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INTRODUCTION

Between the highest and lowest reaches of the tides on
wave-washed rocky shores occur distinct horizontal
zones of barnacles, mussels, algae, and other sedentary
organisms (Lewis 1964, Stephenson and Stephenson
1972, Harley 2007). The causes of the vivid zonation
patterns are one of the oldest and most intensively
studied problems in the ecological literature, because the
work bears on the more general problem of the spatial
limitation of populations. The accepted explanation
maintains that dense populations of sedentary species
form in spatial refuges above the reach of natural
enemies: superior competitors or predators (Connell
1961, 1970, 1975, Paine 1974, 1976). Below the lower
boundary, prey may occasionally be passed over by
predators long enough to reach invulnerable sizes,
termed an age-size refuge, if the prey species has the

biological capacity to do so. The concept of refuges has
been widely applied to communities outside the rocky
shore environment (Taylor 1984, Kerfoot and Sih 1987).

The issue of population limitation in this system
hinges on the mechanisms of the lower boundary. At
relatively low shore levels, durations of tidal submer-
gence and hence time for the settlement of the larvae and
food intake by these �lter-feeding organisms are
prolonged. Episodes of elevated settlement followed by
rapid growth (Dehnel 1956, Robles et al. 1995, Garza
2005) generate the potential for explosive changes in
mussel biomass and location of the lower boundary. The
upper boundary is believed to be set by physical stresses
incurred by prolonged periods of tidal emersion at high
shore levels. Here settlement and growth rates are low,
and the potential for change is less.

That zones represent spatial refuges from predators
was established in experimental studies of mussel and
barnacle populations on wave-beaten shores of the
Paci�c Northwest (Connell 1970, Paine 1974). In the
case of the mussels (Mytilus californianus), predatory sea
stars (Pisaster ochraceus) are relatively intolerant of
physical stresses (temperature or desiccation) during the
prolonged tidal exposures high on the shore. Above
some critical shore level predation is negligible, and the
otherwise vulnerable juvenile mussels accumulate, even-
tually forming dense beds of adults in the spatial refuge
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succession of algae, barnacle species, and the mussels,
which eventually displace the other species. At regular
intervals, a close-up photograph was taken of a 400-cm2

quadrat in the center of each plot. Analyses are reported
for the end of the experiment, 30 months after clearing.
A comparison of cleared plots on the removal sites with
those on the controls indicates the extent to which sea
star predation limits the colonization of mussels and
other prey in a zone presumed to be a refuge.

Sea star diets and size-dependent predation.�Divers
collected sea stars and the prey on which they fed at high
tide from the center of each experimental site of the
locations used in the boundary analysis. The sizes of sea
stars and the identities and sizes of their prey were
recorded. Collections for the three sites within a location
were made on successive days of an extreme high-tide
series (��spring tides��) with the time of collection in a 90-
min time window bracketing the predicted time of the
peak high tide. Four locations were surveyed; the �fth, a
severely storm-damaged location, was not surveyed.
Results shown are for collections made in late summer
for the year in which the boundary of the addition site
within the particular location was observed to recede
most rapidly.

Statistical analyses.�To test whether the sea star
manipulation did indeed produce the required relative
differences in densities, as assessed by the �xed plots, a
repeated-measures ANOVA was run with treatments
(addition, control, and removals) and time (samples
before and after the start of manipulations) as the main
effects. Post hoc tests (pairwise applications of the

Mann-Whitney U tests, with the Bonferroni correction
for procedure-wise error rate) were used to determine
which treatment densities differed from controls on a
given survey date.

Changes in boundary location after three years of
altered sea star densities were evaluated with mixed
model two-way ANOVA, with either shift in boundary
shore level (vertical difference between 2004 and 2007
levels) or run along the surface (difference in intercepts
between 2004 and 2007) as the dependent variable,
location as the random independent variable, and
treatment as the �xed independent variable. For both
shore level and run along the surface, the analysis was
done using rank transformed data to meet the assump-
tion of equal sample variances. Post hoc comparisons of
the treatments vs. controls were made with Tukey hsd
tests. Further explanation of statistical methods appears
in Sokal and Rohlf (1981).

