influence the

distribution of algae within tidepools. The amount of

light decreased toward the bottoms of pools and some algae
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may be better adapted to living in low light levels and

have a competitive advantage over other algae lower in

pools. If this were so, then pools with reduced light

should be similar to the lower portions of unshaded pools.

By comparing pools with lids to pools without lids, the

effect of light can be tested. Treatment control pools,

those with lids but representing the natural situation,

tended to be similar in the abundance of algae to the

unmanipulated pools (Figure 2.3). This result suggests

that light has no effect on the distribution of algae

within pools. At both sites the amount of light at the

pool bottoms in pools without lids was approximately the

same as at the surface of pools

with lids (Figure 2.15).

Another physical variable which may influence algal

distributions within pools is salinity. On rainy days, the

salinity of the upper few centimeters of pools can decrease

from about 35 parts per thousand right after the tides

recedes to about 4-7 parts per thousand in a few hours

(Chapter 1). Salinity may be important in controlling the

upper distribution of coarsely branched articulated

corallines, such as Calliarthron, but this type of algae

was not found in this study. The most abundant articulated

coralline observed here, Corallina vancouveriensis, seems

resistant to lower salinities.
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Conclusions

A recent theory of community organization (Menge and

Sutherland 1987) predicts that competition should be

intense at intermediate levels of physical harshness and

that predation or herbivory should be important at low

levels of physical harshness. Competition between

coralline algae and fleshy algae was observed in this

study. If competition was more intense near the top of the

pools, removal of coralline algae should lead to an

increase in fleshy crusts toward the pool tops. This was

observed at the exposed site. The opposite pattern was

observed at the protected site, sugesting the competition

was more important further down in pools at the protected

site. Recall that the theory also predicts that herbivory

should be relatively more important as physical harshness

is decreased. In this study, herbivory was shown to

relatively unimportant at the exposed site, suggesting that

the pools were too physically harsh for effective

herbivory. The higher wave forces were probably too great

for Teaula and Littorina snails to either maintain their

position or forage effectively. At the protected site,

however, these herbivores were abundant and probably

greatly affected the final algal communities in the pools.

If cobbles reduce foraging efficiency of these snails,

then herbivory would be more intense at the pool tops,

eliminating the more susceptible fleshy algae from the pool
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tops. Thus removal of coralline algae would result in the

observed higher abundances of fleshy crusts lower in

protected pools. Because of the difficulties discussed

earlier in manipulating Teaula and Littorina, the effect of

these herbivores on the abundance and distribution of the

different algal groups remains unknown. Thorough testing

of the hypothesis that herbivory is more intense higher in

protected pools remains to be done.

The results of this study are consistent with the

predictions made by the Menge and Sutherland (1987) model.

At the exposed site, the gradient of physical harshness on

the pool sides is represented only by the most physically

harsh area of their theory (Fig. 3C in Menge and Sutherland

1987). Thus, in the least physically harsh portion of this

community, at the pool tops, competition is most important,

and at the pool bottoms, where physical harshness is great,

the effects of physical disturbance are most important.

The entire gradient of physical harshness is represented by

the protected pools. At the pool bottoms, physical

harshness, scouring by cobbles, kept the pool bottoms free

of most organisms. The lower areas of the pool sides were

of intermediate physical harshness and showed intense

competition between coralline algae and fleshy algae.

Finally, at the pool tops, herbivory was probably very

intense and physical harshness was minimal.
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Table 2.1. List of the species found in the experimental
pools. The group in which the organism was placed is also
given.

Coralline Crusts (CC)
Psuedolithophyllum spp.
Basal crust of erect species

Erect Corallines (EC)
Corallina vancouveriensis
Bossiella sp.

Fleshy Crusts (FC)
Diatoms mats
Unidentified crusts

Erect Fleshy Algae (EF)
Odonthalia flocossa
Neorhodomela larix
Scvtosiphon lomentaria
,Leathesia difformis
Dilsea californica
Cladophora colurnbiana
Halosaccion ulandiforme
Nereocvstis luetekeana
Hedoohvllum sessile
1,aminaria sp.
Iridaea sp.
Ulvoid algae
Polysiphonous algae

Sessile Animals (AN)
Balanus ulandula
Chthamalus dalli
AnthoDleura eleuantissima
Mvtilus sp.
Obelia sp.
Spirobid worms
Bryozoan



Table 2.2. Summary of the repeated measures and univariate ANOVAs on bare
space at the exposed and protected sites. The upper half are the results
of the analyses on the percent cover of bare space and the lower half are
the results from the linear slope, or distribution, of bare space. Stars
indicate significance at the 0.05 level. A '+' indicates the the test
violated the assumption of homogeniety of variances.

PERCENT COVER
Source

EXPOSED PROTECTED
TIME 1-6 TIME 7 TIME 8 TIME 1-6 TIME 7 TIME 8

F p F p F F

Cobbles (C) 1.61 0.219 2.86 0.117 0.45 0.518 0.60 0.446 0.03 0.877 4.70 0.051
Herbivores (H) 0.80 0.381 17.87 0.001' 5.99 0.031 2.11 0.162 0.49 0.497 0.09 0.772
Algae (A) 12.73 0.002' 30.48 <0.001' 4.32 0.060 2.91 0.103 1.31 0.275 0.09 0.771
CxH 7.46 0.013' 0.22 0.645 1.33 0.271 0.09 0.771 0.06 0.818 2.30 0.155
CxA 0.48 0.494 0.41 0.534 0.27 0.615 10.12 0.005* 4.62 0.053 4.89 0.047*
HxA 2.16 0.156 0.97 0.345 0.09 0.766 0.01 0.909 0.01 0.937 0.63 0.442
CxHxA 0.15 0.699 1.16 0.304 1.10 0.314 0.03 0.855 0.11 0.742 0.16 0.692

LINEAR SLOPE TIME 1-6 + TIME 7 TIME 8 TIME 1-6 TIME 7 TIME 8
Source F F p F F p F p F p
C 4.19 0.054 0.56 0.470

__2__
1.74 0.212 3.66 0.069 0.00 0.996 0.01 0.932

H 0.21 0.649 8.71 0.012' 0.33 0.578 0.17 0.683 0.02 0.892 0.75 0.403
A 1.60 0.219 0.14 0.710 0.95 0.348 15.67 <0.001 0.88 0.367 2.80 0.120
CxH 0.86 0.365 0.19 0.668 1.52 0.241 1.67 0.211 0.01 0.926 0.47 0.508
CxA 0.82 0.376 0.01 0.911 0.48 0.499 3.60 0.072 0.66 0.434 7.05 0.021'
HxA 2.55 0.125 1.15 0.305 0.91 0.359 0.41 0.529 0.28 0.604 0.25 0.625
CxHxA 0.16 0.696 0.01 0.934 0.00 0.986 0.38 0.547 0.12 0.739 1.99 0.184



Table 2.3. Summary of
and univariate (Time 7
groups at the exposed

the results from the repeated measures (Time 1-6)
and Time 8) ANOVAs on the percent cover of various
site. Symbols are the same as in Table 2.2.

TIME 1-6
Source

Fleshy Crusts Erect Fleshy Animals Coral line Crusts Erect Corallines
F p F F F F

Cobbles (C) 1.78 0.196 0.96 0.338 3.72 0.067 1.80 0.195
__2__

0.67 0.421
Herbivores (H) 0.01 0.932 22.37 <0.001' 25.36 <0.001' 5.60 0.028' 0.26 0.614
Algae (A) 0.15 0.705 0.70 0.412 0.38 0.543 34.36 <0.001' 71.14 <0.001
CxH 0.35 0.563 5.18 0.033' 5.00 0.036' 2.32 0.142 0.47 0.500
CxA 0.29 0.595 0.50 0.485 2.29 0.145 1.49 0.235 1.07 0.313
HxA 1.44 0.243 0.12 0.736 0.08 0.777 0.57 0.460 0.70 0.411
CxHxA 1.49 0.2.35 1.02 0.324 2.17 0.155 2.03 0.169 0.06 0.812

TIME 7 Fleshy Crusts Erect Fleshy Animals Coralline Crusts Erect Corallines
Source F F F F F
C 9.89 0.008' 0.26 0.623 1.07 0.322 0.51 0.488 0.10 0.757
H 0.73 0.409 0.15 0.702 0.56 0.468 3.32 0.094 3.41 0.089
A 14.99 0.002' 0.31 0.589 4.18 0.063 0.12 0.734 53.71 <0.001'
CxH 0.96 0.348 0.08 0.787 0.04 0.847 0.01 0.925 0.49 0.499
CxA 5.23 0.041' 0.23 0.640 0.00 0.986 0.02 0.892 0.17 0.691
HxA 0.49 0.496 1.97 0.186 0.00 0.991 0.10 0.758 0.94 0.353
CxHxA 2.25 0.159 0.25 0.627 0.34 0.572 0.44 0.522 1.07 0.322

TIME 8 Fleshy Crusts Erect Fleshy Animals Coral line Crusts Erect Corallines
Source F p F p F p F p F p

0.00 0.968 0.01 0.928 0.09 0.771 1.75 0.210 0.08 0.780
H 6.49 0.026' 3.22 0.098 1.55 0.237 3.57 0.083 0.41 0.532
A 17.51 0.001 0.11 0.742 1.03 0.331 1.57 0.235 5.69 0.034'
CxH 0.00 0.993 4.42 0.057 0.929 0.354 1.07 0.322 3.37 0.091
CxA 0.02 0.903 0.37 0.554 1.71 0.215 0.01 0.936 1.02 0.332
HxA 4.01 0.068 1.22 0.290 0.10 0.760 0.62 0.446 0.56 0.469
CxHxA 0.23 0.639 0.38 0.550 4.03 0.068 0.12 0.740 0.09 0.763



Table 2.4. Summary of the results from the repeated measures (Time 1-6)
and univariate (Time 7 and Time 8) ANOVAs on the linear slope of various
groups at the exposed site. Symbols are the same as in Table 2.2.

