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COMMUNITY DEVELOPMENT AND PERSISTENCE IN A
LOW ROCKY INTERTIDAL ZONE'

JANE LUBCHENCO?
Biological Laboratories, Harvard University, Cambridge, Massachusetts 02138 USA

AND

BRUCE A. MENGE
Zoology Department, Oregon State University, Corvallis, Oregon 97331 USA

Abstract. This paper analyzes the factors controlling the development and persistence of patterns
of distribution, abundance, and diversity of space users in the low rocky intertidal zone of New
England. The spatial structure of this community changes along a wave exposure gradient. Mussels
(Mytilus edulis) dominate at headlands exposed to wave shock, the alga Chondrus crispus (Irish moss)
dominates at sites protected from wave shock, and both are abundant at areas intermediate in ex-
posure to waves. Using a combination of experiments (exclosures, enclosures, removals) and obser-
vations, we evaluated the effects of several factors on this system, including (1) predation, (2) her-
bivory, (3) plant—plant competition, (4) plant-animal competition, and (5) physical disturbance from
high-energy waves.

The interaction having the greatest effect on the structure of this low zone association was pre-
dation. At protected sites, the starfish Asterias forbesi, Asterias vulgaris, and the snail Thais lapillus
prey heavily on Mytilus, which is the functionally dominant competitor in the low (and mid) zone(s).
When secondary succession is initiated by removal of all erect animals and plants, community de-
velopment in the absence of these predators (predator exclusion) results in competitive elimination
of both the barnacle Balanus balanoides and Chondrus by Mytilus. A similar result occurs if predators
are excluded from unaltered stands of Chondrus. Controls in these experiments (i.e., with predators
present) usually either developed to, or remained as stands of Chondrus. At intermediate sites, patches
of Mytilus occasionally escaped from predation, suggesting predation intensity is patchy in space and
time. Persistence of Chondrus is thus a by-product of the activities of predators at protected sites.
At exposed sites, predators do not control the mussels. As a consequence, Mytilus outcompetes
Chondrus and Balanus for space and achieves structural dominance.

Periwinkle abundance decreases, and abundance and seasonality of ephemeral algae increase with
increasing wave shock. Results of manipulations during both primary and secondary succession in-
dicate that Littorina littorea, the only large, abundant herbivore in the low zone, has no direct effect
on perennating (regrowing vegetatively) or established Chondrus, or on its extensive, encrusting
holdfast. However, this periwinkle exerts an important indirect effect by consuming seasonally abun-
dant ephemeral algae, which slow the rate of succession by suppressing growth of Chondrus. Once
Chondrus is established, L. littorea damps variations in its abundance by cropping epiphytic ephem-
eral algae.

The role of other herbivores seems negligible. Experiments show that limpets and sea urchins
potentially could control Chondrus (and its holdfast), but they are normally too scarce to have a
detectable effect on the algae.

Chondrus thus monopolizes space at protected areas because (1) its competitors (mussels and
epiphytic ephemeral algae) are removed by their consumers (predators and herbivores), (2) it has
escaped control by herbivores, and (3) it can outcompete other perennial algae by virtue of its ability
to perennate, and thus maintain its occupancy of space.

The organization of this portion of the New England rocky intertidal region is thus similar in
important ways to that of the mid zone (Menge 1975, 1976). Predation intensity, at least partly a
function of wave shock, is great at relatively protected sites and determines the observed structural
pattern (domination of space by algae). Since consumers are ineffective in controlling prey at exposed
sites, mussels outcompete other space users and monopolize space on the shore. Thus, predators
apparently determine the ‘‘trajectory’’ followed during succession. The persistence of algae is strongly
dependent on the removal of mussels by predators. Herbivores, though ineffective in controlling the
structurally dominant perennial algae, control the abundance of ephemeral algae and hence both
determine the rate at which a Chondrus bed develops and stabilize established beds of Irish moss by
reducing variability in its abundance. Thus, herbivores evidently control the rate of community de-
velopment (succession) and enhance the persistence of this alga.

Disturbance from wave shock seems to operate in a fashion similar to both types of consumers
by removing mussels and ephemeral algae. However, this sort of removal tends to be more cata-
strophic, frequently clearing large areas of space and initiating secondary succession, especially at
exposed sites. The role of disturbance is thus largely that of inducing, rather than suppressing,
variability in this system.

! Manuscript received 31 August 1976; accepted 27 July 1977.
2 Formerly Jane Lubchenco Menge. Present address: Zoology Department, Oregon State University,
Corvallis, Oregon 97331, USA.
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INTRODUCTION

Two ecological problems of considerable theoretical
and practical importance are (1) understanding the
causes of patterns of species diversity and (2) docu-
mentation and evaluation of the causes of patterns of
community stability. Insights gained into these key
problems should contribute greatly toward the further
development of a broad theory of community organi-
zation (e.g.. Connell 1975, Dayton 1971, Paine 1974,
Menge and Sutherland 1976, Rex 1976). An under-
standing of broad scale geographic patterns of com-
munity organization seems ultimately dependent on
syntheses of results from experimental and compara-
tive studies of the structure of local natural commu-
nities in a wide range of habitats. Such studies (e.g.,
Dayton 1971, 1975a, Hall et al. 1970, Paine 1974, Root
1973, Woodin 1974, Hurd and Wolf 1975, Menge
1976, Osman 1977) provide a level of resolution of,
and insight into, origins of community patterns that
the correlations of strict comparative studies do not
usually allow.

The structure of communities has several important
characteristics (Menge 1976) which are usually treated
as separate phenomena, but are in fact intimately re-
lated and can best be understood if investigated to-
gether. In particular, patterns of species diversity,
succession, and stability and life histories need to be
better integrated. Further, the regulating mechanisms
must be separated from the patterns. For example,
patterns of species diversity and their causes have at-
tracted great attention in recent years. Several studies
suggest that though comparable diversities may occur
in different states of a system, the regulating processes
are different. Thus, low algal diversity can result from
competitive exclusion in the absence of herbivores or
from overgrazing by dense populations of herbivores
(Paine and Vadas 1969, Dayton 1975a, 1975b, Lub-
chenco 1978). Relatively high local diversities in some
marine systems may be regulated by predation and
disturbance in some cases (Paine 1966, 1971, 1974,
Menge 1976, Dayton 1971, Osman 1977) and by com-
petition for space in others (Jackson and Buss 1975,
personal communication). Similar cases of systems or
portions of systems with comparable diversities but
with different regulatory agents apparently also occur
in freshwater (Brooks and Dodson 1965, Maguire
1971. Sprules 1972) and terrestrial communities (Har-
per 1969, Platt 1975). Other aspects of community
structure (e.g., size, distribution, abundance) may also
result from different processes (e.g., Connell 1961a,
1961, Menge 1972b, 1973, 1976, Dodson 1974, Paine
1976). Such examples serve to emphasize the impor-
tance of focusing on both pattern and process in stud-
ies of community organization.

A closely related concern is that of community sta-
bility and the general process underlying dynamic pat-
terns of stability or succession (Goodman 1975). The
term stability has numerous definitions (e.g.. Orians
1975) but here we follow two general operational
meanings suggested by Margalef (1969). *‘Persistence
stability”’ is defined as variation in species abundance
around some equilibrium or average state. Small vari-
ations imply high persistence and vice versa. Extreme
variation may in time lead to extinction. **Adjustment
stability’’ is defined as the ability of a system to return
to its previous state following a perturbation. Com-
munities which return quickly have high adjustment
stability, those returning slowly have low adjustment
stability. We view succession to be the process(es)
involved in community development or the return of
a community to a predisturbance state after pertur-
bation.

Renewed interest in succession has been directed
toward reevaluation of both the traditionally accepted
concept of succession and mechanisms of succession,
perhaps primarily because both seem overburdened
with exceptions (Horn 1971, 1975a, 1975b, Connell
1972, Drury and Nisbet 1973, Pickett 1976, Connell
and Slatyer 1977). As pointed out by Connell and Sla-
tyer, most interpretations of succession commonly as-
sume interspecific competition is the driving biological
agent during community development and ignore the
role of consumers as agents regulating the process of
succession. However, results from studies of com-
munity organization (see above references) strongly
imply that successional sequences may also depend
on other processes, such as predation, herbivory, or
physical and biotic disturbance. Finally, successional
patterns seem very dependent on the life histories of
component species (Keever 1950, Connell 1972, Drury
and Nisbet 1973, Goodman 1975). Successional rates
and sequences may depend on dispersal abilities,
growth rates, reproductive output, etc., and a thor-
ough understanding of community development and
persistence must depend on knowledge of the impor-
tant component species.

The rocky shores of temperate regions have proven
to be excellent systems to use in pursuing problems
of community organization (e.g.. Connell 1961la,
1961b, 1970, 1971, Paine 1966, 1969, 1971, 1974, 1976,
Paine and Vadas 1969, Dayton 1971, 19754, 1975b,
Menge 1976, Lubchenco 1978). Recent studies in the
comparatively simple high (>+1.83 m above MLW)
and mid (+0.46 to +1.83 m above ML W) rocky interti-
dal areas of New England indicate that there is an
inverse relationship between the influence of compe-
tition and predation in structuring this community
(Menge 1976, Menge and Sutherland 1976). The rela-
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tive importance of these biological effects is seemingly
dependent on the susceptibility of the activity of the
main mid zone predator, the gastropod Thais lapillus,
to exposure to wave action (Menge 1976, 1978a,
1978b). At areas exposed to high energy waves, mus-
sels (Mytilus edulis) monopolize mid intertidal space
because predators are ineffective in preventing them
from outcompeting other sessile invertebrates and al-
gae. At more protected areas, predators prevent mus-
sels from monopolizing primary substratum, and 20-
90% of the primary space is unoccupied (Menge 1976).
This free primary space is available for colonization
by various mobile invertebrates and algae. Canopy-
forming fucoid algae escape control by herbivores and
establish a dense stand in the mid zone (Menge 1975).
These stands increase the spatial heterogeneity of the
community and provide habitats for many inverte-
brates. The combined effects of availability of free
primary space and increased spatial heterogeneity re-
sult in protected habitats having about twice the spe-
cies richness of exposed areas.

In contrast to the mid zone, the low rocky intertidal
zone (—0.61 to +0.46 m below and above MLW) of New
England is somewhat richer in predators and herbi-
vores. Space in the low zone tends to be monopolized
by mussels at exposed areas or by the shrubby red
alga, Chondrus crispus (Irish moss) at protected areas.
This paper presents an experimental investigation of
community organization in the low zone. We shall fo-
cus on factors affecting (1) the utilization of space in
this zone and (2) the persistence of the two major
space users, Mytilus and Chondrus. Because we are
interested in the processes which control and regulate
community structure, we examine the effects of com-
petitors. consumers and the physical environment on
the distribution, abundance, and life history of these
species. Hopefully, by understanding how agents of
natural selection (competition, predation. the physical
environment) influence the species which comprise
this local community. we can better appreciate how
community structure develops through evolutionary
time.

STUDY AREAS

Field observations and experiments were carried
out at 5 main sites along the shore of New England.
Sites were chosen on the basis of (1) how well they
represented the range of physical and biological con-
ditions existing along these rocky areas and (2) inac-
cessibility to the public. All areas consist of a sloping
bedrock surface with a minimum of cobbles and silt.
The precise location and a description of each area
and an objective measure of exposure of each site to
wave action based on rates of loss of experimental
cages at each area are noted in Menge (1976). Since
all areas are relatively free from human disturbance.
cage loss can be attributed to storms and wave action.
The exposure measure agrees well with our 6-yr. year-
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around subjective impressions of exposures of the
sites. Thus, the study sites can be arranged along a
gradient of exposure to wave action from most to least
exposed as follows: Pemaquid Point, Maine; Cham-
berlain, Maine; Little Brewster Cove (Little Brewster
Island), Massachusetts; Grindstone Neck, Maine: and
Canoe Beach Cove (Nahant), Massachusetts.

METHODS

General methods described here are used through-
out this paper. Other specific techniques are indicated
where appropriate. Temporal patterns in the utiliza-
tion of space by plants and sessile animals and in the
densities of mobile animals are quantified by periodic
transects. The transect method (Menge 19724, 1976)
uses ten 0.25-m? quadrats placed at randomly deter-
mined sites along a 30-m line laid parallel to the
water’s edge. The line is placed at approximately the
same tidal level and on the same stretch of shore at
each area on every sample date. The abundance of
sessile species is estimated as percent cover of pri-
mary. understory, or canopy space. This estimate is
obtained by placing a 0.25-m? Plexiglas panel bearing
100 randomly plotted dots over the substratum and
counting the number of dots whose projection hits a
particular species. Species present under this panel
which are not hit by a dot are arbitrarily assigned an
abundance of 0.5% cover. The abundance of mobile
species is estimated as numbers per 0.25 m?, .04 m® or
.01 m2, depending on size and abundance of the spe-
cies. In this paper, density data are expressed as num-
bers per square metre.