To analyze size-dependent predation on mussels,
inferences were made using a mixed-model ANCOVA,
with treatments as the �xed factor, location the random
factor, sea star wet mass the covariate, and the upper
quartile of lengths of mussels consumed for each site as
the dependent variable. The variances for treatment
were equal (Levine�s test, F2,77 ¼ 0.893, P¼ 0.414). The
complete model (including all possible interaction terms)
was run and then nonsigni�cant interactions removed
iteratively from three-way to two-way interactions, until
the model of minimum suf�cient number of terms was
obtained (Sokal and Rohlf 1981). In the iterative
process, the three-way and two-way interactions involv-

TABLE 1. Repeated-measures ANOVA of the densities of sea stars (Pisaster ochraceus) on the
experimental sites.

Source
Sum of
squares df MS F P G-G H-F

Between-subjects effects
Treatment 2.441 2 1.221 11.043 0.002
Error 1.327 12 0.111

Within-subjects effects
Time 0.197 2 0.099 3.556 0.044 0.046 0.044
Time 3 treatment 0.937 4 0.234 8.450 0.001 0.000 0.000
Error 0.665 24 0.028

Notes: The within-subjects analysis produced signi�cant treatment, time, and time 3 treatment
effects. Abbreviations are: G-G, P value for Greenhouse-Geisser epsilon; H-F, P value for Huynh-
Feldt epsilon. The experiments were conducted at �ve locations within a 10-km2 area in Barkley
Sound, British Columbia, Canada.

!
FIG. 2. Photographs of boundary changes on three of the experimental sites. (a, b) Panoramic view to seaward of a removal site

(a) immediately before and (b) three years after the start of the experiment. The baseline appears in the foreground, and the transect
lines run perpendicular. Orange cones mark the position of the original location of the lower boundary in panel (a). After three
years (b) algae and other invertebrates have been replaced by a continuous cover of Mytilus trossulus. Mytilus californianus settled
among its congener, and as they matured the lower boundary of adult M. californianus extended downward. (c, d) Sections of
photo-mosaics from a sea star (Pisaster ochraceus) addition site (c) immediately before and (d) three years after the experiment
began. Frames are ; 1.3 m wide. The red dots mark the same point on the rock surface. Orange cones in panel (c) mark the initial
location of lower boundary. (e�f ) Close-ups of lower boundary on a wave-exposed addition site (e) immediately before and (f ) three
years after the start of the experiment. Examination of the photographic record showed that, over the course of the experiment,
small mussels and other prey declined in abundance, the cover of large mussels fragmented, and the lower boundary of continuous
mussel cover receded above the frame.
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procedure-wise error rate, P , 0.05 for both addition vs.
control and removal vs. control). Thus, while a cover of
adult mussels became established on control and
removal sites, predation prevented the establishment of
mussels and severely limited the abundance of other
species on addition sites above the original levels of the
lower boundaries.

Sea star diets and size-dependent predation.�The
records of diet were taken from the years of most rapid
boundary recession (2005 or 2006, depending on
location). The diet of sea stars foraging at high tide
showed a consistent trend. Adult (�4 cm long) M.
californianus comprised a greater percentage of the total
apparent diet on addition sites than controls or removal
sites (Fig. 5; v2 test of independence¼ 29.22, df¼ 2, P¼
0.000).

The analyses also con�rmed size-dependent predation
on mussels. Pooling the records from all sites revealed a
positive relationship between mussel lengths and sea star
wet mass (Fig. 6). Paine (1976) found a positive size-
dependent relationship in records from many sites
differing in the relative abundance and sizes of sea stars
and mussels. The divers directly observed sea stars on
addition sites successfully attacking the very large
mussels comprising the matrix of the lower boundary,
but they did not see that behavior on control and
removal sites. Examination of Fig. 6 also suggested that

TABLE 3. Mixed-model two-way ANOVA of change in extent
of adult mussel cover, with change in run along the rock
surface as the dependent variable, location as the random
independent variable, and treatment as the �xed independent
variable.