TIME 1-6
Source

Fleshy Crusts Erect Fleshy Animals + Coral line Crusts Erect Coral lines
F p F F F F

Cobbles (C) 0.01 0.919
__IL_

1.46 0.241 0.11 0.749 1.12 0.302 0.88 0.360
Herbivores (H) 0.00 0.962 0.33 0.574 4.79 0.040* 1.26 0.274 2.61 0.121
Algae (A) 15.17 <0.001 0.06 0.811 0.50 0.485 0.54 0.473 28.55 <0.001'
CxH 1.37 0.255 2.34 0.141 0.07 0.790 0.04 0.849 0.09 0.761
CxA 5.51 0.029* 0.04 0.852 0.34 0.567 0.05 0.827 0.72 0.404
HxA 0.55 0.466 0.07 0.798 0.08 0.784 0.16 0.698 1.93 0.980
CxHxA 2.30 0.144 0.33 0.569 1.22 0.282 0.00 0.954 0.00 0.980

TIME 7 Fleshy Crusts Erect Fleshy Animals Coralline Crusts Erect Coral lines
Source F 0 F F p F F 2__
C 0.01 0.924 1.41 0.258 0.70 0.418

__2._
1.05 0.326 0.81 0.385

H 0.86 0.372 3.00 0.109 0.87 0.370 0.24 0.632 0.70 0.419
A 20.23 0.001 0.64 0.441 2.55 0.136 5.21 0.041* 9.59 0.009*
CxH 0.64 0.439 0.12 0.735 0.67 0.429 0.04 0.846 0.17 0.689
CxA 3.90 0.072 0.31 0.590 1.78 0.207 2.05 0.178 0.16 0.698
HxA 0.33 0.575 0.02 0.880 0.63 0.442 0.01 0.942 0.68 0.424
CxHxA 1.13 0.308 0.22 0.650 0.28 0.604 0.03 0.876 0.01 0.913

TIME 8 Fleshy Crusts Erect Fleshy Animals Coral line Crusts Erect Corallines
Source F F _p F p
C 0.17 0.686 0.88 0.367

_p___
0.46 0.513 0.04 0.841 0.76 0.400

H 0.18 0.680 0.00 0.959 1.32 0.272 0.02 0.894 0.07 0.790
A 0.00 0.973 1.77 0.208 0.49 0.495 2.58 0.134 0.23 0.644
CxH 0.03 0.866 0.04 0.847 3.76 0.076 0.36 0.559 0.41 0.533
CxA 0.06 0.817 0.17 0.683 0.08 0.782 0.13 0.728 0.27 0.613
HxA 0.62 0.445 0.81 0.385 0.06 0.813 0.21 0.651 0.20 0.662
CxHxA 1.87 0.197 1.00 0.337 0.44 0.520 2.07 0.176 0.01 0.919



Table 2.5. Summary of the results from the repeated measures (Time 1-6)
and univariate (Time 7 and Time 8) ANOVAs on the percent cover of various
groups at the protected site. Symbols are the same as in Table 2.2.

TIME 1-6
Source

Fleshy Crusts + Erect Fleshy + Animals Coralline Crusts Erect Corallines

F p F F F p

Cobbles (C) 4.56 0.045* 1.45 0.243 4.85 0.039*
__IL_

0.89 0.357 1.36 0.257
Herbivores (H) 3.02 0.097 13.90 0.001 1.20 0.286 0.03 0.868 0.04 0.835
Algae (A) 15.07 0.001* 0.20 0.656 5.20 0.033* 9.31 0.006* 8.55 0.008*
CxH 0.40 0.535 2.46 0.132 0.00 0.957 0.09 0.762 0.02 0.878
CxA 0.08 0.778 0.00 0.948 0.90 0.355 10.13 0.004* 9.39 0.006*
HxA 0.04 0.844 0.04 0.851 0.25 0.623 0.56 0.462 0.02 0.893
CxHxA 0.07 0.800 0.03 0.869 0.29 0.597 0.01 0.925 0.01 0.904

TIME 7 Fleshy Crusts Erect Fleshy Animals Coralline Crusts Erect Corallines

Source 0

C 6.16 0.029* 0.81 0.385 0.03 0.857 1.68 0.219 0.56 0.470
H 0.43 0.522 2.56 0.136 0.04 0.854 0.65 0.436 0.04 0.844
A 7.10 0.021* 0.85 0.376 3.66 0.080 0.01 0.930 5.84 0.032*
CxH 2.07 0.176 0.81 0.385 0.20 0.663 0.95 0.350 0.02 0.883
CxA 0.42 0.527 0.10 0.761 1.16 0.302 0.15 0.706 6.47 0.026*
HxA 0.03 0.359 0.85 0.376 0.02 0.878 0.01 0.936 0.02 0.880
CxHxA 0.59 0.455 0.10 0.761 0.14 0.717 0.02 0.906 0.00 0.986

TIME 8 Fleshy Crusts Erect Fleshy Animals Coralline Crusts Erect Corallines

Source F o F p F F F p

C 1.16 0.303 0.23 0.638
-p

0.34 0.569
__IL_

0.01 0.924 2.47 0.142
H 0.67 0.430 2.18 0.166 0.13 0.723 1.11 0.313 0.04 0.842
A 8.52 0.013 5.55 0.036* 1.72 0.215 4.56 0.054 5.84 0.032*
CxH 1.12 0.311 0.52 0.485 15.27 0.002* 0.62 0.445 0.96 0.346
CxA 0.28 0.605 0.05 0.836 0.06 0.817 0.09 0.773 6.47 0.026*
HxA 0.36 0.562 2.89 0.115 0.15 0.709 1.43 0.255 0.68 0.426
CxHxA 0.09 0.770 0.29 0.602 3.72 0.078 1.61 0.229 0.83 0.381



Table 2.6. .Summary of the results from the repeated measures (Time 1-6)
and univariate (Time 7 and Time 8) ANOVAs on the linear slope of various
groups at the protected site. Symbols are the same as in Table 2.2.

TIME 1-6

Source
Cobbles (C)
Herbivores (H)
Algae (A)
CxH
CxA
HxA
CxHxA

TIME 7
Source
C
H
A
CxH
CxA
HxA
CxHxA

TIME 8
Source
C
H

A

CxH
CxA
HxA
CxHxA

Fleshy Crusts
F p

8.16 0.010
1.99 0.173
1.88 0.185
1.16 0.293
1.33 0.262
1.39 0.252
0.04 0.840

Fleshy Crusts
F D

0.06 0.810
1.03 0.331
3.81 0.075
0.02 0.903
1.01 0.334
0.47 0.506
0.06 0.814

Fleshy Crusts

0.55 0.471
0.39 0.542
5.89 0.032
1.19 0.296
0.08 0.780
0.00 0.948
0.95 0.349

Erect Fleshy +
F

0.312
0.357
0.624
0.187
0.223
0.766
0.271

1.07
0.89
0.25
1.86
1.58
0.09
1.28

Erect Fleshy
F p

0.747
0.521
0.747
0.619
0.327
0.619
0.327

0.11
0.44
0.11
0.26
1.04
0.26
1.04

Erect Fleshy

Animals +
F

1.86
5.99
8.91
0.02
2.95
0.07
1.91

F

1.13
0.29
2.01
0.24
1.96
0.05
0.67

0.188
0.023
0.007
0.897
0.100
0.793
0.181

Coral line Crusts + Erect Coral lines +
F F

0.01 0.915 0.88 0.359
0.73 0.404 0.61 0.445
0.17 0.842 13.33 0.002'
0.03 0.864 0.10 0.757
0.11 0.896 0.26 0.615
1.16 0.340 0.08 0.784
0.25 0.783 0.83 0.373

Animals Coral line Crusts

0.309 0.21 0.656
0.603 0.81 0.385
0.173 0.38 0.547
0.635 0.36 0.562
0.186 3.07 0.105
0.831 0.75 0.403
0.429 0.02 0.901

Animals Coral line Crusts
F p F p

1.23 0.289 2.39 0.148
0.36 0.558 6.98
0.02 0.885 0.17
0.02 0.904 0.33
0.78 0.396 0.08
0.14 0.717 0.21
0.05 0.835 1.35

0.022'
0.685
0.575
0.781
0.653
0.268

0.01
0.81
0.11
0.02
1.45
0.41
0.09

0.907
0.386
0.743
0.900
0.252
0.535
0.774

Erect Corallines +

0.09 0.775
0.58 0.460
0.02 0.903
0.03 0.864
0.02 0.888
0.13 0.722
0.27 0.612

Erect Corallines +
F p

0.11 0.745
4.26 0.061
7.73 0.017'
0.84 0.376
3.01 0.108
0.00 0.981
4.96 0.046'
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Table 2.7. The percent cover of gravel on pool bottoms.
The numbers in parentheses are one standard error of the
mean (N=4). No significant differences were detected
between treatments (2-way ANOVA performed on each column).

EXPOSED PROTECTED
TREATMENT 7188 9/86 7/88 12/88
+C+H 42.5(18.2) 38.8(5.7) 17.5(15.2) 26.3(21.3)
+C-H 82.5(10.2) 15.0(9.4) 7.5(6.5) 42.5(21.7)
-C+H 51.3(18.2) 51.8(14.6) 0(0) 20.0(17.3)
-C-H 65.0(13.0) 64.3(13.7) 0(0) 15.0(13.0)
CONTROL 0(0) 0(0) 0(0) 17.5(0.1)
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Table 2.8. The number of small and large rocks in
protected pools. The numbers in parentheses are one
standard error of the mean (N=4). No significant
differences were detected (2-way ANOVA performed on each
column).

LARGE ROCKS SMALL ROCKS
TREATMENT 12/88 7/89 7/89
+C+H 4.25(1.9) 0.50(0.4) 11.75(0.7)
+C-H 4.25(1.1) 1.00(0.25) 13.00(0.6)
-C+H 5.00(2.9) 1.25(0.8) 9.25(0.7)
-C-H 1.50(0.6) 0.25(0.2) 2.50(0.1)
CONTROL 3.00(0.9) 0.75(0.2) 3.25(1.2)
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Table 2.9. The number of bolts intact and undamaged,
bent, broken at some point, and missing from both sites of
the artificial pool experiment. The data were collected
when sampling terminated 38 months after the initial
placement of the bolts. Stars indicate a significant
difference between the two sites at the 0.05 level (Xl).