Primary space occupants include barnacles. mus-
sels. other bivalves. sponges. ectoprocts. hydroids.,
holdfasts of erect algae. encrusting algae. and lichens.
Understory or secondary space is occupied by the
thalli of Chondrus and other erect, shrubby plants.
“*Free space™’ is defined as primary space available for
colonization by barnacles or mussels. and thus in-
cludes both **bare’” space (free from macroscopic or-
ganisms) and space occupied by encrusting organisms
like the algal crusts. lichens. etc. Thus. free space is
100% minus total cover of barnacles. mussels. and
holdfasts of erect algae. Ephemeral algae settle on free
space. barnacles. mussels. or erect algae.

Percent cover data are bimodally distributed and
violate the assumption of a normally distributed **pop-
ulation.”” For statistical tests, such data were trans-
formed with the angular transformation (Sokal and
Rohlf 1969). In all figures. mean percent cover + 95%
confidence intervals are plotted in degrees. although
the ordinate labels are backtransformed to percent
cover for easier interpretation (e.g.. Fig. 1). Percent
cover data not treated statistically are not trans-
formed.

Experimental manipulations of predator and herbi-
vore densities were done using stainless steel mesh
cages (see, e.g.. Connell 1961a, 1961b. 1970. Dayton
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Fic. 1. Utilization of space in the low zone at areas ranging from exposed (A. Pemaquid) to protected (D. Canoe Beach

Cove). Mytilus and Balanus occupy primary space; Chondrus occupies secondary or understory space. Chondrus holdfasts
without erect thalli are not included here. Only data for the most abundant species on sloping shores are included; other
perennial species are sometimes common in other circumstances (e.g., Gigartina on vertical substrata) but are relatively
scarce at our sites. All data are transformed (see Methods section). Points are means; bars indicate 95% confidence intervals

of ten 0.25-m? quadrats at each area.

1971, Menge 1976). Variations on the basic consumer
exclusion cage manipulations with associated controls
will be described below with the appropriate experi-
ments.

COMMUNITY STRUCTURE PATTERNS

We first describe patterns of community structure
in the low zone (space utilization by sessile animals
and plants, abundance and diversity of sessile and
mobile consumers, and consumer diets). Results of
experiments analyzing effects of predators, herbi-
vores, competitors, and physical factors on the estab-
lishment and persistence of the low zone community
follow.

There are striking differences in community struc-
ture between sites exposed to and protected from
wave action in the low zone. First, exposed low areas
exhibit structural dominance by Mytilus, while rela-
tively protected low zones exhibit structural domi-
nance by Chondrus. Second, ephemeral algae (see
species list in Appendix 1) tend to be more dense at
exposed than at protected areas and more abundant

in late winter to spring (March to June) than the re-
mainder of the year. Third, grazers and predators gen-
erally tend to be scarce at exposed areas and common
at relatively protected areas (with exceptions noted
below).

Space utilization

Patterns of space utilization by the 3 most abundant
space users (abundance of other species was usually
<5% cover) for the 5 study areas are shown in Figs.
1,2, Table 1. Space in the low zone of the most
exposed area, Pemaquid Point, is occupied primarily
by Mytilus (Fig. 1a). Severe wave action during storms
usually removes the mussels each winter, thus freeing
space and allowing barnacles (Balanus balanoides) to
become abundant for brief periods of time (e.g., July
1974, May 1975; Fig. 1a). Mussels then usually in-
crease in abundance and again form a monopoly.
Chondrus is essentially absent from this area (Fig. 1a).

In contrast, Chondrus is a persistent occupier of a
major fraction (50-90%) of primary and secondary
space at the other 4 study areas. At Chamberlain,
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Chondrus and Mytilus together dominate the low
zone. Their abundances are inversely proportional for
much of the observed period (Fig. 1b). At Little
Brewster Cove and Grindstone Neck, the abundances
of Chondrus and Mytilus fluctuate seasonally, and
each is sometimes abundant (Table 1, Fig. Ic). At the
most protected area, Canoe Beach Cove, patterns of
space occupancy seem less variable seasonally than
at the other areas. Here, Chondrus is always the most
abundant sessile species, occupying between 87% and
92% of low intertidal space. Mussels and barnacles are
essentially absent from Canoe Beach Cove (Fig. 1d).
A pattern not obvious in Fig. 1 or Table 1 is that Chon-
drus stands at Grindstone Neck and Little Brewster
Cove are not as continuous as those at Chamberlain
or Canoe Beach Cove. The former tend to be patchier
than the latter; this is reflected in the relatively greater
variation in mean percent cover and the confidence
limits observed for mussels and Chondrus at these
areas (Fig. 1, Table 1).

Abundance of ephemeral algae (species which usu-
ally persist for only a few months) is indicated in Fig.
2. These data are pooled over all ephemeral species
(see species list in Appendix 1). Two basic patterns
emerge from Fig. 2. First, ephemerals are always
scarce in the low intertidal of Canoe Beach Cove. Sec-
ond, ephemeral algae are strongly seasonal at all areas
but Canoe Beach Cove. These algae are usually dense
in late winter and spring (March to May) and scarce
in other seasons (Fig. 2). Further, at Pemaquid Point,
ephemerals tend to be more dense than at the other
areas (Fig. 2) and abundant in winter as well as spring.
We have never been able to quantify this last pattern
because the low intertidal at Pemaquid Point is usually
inaccessible in winter due to near constant, severe
wave action.

There are a number of other plant and animal spe-
cies which occur in the low zone, but because they
consistently occupy a total of <5% cover, they are not
considered in this paper. The more common of these
species are listed in Appendix 1.

In summary, the most striking feature of space uti-

TABLE 1.
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FiG. 2. Seasonal abundance of ephemeral algae in the low

zone at areas along a wave exposure gradient. Histograms
indicate means, lines show 95% confidence intervals. All data
are transformed. ND indicates no data were taken during that
season. Inserts indicate mean percent cover of ephemeral
algae averaged over each season. See Appendix 1 for a list
of ephemeral algae.

Utilization of space in the low intertidal zone at Little Brewster Cove. Because Little Brewster Island is not

reliably accessible during the winter, there are no data for that time of year

Mean percent cover

Species? Data format® 18 Jul 1973 27 Jun 1974 16 Aug 1974 18 May 1975 21 Aug 1975
Mytilus edulis Percent 44.2 0 0 1.2 27.3
Degrees 41.7 + 14.2 0+0 0+0 3.88 + 3.7 27.8 + 14.0
Balanus balanoides Percent 0.1 0.2 0 3.6 0.4
Degrees 2.1 £ 3.6 2.4 + 3.7 00 7.1 £ 63 2.0+ 2.1
Chondrus crispus Percent 62.8 68.7 95.2 86.9 81.6
Degrees 52.4 + 11.6 56 = 16 773 + 8.5 70.5 + 6.8 68.7 + 11.7

a As in other figures and tables, Mytilus and Balanus are given as percent cover of primary space; Chondrus abundance
is given as percent cover of secondary, i.e., understory space. Thus, just Chondrus thalli are included, and not prostrate

holdfasts without erect thalli.

b Means are given as actual mean percent cover (not transformed) and degrees = cover + 95% confidence interval

(transformed).
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TaBLE 2. Mean density of common animal species in low zone during summer and autumn at 5 study areas. Density

is standardized to numbers per square metre from densities in quadrats ranging in size from 10 cm? to 0.25 m2. Range of
average densities is shown in parentheses

Pemaquid Little Brewster Grindstone Canoe Beach
Species Point Chamberlain Cove Neck Cove
Asterias forbesi (seastar) 0 3.4 12.7 0 14.0
(0-15.2) (2-26.4) (6.4-19.6)
A. vulgaris (seastar) 0.05 49.1 3.1 6.3 2.0
(0-0.4) (0-182) (04.8) (0-24) (0—4)
Leptasterias tenera (seastar) 0.05 5.1 0 0.1 0
(0-0.4) (0-20.4) (0-0.4)
Total asteroid abundance 0.1 57.6 15.8 6.4 16.0
Thais lapillus (gastropod) 41.9 42.6 37.3 712 6.2
(5-98) (3-119) (13-78) (1-9,171) (1-14)
Total predator abundance 42 100 53 718 22
Littorina littorea (gastropod) 0.1 0 381 130 810
(0-0.8) (326-442) (2-1,031) (612-1,786)
L. obtusata (gastropod) 1.3 1.0 0.3 3.6 1.4
(0-10) (0-14) (0-0.8) (0-29) (0-3.2)
L. saxatilis (gastropod) 0.5 0.4 1.3 4.8 0.2
(0-1.2) (0-1.2) (04) (0-22) (0-2.5)
Acmaea testudinalis (limpet) 2.5 0.4 2.5 15.7 0.5
- (0-7) (0-2.2) (0.4-3.6) (1.6-58) 0.24)
Total herbivore abundance 4.4 1.8 385 154 812
Balanus balanoides (barnacle) 1,970 59 21 8.4 0
(0-3,200) (0-360) (0-570) (0-30)
Mytilus edulis (mussel) 18,775 10,493 150 6,376 16
(13,050-46,100) (40-82,500) (0—40,400) (0-62,000) (0-20)
Total species (N) 14 20 14 19 22
Sample dates (N) 8 10 3 16 5

lization patterns at these areas are (1) Chondrus is the
most common space occupier at all areas but Pema-
quid Point, where (2) Mytilus is generally the most
common space user, (3) Chondrus seems patchier at
Grindstone Neck and Little Brewster Cove than at
other areas, and (4) ephemeral algae are most abun-
dant in spring at all areas except the most protected
one, Canoe Beach Cove. where they are rare through-
out the year.

Abundance and diversity

Overall means and range of mean densities (averaged
over summer and autumn sample dates, when mobile
consumers are most active) of the most conspicuous in-
vertebrates and total species richness in the low zone
are given in Table 2. In contrast to the mid zone where
starfish are virtually absent (Menge 1976), the aster-
oids Asterias vulgaris (northern New England) and
Asterias forbesi (southern New England) are relatively
abundant in the low zone of all areas except the most
exposed site, Pemaquid Point (Table 2). Another low
zone seastar, Leptasterias tenera, is relatively rare
and always small (usually <1 cm) at all areas. Thais
is common in the low zone at all areas except the most
protected one (Canoe Beach Cove). At the only pro-
tected area where Asterias spp. are relatively scarce
(Grindstone Neck), Thais is especially abundant in the

low intertidal (712/m?). Other predators of barnacles,
bivalves, and snails occasionally found in the low in-
tertidal zone are the nudibranch Onchidoris fusca
(max abundance = 4.2/m? at Chamberlain) and the
crabs Cancer borealis (max abundance = 0.3/m? at
Little Brewster Cove), and Carcinus maenas (max
abundance = 0.7/m? at Little Brewster Cove). The
scavenger-predator gastropod Buccinum undatum is
occasionally relatively common (max abundance =
4.2/m? at Grindstone Neck. Although some data are
available indicating that crabs can be voracious pred-
ators of mussels (Ebling et al. 1964, Seed 1969). the
importance of crab predation at our areas is as yet
unclear. Because most crabs in the low zone are small
(<2 cm carapace diam) they may be relatively unim-
portant. The abundance of terrestrial and pelagic pred-
ators has not been estimated nor have their diets been
quantified. Observations on the most likely predators
(Herring and Great Black-backed Gulls, Larus argen-
tatus and Larus marinus; rats, Rattus norvegicus:, and
cunners, Tautogolabrus adspersus) indicate that at our
study sites they rarely consume low zone space oc-
cupiers. The most important low zone predators ap-
pear to be Asterias spp., Thais, and perhaps crabs.
Note that total predator density is least at the most
protected site, Canoe Beach Cove (Table 2).
Littorina littorea is the most abundant herbivore in
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the low zone at calm areas (Table 2). Other herbivores
present include the snails Littorina saxatilis, Littorina
obtusata, Acmaea testudinalis, Lacuna vincta, Mar-
garites helicina, the amphipod Amphithoe rubricata,
the isopod Idotea phosphorea and rarely the sea ur-
chin Strongylocentrotus droebachiensis. Lacuna and
Margarites each have a brief peak density in early
summer, then almost disappear for the remainder of
the year (personal observations). Neither of these gas-
tropods nor the crustacea has been investigated in
this study. All readily pass through cage mesh, and
thus when present, are usually in comparable densities
in and out of all cage treatments. Total herbivore den-
sity is low at the exposed site, Pemaquid Point (4.4/
m?2) and high at 3 of 4 relatively protected areas (Little
Brewster Cove, 385/m?; Grindstone Neck, 154/m?;
Canoe Beach Cove, 812/m?. Herbivore density at
Chamberlain (1.8/m?), the most exposed of the pro-
tected sites, is comparable to that at Pemaquid Point.
Herbivore biomass data show the same patterns
(Menge 1975).

The most common low zone sessile invertebrates
are Balanus balanoides and M. edulis (Table 2). Other
sessile species occasionally found in the low region
are Balanus crenatus, Balanus balanus, Modiolus mo-
diolus, Saxicava sp., and Metridium senile. None of
these is abundant and combined they usually occupy
<1% of the space at any area.