Source
Sum of
squares df MS F P

Treatment 2208.67 2 1104.335 27.084 0.001
Location 137.876 3 45.959 1.803 0.176
Treatment 3 location 244.649 6 40.775 1.600 0.194
Error 560.792 22 25.491

Notes: Post hoc pairwise comparisons were signi�cant
(Tukey hsd, P ¼ 0.001 and 0.003, for addition vs. control and
removal vs. control, respectively). Multiple R2 ¼ 0.83.

FIG. 4. Results of the cleared-plot experiment, 30 months after clearing. (a) Mean percent covers for the four replicates of the
cleared-plot experiment. Inedible cover consists of algae and bare rock; small barnacles consist of acorn barnacles (adult diameters
, 2 cm; Chthamalus �ssus and Balanus glandula); large barnacles consist of large acorn and gooseneck barnacles (adults . 2 cm in
length at the base of the plates or diameter; Semibalanus cariosus and Pollicipes polymerus, respectively). Mytilus trossulus and M.
californianus are plotted separately. The means of inedible cover were 63%, 27%, and 24%, respectively, for addition, control, and
removal plots (Tukey hsd, P¼0.013 and 0.952, respectively, for addition vs. control and removal vs. control). (b�d) Photographs of
the center of cleared plots in one replicate after 30 months. The rule is 15 cm long. A sparse cover of small acorn barnacles
(primarily Balanus glandula , 1 yr old) appears on the addition plot, and patchy covers of gooseneck barnacles (Pollicipes
polymerus) and mussels (M. californianus) appear on the control and removal plots.
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levels with the receding tide and cease foraging once
exposed. If held continually in cages on shore levels
above their natural resting height, they die (Petes et al.
2008). Laboratory studies (Pincebourde et al. 2008)
show that acute exposure to aerial temperatures above
358C kills them, and chronic (continual) exposure �
238C suppresses their feeding and growth. This range of
temperatures was found to occur frequently on relatively
high shore levels during periods of emersion. Therefore,
vertical excursions with the tides appear to be a
behavioral adaptation that allows Pisaster to sustain
survival and growth within a gradient of physical stress
(Pincebourde et al. 2008).

Vertical excursions should incur energy costs. While
the low-tide resting heights are similar among different
sites, the corresponding high-tide heights of foraging sea
stars are greater on sites with higher mussel boundaries
(Robles et al. 1995, Robles and Desharnais 2002). One
would expect that as vertical excursions lengthen, travel
times increase, and feeding times are curtailed. Further-
more, McClintock and Robnett (1986) suggest that
time/energy costs greatly increase if Pisaster attacks
mussels larger than preferred sizes. As a relatively dense
sea star population depletes smaller prey, increases
attacks on larger mussels, and causes the recession of the
lower boundary, the energy return for a bout of foraging
should diminish.

Pisaster possesses indeterminate growth (sensu Sebens
1987), varying growth rates, including shrinkage, de-
pending on the availability of high-value prey. Surveys
(Feder 1970) and translocations of tagged sea stars (Paine
1976; C. D. Robles and C. A. Martinez, unpublished data)
indicate that growth rates and mean sizes of Pisaster
depend directly on site-speci�c differences in prey
availability, including the experimentally altered patterns
of zonation described in the present work. Together with
the numerical response (alongshore movements with
changing prey zonation), the indeterminate growth
response appears to in�uence the densities and size
structure of Pisaster on the sites of mussel beds (further
discussion in Paine 1976, Robles et al. 1995), which
should bear on the spatially structured equilibria.

In sum, the evidence suggests that (1) the gradient of
tidal emersion vertically constrains sea star foraging
indirectly, by attenuating energy gains from progres-
sively higher shore levels; (2) as the vertical array of prey
varies among sites over time, the resulting changes in the
energy returns of foraging drive the sea stars� numerical
response and indeterminate growth response, in�uenc-
ing the density and size structure of the local sea star
populations; and therefore, (3) the disposition of
spatially structured equilibria within the intertidal
landscape ultimately depends on as yet unmeasured
relationships of evolutionary energetics.
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