NUMBER OF BOLTS

SITE INTACT BENT BROKEN MISSING
Exposed
Protected

51*
16

7

16
0*

13
6*

19
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Table 2.10. The width and depth of artificial pools at
both sites. The numbers in parentheses are standard
errors of the mean. There is a significant difference in
depth between the two sites (T-test).

SITE WIDTH DEPTH
Exposed 23.75(1.17) 12.80(0.99)
Protected 23.93(1.17) 13.48(1.32)



95

Figure 2.1. Map showing the location of the study site on
the Oregon coast and a detailed drawing of the cove where
the study took place. The stippled area represents large
surge channels, and the short hatches indicate cliffs
surrounded the cove.
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Figure 2.2. Design of the experiment. Each circle
represents one pool and in each circle the two sampling
areas where coralline algae were either removed (-A) or
left intact (+A). The four possible combinations of the
presence (+) or absence (-) of cobbles (C) and herbivores
(H) are shown under four pools.
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Figure 2.3. The average percent cover of the three most
common space occupiers at the exposed site (left graphs)
and protected site (right graphs) over time. The upper
graphs are from pools which had no mesh lid or copper
paint, and the lower graphs are from pools with lids or
copper paint which represent the natural situation.
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Figure 2.4. The percent cover of bare space on the sides
of pools with different treatments at the exposed (upper
graphs) and protected (lower graph) site. The arrowheads
on the bottom of the graphs indicate when manipulations
were terminated. The stars indicate that there was a
significant difference either in the repeated measures
analyses (the first six sampling periods) or in the
univariate tests (the last two sampling periods). Stars
were only put on the left hand graphs, since comparing the
left and right hand graphs gives the effect of coralline
algal removal.
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Figure 2.5. Linear slope of the abundance of bare space
as a function of depth in the pools at exposed (upper
graphs) and protected (lower graphs) sites. A positive
slope indicates greater abundance lower in pools.
Symbols are the same as those in Figure 2.4.
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Figure 2.6. The percent cover of bare space on pool
bottoms with different treatments at the exposed (top) and
protected (bottom) site. Repeated measures ANOVAs were
run on the first three sampling dates and the results are
shown under the horizontal bracket encompassing the first
three sampling dates. Univariate ANOVAs were conducted on
the final two sampling dates and significant (p<0.05) are
indicated with C (=Cobbles) or H (=Herbivores). NS means
there was no significant effects detected.
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Figure 2.7. The percent cover of different algal groups
and sessile animals on pool sides at the exposed site.
The symbols are the same as in Figure 2.4.
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Figure 2.8. The linear slope of different algal groups as
a function of depth in pool at the exposed site. The
symbols are the same as in Figure 2.4.
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Figure 2.9. The percent cover of different algal groups
on the bottoms of exposed pools. Univariate ANOVAs were
done on each sampling date and significant (p<0.05)
effects are indicated above each sampling date. NS=No
significance, C=Cobbles, and H=Herbivores.
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Figure 2.10. The percent cover of different algal groups
and sessile animals on pool sides at the protected site.
The symbols are the same as in Figure 2.4.
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Figure 2.11. The linear slope of different algal groups
as a function of depth in pool at the protected site. The
symbols are the same as in Figure 2.4.
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Figure 2.12. The percent cover of fleshy crusts on the
bottoms of protected pools. The symbols and analyses are
the same as those in Figure 2.9.
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Figure 2.13. The density of large and small limpets in
the four treatment pools at the exposed and protected
sites. Error bars represent one standard error of the
mean.
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Figure 2.14. The maximum wave velocities recorded in
(hatched bars) and out (open bars) of pools at the exposed
and protected sites. The maximum wave velocity was
calculated from maximum force by assuming neglible
accelerational forces. The upper graph represent maximum
wave velocities over a single day and the lower graph is
for maximum wave velocity over a two week period. Error
bars represent one standard error of the mean.
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Figure 2.15. The light intensity at three levels within
pools with (hatched bars) and without (open bars) lids at
the exposed (upper graph) and protected (lower graph)
sites. Error bars represent one standard error of the
mean.
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Chapter 3

PREDICTING TIDEPOOL COMMUNITY STRUCTURE
OVER WIDE GEOGRAPHIC SCALES:
CAUSES OF INTERPOOL VARIATION

Abstract

Scouring by cobbles in tidepools causes distinct

zonation patterns of algae in pools. However, not all

pools retain cobbles and therefore do not exhibit algal

zonation patterns. In this study I investigate the

properties of pools which cause them to retain cobbles and

then use this information to predict tidepool community

structure over a large geographic range. Pools with four

different angles of sides were gouged out of a rocky

intertidal bench. The ability of these pools to retain

cobbles was monitored over a variety of wave forces. Pools

with steeper sides were better able to retain cobbles, and

lower wave action resulted in better cobble retention by

pools.

Pools at six sites over a wide geographic range were

surveyed. For each pool a number of physical

characteristics were recorded and the biological community

in the pool was monitored. Pools with steeper sides had

more cobbles and showed strong zonation patterns of algae.

On the other hand, pools with shallower sides had few

cobbles and showed little or no zonation patterns. Shallow

sided pools also tended to be more irregular in shape.
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Steep sided pools had more bare space near the pool bottoms

and more erect coralline algae near the pool tops than did

shallow sided pools. Pools with steeper sides also had a

higher proportion of crustose algae which are resistant to

scouring. Finally, erect fleshy algae were more evenly

distributed in pools in more northern latitudes.
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Introduction

Ecological understanding can be assessed by using

results from one area to predict the structure of a

community in previously unstudied areas. If the

distribution and abundance patterns of organisms in a

previously unstudied community can be predicted given a

small set of physical or biological parameters and using

knowledge of the dynamics of a known community, then we

have shown that we understand the organizing forces in that

community. For example, from studies in Washington state

(Paine 1966, 1974, 1980) we can predict that there will be

a lower limit to the distribution of mussels if both

mussels and seastars are abundant. Not only can we predict

this distributional pattern, but we can also assert that

the distributional pattern is caused by the foraging

patterns of seastars on mussels. Ideally, we should be

able to make such predictions for all habitats and

communities. The goal of this paper is to use ecological

understanding from one community gained in one geographic

location to predict the patterns of species distributions

in similar communties in other geographic areas.

Latitudinal gradients in algal diversity and abundance

are well known (Gaines and Lubchenco 1982). On the west

coast of North America, diversity and size of benthic algae

peaks about halfway between the north pole and the equator.

With changes in diversity and size of the dominant group of
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sessile species, it is likely that community dynamics will

change over geogsaphic distances. If patterns of

intertidal community structure and organization are

consistent over broad geographic ranges, then these

patterns can be considered general and predictable. In

this paper I investigate the patterns of community

structure and a major structuring agent in one intertidal

community over a broad geographic range. I ask if the

patterns of community structure change over geographic

ranges and if these patterns can be predicted knowing the

physical charateristics of the community.

The dynamics of intertidal pothole tidepools on the

central Oregon coast have been examined in detail (Chapters

1,2). The communities in these small, steeply sided

tidepools show distinct zonation patterns. On the pool

bottoms there is a high proportion of bare space. At the

pool tops there is a ring of erect, branching algae, and in

between the bottom and top there is a zone of crustose

algae. This typical zonation pattern is caused by rocks

and other debris scouring the pools at high tide (Chapter

1). Scouring is most intense at the pool bottoms and

declines in intensity up the pool sides. Few species can

tolerate the scouring at the bottom of the pools, and

consequently there is much bare space there. Crustose

algae tolerate scouring better than erect species, so these

crustose species can survive lower in the pools than the
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erect algae. Finally, erect algae overgrows crustose algae

at the pool tops, leading to a higher proportion of erect

species near the tops of the pools. Differences in

salinity may account for distribution patterns among the

erect algal species, but other factors such as herbivory

and competition appear relatively unimportant (Chapter 2).

The ability of pools to retain small rocks and other

debris is vital to the dynamics of intertidal potholes. If

a pool does not contain rocks or other debris to create the

gradient of scouring, the distributional pattern is not

seen (Chapter 2). What factors cause some pools to

maintain a resident population of rocks, becoming potholes,

while other pools remain free of rocks? The shape of the

pool is of critical importance, but there are many aspects

to pool shape. The angle of the pool sides is probably one

of the most important aspects of pool shape in cobble

retention. Wave action is also important in determining

whether or not a pool will contain rocks. Pools at

relatively wave exposed sites did not retain rocks placed

in them while similar pools at wave protected sites did

retain rocks (Chapter 2). To investigate the properties of

pools and their environment which determine the cobble

retaining potential of a pool, I made pools which varied in

the steepness of the sides and monitored cobble retention

over a variety of wave conditions. With this information

and previously gathered knowledge of the dynamics of
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potholes, I was able to predict which pools at sites

ranging from Vancouver Island, B.C., to Santa Cruz Island,

California, would contain cobbles. If they contained

cobbles, I could also predict the distribution patterns of

algae living in the pools. Because many crustose coralline

species are similar to the basal portions of articulated

coralline species when they are lacking upright fronds (M.

Dethier, pers. comm.) field identification of crusts was

not possible. Hence, diversity patterns within and between

pools and sites could not be quantified.
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Methods

Cobble miaration experiment

Eight circular pools were chiseled out of the rock at

Boiler Bay, Oregon. The steepness of the pool sides was

varied from gently sloping outward to steeply overhanging.

There were four different pool types with two replicates of

each type (Figure 3.1). The top diameter and depth of all

pools was the same.