The number of species observed in the low zone
was lowest at the most exposed area and a relatively
protected area (14 spp.. Pemaquid Point and Little
Brewster Cove, respectively) and greatest at the re-
maining relatively protected areas (19-22 spp.., Table
2). Thus, with 1 exception the more protected areas
harbor a greater number of species than does the ex-
posed area. Causes of the relatively low diversity at
Little Brewster Cove have not been investigated but
may be partly a consequence of (1) the relatively small
number of sampling dates there. (2) the relatively small
area of the site because of the steep slope (=30-40°
inclination), or (3) pollution from Boston Harbor.

Consumer diets

The 4 most abundant low intertidal consumers are
L. littorea, Thais, A. vulgaris., and A. forbesi (Table
2). Diet composition of the carnivorous species can be
determined by turning the predator over and, if feeding
is detected, by identifying the prey (e.g.. Connell
1961a, Paine 1966, 1969, 1971, Mauzey 1966, Mauzey
et al. 1968, Menge 1972a. 1972b, 1973, 1974, 1976).
Summaries of the diets of Thais at 2 areas and of As-
terias vulgaris at Grindstone Neck are given in Table
3. The intertidal diet of A. forbesi has been sampled
less intensively but both intertidal and subtidal data
indicate the diet of this species is nearly identical to
that of A. vulgaris. In the low zone at these areas,
Thais preys almost exclusively on Mytilus (89-97% of
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TaBLE 3. Percent of prey species in the diets of predators
in the low intertidal at 2 study sites

Percent in diet

Chamber-
Grindstone Neck lain
Asterias® Thais®  Thais¢

Prey species vulgaris lapillus  lapillus
Mytilus edulis (mussel) 473 96.6 89.1
Balanus balanoides (barnacle) 38.2 2.9 8.7
Lacuna vincta (gastropod) 7.0 0 0
Acmaea testudinalis (limpet) 1.6 0 0
Unidentified amphipod

(crustacean) 1.0 0 0
Littorina obtusata (gastropod) 0.9 0 0
Margarites sp. (gastropod) 0.7 0 0
Thais lapillus (gastropod) 0.7 0.3 1.1
Littorina littorea (gastropod) 0.6 0 0
Saxicava sp. (bivalve) 0.6 0.3 1.1
Balanus crenatus (barnacle) 0.6 0 0
Asterias vulgaris (seastar) 0.4 0 0
Unidentifiable 0.4 0 0

Prey items eaten (N) 696 350 92

Species eaten (N) 12+ 4 4

2 Data from summer and autumn, 1971-1974.
» Data from summers 1972-1974.
¢ Data from summer 1973.

the prey eaten, Table 3) but occasionally consumes one
other species (Saxicava) and cannibalizes (Table 3).
At Grindstone Neck A. vulgaris is more generalized
and feeds primarily on Mytilus (47%) and Balanus
(38%, Table 3) but includes at least 9 other species in
its diet. Asterias occasionally cannibalizes as well
(Table 3). Thus, 2 of the most abundant animal space
occupiers in the low zone, Mytilus and Balanus (Fig.
1), are the primary prey of the 2 most common low
intertidal predators.

Diets of grazers like L. littorea are more difficult to
determine, because these consumers usually do not
eat their prey in discrete, measurable units. However,
qualitative diets were obtained from extensive field
and laboratory observations and experiments. Litto-
rina littorea is a generalist both in size and type of
food consumed and in habitats occupied (Menge 1975).
Food choice experiments in the laboratory indicate L.
littorea strongly prefers ephemeral algae (e.g.. greens
such as Enteromorpha, Spongomorpha, Ulva, and
Monostroma:;, browns such as Petalonia and Scytosi-
phon:; and reds such as Ceramium and Porphyra:
Menge 1975, Lubchenco 1978). Chondrus is one of the
least preferred prey of L. littorea and is rarely con-
sumed by it. Healthy L. littorea often died after 5-9
mo in the laboratory when the only food available was
Chondrus whereas L. littorea feeding on various other
algae survived well, and grew and reproduced nor-
mally (Menge 1975). These results contradict specu-
lation by earlier workers that L. littorea actively graz-
es Chondrus (e.g., MacFarlane 1952). Field
observations at high tide verify laboratory results; lit-
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torines graze micro- and macroscopic ephemeral epi-
phytes from Chondrus but do not usually graze Chon-
drus itself. Field experiments discussed below confirm
that under field conditions this grazer does not nor-
mally eat this alga.

In contrast, Strongylocentrotus readily consumes
Chondrus and can eat the whole plant including the
encrusting holdfast (Lubchenco 1978). However, this
herbivore is not usually abundant in intertidal areas of
New England (mean densities range from 0 to 0.9/m?
at all areas) and thus probably has little effect on abun-
dance of Irish moss in the low zone. However, sea
urchins are sometimes abundant subtidally and in in-
tertidal regions elsewhere (e.g., in the Bay of Fundy
and the west coast of North America). In the Bay of
Fundy, Chondrus is not dominant where urchins are
abundant (Lubchenco 1978). This, and the fact that
urchins are sometimes important determinants of com-
munity structure (e.g., Jones and Kain 1967, Vadas
1968, Paine and Vadas 1969, Dayton 1975a, 1975b),
prompted us to examine the effects of sea urchins, as
well as those of the abundant low zone herbivores, on
abundance and distribution of Chondrus.

Acmaea occurs almost exclusively on relatively
smooth surfaces. Experiments indicate it does not af-
fect the upright portion of Irish moss, but can remove
the encrusting holdfast of this alga when no thallus is
present. Similar species of West Coast limpets (Col-
lisella and Notoacmaea) are known to graze primarily
diatoms and algal sporelings (Nicotri 1977).

Thus., the most abundant herbivore in intertidal
Chondrus beds (L. littorea) does not consume either
the erect or encrusting portions of this plant. The her-
bivores that can eat all or part of Irish moss (sea ur-
chins and limpets, respectively) are either not present
or are not abundant.

In summary. community structure in the low zone
is dominated by three abundant space-occupying spe-
cies, Mytilus, Chondrus, and Balanus. At the exposed
area, Mytilus dominates space; at all other areas,
Chondrus occupies most of the space (Fig. 1). Abun-
dance patterns of consumers are correlated inversely
with wave action. At the exposed area (Pemaquid
Point), herbivores and the predaceous seastars are es-
sentially absent, although another predator (Thais) is
fairly common. At a somewhat less exposed area
(Chamberlain), all predators are abundant but herbi-
vors are nearly absent. At protected areas all con-
sumers are abundant (Table 2).

CoMMUNITY DYNAMICS: ROLE OF BIOLOGICAL
INTERACTIONS AND WAVE SHOCK

The spatial patterns described above prompt at least
2 questions about the low zone community: how do
these structural patterns arise, and why do they per-
sist? In the following section we describe the results
of manipulations of the agents which seemed most
likely to play a role in development and persistence of
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the low zone community. Specifically, we determine
the factors responsible for the domination of space at
Pemaquid Point by mussels and at the remaining areas
by Chondrus. The mechanisms studied include (1) pre-
dation by Asterias spp. and Thais, (2) competition for
space between Mytilus, Balanus, Chondrus, and other
algae, (3) herbivory by L. littorea, Acmaea , and Stron-
gylocentrotus, and (4) wave-generated disturbances in
the structure of the low intertidal association in New
England.

Experimental design

To examine the relative importance of predation,
herbivory, and competition for space on the abun-
dance of Mytilus, Balanus, and Chondrus, we per-
formed a variety of experiments. Stainless steel mesh
cages (10 x 10 x 5 cm; described in Menge 1975,
1976) were used to include and exclude various com-
binations of organisms. Treatments included (1)
*‘predator exclusion,’” i.e., Thais and Asterias exclud-
ed but L. littorea enclosed, (2) **herbivore exclusion,”
i.e., major herbivores (gastropods and sea urchins)
excluded but predators included, (3) ‘‘exclusion and
mussel removal,” i.e., predator exclusion and Mytilus
removed manually and (4) “*selective herbivore enclo-
sures,”” i.e., enclosure of one of L. littorea, L. obtu-
sata, Strongylocentrotus, or Acmaea with Thais or
Asterias or both. Controls were stainless steel mesh
roofs (to test the effects of shading by the mesh,
termed ‘‘roofs’’), and marked, unmanipulated 10 X
10-cm quadrats (termed ‘‘controls’’). Since amphi-
pods, isopods, polychaetes, nemerteans, small gastro-
pods, nudibranchs, etc. can easily pass through the
mesh, and densities in cages and adjacent controls
seemed comparable, the cages do not appear to func-
tion as barriers for these organisms. All organisms set-
tling on the cages or roofs during the course of these
experiments were removed by scrubbing with a wire
brush.

Two types of experiments were initiated. To study
factors affecting community establishment, or succes-
sion, we initiated either primary or secondary succes-
sion by clearing patches or strips ranging in area from
~(0.25-3 m?, and then manipulating predator, compet-
itor, and herbivore abundances. Primary succession
(succession on completely bare substrata) was begun
by removing all organisms with stiff putty knives then
repeatedly burning the area with propane torches and
scraping with putty knives again until all organisms
were thought to be killed. These experiments are
termed ‘‘denudations.’’ Although we have since dis-
covered that sandblasting is a much more effective
way of creating bare substratum, this burning tech-
nique is usually effective. Secondary succession
(succession on substrata free of all but encrusting or-
ganisms) occurs naturally after ‘‘clearances’ of mac-
roscopic, sessile organisms by storms or other dis-
turbances. To create such new ‘‘free space’ and
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initiate secondary succession, Chondrus, Mytilus,
Balanus and other nonencrusting organisms were re-
moved with putty knives. In these clearances. as after
storms. encrusting algae (including Chondrus hold-
fasts) remained attached to the rock. These experi-
ments are called ‘‘clearances’ or ‘‘scrapings.”” Most
natural space clearance occurs in winter and early
spring and many of the most abundant species in this
system settle 1-2 mo later. Hence all experiments
were begun from late March to early June to roughly
coincide with these natural events. We have not in-
vestigated effects of clearances occurring at other
times of the year.

To study the factors affecting the persistence of al-
ready established communities, we used a second type
of experiment. This consisted of manipulating abun-
dances of predators, herbivores, and competitors oth-
er than Chondrus on preexisting stands of this alga.

All experiments were usually monitored every 2—4
wk by either photographing each treatment, and later
estimating percent cover of each species in the labo-
ratory, or by estimating percent cover in the field.
Estimates of percent cover from photographs were
used only for barnacles and mussels. Percent cover of
algae was always estimated directly in the field be-
cause, in our experience, percent cover estimates of
algae from photographs are inaccurate. All experi-
ments were established at locations which were typical
of each study area; unusual locales were avoided.

Various problems were encountered during these
experiments. Initially, small Thais and Asterias per-
sistently invaded many predator exclusion cages
which usually led to premature termination of the ex-
periment. This problem was solved by initiating new
experiments in which all organisms were cleared from
a 1-m? patch around the predator exclusion and predator
exclusion-mussel removal cages. Barnacles settled on
this newly freed space which created a buffer zone
characterized by no canopy and dense prey. This buff-
er zone apparently reduced the rate at which predators
located the experimental cages. In these experiments,
controls and roofs were placed near the edge of the
cleared patch.

Unfortunately, almost continual severe wave action
prevented establishment of low zone cages at Pema-
quid Point. Interpretation of community structure dy-
namics for this area is thus based on extrapolation
from experimental results from the low zone cages at
other areas, mid zone cages and observations at Pe-
maquid Point.

Establishment of the low zone community

Chondrus thalli may be removed by (1) severe wave
action which removes sheets of Chondrus and Mytilus
bound together (J. Lubchenco, B. A. Menge, personal
observations, Menge 1976) and perhaps Chondrus
heavily laden with epiphytes (Prince 1971), (2) ice and
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rock scouring (MacFarlane 1952) and (3) humans har-
vesting Irish moss for carrageenan. A number of in-
vestigators have cleared patches of Chondrus to ob-
serve the rate at which the patch returns to its original
level of biomass (MacFarlane 1952, Prince 1971, Ring
1970, Mathieson and Prince 1973). Ring (1970) re-
moved thalli of Chondrus and Gigartina stellata (a red
alga similar to Chondrus) in October 1968 and ob-
served a heavy settlement of winter and spring ephem-
eral algae on the strip. He speculated that these algae
were responsible for the slow regrowth of Chondrus
on the strip. Prince (1971) concluded that the season
and reproductive state of Chondrus during which re-
movals were done determined how quickly the patch
returned to its former state. Most of these experiments
involved either removal of the thalli (secondary
succession) or of the thalli and basal crusts (primary
succession) and subsequent monitoring of regrowth.

In the low zone. the most typical pattern of com-
munity development evidently involves secondary
succession, since the creation of absolutely bare sub-
stratum and initiation of primary succession seem to
be rare events. Below, we examine the effects of pre-
dation, competition, and herbivory on secondary
succession, then consider their influence on primary
succession.