One individually marked cobble was placed in each pool

during low tide and its presence or absence was noted at

low tide the next day. The cobbles were individually

marked by color coding with spray paint. All cobbles were

roughly spherical and about the same size (about 6 cm in

diameter). Cobbles were used repeatedly, but the placement

of cobbles into pools was randomized to eliminate bias

created by the individual rocks. Maximum wave force was

estimated over each run of the experiment using

dynamometers similar to those used by Jones and

Demetropoulos (1968). One dynamometer was placed in the

center of each of the two arrays of four pools.

For analysis, the pools were divided into those which

did or did not retain their cobble. A discriminant

analysis was then performed using the pool side angle and

maximum wave velocity as predictor variables. The

discriminant function was then determined and plotted
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through a graph of pool angle versus wave velocity for both

pools retaining and not retaining their cobbles.

Pool selection and samplina

Pools over a large geographic range were examined for

both physical characteristics and the structure of the

algal community in the pool. The sampling sites from north

to south were Botany Bay, west coast of Vancouver Island;

San Juan Island, Washington; Boiler Bay, Oregon; Bear

Harbor, California; Point Arena, California; and Santa Cruz

Island, off the coast of southern California (Figure 3.2).

Sites were selected by locating one or a series of

horizontal benches with a high density of pools. The

sampling area within the site was chosen to contain the

highest density of pools in the site. The length and width

of the sampling area was then measured to determine the

area sampled.

For each pool within a sampling area, I quantified the

maximum width and length (cm), the steepness of the sides

(angle in degrees from vertical), the number and

approximate size of cobble rocks, and the algal community

structure. The steepness of pool sides was measured using

a stick with a protractor attached to one end and a string

and weight secured to the center point of the protractor

(Figure 3.3). The stick was placed against the pool side

with the steepest angle and the angle between the string
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and stick was recorded. An angle of zero indicates a

vertical wall, negative angles indicate overhanging walls,

and positive angles indicate walls sloping outward. A

total of four replicate measures of pool side angle for

each pool were taken. After measuring the steepest side

the pool side angle directly across the pool from the

steepest side was recorded. Finally, the angle for the two

sides directly perpendicular to the previously measured

sides was measured. Sampling of the algal community was

performed using an inverted periscope with a 12 x 12 cm

grid on the side divided into one hundred equal squares

(Chapters 1, 2). The number of squares dominated by each

algal species or sessile animal was recorded for each row

of the grid. All pools sampled had between 10 and 20 rows.

If more than 10 rows were sampled, the periscope was moved

down the pool side after the tenth row was counted and

sampling continued.

Seven physical characteristics of pools and eight

biological features were calculated for each pool. The

physical characteristics were pool depth, pool width, pool

length, average angle of pool sides, the variance of the

pool side angles, the number of rocks in the pool, and

latitude of the site. Since the species found in the pools

at various sites were different, the species were grouped

into three morphologically-defined groups plus bare space

(Table 3.1). Erect coralline algae consisted of algae
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incorporating calcium carbonate into their cell walls and

forming articulated branches. Erect fleshy algae were

those which had upright branches or blades without calcium

carbonate. Crustose algae included all species which had

no upright branches regardless of whether they were

calcified or not. For each of these four categories, both

the percent cover and the distribution in the pool were

used as the eight response variables in the analyses. The

distribution of a group was estimated by regressing the

percent cover of that group on depth in the pool and using

the slope of the best fit line to indicate distribution in

the pool. Those groups found mostly at the pool tops would

have negative slopes while those near the pool bottoms

would have positive slopes. If a group was found

throughout the pool in equal abundances, the slope would be

zero.

Canonical correlation was used for initial data

exploration and to determine which pool characteristics

were important in determining the characteristics of the

algal communities. After deciding which variables to

examine more carefully, one dependent variable was

regressed on one predictor variable, giving the

relationship between the important pool characteristics and

algal distribution or abundance.
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Results

Cobble Miaration Experiment

Only the pools with the steepest sides retained

cobbles (Figure 3.4), and when wave forces were large,

cobbles were less likely to remain in a pool. Most cases

in which cobbles remained in a pool at higher wave

velocities were in pools with negative angles. Pools with

the shallowest angles never retained their rock. No

cobbles were retained in the steepest sided pools when the

wave velocity was greater than eight meters per second.

Less steeply sided pools held cobbles only if the wave

velocity was less than 7 meters per second.

Discriminant analysis of the cobble retention data

showed that both wave velocity and pool side angle were

significant factors discriminating between rock retention

or loss. The classification rule for the analysis was:

Vw = -0.058 * As + 10.26

where Vw is the wave velocity and As is the angle of the

pool side. Points which fell above the line were predicted

to lose cobbles, while those below the line were likely to

retain cobbles. This line is drawn in Figure 3.4.

From this analysis, it was predicted that pools with

average angles of about 10-20 degrees in moderately exposed

areas would have resident rocks and be scoured by those
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rocks producing a distribution pattern seen in cobble

scoured pools. At more exposed sites, where wave

velocities are greater, pools would have to have steeper

sides to retain rocks. At protected sites, where wave

velocities are lower, most pools would have the potential

to retain rocks.

Geoaraohic Patterns of Pools

Within a site, pools tended to have similar side

angles, variances, and rock numbers. Sites with high pool

side angles also had high variance in pool side angle and

fewer rocks in them (Table 3.2). Interestingly, there

seemed to be differences in pool density associated with

wave exposure. At Botany Bay wave exposed sites had lower

densities of pools than more sheltered sites. Rock type,

latitude, and exposure showed no apparent relationship with

pool side angle and variance, and number of rocks.

Sites with low pool angles (steeper sides) showed

distinct distribution patterns of algal groups with depth

in the pools (Figure 3.5). These sites include Botany Bay

Protected, Boiler Bay, Point Arena, Santa Cruz Island (SCI)

Protected, and Santa Cruz Island Exposed 2. In all of

these cases, availability of bare space increased

dramatically with depth in the pools. Crustose algae

comprised the next highest zone at all of the sites except

Boiler Bay and SCI Protected. Boiler Bay had a large
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amount of erect fleshy algae in the pools, obscuring the

zone of crustose algae (Chapter 1). SCI protected also had

a large amount of fleshy algae, but it is unknown whether

this was a seasonal occurrence as it was in Boiler Bay.

Above the crustose algal zone, the pools at these sites

were typically dominated by erect algae except for SCI

Exposed 2 where the crusts extended to the top of the

pools. At Botany Bay Protected erect corallines dominated

the upper areas of pools, and at Boiler Bay and SCI

Protected erect corallines and erect fleshy algae were

equally dominant. Finally, at Point Arena there was a

narrow zone of erect fleshy algae at the top of the pools.

The remaining sites showed weak or no zonation

patterns (Figure 3.6). At Botany Bay Exposed there was a

trend for erect corallines to be found higher in pools and

crustose algae lower in pools. San Juan Island showed no

distribution patterns with depth in pools. Bear Harbor

exhibited a slight decrease in erect fleshy algae and a

slight increase in bare space with depth in the pools.

Bear Harbor showed slight patterns similar to those found

in pothole communities, and it also had the lowest pool

side angle of the four sites showing little or no zonation

patterns (Table 3.2). Finally, at SCI Exposed 1, erect

fleshy algae was found high in pools and was replaced by

erect corallines lower down.
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Regression of algal group abundance with depth in pool

at each site showed that at some sites the algal groups and

bare space were strongly correlated with depth in the pools

(Table 3.3), indicating the existence of within-pool

distribution patterns. In cases where distribution

patterns were evident, depth in pool accounted for at least

20 percent of the variation in the abundance of bare space.

In addition, at least one of the algal groups showed a

significant relationship with depth in pools. At the

remaining sites, bare space was rarely strongly correlated

(r1 >0.20) with pool depth, but there was a significant

relationship at Bear Harbor and SCI Exposed 1. At Bear

Harbor where bare space was strongly correlated with depth

none of the algal groups showed any relationship with depth

in the pool. At SCI Exposed 1 bare space was more abundant

near the pool tops and erect corallines were more abundant

at the pool bottoms. This was opposite of what occurred at

other sites showing zonation patterns due to cobble scour.

Therefore, sites in which at least 20 percent of the

variation in bare space abundance was explained by depth in

pool and the abundance of at least one algal group showed a

significant correlation with pool depth were classified as

areas with pools exhibiting zonation patterns. The

distribution of these sites can be seen in Figure 3.5.
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Pool Physical Characteristics

Over the geographic range, pools with steeper sides, a

lower angle, tended to have more rocks in them (Figure

3.7). There was a significant relationship between pool

side angle and number of rocks (r1.0.234, df.95, p<0.001).

Pools with average angles greater than about 40 degrees

rarely had any rocks, and those with angles less than 20

degrees almost always had some rocks.

Pools which had larger average side angles (i.e.

shallow-sided pools with angles inthe range of 10 to 50)

also had greater variance in the pool side angle (Figure

3.8). Steeply sided pools tended to be more uniform (had

less variance) than shallow sided pools, but there were

also shallow sided pools which were uniform in shape.

Canonical correlation of the seven pool

characteristics (independent variables) and the eight

biological variables (dependent variables) yielded two

significant canonical variates out of a maximum of seven

variates (Table 3.4). Each variate is a composite of the

pool characteristics correlated with a composite of the

community indicators. The first variate applies different

weights to both the independent variables (pool

charactersitics) and dependent variables (algal groups) in

such a way as to obtain the highest correlation between the

independent and dependent variables. The second variate

produces a similar result but represents the second highest
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possible correlation orthogonal to the first variate. The

loadings of the variables in the canonical variate

indicates how important that variable is in the canonical

variate. A high absolute value for a variable loading

indicates more importance. The weights should be similar

to the loadings. If they differ from the loadings then the

importance of the variable is questionable (Dillon and

Goldstein 1984). To be conservative, I considered a

variable important only if it had a high absolute value for

both the loadings and the weights.

Canonical variate 1 was represented strongly by the

average pool side angle among the pool characteristics

(independent variables) and by the distributions of bare

space and erect coralline algae, and the percent cover of

crustose algae among the biological (dependent) variables

(Table 3.4). The algebraic sign indicates that pool side

angle was negatively correlated with bare space

distribution and abundance of crusts, and positively

correlated with erect coralline distribution. Therefore,

bare space was more common near the bottoms of pools with

steeper sides (Figure 3.9). Regression analysis revealed a

significant relationship between pool side angle and the

distribution of bare space (r1.0.250, df=112, p<0.001). In

contrast, erect coralline algae were more abundant near the

pool tops in pools with steeper sides (Figure 3.10). There

was also a significant relationship between these variables
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(r1.0.249, df.112, p<0.001). Finally, crusts were more

abundant in pools with steeper sides (Figure 3.11), and

this relationship was also significant (14-.0.112, df.112,

p<0.001).

Canonical variate 2 was dominated by latitude among

the environmental variables and the distribution of erect

fleshy algae among the biological variables (Table 3.4).

The amount of bare space also had a high weight and a

fairly high loading (Table 3.4). Erect fleshy algae tended

to be more evenly distributed in northern pools (Figure

3.12). Southern pools had erect fleshy algae closer to the

pool tops. The relationship between these two variables

was also significant (r1-.0.186, df.112, p<0.001).
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Discussion

rock Emiaration Experiment

The discriminant analysis correctly classified the

cobble retention abilities of the artificial pools in most

cases. However, there are some cases, according to the

model, in which cobbles were not retained when they should

have been and vice versa. There are many reasons for this

variation in the results of this experiment. The

accuracy/precision of the dynamometers is fairly low, so

these devices may have over- or underestimated the actual

wave forces near the pools. A more accurate and precise

method of measuring wave forces would probably enhance the

predictability of this study, but more accurate wave

measuring devices are both much more expensive and less

reliable (Denny 1988). Another factor which can lead to

variability of cobble retention is the waves themselves.

There is much variation in the nature of waves which effect

the ability of waves in removing a rock from a tidepool.

For example, waves which come from the south may be more or

less likely to remove a cobble than waves from the north

even though they exert the same force on a dynamometer.

Pool Surveys

The results of the canonical correlation analysis

indicate that the variable which predicts community

structure best is the average angle of the pool sides. As
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was predicted from the rock emigration study, pools with

steeper sides hold more rocks. These pools also tend to be

deeper. The rocks scour the bottom and sides of the pools,

leading to an abundance of bare space at the pool bottoms.

Crustose algae, which are more resistant to scouring than

erect algae (Chapter 4), were also more abundant in pools

with steeper sides. Erect coralline algae, which are very

susceptible to physical damage from rocks (Chapter 4), were

found mostly near the pool edges.

Pools with steeper sides tend to hold rocks and other

scouring debris which scours the pool and erodes rock from

the pool bottom, making the pool deeper. The scouring also

produces a gradient of physical disturbance in the pool.

Disturbance is greatest at the pool bottom where scouring

is most intense and declines in severity up the pool sides.

Scour-resistant crustose algae are found near the pool

bottoms while scour-susceptible erect corallines are found

at the pool tops. Erect fleshy algae also are intolerant

of cobble scour, but this group has a temporal escape from

this disturbance. Scouring is most intense during the

winter when storms generate larger waves. There is a

marked reduction in the abundance of erect fleshy algae in

the winter in tidepools in Oregon and Washington (Dethier

1982, Chapter 1), but recovery is rapid and consistent in

the spring and summer. Those pools which had a large

amount of erect fleshy algae in one summer also had large
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amounts in the subsequent summers (Chapter 1). In winter,

these algae die or are reduced to low turfs which occupy

little space. In summer, the same algae grows into large,

branching plants. There are also many erect fleshy species

which are annuals and these are only found in pools during

the spring and summer. The lack of any correlation between

erect fleshy algae and any of the pool characteristics is

probably a result of the sampling being done during the

summer months. In winter many of the sites sampled are

either inaccessible or difficult to sample, so although a

winter survey would reveal some of the seasonal dynamics of

these communities, it would only encompass a small subset

of the sites studied here.

Pools with steeper sides also tended to be more

uniform in shape. As the average pool angle increased so

did the variance of the four measurements of pool angle.

Less steeply sided pools were craggier than those with

steep sides. These craggy pools were often merely cracks

in a hard, non-eroding rock, so that one side may have been

overhanging, with a negative angle, while the other sides

had high angles.

It is intriguing that pools of mostly one type of

biological community were found at any one site. This

suggests there may be some underlying geological

explanation for pothole formation. Field observations

indicated potholes tended to be found in sandstone rather
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than basalt. The best example of this was at the exposed

site on Santa Cruz Island. The first exposed site was on a

basaltic bench and had only craggy pools showing little or

no zonation. The second site, located less than a quarter

mile away and having about the same exposure to waves, was

on a sandstone bench and the pools there were deep, steeply

sided, and showed obvious zonation. Another fascinating,

but unexplained, pattern is the association of pool density

with wave exposure. There tended to be more pools at more

wave protected sites than at more exposed sites. This was

true regardless of rock type or whether or not the pools

were potholes. At San Juan Island, one of the most

protected sites, there was a high density of craggy pools

in basaltic rock. At the protected site at Botany Bay,

there was also a high density of pools in a sandstone

substrate, but the pools were potholes.

Although the species composition changed over the

range examined (Table 3.1), the zonation patterns in

potholes remained constant. Pothole bottoms were always

dominated by bare space with crustose algae above the bare

space. If erect algae was present it was found mostly

above the crustose algae. There was little or no

relationship between latitude and the abundance of any of

the types of algae examined here, but there was a

suggestion that erect fleshy algae were more evenly

distributed in pools in the more northern areas. This
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geographic difference may be attributable to the season in

which the sampling was performed. In more northern areas

erect fleshy algae often grow to large sizes during the

spring and summer, obscuring much of the other tidepool

algae throughout the pools (Chapter 1). Macroalgae in

southern areas often form turfs and may be less seasonal in

their growth rates. If this is so, then the observed

pattern of more evenly distributed erect fleshy algae in

northern areas would be a seasonal effect, disappearing in

the winter when northern algae lose much of their upright

fronds especially lower in pothole tidepools.

Conclusions

This study was able to distinguish two very different

types of communities occurring in seemingly similar

habitats on the basis of physical characteristics of pools.

Given a certain set of pool characteristics, we can predict

the structure of the algal community in the pool and know

the reasons why the community shows the observed patterns.

Although there is still much variability in the predictions

and outcomes, we are closer to being able to predict the

patterns and dynamics of this type of community.

Lubchenco (1986) has suggested that an important goal

in ecology is to describe under what conditions certain

associations of species or community patterns will be

found. In this case I have described the conditions under
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which one type of tidepool community will exist. This type

of community seems to be found over a wide geographic

range, and the reasons why this community type exists also

seem to be general over the geographic range examined. Not

only is the pothole tidepool community type widely

distrbuted, the processes regulating the distribution of

algae in these pools also seem to be general.



Table 3.1. Erect
surveyed.

fleshy and erect coralline algae found at the sites

SITE
Botany Botany San Santa Cruz Santa Cruz

Bay Bay Juan Boiler Bear Point Island Island
Species Protected Exposed Island Bay Harbor Arena Protected Exposed
Corallina vancouveriensis X X X X X X X
Boss lea sp.

.X
X X X X X X X

Calliarthron tuberculosurn X X
Prionitis lanceolate X X X
Cladoohora columbians X X X
Ulvoid algae X X X X
Cdonthalia `lcccosa X X X
Neorhodorrela_larix X X
Ecrara.a rt-L,catipacLan X X
Nlicocladia borealia X X X X
Jridaea sp. X X
Gicartna oanarculats X X
Polysiphonous algae X X X
Dilsea c3litornica X X
Ccrsta^;nea simplErc X
Niastocarous papillatua X
Enteromor_;,-Tha sp. X
Fucus gardneri X



Table 3.2. List of the study sites and some of the physical
characteristics of those sites and the pools found at the sites.

SITE

DATE
LONG .(N) LAT.(W) SAMPLED EXPOSURE ROCK TYPE

NUMBER POOL DENSITY
OF POOLS (#/m2)

Botany Bay Exposed 48 °31' 124°25' 8/28/89 1 Shale 14 0.176

Botany Bay Protected 48 °31' 124025' 8/29/89 3 Sandstone 18 0.434

San Juan Island 48027' 122 °57' 8/31/89 4 Basalt 16 0.425

Boiler Bay 44050' 124003' 8/27/87 3 Sandstone 9 0.545

Bear Harbor 39°54' 123°03' 6/30/88 2 Basalt 8

Point Arena 38°52' 123°40' 7/1/88 2 Sandstone 9

Santa Cruz Island
Exposed 1 34 °03' 119 °55' 3/19/88 2 Sandstone 9 0.068

Exposed 2 34°03' 119°55' 3/20/88 2 Sandstone 7 0.146

Protected 34000' 119°50' 3/22/88 3 Sandstone 27 0.196

Table 3.2. (cont.).

AVERAGE AVERAGE VARIANCE AVERAGE

SITE POOL ANGLE OF POOL ANGLE NUMBER OF ROCKS

Botany Bay Exposed 37.6 542.2 0.8
Botany Bay Protected 1.9 109.5 27.4
San Juan Island 44.4 465.3 1.3

Boiler Bay 107.1 10.6

Bear Harbor 29.1 211.7
Point Arena 27.4 205.6
Santa Cruz Island

Exposed 1 49.2 428.4 0.0
Exposed 2 10.7 193.5 42.7

Protected 29.7 221.1 10.7



Table 3.3. Results of the regression analyses performed on the algal
groups and bare space at the different sites. the first number for each
space occupier is the r1 coefficient and the second number in the P-value.