Secondary succession: Effect of predation and
plant— animal competition. —Recruitment and persist-
ence of Chondrus depend heavily on the removal of
the competitively superior Mytilus and Balanus by
their predators. This conclusion is indicated by the
results of the 8 low intertidal predator exclusion ex-
periments in which predator exclusion was successful.
(Eleven other experiments were begun but small pred-
ators evaded our control efforts and forced premature
termination of these experiments.) Five of the suc-
cessful experiments were at Little Brewster Cove (re-
sults of 2 of these are in Fig. 3): the other 3 occurred
at each of the other 3 relatively protected areas.

Following clearance in early spring, community de-
velopment is initially similar to that in the mid zone
(Fig. 3: Menge 1976). Barnacles settle in spring (March
to May in Massachusetts, April and May in Maine).
(Balanus crenatus and B. balanus occasionally settle
in the low zone, but the most common barnacle set-
tling in these experiments has been B. balanoides.)
Whereas in the mid zone Balanus often covers 1009%
of the space (Menge 1976), in the low zone it rarely
covers much more than 25% of the space. In the ab-
sence of predators, barnacles are rapidly settled upon
and overgrown by mussels (Fig. 3¢, f). As in mid in-
tertidal experiments, mussels are competitively dom-
inant to barnacles (see below) and will survive in the
low intertidal as long as predators are excluded. In the
presence of predators (Fig. 3a, b, d, and e), neither
barnacles nor mussels usually occupy much space
(with exceptions noted below). Rather, in most cases
(12 of 16 roofs and controls), Chondrus perennates or
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Fic. 3. Effect of competition with Mytilus and predation by Thais and Asterias forbesi on establishment of Chondrus

after clearance at Little Brewster Cove. A, B, and C were at +0.31 m at a site occasionally scoured by cobbles; D, E, and
F were at +.09 m at a site lacking cobble disturbance. Data are not transformed. Of the 6 other experiments involving
predator exclusion cages on scraped Chondrus, 3 sets were in areas without cobbles and show results similar to those in D,
E and F. In 3 others, all in areas with intense cobble scouring, no Chondrus thalli grew in the control after 1 yr.

settles by late summer and slowly increases in abun-
dance in both controls and roofs. Average abundance
of Chondrus in the controls does not differ signifi-
cantly from that in roofs (analysis of variance: p > .75
after both 1 and 2 growing seasons, i.e., April to Oc-
tober). In the presence of predators and herbivores.
average cover in controls and roofs after 1 growing
season is =~ 30% (Table 4). After 2 seasons, cover of
Chondrus has more than doubled (ranging from 68%
to 75%). This increase is statistically significant (anal-
ysis of variance: F = 9.12; df = 1,20: p < .01: see
Table 4). Nearly complete coverage of space by Chon-
drus can take >3 yr, though the rate of coverage clear-
ly varies from place to place (Fig. 3).

There are 2 important exceptions to the successional
sequence of barnacles—mussels—Chondrus shown
above in controls and roofs. First, in some experi-
ments, Chondrus failed to grow in controls and roofs
(though as usual, in the absence of predators, Mytilus
eventually occupies all available substrata). This oc-
curred in 2 experiments at Little Brewster Cove and
1 at Canoe Beach Cove. These experiments were be-
gun on substrata which were naturally free of Chon-
drus but which were covered with a red encrusting
alga that appears to be the encrusting holdfast of
Chondrus. In these experiments, Balanus initially cov-
ered up to 35% of the available space in controls and
roofs but was eliminated by predators within 2-3 mo.

Subsequently, these treatments remained essentially
free of sessile animals or erect algae. These experi-
ments were run for | season. General observations of
the area surrounding these experiments over 3 yr in-
dicate no Chondrus has settled or perennated (regrown
vegetatively) in these places. Chondrus thalli appear
to be absent there because these sites are scoured each
winter by cobbles tossed about during storms (J. Lub-
chenco, B. A. Menge, personal observations). This
type of disturbance, which occurs relatively frequently
at these sites, probably kills the erect Chondrus thalli.

The second exception is shown in Fig. 4. This ex-
periment shows that mussels can occasionally escape
control by predators and monopolize all available
space. This particular experiment was begun on sub-
strate cleared in the midst of a dense stand of Chon-
drus in 1973. Although predation was initially rela-
tively intense at this site (Fig. 4), mussels eventually
escaped and this site has since become an extensive
mussel bed and Chondrus has been greatly reduced in
abundance.

The fact that Mytilus eventually occupies most of
the free space in predator exclusion cages suggests it
outcompetes both Balanus and Chondrus for space in
the absence of predators. To test this hypothesis, and
to examine competitive interactions between Chon-
drus and Balanus in the absence of these agents, we
performed experiments in which both predators and
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TABLE 4. Results of predator exclusion experiments after 1

and 2 growing seasons. Data are given as actual mean
percent cover * 1 standard error (untransformed) and as

degrees + 1 SE (transformed)

Mean cover (=1 SE)

After one After two
growing growing
Data season seasons
Treatment  Taxa format (n =8) (n =3)
Balanus Percent 0 0
Degrees 0) (V]
Control Mpytilus  Percent 3.5 + 3.5 0
Degrees (4.0 = 4.0) 0)
Chondrus Percent 30.1 + 12.9 68.3 + 23.7
Degrees (28.0 + 10.4) (61.2 = 18.0)
Balanus Percent 0 0
Degrees ) (V]
Roof Mpytilus  Percent 1.6 + 1.6 0.7 + 0.7
Degrees (2.6 £2.6) (2.7 2.7
Chondrus Percent 28.5 + 11.2 75.0 = 15.2
Degrees (27.4 = 8.7) (62.0 = 10.2)
Balanus Percent 1.1 = 1.1 0
Degrees (2.2 +2.2) )
Predator ~ Mytilus  Percent 94.9 + 5.1 100
exclusion Degrees (85.0 = 5.0) (90)
Chondrus Percent 4.8 + 4.8 0
Degrees (4.8 + 4.8) 0)
Balanus Percent 36.2 * 12.7
Degrees (35.4 + 9.6)
Mussel Mytilus  Percent 0
removal Degrees )
Chondrus Percent 12.3 = 12.3
Degrees (9.7 = 9.7)

Mpytilus were excluded from cleared substrata (Table
5). As shown in Fig. 3, in 3-way competition, Mytilus
outcompetes Chondrus and Balanus (Table 5). When
mussels are removed and the experiment is begun in
spring, barnacles outcompete Chondrus, probably by
preemption of space and rapid growth (Table 5). In
contrast, when Balanus does not settle densely (or,
presumably, if the experiment was begun in summer
or autumn after Balanus had settled), Chondrus is ev-
idently the “*victor.”” Obviously, this is the same result
as that in controls and roofs of the predator exclusions
in Fig. 3. Hence, the results in Table 5 suggest that at
least when experiments are initiated on newly cleared
substrata, the competitive hierarchy in this system is
Mpytilus > Balanus > Chondrus. The competitive po-
sition of ephemeral algae and competitive interactions
between settling juveniles and established adults is not
revealed by these experiments and will be considered
below.

Thus, following clearance of sessile, nonencrusting
organisms, Mytilus outcompetes Chondrus for space
in the absence of mussel predators (e.g.. at exposed
sites). Where mussel predators are present (e.g.. calm
areas) Mytilus is usually prevented from monopolizing
space and Chondrus can perennate or settle and be-
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FiG. 4. An escape by Mytilus from low zone predators
and consequent competitive exclusion of Chondrus at Cham-
berlain (+0.5 m). Data are not transformed.

come established. During colonization episodes,
Chondrus is apparently a poor competitor for space
against both mussels and barnacles.

Secondary succession: Effect of herbivory and
plant-plant competition.—1) Substrata covered with
encrusting Chondrus holdfast. Results of removal of
Chondrus thallus at 2 sites, 1 with and another without
a L. littorea population, suggest that the common per-
iwinkle has little direct effect on Chondrus but prob-
ably determines the abundance of ephemerals (Fig. 5).
In turn, ephemerals may slow the rate of return of
Chondrus thalli. By August 1974, the mean abundance
of Chondrus with L. littorea present and few ephem-
eral epiphytes was significantly greater than that with
abundant epiphytes and no herbivores (Fig. 5b and d:
analysis of variance: F = 23.82: df = 1,18:p < .001).

The effects of herbivores (L. littorea, L. obtusata,
Acmaea) following Chondrus thallus clearance is
shown in Fig. 6. Exclusion of all 3 species resulted in
monopolization of secondary space by Ulva lactuca.
a green ephemeral. In the presence of herbivores (Fig.
6a-e, g, and h) ephemeral algae were eliminated or
reduced and Chondrus grew to occupy most of the
space. Abundance of Chondrus in the exclusions (Fig.
6f) is significantly less than that in all other treatments
excluding controls (Fig. 6¢c—-e. g, and h: analysis of
variance: F = 78.55; df = 1.6;p < .001). Controls are
not included in this statistical analysis because they
are not shaded by the mesh, which has a small inhib-
itory effect on growth rate of Chondrus. In April 1975,
percent cover of Chondrus was significantly inversely
correlated to percent cover of ephemeral algae for all
treatments (excluding controls; Y[percent cover of



78 JANE LUBCHENCO AND BRUCE A. MENGE Ecological Monographs
Vol. 48, No. 1
REGROWTH OF CHONDRUS FOLLOWING THALLUS CLEARANCE
X---X Ephemeral algae A——a Chondrus
A. Control, Canoe Beach Cove, L. littorea + C. Control, Chamberlain, L. littorea —
1009 A—4—a—d—a 4 A——A-a a—a ] A—d—4_) 4 Aa—4~4—24 4
I ! T ot v T
x
50 1 N |
. \ S |
AN FIR NG S
x o X-oy X-o oo P [ NV §
3
© B. Chondrus clearance, Canoe Beach Cove, L.l + D. Chondrus clearance, Chamberlain, L. I —
100 A—a-a aA—a B N "N
S L a— ‘ h st
e {”‘\\A/
50 A7 3 A |
4/ | A % XL N
= S
) =X X X X~ A i 3 L A—F
M JJASONDUFMAMUUJASDO J J A MJJASONDUJUFMAMUJ JASDO J
1974 1975 1976 1974 1975 1976
FIG. 5. Recolonization after clearance (B and D) at an area with (Canoe Beach Cove, A and B) and without (Chamberlain,

C and D) L. littorea. A and C are unmanipulated controls adjacent to B and D. A and B are each 3 m® in area; C and D are
each 2 m2. Means *+ 95% confidence intervals for 8—12 0.25-m? samples within each treatment are indicated for each date.

Chondrus in degrees] = 68.05 — 0.42 X [percent cov-
er of ephemerals in degrees]; r? = .69).

Acmaea graze marks were observed on the encrust-
ing holdfast of Chondrus in the Acmaea enclosure
(Fig. 6h) but the limpet did not graze enough of this
holdfast to adversely affect thallus regrowth. Evi-
dently Chondrus thalli perennated faster than Acmaea
could graze the encrusting holdfast.

At any particular site, only a relatively small percent
cover of the encrusting holdfast is necessary for Chon-
drus to perennate successfully and occupy 100% of

TABLE §.

the secondary space, because the distal parts of the
thalli are branched and bushy and cover a larger area
than the holdfast from which they grow. For example,
original percent cover of the encrusting holdfast im-
mediately after thallus removal ranged from 12% to
86%. but there was no significant correlation between
percent cover of this (X) and of the thallus after 9 mo
(Y;r? = .02). There is undoubtedly a minimum amount
of encrusting holdfast necessary to produce thalli cov-
ering 100% secondary space, but this is not revealed
by our data.

Competition between Mytilus, Balanus, and Chondrus in the absence of predators on cleared substrata, i.e.,

predator exclusion cages. Data are average percent covers in predator exclusion cages (e.g., Fig. 3). Me = Mytilus
edulis; Bb = Balanus balanoides; Cc = Chondrus crispus; N is number of treatments for each date

Mytilus removed;

nr:lc?r.ltﬁi Three-way competition Mpytilus removed Balanus reduced®

(March = 0)2 Me Bb Cc N Bb Cc N Bb Cc N
0 0 0 0 8 0 0 3 0 0 4

1 0 1 0 8 0 0 3 2 0 4

2 6 31 2 8 43 2 3 16 0 4

3 34 31 0 8 61 0 3 22 0 4

4 68 11 8 7 66 2 2 27 22 3

5 90 3 6 8 87 0 2 34 44 2

6 97 0 6 7 92 0 2 21 40 2

7 90 1 5 8 92 0 2 27 24 4

8¢ 94 1 0 7 90 0 2 19 22 4

12 100 0 0 4 18 0 2 7 43 2

13 100 0 0 4 34 0 2 11 42 2

14 100 0 0 4 97 0 2 8 13 1

15 100 0 0 2 79 0 2 50 2 1

16 100 0 0 3 72 0 2 0 19 1

17 100 0 0 3 72 0 2 0 33 1

18 100 0 0 3 51 0 1 0 36 1

19 100 0 0 3 50 0 2 0 65 1

2 Data from 1973-1974 and 1974-1975 were combined. All experiments were begun in March.

» Balanus did not settle as heavily in these treatments.
¢ No data could be obtained in December through February.
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FiG. 6. Effect of herbivores, ephemeral algae, and height
in the intertidal on regrowth of Chondrus thallus following
thallus removal at Canoe Beach Cove. Low treatments are
at —0.3 m; high treatments are at +0.2 m. In A, B, C, and
F symbols indicate means and bars indicate ranges of 2 rep-
licates. Percent cover data are transformed. The number of
herbivores (X * 95% confidence intervals) are indicated for
each treatment. In E, exclusion of herbivores was only partly
successful.