BARE ERECT CR LISTOSE
SPACE CORALLINES ALGAE

ERECT FLESHY
ALGAE

SITE R2 P-value R2 P-value R2 P-value R2 P-value

Bear Harbor 0.29 <0.001 0.002 0.725 0.014 0.300 0.030 0.122
Santa Cruz Island

Exposed 1 0.057 0.023 0.057 0.024 0.049 0.036 0.042 0.054
Botany Bay Exposed 0.002 0.535 0.049 0.003 0.045 0.004 0.044 0.005
San Juan Island 0.005 0.390 0.004 0.485 0.002 0.604 0.002 0.588
Point Arena 0.200 <0.001 0.230 <0.001 0.010 0.378 0.100 0.003
Santa Cruz Island

Exposed 2 0.361 <0.001 0.003 0.627 0.199 <0.001 0.109 0.005
Protected 0.321 <0.001 0.070 <0.001 0.056 <0.001 0.218 <0.001

Botany Bay Protected 0.385 <0.001 0.237 <0.001 0.026 0.059 0.064 0.003
Boiler Bay 0.336 <0.001 0.197 <0.001 0.030 0.103 0.003 0.591
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Table 3.4. Results of the canonical correlation analysis
comparing the physical characteristics of pools and the
abundance and distribution of algal groups and bare space
in the pools.

Independent
Variables

Variate 1 Variate 2

Loading Weight Loading Weight

Pool
Characteristics
Var. Angle 0.28 0.49 -0.18 -0.22
Ave. Angle 1.04 0.94 -0.52 -0.08
# Rocks 0.01 -0.45 -0.43 -0.13
Latitude -0.12 -0.15 -0.97 -0.87
Depth 0.28 -0.52 -0.15 0.18
Length 0.07 0.38 0.31 0.06
Width -0.02 0.26 0.13 0.21

Dependent
Variables

Community
Characteristics
Percent Cover
Bare 0.14 -0.43 0.39 0.55
EF -0.19 -0.25 0.08 0.02
CR -0.40 -0.44 0.02 0.40
EC -0.01 -0.08 0.24 0.25

Distribution
Bare -0.58 -0.77 0.34 0.38
EF -0.22 -0.10 -0.56 -0.81
CR 0.33 0.15 0.22 0.06
EC 0.45 0.70 0.54 0.23

Canonical
Correlation 0.735 0.572
F-Ratio 2.53 1.52
P-Value <0.001 0.023
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Figure 3.1. Diagram of the four different shapes of pools
used to determine cobble retaining potential of pools.
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Figure 3.2. Map of the west coast of North America
showing the location of the study sites.
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Figure 3.3. Diagram of the device used to measure pool
angles.
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Figure 3.4. Experimental pools which retained (X) and
lost (open circles) cobbles over a 24 hour period in
relation to maximum wave velocity and pool side angle.
The line represents the discriminant function presented in
the text.
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Figure 3.5. The percent cover of bare space (circles),
crustose algae (inverted triangles), erect coralline algae
(triangles), and erect fleshy algae (squares) as a function
of depth in the pools at the five sites which had pothole
communities. Error bars represent one standard error of
the mean.
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Figure 3.6. The percent cover of the same four groups in
Figure 3.5 at various pool depths at the four sites which
did not have pothole communities.
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Figure 3.7. The relationship between pool side steepness
and the number of rocks found in the pool.
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Figure 3.8. The relationship between average pool side
angle and the variance of the pool side angle.
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Figure 3.9. The relationship of pool side angle and the
distribution of bare space in the pools.
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Figure 3.10. The relationship of pool side angle and the
distribution of erect coralline algae.
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Figure 3.11. The relationship of pool side angle and the
percent cover of crustose algae.
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Figure 3.12. The relationship of latitude and the
distribution of erect fleshy algae.
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Chapter 4

THE EVOLUTION AND ROLE OF
CALCIFICATION IN THE MACROALGAE

Abstract

The fact that calcification has evolved numerous times

and in many diverse taxa of macroalgae suggests strong

selective advantages of calcification. Some insight into

these selective advantages can be gained by examining

present day plants. Calcareous red algae in the Family

Corallinaceae (=corallines) are a prominent feature of many

low intertidal and subtidal habitats despite being

relatively poor competitors with other organisms. Their

ubiquity seems based on a higher resistance to herbivory

than non-calcified algae. However, herbivores with mouth

parts strong enough to consume calcified algae were not

present when these plants first appeared in the fossil

record in the Cambrian. Excavating herbivores did not

appear in the fossil record until the Jurassic, 350 million

years later. This absence of herbivores during the initial

evolution of algal calcification suggests that there was

some other selective agent for the incorporation of calcium

carbonate in algae. I propose here that physical forces,

particularly scouring and impaction by wave-borne debris,

could be the selective force for calcification in the

macroalgae. This hypothesis, however, is not testable, but

the resistance of present day coralline algae to

disturbance can be examined. In this paper, I
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experimentally show that crustose corallines are very

resistant to physical disturbance. Articulated corallines,

however, are very susceptible to the same type of

disturbance. I also argue that calcification decreases the

competitive ability and tolerance to heating and

desiccation of algae. These ideas support the hypothesis

that physical factors led to the initial incorporation of

calcium carbonate in the algae.

I propose the following scenario: After the initial

incorporation of calcium carbonate into algae, these plants

may have decreased their growth rate and their tolerance to

physiological stresses but were pre-adapted to the

voracious herbivores which appeared later. The initial

crustose forms then evolved specific adaptations to counter

increasing herbivore pressure. The first of these

adaptations was the differentiation of the single-layered

crusts into multi-layered crusts. Later the multi-layered

crusts formed branches and articulations giving rise to the

articulated coralline algae. These branched and

articulated coralline algae are resistant to most

herbivores except parrotfishes, but they are also

susceptible to scouring and wave-borne debris.
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Introduction

Calcareous algae, algae incorporating calcium

carbonate in or on their thalli, are an important component

of the marine flora, inhabiting virtually all euphotic

marine habitats around the world. One reason for the

ubiquity of these plants seems to be that coralline algae

(algae in the family Corallinaceae) are highly resistant to

grazing by a variety of herbivores (Paine and Vadas 1969,

Littler and Littler 1980, Steneck 1983, 1985).

Calcification has been present in the algae since the early

Cambrian (Wray 1977) and has evolved independently in many

taxonomic groups of algae (Figure 4.1). Both the

Chlorophyta and Rhodophyta evolved calcareous forms in the

early Cambrian (Wray 1977), but their skeletal structures

are very different. The red algae form a true skeleton

with the cell walls becoming calcified, while the green

algae generally precipitate calcium carbonate on the

outside of the thallus with little influence from the

organic matrix (Flajs 1977). In this paper, I will limit

my discussion to the calcareous red algae.

In the Rhodophyta there have been four important

calcareous families through time. The earliest calcareous

red algal family recorded is the Solenoporaceae. These

nodular and crustose forms first appeared in the early

Cambrian and persisted into the Cenozoic (Wray 1977,

Johansen 1981). They were composed of large cells arranged
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parallel to each other, with the calcified parts forming

tubes perpendicular to the substrate (Figure 4.2).

The Gymnocodiaceae first appear in the fossil record

at the Carboniferous-Permian boundary (Figure 4.1). They

are not thought to be related to any other calcareous red

algae (Wray 1977, Johansen 1981), and their growth form is

very different from the others. They resemble the

Dasycladaceae (Chlorophyta) more than other Rhodophytes,

being elongate cylinders with numerous pores in the walls

(Wray 1977).

The two other families of red algae are thought to

have been derived from the Solenoporaceae (Steneck 1983,

1986). The Squamariaceae are encrusting plants posessing

both a outer perithalium and inner hypothallium (Steneck

1983). This group has an incomplete fossil record, but

their earliest appearance is in the late Carboniferous

(Figure 4.1, Steneck 1983). The Corallinaceae

(=corallines) are by far the most abundant, recent

calcareous algal family and exhibit a great variety of

growth forms (Figure 4.3). They differ from the

Squamariaceae by depositing calcite as opposed to the

alternative form of calcium carbonate, aragonite (Wray

1977, Johansen 1981). There are two distinct morphologies

of coralline algae, the crustose and articulated forms

(Figure 4.3, Wray 1977, Steneck 1986). All of the crustose

forms have both hypothallium and perithallium, and they can
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range from completely flat to having small bumps or

elaborate branching patterns. The articulated forms are

composed of calcified intergenicula connected by a tough,

flexible, organic matrix, the genicula. The articulated

forms are thought to be derived from the crustose forms

(Johansen 1981). However, the timing of the evolution of

these forms is in question. Articulated forms have

definitely been found since the Jurassic, but at least one

specimen of articulated coralline has been found from the

Devonian (Magathan 1985) and numerous examples of algae

thought to be crustose corallines have also been reported

from the Devonian (Sonnenfeld 1964, Wray and Playford 1970,

Machielse 1972).

The independent evolution of calcification in many

groups in at least two divisions (e.g. Solenoporaceae,

Gymnocodiaceae, Dasycladaceae, Codiaceae, and Charophyceae)

suggests that there were strong selective forces leading to

the incorporation of calcium carbonate in algal thalli.

What were the forces? The possible selective agents can be

classified into four main groups. First, calcification

possibly could have reduced the effects of competition from

other space occupying organisms by decreasing overgrowth

from animal and non-calcareous algae or by allowing the

calcareous alga to overgrow other organisms. Second,

calcification might have ameliorated the effects of

physiological stresses, such as desiccation and heating.
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Third, calcification may have provided a coexistence refuge

from herbivory. Finally, calcification may have reduced the

effect of damaging physical forces, such as wave shock,

scouring by sand or gravel, or damage from wave-borne rocks

or debris. These four possible selective agents will be

evaluated in turn. Evidence from the literature concerning

the modern species, experimental evidence, and the

examination of fossil algae and animals, will all be used

to evaluate the ideas I develop in this paper.

Before considering these hypotheses, however, I will

discuss the nature of calcification and the probable

evolutionary steps which would lead to the incorporation of

calcium carbonate into the thalli of algae. Calcium

carbonate can be incorporated in an algal thallus in two

ways. First, the alga may live in an environment which is

likely to precipitate calcium carbonate. The plant does

not actively secrete the minerals, but it is encased in

calcium carbonate due solely to the environmental

conditions (Wray 1977). Second, algae may actively secrete

aragonite or calcite (Johansen 1981). I will consider here

only the actively secreting forms of calcification.

For calcification to evolve in a group of algae, there must

be an advantage to incorporating small amounts of calcium

carbonate into the thallus. This assumes that algae were

initially uncalcified and that evolution takes place in

small steps. Assuming a gradual evolution of calcification
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requires the existence of intermediate forms containing

small amounts of calcium carbonate which must have been at

a selective advantage over uncalcified forms (see Futuyma

1986 for a review of mechanisms of evolution).
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Competition

Crustose coralline algae occupy much of the habitat in

the intertidal and subtidal regions (See Steneck 1986 for

review). Since space is generally a limiting resource in

marine benthic habitats, the high abundance of crustose

coralline algae suggests these plants may be good

competitors for space. However, if the distribution of

these algae is examined more closely, it appears that they

are found in areas where potential competitors are removed

rapidly (Steneck 1986). Two mechanisms can remove

potential competitors. First, they can be grazed by

herbivores. In this case, for the corallines to persist in

the habitat, the crustose coralline species must either be

more resistant to grazing or the herbivores must

preferentially consume non-coralline species. Second,

potential competitors may be removed by mechanical forces

such as heavy wave action or by wave borne debris of

various sorts. This seems to be the case in tidepools and

surge channels where rocks and other debris can collect,

scouring the pool sides and bottoms at high tide (Chapter

1, 2, 3). However, there are exceptions to the situation

where fouling organisms are removed by external forces

(Johnson and Mann 1986).

The observation that crustose corallines are only

found in abundance in areas where potential competitors are

removed rapidly suggests that crustose coralline algae may
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be relatively poor competitors for space in the absence of

an external force to remove overgrowing organisms. In the

absence of herbivory the evidence suggests corallines are

inferior competitiors (Steneck 1986). For instance, many

studies show that when corallines are in competition, they

can be overgrown by epiphytes, usually ephemeral algae

(Steneck 1986). They are also susceptible to overgrowth by

other encrusting organisms, such as bryozoans, sponges,

ascidians, oysters, barnacles, and mussels (Jackson and

Winston 1982, Menge et al. 1986).

Although it seems fairly clear that crustose

corallines are poor competitors, the evidence for

competitive ability of articulated corallines is less

convincing. There is evidence that in relatively benign

habitats a sponge can outcompete a relatively fast growing

articulated coralline species (Palumbi 1984). Littler and

Littler (1980) suggest that articulated corallines are

poorer competitors relative to other algae on the grounds

that they are adapted to later successional stages and

harsher environments, so they put their energy into

producing a relatively tough thallus at the expense of

competitive ability and growth potential. I have observed

in one tidepool that a fleshy red alga totally overgrew all

the articulated species present in the pool.

Hence, there is evidence that algae which incorporate

calcium carbonate into their thalli are poor competitors
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for space with other space occupying organisms. Assuming

that there is a trade-off between competitive ability and

other energy-requiring functions in the plant, this seems

intuitively reasonable. Energy used to incorporate calcium

carbonate into the thallus would presumably be subtracted

from the total energy budget, leaving less for resources

for competition. If corallines are poor competitors they

may become abundant by being more resistant to the external

mortality agents such as physical stress and herbivory

(Steneck 1986).
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Physiological Stress

The most common forms of physiological stress in the

intertidal are drying and heating during low tide on warm

days. However, no thorough studies of the impact of these

processes on various types of algae have been done. There

are, however, a few studies which have associated coralline

algae with continually moist conditions. Coralline algae

occurs almost exclusively in the very low intertidal,

subtidal, or in tidepools (Johansen 1981). Exceptions to

this are species which, due to their morphology retain

water for periods of time and are able to live in dryer

conditions (Padilla 1984, Johansen 1974). By removing the

canopy plants, Dayton (1971) also noted the sensitivity of

coralline algae to desiccation and placed them in his

'obligate understory' group. Lubchenco et al. (1984)

observed that on the low rocky shores of the Pacific coast

of Panama abundance of crustose corallines increased in the

wet season and decreased in the dry season. Desiccated

coralline crusts were usually distinctly visible as a white

band along the upper edge of coralline dominated surfaces

(B. Menge, pers. comm.). In addition, when areas of the

intertidal in Alaska and Chile have been uplifted by

earthquakes or nuclear tests a conspicaous band of

calcareous organisms, mostly coralline algae, has been

noted. Most of the organisms were dead or dying, producing
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a distinct white band (Burgner et al. 1971, Johansen 1971,

Castilla 1988).

These studies suggest that coralline algae are very

susceptible to arid conditions, but they do not answer the

question of whether coralline algae are more or less

susceptible to water loss than their non-calcified

counterparts. Intertidal researchers are beginning to come

to grips with ways in which to deal with these physical

processes in a quantitative manner by applying the methods

of terrestrial ecologists (e.g. Porter and Gates 1969,

Tracy 1976, Kingsolver and Moffat 1982, Kingsolver 1983).

What is the effect of incorporating calcium carbonate

into the thallus of an alga on tolerance to heating and

desiccation? I approach this question theoretically and

qualitatively to try to determine what will happen to an

alga if some crystals.of calcium carbonate are added to its

thallus. Since calcium carbonate is an inorganic solid, I

will assume that the addition of calcium carbonate will

displace some of the living matter, holding cell and thalli

size constant. If we are concerned with the effects of

desiccation, then the answer to the question is obvious.

In calcified algae some of the living material is displaced

by calcium carbonate and the amount of fluid to lose is

less than a comparable alga without calcium carbonate,

resulting in algae which dry out faster assuming that

calcified and non-calcified algae are equally permeable.
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The only complication with this analysis is that the

calcium carbonate may change the permeability of the cell

wall to water, inhibiting water loss. However, there is

evidence suggesting that coralline algae are generally

susceptible to desiccation (Adey 1964, Littler 1972, 1973,

Ojeda and Santelices 1984, Steneck and Paine 1986).

On the other hand if we are considering the tolerance

of clacified algae to heat, the story is more complicated.

I assume that the heat capacity of the algal tissue is

greater than that of calcium carbonate. This is justified

given the great heat capacity of water which constitutes

most of the biomass of organisms. Thus if calcium

carbonate is added to the thallus of an alga, it will tend

to decrease its heat capacity, so it will tend to heat up

faster than an identical alga without calcium carbonate.

By these arguments, I suggest that the incorporation of

calcium carbonate into an algal thallus is detrimental to

an alga in terms of its resistance to both heating and

desiccation.
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Herbivory

Steneck (1983, 1985) has suggested that marine benthic

herbivores and calcareous algae are involved in an

evolutionary arms race. The algae have been responding to

increasing herbivore excavating ability with adaptations to

reduce the effects of herbivory. He shows a correlation

between the evolution of specific anti-herbivore

adaptations in crustose coralline algae and the evolution

of herbivores capable of excavating calcium carbonate.

However, the presence of calcified algae in the fossil

record precedes the appearance of excavating herbivores.

The first herbivorous molluscs are the Polyplacophora which

appear in the Cambrian (Runnegar et al. 1979, Figure 4.1).

These early chitons are not thought to have been capable of

feeding heavily on calcified algae because they seem to

have lacked a well developed radula (Steneck 1983). It

also seems that these herbivores were not abundant at this

time but this may be an artifact of poor preservation.

Archeogastropods (such as limpets) are another group of

herbivores with the ability to excavate calcium carbonate,

but they did not evolve until the middle Triassic (Moore

1964) and were not abundant until the Jurassic (Steneck

1983). So limpets could not have caused the initial

evolution of calcification in algae. Voight (1977) has

examined the grazing marks left in bivalve shells by

radula-bearing herbivores. The earliest of these trace
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fossils to date is from the Jurassic. Other herbivores,

various annelids and molluscs, which may have been present

in the Cambrian during the evolution of calcification in

the algae probably did not have mouth parts strong enough

to penetrate calcified algae (Steneck 1983).

There is no denying that calcareous algae are

generally more resistant to herbivory than their

noncalcified counterparts. Recent experimental work has,

however, suggested that some crustose coralline algae are

just as easily grazed by some herbivores as fleshy crustose

and erect species (Padillla 1985). However, some

morphological forms of crustose corallines are more

resistant to most herbivores than other forms. The

crustose branching species (e.g. Idthothamnion) are rarely

grazed by molluscan herbivores (Steneck and Paine 1986,

Steneck 1986), but they are more susceptible to fish

grazing (Steneck and Adey 1976, Steneck 1986). Other

crustose species seem to have various adaptations to

herbivory such as the ability of Pseudolithoohvllum

whidbevense to rapidly repair damaged tissue by overgrowing

itself (Steneck and Paine 1986, M. Dethier pers. comm.).

Also, many coralline crusts have a epithalium which can be

grazed off without damaging the meristem. The epithallium

is generally the same thickness as the depth of molluscan

grazing marks (Steneck 1986). Articulated species are also

resistant to herbivory. Padilla (1984) found that the only
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species of a variety of tidepool algae, including some

arrticulated corallines, which was invunerable to grazing

was a coarsely branched articulated species, Calliarthron

tuberculosum. In another study, Littler and Littler (1980)

in comparing species of all functional forms found that the

alga least desirable to herbivores was Corallina

officinalis, also an articulated coralline species.

Evidently, the articulated coralline species may be even

more resistant to herbivory than the crustose species.

Erect forms may also be more difficult to handle. For non-

calcareous species, it was more difficult for herbivores to

handle and consume upright, tubular algae than flatter,

more bladelike algae (Watson and Norton 1985). This may

also be the case for coralline algae. The articulated

species must be manipulated by the herbivore before

consumption while crustose species must only be crawled

upon for grazers to consume them.