Increased height in the intertidal evidently slows re-
growth of Chondrus (Fig. 6). By April, both low con-
trols (—0.3 m; Fig. 6a) achieved 100% cover of Chon-
drus, while in the 2 high controls (+0.2 m; Fig. 6b)
Chondrus covered only =50%. These differences are
significant (analysis of variance: F = 1,379; df = 1,2;
p < .001). It seems most likely that the cause of this
variation in growth is the difference in immersion time
between the 2 tidal levels, though other factors may
also have an effect.

In the herbivore exclusion cages (Fig. 6f), ephem-
eral algae persisted at least through September 1975,
at which time they covered 68% and 73% of the area.
It is possible that cages, in addition to excluding snails.
may also keep ephemeral algae damp or shelter them
from effects of wave action, thus allowing them to
persist longer. Comparable experiments at Chamber-
lain, which usually lacks herbivorous snails (Table 2),
enabled us to evaluate the biological realism of this
persistence. The scarcity of herbivores at this area
means that the mesh effect can be tested by comparing
controls to the roof and herbivore exclusion cages
(Fig. 7a,b). Patterns of colonization and persistence of
ephemerals and Chondrus are similar in these treat-
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Fic. 7. Effect of herbivores and ephemeral algae on re-

growth of Chondrus following thallus clearance at Chamber-
lain (— 0.43 m). In A and C, symbols indicate means and
bars indicate ranges of the 2 replicates.

ments (Fig. 7a,b.c), suggesting that at least in these
experiments, cages and roofs do not have an important
effect on survival of ephemerals. At this site, survival
in fall and early winter is low. This failure of ephem-
erals to survive well through winter at Chamberlain
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TaBLE 6. Effect of herbivores (changes in percent cover) on Chondrus prostrate holdfast at Canoe Beach Cove; no
ephemeral algae present, cages at Canoe Beach Cove at —.03 m. HD = high density; LD = low density; L1 = L. littorea;

Lo = L. obtusata; At = Acmaea testudinalis

Treatment Cont, Cont, Roof, Roof, Excl, Excl, HDLI LDLI HDLo LD Lo HD At LD At
No. herbivores 2+2L1 2211 5+211 4+211 0 0 6 3 15 10 2 1

29 Mar 1974 100 92 100 100 88 95 98 83 100 100 100 73
24 Jun 1974 100 93 100 100 91 97 85 84 100 100 41 32
26 Sep 1974 100 92 99 100 98 100 60 81 100 100 0 12
31 Jan 1975 100 91 100 100 97 97 100 83 100 99 0 0
22 Apr 1975 100 91 100 100 97 100 99 82 100 100 0 0

Overall change 0 -1 0 0 +9 +5 +1 -1 0 0 -100 -73

(Figs. 5,7) but ability to survive well at Canoe Beach
Cove (Fig. 6), may be a result of the greater wave
shock at the former area relative to the latter.

In the L. littorea enclosure (Fig. 7d), ephemerals
(Ceramium spp., Petalonia fascia, Enteromorpha in-
testinalis, and Ulva lactuca) settled densely and were
eventually consumed, though they initially swamped
the snails. Once the ephemerals were gone, Chondrus
regrew quickly (Fig. 7d). Acmaea was even less able
to control ephemeral abundance (Fig. 7¢). Thus, in all
treatments except the L. littorea enclosure, ephem-
erals were abundant in August and September and
growth of Chondrus was depressed (Fig. 7). In Sep-
tember percent cover of Chondrus thallus was signif-
icantly inversely correlated to percent cover of
ephemeral algae (Y [percent cover of Chondrus in
degrees] = 54.32-0.38 X [percent cover of ephemeral
algae in degrees]; r* = .93). Ceramium was the most
abundant of these ephemerals, but it and other ephe-
merals disappeared by winter. Chondrus underneath
these algae subsequently resumed growth and by
March 1975, percent cover of Chondrus in the 2 L. lit-
torea enclosures was not significantly different from
that in the 2 exclusions or the Acmaea enclosure (anal-
ysis of variance: F = 2.82,df = 1,3;.1 <p < .25). As
in the Chondrus thallus clearance at Canoe Beach
Cove (Fig. 6), percent cover of Chondrus thallus at
Chamberlain after 9 mo (March 1975; Fig. 7) was not
correlated to the original percent cover of Chondrus
encrusting holdfast (> = 0; original percent cover of
Chondrus holdfast ranged from 68% to 94%).

To determine the effects of grazers on Chondrus
holdfast, caging experiments were placed over natural
encrusting holdfast at Canoe Beach Cove. Evidently,
Acmaea can eliminate such holdfasts at artificially
high densities (Table 6; see below). Overall change in
cover of encrusting holdfast in limpet cages (X =
—86.5%) is significantly greater than that in controls
and roofs (X = —0.25%: analysis of variance: F =
59.63, df = 1.4; p < .005). Abnormally high densities
of L. littorea can reduce cover of encrusting holdfast
during summer but the alga recovers in winter (Table
6). and overall change in cover of holdfast in L. littorea
enclosures (X = 0%) is not significantly different from
that in controls and roofs (X = —0.25%: analysis of

variance: F = 1.16;df = 1.4;.25 < p < .50). Because
the encrusting holdfast is completely removed in the
limpet cages, but a thin cover is left in the L. littorea
cages, limpets evidently graze closer to the substratum
than do periwinkles. Presumably the encrusting hold-
fast grows back in L. littorea enclosures from the thin
cover left by the grazers.

Neither normal densities of L. littorea nor high or
normal densities of L. obtusata affect percent cover of
encrusting holdfast (Table 6). This may be because
these herbivores are either not grazing the holdfast or
because it grows as fast as it is consumed. Laboratory
feeding experiments discussed above support the
former explanation. Littorina littorea and L. obtusata
in short-term (1 mo) laboratory experiments did not
eat Chondrus holdfast even though no other food was
present.

Figures Sb, 6, and 7 indicate that Chondrus can pe-
rennate in the presence of periwinkles and limpets.
Thus, although these herbivores can remove the en-
crusting holdfast, they apparently do not affect re-
growth of the thallus.

In summary, after clearance ephemerals temporarily
impede Chondrus perennation. Chondrus returns to
previous levels of abundance faster in the presence of
L. littorea than in its absence, apparently because the
littorines quickly consume the ephemerals. Some
ephemerals (e.g., Ulva) may persist longer than others
(e.g., Ceramium), and thus may have different effects
on regrowth. However, no epiphytes have been ob-
served to permanently outcompete Chondrus except
in tide pools (Lubchenco 1978). Thus, the ability of
Irish moss to tolerate shade and resume growth once
epiphytes are removed seems particularly adaptive.
Further, the ability of this alga to quickly regenerate
thalli from its encrusting holdfast evidently enhances
its ability to occupy space.

2) Substrata covered with encrusting coralline algae.
Occasionally space that is cleared in the low zone is
covered by encrusting coralline algae, not by encrust-
ing holdfast of Chondrus. When this occurs, Chondrus
can colonize the area only via settlement. The follow-
ing experiments examine the effects of herbivores on
secondary succession on such substrata.

The low intertidal-subtidal interface and shallow
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FiG. 8. Effect of herbivores on recolonization of the low zone after sea urchins had removed all macroscopic algae except
encrusting corallines (includes Lithothamnium , Lithophyllum , Phymatolithon , Clathromorphum , etc.). Mean percent cover and
ranges are indicated for 6 replicates in A, 3 in C. and 2 in B, D. E, and F. The ‘‘large-herbivore exclusion’’ kept out large
L. littorea. large Acmaea and Strongylocentrotus; many small (<3 mm in length) herbivores (Margarites, Lacuna. small L.

littorea and small Acmaea) invaded the cage.

subtidal zone (—0.61 to —1.23 m) at Grindstone Neck
was characterized by a high cover of encrusting cor-
alline algae, a moderate canopy (mostly the annual
kelp Alaria) from spring to autumn, and little Chon-
drus (2-3%: Table 7). Sea urchins were abundant at
this site from July 1974 to winter 1974-75. They re-
mained under the edges of large boulders during day-
time low tides and foraged out from the boulders dur-
ing high tide. In contrast. the low intertidal-subtidal
interface at another site, Canoe Beach Cove. has a
dense Chondrus bed and lacks urchins (96% cover:
Table 7). For unknown reasons, the urchins disap-
peared from Grindstone Neck during winter 1974-75.
Herbivore enclosure and exclosure cages were estab-
lished the following spring to assess the effect of her-
bivores (sea urchins, limpets, and periwinkles) on re-
colonization of this area. All cages were placed on
substrata competely covered by encrusting coralline
algae (Fig. 8).

As expected. the effect of L. littorea on settlement
and growth of perennial algae was minor. Chondrus
settles and gradually becomes the most abundant oc-
cupier of space in L. littorea enclosures, large herbi-
vore exclusions (exclusion of L. littorea and Acmaea).
controls. and roofs (Fig. 8a—c. e). No ephemeral algae

appear in the large herbivore exclusions even though
they appeared in low zone herbivore exclusion cages
nearby. It was impossible to exclude small snails
(Margarites, Lacuna, and small L. littorea) from the
herbivore exclusion cage and they may have grazed
settling ephemeral algae.

Strongylocentrotus (Fig. 8d) and Acmaea (Fig. 8f)
have major effects on algal colonization and growth.
Limpets essentially maintained the same algal com-
position throughout the duration of the experiment
(mostly the encrusting corallines such as Lithotham-
nium, Clathromorphum. etc). Sea urchins not only
prevent colonization by Chondrus. but also consume
some of the encrusting coralline algae (Fig. 8d). How-
ever, this effect probably occurs only at high urchin
densities.

The effects of limpets in these and earlier experi-
ments are probably an exaggeration. Enclosure of
even a single limpet in a 10 X 10-cm cage results in a
density which is equivalent to 100/m2. In comparison.
normal mean limpet densities range from 0.4/m? to
15.7/m? at the different areas (Table 2) and individual
0.25 m? quadrats had densities reaching 58 limpets/m?2.
or about half the experimental density. In addition,
caged limpets were usually relatively large individuals
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RECOLONIZATION AFTER COMPLETE DENUDATION
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FiG. 9. Percent cover of organisms recolonizing a denuded 3-m? patch 16-18 July 1974 at Canoe Beach Cove. Chondrus
covered 91% of the patch in July prior to denudation. Points represent means +95% confidence intervals for eight 0.25-m?

quadrats at each date.

(1.5-2.0 cm long compared to mean individual size and
9% confidence intervals at the study sites ranging from
0.67 = 0.04 cm to 1.29 = 0.05 cm long), making the
biomass enclosed even greater than densities indicate.
Thus, results of limpet enclosures must be interpreted
cautiously.

In summary. only 2 herbivores appear to be capable
of preventing Chondrus from becoming established.
Limpets (when enclosed in cages, Fig. 8f) and sea ur-
chins (enclosed. Fig. 8d; or not enclosed, Table 7) can
evidently maintain bare or encrusting coralline-cov-
ered space. However, these two herbivores are usu-
ally scarce (limpets) or absent (urchins) in the low
zone: herbivores that are usually present (i.e.. L. lit-

torea: Table 2) cannot prevent establishment of Chon-
drus thalli on either encrusting coralline algae or from
encrusting holdfasts.

Primary succession.—To initiate primary succes-
sion in the low zone, a 3-m? patch of Chondrus was
cleared and burned in May 1974 at Canoe Beach Cove.
Prior to clearance, Irish moss occupied virtually all of
the area (X + 95% confidence intervals = 90.6 +
12.3%.n = 8) and L. littorea was abundant (649/m? or
162.2 + 53.1/0.25 m?). Two week after burning, herbi-
vore exclosure and enclosure cages, roofs. and con-
trols were placed in the patch to evaluate effects of
herbivores on colonization events. Cages and controls
were placed adjacent to the eight 0.25-m? quadrats used

TABLE 7. Percent of algae and density of herbivores in low intertidal and shallow subtidal zones, July 1974, at 1 area
with and 1 area without sea urchins. Percent cover = mean * 95% confidence intervals: density = mean *+ 95% confidence
intervals per 0.25 m? for L. littorea and Acmaea; density of Lacuna and Margarites was taken in .01 m?2, so is given
first in numbers per 0.25 m?, then as X * 95% CI/.01 m? in parentheses. N = 10 quadrats for each height. Subtidal transects

were done with SCUBA equipment

Grindstone Neck

Canoe Beach Cove

Low intertidal-

Low intertidal-

Low subtidal Shallow Low subtidal
intertidal interface subtidal intertidal interface
Parameters (—0.15 m) (—0.61 m) (—1.23 m) (=0.15 m) (—0.61 m)
Percent cover
Crusts 11 +13 65 + 4 94 + 4 40 + 32 20 + 7
Bare 8+ 12 15+ 19 3+2 13+4 2+3
Algal holdfasts 24 + 24 4+4 3+4 33+ 13 73+6
Chondrus 68 + 20 2+1 3+4 87 +5 96 + 3
Ephemeral algae 0 22 7+9 0 0
Alaria 0 54 + 16 20+ 9 0 0
Laminaria saccharina 0 2+1 4+5 0 1+2
Density
Littorina littorea 188 £53 1.6 £ 1.6 5025 163.9 + 49.7 83.8 +24.5
Acmaea 1.5+1.4 2.7 2.7 6.3 3.2 0 0
Lacuna 15 47 440 10 233
0.6 = 0.7) (1.9 £ 1.3) (17.6 + 23.5) 0.4 £ 0.5 93+2
Margarites 7.5 6 15 0 0
(0.3 = 0.5) 0.2 + 0.3) (0.6 + 0.8)
Strongylocentrotus no abundant abundant no no
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to monitor the large patch. Predator exclusion cages
were not established in these experiments. but it
seems likely that their effects are the same as above.
Both Thais and Asterias were present in the general
area (Table 2) and as usual were included in cages.