Although present day coralline algae appear more

resistant to herbivory, the selective forces which led to

the initial incorporation of calcium carbonate into the

thallus may have been totally different. The main line of

argument against the hypothesis that calcification evolved

in response to herbivore pressure is that calcification in

the algae first evolved very early in the Cambrian (Figure

4.1). However, herbivores with mouth parts strong enough

to graze fully calcified algae did not appear in abundance



192

until the Jurassic (Steneck 1983, 1985). So there is a

span of about 350 million years where calcified algae were

present but few herbivores were present, suggesting that

herbivores had little to do with the initial evolution of

the incorporation of calcium carbonate into the thalli of

algae. This is further supported by the observation that

specific adaptations to herbivory (see above for examples;

Steneck and Watling 1982, Steneck 1983, 1985, 1986) are not

present in the early calcified algae. These adaptations

appear when herbivores that possess a radula become

abundant in the fossil record. It also seems that algae

can respond fairly rapidly to changes in herbivore pressure

(Steneck 1985).

I conclude that although algae may have evolved

adaptations to herbivore pressure and that they are very

resistant to grazing, evidence supporting the hypothesis

that calcification in algae initially evolved in response

to herbivory is equivocal.
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Physical stress

Physical stresses, which predate all organisms, are

factors which can induce damage in algae as opposed to

physiological stresses which do not cause physical damage

to the structure of the organism (Menge and Sutherland

1987). If the algae evolved calcification gradually, were

those individuals which incorporated a small amount of

calcium carbonate into their thalli at a selective

advantage over those which did not? Does incorporating a

small amount of calcium carbonate into the thallus reduce

the chance of being damaged by physical forces?

Comparative evidence consistent with the hypothesis

that calcification confers resistance to physical stress is

available for the sponge, Balichondria panicea (Palumbi

1984). Sponges incorporate spicules as small hard parts in

their body. Are sponges resistant to being damaged by

physical forces? Palumbi (1984) looked at K. tanicea a

sponge over a gradient of wave exposure and found different

growth forms in different areas. He also found that

sponges in exposed areas had a higher concentration of

spicules and were more resistant to breakage, suggesting

that the spicules provide some protection against physical

factors.

Once calcium carbonate is incorporated into the algal

thalli, what is the optimal amount of calcium carbonate to

have in the thallus? When structures become very hard by
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incorporating much calcium carbonate, they also become very

brittle (Wainwright et al. 1976). So there must be some

optimum amount of calcium carbonate to be most resistant to

physical stresses. The form of the thallus can also

influence the susceptibility of the plants to physical

damage. Below I describe a set of experiments I performed

to examine coralline algal form with respect to being

damaged by wave-borne rocks.

Methods

The protocol consisted of dropping rocks from

different heights onto algal specimens. For each species

tested, I determined the minimum kinetic energy required to

cause damage to the alga. I tested two species of

articulated coralline species, Calliarthron tuberculosum

and Corallina vancouverensis and two species of crustose

coralline species, Psuedolithophyllum whidbevense and

Lithophyllum .moressum. I quantified damage in the erect

species by determining the amount of energy required to

break a single frond (Calliarthron) or counting the number

of branchlets broken for each level of kinetic energy

(Corallina). For the crustose species, I measured the area

of damage produced by each level of impaction energy. I

tested the crustose species while attached to their

original rock surface by chipping off pieces of rock and

then imbedding these into an epoxy putty. I also tested
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two species of erect fleshy algae, Neorhodomela larix and

Odonthalia floccosa. For these two species I measured the

breaking strength of a frond after it was subjected to

various levels of kinetic energy. The total force required

to break the frond was determined and divided by the cross

sectional area at the breaking point to give the breaking

strength of the frond.

Ttesults

The articulated coralline species were damaged at very

low levels of kinetic energy (Figure 4.4). In contrast,

the crustose species were the most resistant type of algae

tested. The erect fleshy algae showed an intermediate

resistance to rock impaction. I conclude that articulated

coralline algae are susceptible to rock impact while

crustose coralline species are resistant to damage from the

same physical stresses.

piscussion

This set of experiments is especially applicable to

those species which form rhodoliths (small, spherical

nodules composed of coralline algae; Wray 1977, Johansen

1981, Steneck 1986). There are many forms of rhodoliths,

ranging from smooth round balls to elaborately branched

columns or spheres (Steneck 1986). The degree of branching

is thought to correlate with the amount of wave action and
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the frequency with which the nodule is flipped over

(Steneck 1986). The less the wave action, the more

branching there will be on the algae. Every time a

rhodolith is flipped over some part of the algae must

sustain an impact if it strikes a hard surface. Bossellini

and Ginsburg (1971) observed a flipping rate of up to once

a week or more. During a storm, I suspect that a rhodolite

will be flipped many times and the algae on the outside can

be severely damaged.

The role of abrasion and impaction by wave borne

debris in the evolution of calcification of calcareous

algae has been neglected in the past. Johansen (1981, pg.

189) even states that "Abrasion is not a feature

encountered in the ocean except on seashores frequented by

man." This statement is obviously false considering the

work of Dayton (1971), Shanks and Wright (1986), and myself

(Chapters 1, 2, 3). Physical stresses may have been a

selective agent in the initial evolution of calcification

in algae, but the importance of these agents have been

overshadowed in the past by the more recent role of

herbivory.
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Conclusions

The role of competition and physiological stress in

the evolution of calcification in algae seems to be that of

agents selecting against the incorporation of calcium

carbonate in the thalli. I postulate that physical stress

is the prime candidate for the selective agent which

initially selected for calcification of algae, but that

herbivory played a major role in the subsequent evolution

of calcareous algae. I suggest the following sequence of

evolutionary events which led to the flora of calcareous

algae we see today.

If calcification was an initial adaptation to reduce

the effects of physcial stress, then the form of these

initial algae should have been a crustose form since these

were more resistant to physical damage (Figure 4.4). When

herbivores became abundant, the calcareous algae was

preadapted to this new selective pressure and increased the

amount of calcification. As a further adaptation to

herbivory, the algae adapted a branching form which reduced

the effectiveness of radular herbivores (Steneck 1986). A

further adaptation would be to increase the branching and

add genicula (articulations) to reduce the effects of water

motion. This led to the evolution of articulated coralline

algae which are highly resistant to grazing by molluscan

herbivores but are susceptible to damage from physical

stresses. However, these forms seem to be more susceptible
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to herbivorous fish, which are relatively recent herbivores

(Steneck 1985, Choat and Bellwood 1991).
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Figure 4.1. Geologic ranges of the green (Chlorophyta)
and red (Rhodophyta) algal families and of the excavating
herbivores. For the algal families, the dashed lines
indicate probable geologic ranges, but few or no specimens
have been found. The solid lines indicate known geologic
ranges. The dashed lines in the herbivore section
indicates that the group was not abundant at that time.
The solid lines indicate high densities.
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Figure 4.2. Sketch of the internal structure of crustose
solenopore and coralline algae. Adapted from Steneck
(1983).
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Figure 4.3. Sketch of the internal structure of a crustose
coralline and an articulated coralline. The
differentiation of the crustose thallus into three layers
is shown, and the genicula and intergenicula cna be seen on
the articulated form. Adapted from Wray (1977).
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Figure 4.4. The minimum kinetic energy required to damage
various species of algae. The two crustose coralline
algae, Psuedolithouhvllum whidbevense (Pw) and Lithophyllum
impressum (Li) are shown on the left. The articulated
corallines, Calliarthron tuberculosum (Ct) and Corallina
vancouverensis (Cv) are shown on the far right and third
from the right. The two remaining species are two erect
fleshy algal species, Neorhodomela larix (N1) and
Odonthalia floccosa (Of). There are no error bars because
each point was determined by examining a graph of kinetic
energy versus damage and the minimum kinetic energy
required to cause damage was used.
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CONCLUSIONS

The zonation patterns of algae in pothole tidepools

was distinct and persisted over many years. Corallina

vancouveriensis occupied the pool edges and other erect

algal species, both calcified and fleshy were found below

C. vancouveriensis. Below the erect algae there was a zone

of crustose algae. Finally, few organisms were found at

the pool bottoms. These zonation patterns correlated well

the patterns of physical disturbance in the pools.

Scouring by rocks and other debris in the pools caused a

gradient of scouring intensity. The most intense scouring

occurred on the pool bottoms and the intensity declined up

the pool sides. At the top of the pools, where scouring is

relatively unimportant, low salinity extremes may reduce

the abundance of coarsely branched erect algae, allowing

the finely branched C. vancouveriensis to dominate the pool

edges.

In chapter I experimentally manipulated scouring by

cobbles, herbivory, and the dominant algal group in

artificial pools to determine which of these factors were

responsible for the observed patterns of algal zonation.

Cobbles had the greatest effect on algal distribution in

pools, leading to the conclusion that scouring is the main

determinant of algal zonation in intertidal potholes.

Herbivory may have led to differences between exposed and

protected sites, but they had little effect on algal



208

distributions. Removal of coralline algae resulted in

slight increases in fleshy algae, but there were no changes

in fleshy algal distribution.

The algal distribution patterns observed in Oregon

were found over a wide geographic range, from Vancouver

Island, B.C., Canada to Santa Cruz Island off southern

California, U.S.A., and these biological patterns were

associated with scouring by rocks, suggesting that the

causal processes were the same as in Oregon. However, not

all pools showed the same patterns. Some pools had no

rocks in them and did not have any algal zonation patterns.

It was determined that the angle of the pool side

influenced the rock retaining abilities of the pool. Pools

with steeper sides and in wave sheltered areas retained

rocks better than pools with shallower sides and in more

wave exposed areas. I was able to predict which pools

would contain cobbles and show typical algal zonation

patterns based on the average angle of the pool sides.

Finally, I related the causal process of scouring to

the evolutionary history of coralline algae. Since

coralline crusts were the most scour resistant type of

algae I studied, I proposed that scouring and other forms

of wave-induced physical disturbance may have led to the

initial calcification of algae in the Cambrian. Herbivores

have been invoked as selective agents in the evolution of

calcified algae (Steneck 1983, 1985, 1986), but excavating



209

herbivores were not present in the Cambrian. However,

wave-induced scouring predates all organisms, including

herbivores, so physical factors are a likely candidate for

the initial incorporation of calcium carbonate into algal

thalli.
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