Results are shown in Figs. 9 and 10. Colonization
in the large 3-m? patch (Fig. 9) was mirrored by that
in the controls and roof (Fig. 10a, b). Following de-
nudation, the encrusting brown alga Ralfsia settled
and quickly occupied most of the rock surface. In Sep-
tember, germlings of Fucus vesiculosus. normally a
mid zone perennial brown alga. settled. Most of these
were eaten by L. littorea. but those in crevices were
often missed or inaccessible to this snail. The stand of
Fucus which eventually developed in these experi-
ments arose from these escaped germlings. Once Fu-
cus attains a length of 3-5 c¢cm. periwinkles usually do
not graze them (Menge 1975). Hence., Fucus
germlings have a potential spatial refuge (crevices) and
older individuals have a refuge in size from periwin-
kles (Menge 1975). Those Fucus with holdfasts in
crevices became established. continued to grow and
after 2 yr occupied 95% of the canopy space (Figs. 9
and 10). Fucus did not become established in controls
and roof until winter, but then grew quickly to domi-
nate canopy space in the 2 controls and the roof which
had crevices (Fig. 10). The importance of a refuge in
initial establishment of Fucus is indicated by the fail-
ure of Fucus to become established in 1 control which
lacked a crevice.

In controls, roofs, and the large patch, ephemeral
algae (Enteromorpha, Ulva, Scytosiphon, Petalonia,
Dumontia, Spongomorpha, Rhizoclonium) became
abundant during the winter (when L. littorea was in-
active) and then declined in abundance in the spring,
summer, and fall (Figs. 9, 10a, b). In addition to these
ephemerals, Chondrus appeared in these treatments.
In all cases, this alga grew from encrusting holdfasts
in crevices. Evidently, either our denudations were
not completely successful. or new plants settled or
survived only in crevices. After 2 yr Chondrus occu-
pied 30% of the secondary space (Fig. 9). The decline
in abundance of Ralfsia may be due to competition
with Chondrus holdfasts, newly settled encrusting cor-
alline algae, or to shading by Fucus.

In herbivore exclusion cages, Ralfsia initially settled
and covered 21% of the substratum, grew quickly and
occupied 100% of the primary space, then decreased
in abundance rapidly as ephemeral algae increased in
abundance. suggesting ephemerals outcompeted Ralf-
sia. As in secondary succession experiments, ephem-
erals persist in the absence of L. littorea and evidently
prevent invasion by Chondrus (Fig. 10).

Before enclosure of L. littorea in cages, a thin cover
of Ralfsia occupied =60% of the primary space. After
enclosure of periwinkles, Ralfsia disappeared and
eventually Chondrus invaded and grew (Fig. 10d). Ev-
idently a high density of periwinkles (4 in each enclo-
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FiG. 10. Effects of herbivores on recolonization of com-

pletely denuded space in the low zone. Mean percent cover
and ranges are indicated for 3 replicates in A, 2 in C, D, and
E. The mean number of grazers per treatment is indicated
for each date at the top of each treatment.

sure cage) eliminates Ralfsia and slows but does not
prevent colonization by Chondrus (compare Figs. 10c
and d). This interpretation is supported by laboratory
experiments which indicate that L. littorea will graze
Ralfsia (but only if it is a thin layer; Menge 1975),
and by results in the controls and roof (Fig. 10a,
b) which had normal L. littorea densities.

The effect of L. littorea on succession in these ex-
periments seems determined by littorine density and
the attractiveness of the different colonizers as food.
Thus. at normal densities (controls and roof in Figs.
9. 10a, b), periwinkles appear to remove ephemeral
algae. sporelings and germlings (i.e.. consume highly
preferred food). High periwinkle densities (i.e., when
enclosed in cages; Fig. 10d) appear to force snails to
consume less-preferred food (e.g.. Ralfsia). Thus.
only nonedible plants (Chondrus. encrusting coral-
lines) successfully colonize L. littorea cages. Although
L. littorea in even higher densities (6/.01 m? or 600/m?)
can decrease abundance of encrusting holdfasts of



84 JANE LUBCHENCO AND BRUCE A. MENGE

Chondrus for a short time (Table 6), they do not ap-
pear to adversely affect the recolonization of Chon-
drus thalli (Fig. 10a, b, d). Irish moss grows from crev-
ices in the L. littorea enclosure as in the roof and
controls, suggesting periwinkles may eliminate Chon-
drus holdfast if it is thin (as they do for Ralfsia) and
not in crevices. Hence, like Fucus, young Chondrus
plants may require a spatial refuge. However, this re-
cruitment results more probably from perennation by
holdfasts in crevices which were not destroyed by
burning.

Limpets (Fig. 10e) evidently also quickly graze all
Ralfsia present and prevent further algal colonization.
Despite the presence of appropriate looking crevices
in limpet enclosures, no Fucus or Chondrus have be-
come established. Acmaea is known to graze Chon-
drus holdfast (Table 6) and Fucus germlings (Menge
1975) and apparently prevents establishment of these
algae by removing any holdfast or germlings that are
present. However, as noted above, this effect may
occur only at artificially high densities.

The primary succession experiments were initiated
only once in the early summer. Since different ephem-
eral algae settle during different seasons (Menge 1975),
there would undoubtedly be differences in species of
algae colonizing if denudations were done at different
times of the year. However, since L. littorea con-
sumes most intertidal ephemeral algae (Menge 1975,
Lubchenco 1978), this herbivore should have the same
effect on colonization events during most of the year
except winter when it is inactive. The rate at which
perennial species become established would probably
depend on when they settle and how fast they grow,
both season-related events. Although we would expect
the general results and effects of herbivores on pri-
mary successional events to be similar regardless of
the time of initiation of experiments, this interpreta-
tion needs experimental verification.

Two years after denudation of Chondrus, Fucus oc-
cupies 95% of the canopy space and is the dominant
member of the community (Fig. 9; August 1976).
Chondrus abundance is slowly increasing. Normal
densities of periwinkles apparently remove ephemeral
epiphytes that slow down or prevent the recoloniza-
tion of Fucus and Chondrus (compare Fig. 10c to 10a,
b.d). However, with intense L. littorea grazing. Fucus
does not become established, but Chondrus does re-
colonize and grow slowly. Limpets seem to be more
effective grazers. because they can prevent coloniza-
tion of both Fucus and Chondrus and hence maintain
bare space.

Thus, L. littorea actually has a positive effect on
recolonization of Chondrus by removing ephemeral
algae which either inhibit or prevent colonization of
the perennials, Chondrus and Fucus. That is, foraging
by periwinkles seems to increase the rate of succes-
sion. Similar results have been obtained in the mid
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intertidal (Menge 1975, B. A. Menge and J. Lubchen-
co, personal observations).

The overall effect of herbivores on establishment
and development of the low zone community seems
as follows. When abundant, periwinkles can increase
the rate at which Chondrus colonizes an area (either
de novo or by perennation from encrusting holdfasts)
by preferentially consuming ephemeral algae that de-
lay recruitment or growth of Chondrus. When herbi-
vores are absent or scarce, ephemeral algae become
seasonally abundant and delay the rate at which Chon-
drus dominates an area. Two herbivores that can graze
either encrusting holdfasts (limpets) or holdfasts and
thalli (sea urchins) are either not abundant or not usu-
ally present. Thus, Chondrus has apparently escaped
control by herbivores; the latter actually have a pos-
itive effect on abundance of this alga.

Persistence of the low zone community

Previous sections indicate that (1) mussel predators
are crucial to the establishment of Chondrus beds and
(2) low zone herbivores increase the rate at which this
alga becomes established. In this section we examine
factors affecting the persistence of established Chon-
drus. Again, both mussel predators and herbivores are
important.

Effect of predation and animal-plant competition.—
Predator exclusion experiments placed on stands of
Chondrus indicate that exclusion of predators results
in the gradual replacement of Chondrus by Mytilus
(Fig. 11). In one experiment (at Little Brewster Cove,
Fig. 1lc), initial Chondrus cover was 20% and in-
creased to 40% before Mytilus began outcompeting
both algae and barnacles (max cover = 28%). By Au-
gust, Mytilus covered 100% of available space in this
treatment. The second experiment (at Grindstone
Neck, Fig. 11f) started with a 100% cover of Chon-
drus. Although it took longer, Mytilus eventually re-
placed the alga.

The roofs and controls (Fig. 11a, b, d, e) show that
Chondrus persists when predators are present but that
mussels appear quite frequently and sometimes nearly
outcompete Chondrus before being discovered and
eaten by predators. This latter observation again sug-
gests that escapes from predators by mussels occa-
sionally occur in the low zone.

When both predators and mussels are excluded.
Chondrus appears able to maintain its occupancy of
space against potential invasion by barnacles. In two
experiments run from March 1973 to April 1974, Chon-
drus maintained a mean cover ranging between 58%
and 95% whereas barnacle cover ranged from 0% to
4%. Thus, the competitive hierarchy given earlier is
relevant only on cleared substratum in spring. If Chon-
drus already occupies the substratum, barnacle larvae
are evidently unable to, or do not, penetrate between
the blades of this alga and recruit.

In summary, these results indicate predators play a
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crucial role in the persistence of Chondrus in that they
prevent Mytilus from outcompeting the alga. At pro-
tected areas, if there were no predators, Chondrus
would be eliminated by Mytilus. In fact, this probably
explains the dominance of mussels in the low zone at
Pemaquid Point; predators are scarce and/or ineffec-
tive in controlling these bivalves.

Effect of herbivory and plant—plant competi-
tion.—As shown in Fig. 2, abundance of ephemeral
algae in the low zone is seasonal at all but the most
protected area, being most abundant in the late spring.
When algae are most abundant at such sites, Chondrus
abundance is relatively low (e.g., Grindstone Neck
and Chamberlain, Fig. 1). These algae settle epiphyt-
ically on Chondrus, on free space, or on mussels and
barnacles. Note that at the most protected site (Canoe
Beach Cove), where ephemerals are least abundant
(Fig. 2). L. littorea is most abundant (Table 2). Ex-
cluding the data point from a very exposed area (VE
in Fig. 12), percent of Chondrus covered by epiphytes
at different areas in June 1974 is significantly inversely
correlated with the density of L. littorea (Y [cover in
degrees] = 74.76-0.18X [L. littorea/m?], r? = .82;
Fig. 12). This correlation suggests that the effective-
ness of L. littorea in removing epiphytes from Chon-
drus is at least partly related to its density. Where L.
littorea is absent (i.e., at moderately exposed sites like
Chamberlain; Table 2), epiphytes remain for longer

periods of time than where L. littorea is present (e.g..
6 vs. 3 mo, Menge 1975). At more exposed sites, wave
action frequently removes epiphytes from Chondrus
as does L. littorea at protected areas. Thus. the high-
est density of ephemerals on Chondrus probably oc-
curs at areas that are exposed enough to exclude L.
littorea but not so exposed that ephemeral algae are
continually torn loose (Fig. 12).

To evaluate direct effects of ephemerals, and both
direct and indirect effects of L. littorea on persistence
of Chondrus, we initiated standard sets of herbivore
exclusion experiments on stands of this alga. At
Grindstone Neck periwinkles remove all ephemerals
from Chondrus in the L. littorea enclosure. the 2 con-
trols and the roof, but as usual do not affect Chondrus
directly (Fig. 13a, b, d). In contrast, in herbivore ex-
clusions various ephemerals (including Ulva lactuca,
Enteromorpha intestinalis., Porphyra sp.. Rhizoclon-
ium tortuosum. and Spongomorpha spinescens) in-
crease in abundance and persist for at least 13 mo.

Chondrus thalli appear to be adversely affected by
shading by the mesh. The drop in percent cover of
Chondrus in the 2 controls is significantly less than the
drop in percent cover of Chondrus under both the roof
and the L. littorea enclosure cage (Fig. 13; analysis of
variance: F = 3481, df = 1.2; p < .001). Similar re-
sults were obtained in an experiment in a high zone
tide pool at Chamberlain (Fig. 14). No epiphytes were
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present in any of the treatments from July 1973 to
March 1974, perhaps because of the relatively infre-
quent exposure of this pool to settling gametes and
spores. The effects of the shading by the mesh without
any complication of epiphytes can be seen clearly
here. Relative to controls, there is a significant de-
crease in percent cover of Chondrus thallus from July
1973 to March 1974 in all mesh-covered treatments
(analysis of variance: F = 17.19;df = 1,5;p < 0.001).
Thus, shading by the mesh can cause a decrease in
perceit cover of Chondrus thallus.

Despite this effect and the high level of the pools in
Fig. 14. these experiments (Figs. 13 and 14) again in-
dicate that ephemeral algae can shade Chondrus and
slow down or prevent its growth. In Fig. 13, the abun-
dance of Chondrus in exclusion cages (with epiphytes
present) at the termination of the experiment (August
1973; t = 13 mo) is significantly less than in any other
treatment (with epiphytes removed; analysis of vari-
ance: F = 31.33; df = 1,4; p = .005). In the high
pools. the ephemeral Enteromorpha persisted only in
the herbivore exclusion cage, though it settled in all
treatments (Fig. 14). As a result, Chondrus declined
in abundance and the entire thallus (but not the hold-
fast) disappeared by July. Thus, as also reported else-
where, Enteromorpha can evidently outcompete
Chondrus in pools (Lubchenco 1978). However, since
most epiphytic algae do not persist outside tide pools
indefinitely. even in the absence of herbivores (Menge
1975), declines in abundance of Chondrus in the low
zone are probably normally short term. Only if differ-
ent epiphytes continually replace one another would
Chondrus be permanently outcompeted (this in fact
occurs in high tide pools that lack herbivores; see Lub-
chenco 1978).
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Finally, another possible adverse effect of epiphytes
on Chondrus (besides shading) suggested by Prince
(1971) is that Chondrus with a heavy load of epiphytes
may be removed during storms, much as one of us has
shown for fucoids (Menge 1975).

In summary, our experiments suggest that the de-
velopment and persistence of the extensive stands of
Chondrus occurring in the low zone throughout much
of the Atlantic coast of North America is dependent
primarily on 2 processes, predation and herbivory.
The former, by removing the dominant competitor in
the system (Mytilus edulis) frees Chondrus from com-
petition with these bivalves. (Presumably the mecha-
nism involves interference by shading and smothering
effects.) The herbivores, by removing ephemerals, re-
lease Chondrus from inhibition by these short-lived
algae. In addition, Irish moss appears to outcompete
other perennial algae for primary space (Fig. 5 and
Menge 1975). Thus, survival and abundance of Chon-
drus is essentially a by-product of the foraging activ-
ities of the 2 types of consumers and its own compet-
itive abilities. Although both consumers are clearly
important in allowing Chondrus to persist, the preda-
tor—mussel interaction would seem the more impor-
tant, because mussels are both longer-lived than
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ephemerals, and can outcompete them for space
(Menge 1976. personal observations).

DiscussioN
Organization of the low zone community

The structure and organization of the low zone com-
munity is summarized in Table 8. Our data indicate
that this system has 3 characteristic states of structural
dominance and persistence which are correlated to the
degree of wave shock (Fig. 1, Tables 1, 8). These are
(1) Mytilus alone, which has low persistence (Pema-
quid Point), (2) Chondrus and Mytilus with interme-
diate persistence (Chamberlain, Little Brewster Cove,
and Grindstone Neck), and (3) Chondrus alone with
high persistence (Canoe Beach Cove). Abundance of
ephemeral algae declines with decreasing exposure to
waves and tends to be seasonal at all but the most
protected site (Fig. 2, Table 8). Consumer abundances
are less clearly related to a wave shock gradient. Her-
bivores occur only at the 3 most protected sites while
predators occur at all sites (Table 2). However, star-
fish and Thais abundances vary among sites with no
obvious correlation to a wave shock gradient (with the
exception that starfish do not occur at exposed sites)
or to each other (Table 2).

Our experiments and observations indicate that the
organization of the low zone-community is dependent
on several general processes, including consumer—
prey interactions, physical disturbances, and compe-
tition for space. At exposed headlands, the lack of
effectiveness of predators in controlling mussels, wave
shock, and life history characteristics of mussels and

Chondrus evidently explains both the complete dom-
ination of space by mussels and the low persistence
stability observed at these sites. Though predators
(mostly Thais) are present at exposed sites. they are
apparently restricted to crevices and other shelter by
wave shock as in the mid intertidal zone (Menge
19784) and probably have no effect on mussel abun-
dance. Mussels at exposed sites have apparently com-
pletely escaped control by predators and dominate low
zone space by virtue of their good recruitment, fast
growth, early maturation, and dominant status as com-
petitors for space (Table 9). Cleared space is quickly
colonized and dominated by mussels. Because pred-
ators are ineffective in controlling mussels, growth in
the mussel bed eventually becomes constrained by
crowding. Continued growth loosens patches of mus-
sels and eventually large sheets of Mytilus are torn
loose and washed away by winter storms. This leaves
small clumps of mussels on large areas of free space
each spring (Tables 8 and 9). Extensive beds of mus-
sels usually develop by August but persist for a rela-
tively short time. This pattern of clearance of space
by storms, settlement, intense competition for space
(primarily between barnacles and mussels) leading to
a mussel monopoly of low persistence is more or less
an annual event and suggests these communities pos-
sess high adjustment stability. Chondrus is scarce
(Fig. 1) and seems unable to take advantage of the
resources freed by these disturbances, probably be-
cause space is available only briefly each spring and
Chondrus recruits slowly (Table 9).

At sites of intermediate exposure to waves, preda-
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Summary of the organization of the low intertidal community in New England

Areas

Characteristic Pemaquid Point

Chamberlain

Little Brewster Cove,

Grindstone Neck Canoe Beach Cove

Wave exposure Exposed Relatively exposed Relatively protected Protected
Structurally dominant ~ Mytilus Chondrus and Mytilus Chondrus and Mytilus Chondrus
species
Ephemeral algae Very abundant, Abundant, seasonal Abundant, seasonal Scarce
seasonal
Persistence of dominant Low Intermediate Intermediate High

species

Importance of:
A. Predation Intermediate

escapes)
Unimportant

Low (ineffective)

B. Herbivory Unimportant (no

herbivores)

C. Interspecific
competition for
primary space:
1. Plant-animal High (Mytilus domi-
nates space, resistant

to invasion by all predators)
species)
2. Plant-plant Low (Mytilus domi-
nates) in scarce)
D. Epiphytes Probably low
Chondrus)
E. Physical

disturbance
1. Wave shock High (clears extensive
areas of space

frequently)

herbivores)

Intermediate (Chondrus and Mytilus coexist due
to occasional escapes by Mytilus from

Intermediate (Chondrus dominates when Mytilus

Intermediate (induce variation in abundance of

Intermediate (clears
patches of space by
removing mussels;

High (control Mytilus
with no escapes)

(control Mytilus with occasional

Intermediate:
Direct effect = none
Indirect effect =
control ephemeral
algae

Low: Direct effect =
none
Indirect effect =
variable control of
ephemeral algae

(no

Low (Mytilus eaten)

High (Chondrus
dominates space be-
cause Mytilus
eliminated; resistant
to invasion by
other plants)

Low (eaten by
herbivores)

Intermediate (clears Low
patches of space by

removing mussels)

removes ephemerals)

2. Cobble scour Low (none present)

Low (none present)

Relatively Low (clears
space infrequently)

Intermediate (clears
space in winter)

tors, and disturbance from either wave shock or cob-
ble scour or both seem to control the Chondrus—-My-
tilus codominance and patterns of stability observed
at these sites. Predators usually control mussels,
which allows Chondrus sufficient time to settle, grow.
and monopolize space (Table 8). However, the effec-
tiveness of predators varies in both-space and time
and often large patches of mussels occur in a matrix
of Chondrus and may have 3 fates. First, they may be
eventually discovered by predators, in which case
Mytilus is eaten and the thalli of Chondrus persist.
Second, patches of both Chondrus and Mytilus may
be torn loose by waves (usually in late winter) in which
case only the encrusting holdfast of Chondrus re-
mains. This crust then grows new thalli which develop
into a Chondrus bed by late fall to early winter (de-
pending on herbivore effectiveness in controlling epi-
phytic ephemeral algae). Mytilus may settle in this
Chondrus bed and the cycle begins again. Third, both

mussels and Chondrus may be crushed by cobbles in
which case (a) neither persists or (b) the encrusting
holdfast of Chondrus remains. Escapes by mussels
and removal of Chondrus occur irregularly and usually
at time periods >1 yr. Hence at intermediate sites
persistence seems greater than that observed at ex-
posed sites (Table 8). Adjustment stability seems less
at intermediate sites because patches do not return to
a predisturbance state for ~6 mo following spring
clearances vs. =3 mo at exposed sites.

The effect of herbivores (primarily L. littorea) at
intermediate sites is also variable. They are absent at
some sites (Chamberlain; Table 8) and have no effect.
At slightly less exposed intermediate sites (e.g..
Grindstone Neck), they are abundant but have no di-
rect controlling effect on Chondrus. Rather, they con-
trol the abundance of ephemeral epiphytic algae which
can shade Chondrus and suppress its growth (Figs. 6.
7. 10, Table 8). However. ephemeral algae escape con-
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TaBLE 9. Life history and survival characteristics of major space occupants in low zone
Space occupant
Characteristic Mytilus Balanus Chondrus Ephemeral algae
A. Recruitment Good Apr-Oct Good Mar-Jun Poor Sep-Nov Good all year
B. Growth Rapid Rapid Slow Rapid
C. Maturation age =1yr =1yr ? ~=weeks
D. Approximate average longevity Intermediate (1-2 yr) Intermediate (1-2 yr) Long (?) Short (months)
E. Asexual reproduction (animals) No No

or Perennation (plants)

. Interspecific competition for
primary space
1. Ability when colonization
is simultaneous (rank) 1 2
2. Ability when colonization
is asynchronous

25}

Yes No

33 42

(a) As invader Invades all Rarely invades Rarely invades Rarely invades
(b) Against invasion Resists all Resists all but Resists Balanus and Resists Balanus and
Mytilus® ephemerals but not Chondrus but not
Mytilus Mytilus
G. Resistance to consumers Low Low High Low
H. Resistance to physical
perturbations Low Intermediate High Low

a See text for short term interactions.
b Resistance to invasion by Chondrus not clear.

trol by herbivores during winter and spring so that
ephemerals probably contribute to some variation in
abundance of Chondrus.

At protected sites, the dominance of Chondrus and
the patterns of stability seem regulated by consumer—
prey interactions and life history and competitive
characteristics of Chondrus. Predators are consistent-
ly efficient at eliminating mussels (and barnacles) and
as a result Chondrus stands are highly persistent and
experience few hindrances to regrowth following a
disturbance (Tables 8 and 9). Moreover, our experi-
ments on secondary succession suggest low zone com-
munities possess relatively high adjustment stability
though it is less than that at exposed headlands. Such
resilience seems due to the rapid perennation of Chon-
drus from its encrusting holdfast, the rate of which is
further enhanced by the dense populations of herbi-
vores which are active much of the year. Ephemeral
epiphytes are rapidly located and cropped and are ap-
parently never abundant enough to suppress Chondrus
growth (Fig. 2, Table 8).

The general ecological significance of several fea-
tures of this system deserves special emphasis. First,
the role of consumers in determining the pattern fol-
lowed during community development. or succession.
seems of overriding importance. Although competitive
interactions clearly occur and are important during
any particular successional sequence, the sequence
followed is clearly regulated by the predators of the
competitive dominant organism, mussels (Fig. 3. Ta-
ble 8). Predator effectiveness evidently varies approx-
imately inversely with the level of wave shock. At the
poles of this wave shock gradient. monopolies of mus-

sels (exposed) or Chondrus (protected) form. At in-
termediate sites these two species are codominants,
apparently due in part to the variable effectiveness of
predators. A mussel monopoly clearly results in the
absence of predators. The development of a Chondrus
monopoly is more complex and results from the com-
bined effects of the removal of Mytilus by predators,
the highly effective escape by Chondrus from all co-
existing consumers, and the apparent competitive
dominance of Chondrus to other plants. Although they
have no direct controlling effect, the herbivores play
a subtle but important role of damping variation (i.e.,
increasing persistence) and influencing rates of succes-
sion. This effect does not seem to have been demon-
strated previously but as our experiments suggest is
potentially quite important. The high level of persist-
ence stability of Chondrus at protected sites seems
strongly affected by the efficient control of epiphytes
by L. littorea (Table 8).

Second, the structural dominance of Chondrus at
protected areas seems to depend on several key char-
acteristics of this alga. Probably the most important
of these is the ability of this species to perennate or
grow vegetatively from its extensive encrusting hold-
fast (Table 9). This is evidently the key factor allowing
a rapid return to a predisturbance state in secondary
succession. For example, our experiments (Fig. 5)
show that during secondary succession Chondrus re-
turned to 50% of its maximum abundance (100% at
Canoe Beach Cove and 98% at Chamberlain) in 2-3.5
mo, respectively, after clearance in June 1974. In con-
trast, during primary succession at Canoe Beach
Cove, at least 30 mo are required for Chondrus to
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reach 50% of its maximum abundance (assuming that
maximum abundance = 100%: Fig. 9). The impor-
tance of perennation is further emphasized by other
results of these experiments. During primary succes-
sion, Chondrus must regain space by dispersal and
recruitment rather than regrowth. It appears that the
slow recruitment observed in these experiments (Fig.
9) is partly a consequence of the fact that more op-
portunistic species, for example, Ralfsia (<1 mo to
50% of maximum abundance of 95%), ephemeral algae
(5 mo to 50% of maximum abundance of 65%), and
especially Fucus vesiculosus (15 mo to 50% of maxi-
mum abundance of 90%) acquire and dominate space
relatively rapidly. This presumably slows recruitment
and growth of Chondrus greatly. Thus, the tenacious
holdfast enables Chondrus to (1) be less susceptible to
disturbance, i.e., have a greater persistence than oth-
er abundant organisms and (2) recover faster from dis-
turbances which remove just the thalli than can or-
ganism that must rely on recruitment to recolonize
a disturbed area.

Third, physical disturbance from wave shock or
cobble scour plays a major role by clearing space
(which initiates succession) and hence inducing vari-
ation in abundance of space occupiers and reducing
persistence stability. This effect is most marked at the
more exposed areas and has probably been a major
force in shaping both the dynamics of the low zone
community and in the evolution of the life cycle of
populations of mussels on exposed headlands. This
mechanism probably also has an important but longer-
term effect at more protected sites. Chondrus appar-
ently cannot persist in sites with frequent disturbance
(because it is outcompeted by mussels) but can persist
where perturbations are less frequent. Several aspects
of the life history of Chondrus, especially its peren-
nation abilities, appear to be important adaptations
which lead to both relatively high persistence and ad-
justment stability in the face of relatively less frequent
but still major disturbances.

Organization of the New England rocky
intertidal community

There are 3 major findings that this study has in
common with investigations of the high and mid in-
tertidal zones in New England (Menge 1976, Menge
and Sutherland 1976). One of these is the increased
importance of predator—prey interactions in structur-
ing the community with decreased environmental
harshness. In habitats of relatively low harshness,
predators control the abundance of the functionally
dominant competitor (Mytilus) and allow algae to col-
onize and persist. Competitive interactions between
algae result, with a single competitive dominant
(Chondrus) usually monopolizing most of the space.
In harsh habitats, mussels eliminate all competitors
because predators are ineffective. Presumably this ex-
plains the extensive monospecific beds of mussels ob-
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served in both mid and low zones on rocky shores at
exposed headlands.

The competitive interactions occurring between the
most abundant species appear complex and depend in
part on (1) the relative age or size of the organisms
and (2) the time span observed. Mussels clearly out-
compete barnacles and Irish moss for primary space.
The outcome of barnacle- Irish moss competition ap-
pears to depend on which species colonizes first. If
either is well established, the other does not usually
settle or grow. Results of plant—plant competition are
different over a short time period than a long time
period. Various ephemeral algae can temporarily out-
compete Chondrus but eventually die, are eaten, or
removed by waves. Chondrus can become established
then but is susceptible to future invasions by ephem-
eral algae. Fucus can settle on bare space and outcom-
pete Chondrus until Fucus dies or is removed at which
time Chondrus takes over permanently and prevents
future recolonization by Fucus (J. Lubchenco, per-
sonal observation). In both cases, early successional
species can delay the rate at which later successional
species appear. Since herbivores preferentially graze
the earlier species, they increase the rate of succes-
sion.

Thus, the most abundant space occupiers in this
system do not form a strict competitive hierarchy (i.e..
A always outcompetes B which always outcompetes
C). nor do they form networks (A outcompetes B
which outcompetes C, but C outcompetes A; see Jack-
son and Buss 1975). Instead, results of adult-adult in-
teractions differ from adult—juvenile or larval and lar-
val-larval interactions such that what appears to be a
simple hierarchy between adults is in fact most com-
plex (as Woodin 1976 andSutherland 1974 describe for
soft sediment and hard substratum communities. re-
spectively). Our system has a top competitor (Mytilus)
but perhaps network-like interactions between other
competitors.

A second parallel between high, mid, and low com-
munity organization is the fact that even though pred-
ators are present at exposed headlands (Table 2) they
are ineffective in controlling mussels. This lack of ef-
fectiveness is apparently the result of increasing risks
experienced by predators in foraging with increased
wave activity (Menge 1978a). Thus, predator density
alone does not provide an adequate measure of pre-
dation intensity. Variations in effectiveness of preda-
tors or herbivores in controlling their prey seems to
be a key to understanding both local and geographic
patterns of community structure (Connell 1975, Menge
and Sutherland 1976, Menge 1978a, 1978b).

A third, closely related theme is the importance of
escapes from consumers by animal or plant prey. In
the low zone mussels occasionally escape control by
predators (as also reported for the mid zone; Menge
1976). This apparently accounts for the occasional
abundance of mussels at sites of intermediate expo-
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sure to waves (Fig. 1). Evidently, the probability of
any particular intertidal locale being searched for prey
by predators is uneven over space as well as time
(predators are inactive in the intertidal zone during the
winter). That is, predation intensity seems spatially
heterogeneous.

Escape by plants from their enemies appears to be
a particularly significant phenomenon in determining
observed patterns of community structure in nature
(Connell 1971, Dayton 1975a. 1975b. Menge 1975,
Paine and Vadas 1969). In this study we find that low
zone herbivores are ineffective in controlling Chon-
drus recruitment, growth, or abundance. In fact, from
the point of view of the alga, the feeding of the most
abundant herbivore (periwinkles) primarily serves an
antifouling function. This effect occurs in the mid zone
as well where fucoid algae escape the control of this
same periwinkle but have epiphytic algae removed by
the grazers (Menge 1975, personal observation).

The structural dominance of this New England sys-
tem by either 1 species (Mytilus at most exposed sites,
Chondrus at most protected) or 2 (both mussels and
Irish moss at intermediate sites) contrasts rather
strongly with the observed structure in many other
systems. The low intertidal zone on the Pacific Coast
of North America is characterized by high animal and
plant diversity, even though there appear to be 1 or 2
dominant alga(e) at specific sites (e.g.. Dayton 1975a).
Similar high diversities occur in low intertidal zones
in the Bay of Fundy and the Atlantic shores of Europe
(J. Lubchenco 1978, Lewis 1964). Prominent contrib-
utors to the high diversity in these low zones are kelps,
other large algae and both sessile and vagile animals.
Although the low zone of New England has a variety of
animals and numerous species of small, usually epi-
phytic ephemeral algae (see Appendix 1), it apparently
lacks both kelps (except for Alaria at exposed sites)
and other large, long-lived algae attached to the sub-
stratum as well as the diversity of animals found else-
where. Our study suggests that protected sites in New
England differ from the above in having a low zone
characterized primarily by 1 algal species, Chondrus.
Although this alga occurs elsewhere (e.g., Bay of
Fundy, European shores) it is usually found primarily
in mixed stands in these regions.

The causes of these differences are not entirely
clear. Experiments with the normally scarce sea ur-
chins and limpets, coupled with the results of other
studies on the effects of herbivores (e.g., Kitching and
Ebling 1961, Jones and Kain 1967, Vadas, 1968, Paine
and Vadas 1969. Dayton 1975a) suggest the scarcity
of sea urchins and limpets is partly responsible for the
escape and monopolization of space by Chondrus.
That is, the herbivore guild in the low zone may be
too simple (consisting essentially of browsing snails)
to cope with a variety of morphological and other
characteristics of plants. Historical effects would seem
unimportant since considerable differences in struc-
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ture occur between the faunistically similar, adjacent
low zones of New England and the Bay of Fundy
(Lubchenco 1978, J. Lubchenco and B. A. Menge per-
sonal observation). Moreover, Chondrus or Chon-
drus-like species (e.g.. Gigartina) occur in, but do not
dominate the more distant, but still taxonomically sim-
ilar intertidal regions of the British Isles (Lewis 1964).
Thus. we are left with the question of why there are
no herbivores in New England that can control the
dominant alga.

Succession and stability

Results in this paper and other studies in marine
systems (Vadas 1968, Paine and Vadas 1969. Dayton
1971, 1975a, Sutherland 1974, Foster 1975a, 1975b)
suggest that predators and herbivores can determine
the form of the ultimate state (so-called **climax’’) of
the system. Thus, starfish and predaceous snails de-
termine whether mussels or Irish moss will be the ul-
timate *‘stable node’” achieved in the low zone of New
England. On the west coast of North America, several
studies indicate the key role herbivores can play in
regulating algal composition of low intertidal (Paine
and Vadas 1969. Dayton 1975a4) and subtidal algal as-
sociations (Vadas 1968, Foster 1975b). Consumers
may also regulate the “‘trajectory’’ taken by the sys-
tem in approaching this state by operating as filters on
young stages. This mechanism was suggested by both
Connell (1971) and Janzen (1970) to be important in
structuring tropical forest communities. Our study in-
dicates that though herbivores do not affect Chondrus
directly, they determine how rapidly a Chondrus-dom-
inated state is achieved by grazing the early dominant
organisms in succession, ephemeral algae. which can
delay the rate at which later species become estab-
lished (Figs. 6, 7, 10). On the west coast, abundance
of low zone algae appears to be determined primarily
by sea urchins (Dayton 1975a). Individual plants in
this system can escape control from herbivores and
competition between adult plants seems of great im-
portance in regulating algal composition in this asso-
ciation (Dayton 19754). Numerous herbivore species
other than urchins are present in this system (limpets,
other gastropods, chitons) and it seems possible that
the low zone herbivore guild may strongly influence
recruitment and so indirectly influence the composi-
tion of the macroscopic algal association. Studies on
the food and effects of limpets (Southward 1964, Day-
ton 1971, Nicotri 1977) indicate that these grazers con-
centrate on microscopic plants but that some algae,
mostly fucoids, occasionally escape control by limpets
and form a canopy. Our experiments indicate that
though limpets can have a similar effect in New En-
gland, they are usually too scarce to have any wide-
spread effect.

Thus, effects of consumers in this system are critical
in determining both the final state and the rate at which
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that state is reached. Furthermore, the life history
characteristics of the organisms appear to be in phase
with the rate of disturbances and affect both how re-
sistant the community is to perturbation and how
quickly it rebounds following a disturbance. The in-
creasing numbers of reports on the influence con-
sumers have on community structure in nonmarine sys-
tems (e.g., Harper 1969, Connell 1971, Maguire 1971,
Sprules 1972, Brooks and Dodson 1974, Platt 1975)
suggests such effects may be widespread and of great
potential significance in both community development
and persistence.
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APPENDIX 1.

A. EPHEMERAL ALGAE. Those species which usually per-
sist for short periods of time during the year in the low

zone are:

Chlorophyta Phaeophyta
Cladophora sp. Ectocarpus sp.
Chaetomorpha linum Elachistea fucicola
Enteromorpha spp. Petalonia fascia
Monostroma sp. Pilayella littoralis
Rhizoclonium tortuosum Scytosiphon lomentaria
Spongomorpha arcta
S. lanosa Rhodophyta
S. spinescens Bangia fuscopurpurea
Ulothrix flacca Ceramium spp.

Ulva lactuca Dumontia incrassata

Polysiphonia spp. other
than lanosa
Porphyra spp.

B. OTHER SPACE OccuUPANTS. Various plants and animals
other than Balanus balanoides, Chondrus, and Mytilus
occupy space in the low zone. These usually represent a
total of <5% cover (Figs. 1, 2, Table 1). The more common
of these species are listed below. This list is not exhaustive
nor is it meant to be a checklist. We include these names
merely to indicate the presence of organisms often found in

transects but actually occupying little space.

PLANTS
Lichens
Verrucaria mucosa
Algae

Phaeophyta
Chordaria flagelliformis

Dictyosiphon foenicularceus

Fucus distichus
F. vesiculosus
Ralfsia clavata

ANIMALS

Porifera
Halichondria sp.
Haliclona sp.
Leucoselenia botryoides

Cnidaria
Metridium senile
Obelia sp.
Sertularia pumila
Tubularia sp.

Ectoprocta
Electra pilosa
Flustrelledra hispida

Rhodophyta
Ahnfeltia plicata
Alaria esculenta
Callophyllis cristata
Clathromorphum sp.
Corallina officinalis
Cystoclonium purpureum
Gigartina stellata
Halosaccion ramentaceum
Hildenbrandia rubra
Laminaria digitata
L. saccharina
Lithothamnion spp.
Palmaria palmata
Petrocelis middendorfii
Phycodrys rubens
Phymatolithon sp.
Polyides rotundus
Ptilota plumosa

Mollusca

Anomia sp.
Modiolus modiolus
Saxicava

Annelida
Spirorbis borealis

Arthropoda
Balanus balanus
B. crenatus

Chordata
Amaroucium spp.
Botryllus schlosseri
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