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Ecology, 73(3), 1992, pp. 755-765 
1992 by the Ecological Society of Amenica 

COMMUNITY REGULATION: UNDER WHAT CONDITIONS 
ARE BOTTOM-UP FACTORS IMPORTANT ON 

ROCKY SHORES? 

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

INTRODUCTION 

Do top-down (e.g., trophic interactions) or bottom- 
up (e.g., nutrients) effects control communities? In re- 
cent years, an increasing number of ecologists have 
argued that, as with most ecological controversies 
(Schoener 1987), this dichotomy is artificial and coun- 
terproductive. Both top-down and bottom-up factors 
can have important effects on community structure 
(e.g., Carpenter 1988, Hunter and Price 1992, Power 
1992). Thus, it seems more appropriate to ask "how 
do bottom-up and top-down effects interact and influ- 
ence each other," and "what are the mechanisms un- 
derlying variation in each?" 

These rather simple questions still mask enormously 
complex issues. However, in contrast to earlier, "sin- 
gle-factor" approaches, recent work dealing directly with 
the multi-factorial nature of natural communities has 
offered important insights. Among these are that bot- 
tom-up processes can underlie variations in commu- 
nity structure that can have important consequences 
for the influence of top-down factors (e.g., Carpenter 
and Kitchell 1984, 1987, Oksanen 1988, Persson et al. 
1988, Power 1990). For instance, the level of primary 
production may determine the number of trophic lev- 
els, which in turn could have major effects on com- 
munity structure (Oksanen et al. 1981, Fretwell 1987, 
Persson et al. 1988). 

It is important to define what is meant by "control." 
As used here, control means having a major quanti- 
tative and/or qualitative effect on community struc- 
ture. Quantitative effects are changes in abundance 
(numbers, cover, biomass), while qualitative effects are 
changes in community composition and/or the nature 
of interactions among community components. For 
example, increased production might increase the 
abundance of herbivores without changing species 
composition (i.e., a quantitative but not qualitative 
change). On the other hand, predation might reduce 
prey abundance, allowing both increases in abundance 
of competitors already present (a quantitative change) 

I For reprints of this Special Feature, see footnote 1, p. 723. 

and invasion of previously excluded prey (a qualitative 
change). Here, the terms "regulate" and "control" are 
used synonymously. 

What is meant by "top down" and "bottom up"? 
Top-down control refers to situations where the struc- 
ture (abundance, distribution, and/or diversity) of low- 
er trophic levels depends directly or indirectly on tro- 
phic activities of higher trophic levels. For instance, 
Paine's (1966, 1974) demonstration of the effects of a 
keystone predator on sessile organisms on rocky shores 
in Washington State is a classic example of top down 
control. "Trophic cascades" are another expression of 
this concept (Paine 1980, Carpenter et al. 1985). The 
numerous examples of top-down control in aquatic 
habitats (e.g., Crowder et al. 1988, Menge and Farrell 
1989, Power 1992) and an increasing number in ter- 
restrial habitats (e.g., Brown et al. 1986, Spiller and 
Schoener 1990) suggest that such effects are widespread 
and important. 

Bottom-up control refers to direct or indirect de- 
pendence of community structure on factors producing 
variation at lower trophic levels or in their resources. 
For instance, increased abundance or diversity of her- 
bivores and/or predators with higher levels of nutrients 
demonstrates bottom-up control (e.g., Hall et al. 1970, 
Hurd et al. 1971, Neill and Peacock 1980, Crowder et 
al. 1988). Interactions at lower trophic levels can "cas- 
cade up" food webs to regulate higher levels (Hunter 
and Price 1992). Physical or physiological stresses act- 
ing primarily on plants can also exert bottom-up con- 
trol (Menge and Olson 1990). There appear to be rel- 
atively few documented examples of bottom-up effects, 
and it is thus difficult to evaluate their potential im- 
portance. 

What is the nature of the link between bottom-up 
and top-down influences? That is, to what extent do 
these effects interact to produce variation among com- 
munities? A few studies support the idea that bottom- 
up and top-down effects are dynamically linked. With 
higher levels of nutrients, higher consumer biomasses 
(and/or more trophic levels) are supported, and with 
higher consumer abundance, trophic effects on lower 

This content downloaded from 194.214.27.178 on Thu, 8 Aug 2013 07:10:43 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


756 SPECIAL FEATURE Ecology, Vol. 73, No. 3 

trophic levels increase in importance. For instance, 
Neill and Peacock (1980) showed that, through food 
chain linkages, increasing levels of nutrients ultimately 
supported higher abundances of predators (Chaobo- 
rus). In turn, these predators had increasing effects on 
zooplankton abundance and size structure. Similar ef- 
fects were suggested by McQueen et al. (1989) and can 
be inferred from earlier studies of community re- 
sponses to nutrient manipulation (Hall et al. 1970, 
Hurd et al. 1971). 

As noted by Power (1992) freshwater and terrestrial 
communities provide most such knowledge. Until re- 
cently, studies in marine benthic communities have 
contributed little to our understanding of the links be- 
tween bottom-up and top-down processes. Many ma- 
rine studies have shown that top-down forces can have 
strong quantitative and qualitative effects on prey com- 
munities (e.g., Paine 1966, 1974, 1980, Dayton 1971, 
Fairweather 1985, Dungan 1986, 1987, Menge et al. 
1986a, b). Some marine studies also document vari- 
ation in the strength of top-down effects (e.g., Menge 
1976, Lubchenco 1986), but most such differences have 
been attributed to variation in environmental stresses 
such as wave forces and desiccation and not bottom- 
up influences. Here, "strength" refers to the magnitude 
of the impact the effect has on community structure 
(Paine 1980). 

Recent work suggest that certain types of bottom-up 
effects may, in fact, cause variation in benthic marine 
communities. In Alaska, Duggins et al. (1989) showed 
that mussel and barnacle growth rates were high in 
kelp beds and low in areas lacking kelp. Stable carbon 
isotope analysis indicated that kelp detritus was the 
primary carbon source, suggesting that kelp production 
determines secondary production of prey. Here, how- 
ever, different kelp abundances are attributed to top- 
down effects (Estes et al. 1978), not bottom-up factors. 
Kelps are abundant when sea otters are abundant be- 
cause the otters suppress herbivorous sea urchins. Kelps 
are scarce when sea otters are scarce and do not sup- 
press urchins. It is not known if nutrients vary among 
these contrasting communities. 

Studies in South Africa suggested that nutrients from 
bird guano increased intertidal algal production (Bos- 
man and Hockey 1986, Bosman et al. 1986). It is not 
known if trophic interactions were altered, however. 
Differences in community structure occurred in the 
presence and absence of bird guano in the San Juan 
Islands, Washington, although the overall effects of 
nutrients were evidently minor (Wooton 1991). 

Why haven't marine benthic studies contributed more 
to bottom-up/top-down discussions? Are marine com- 
munities somehow different from freshwater and ter- 
restrial communities such that nutrient variation is 
either minor, or large, but still unimportant in com- 
parison to other factors? Or do logistical and meth- 

odological problems, or different scientific approaches 
account for the small role of marine work in this con- 
troversy? 

There appear to be several causes for this neglect. 
First, historically, marine benthic ecologists have fo- 
cused on biological interactions and physical stresses. 
In shallow-water marine communities, physical stress 
gradients are dramatic and local scale. Early workers 
(e.g., Lewis 1964) emphasized waves and desiccation 
as both direct and indirect structuring agents, and sub- 
sequent work justified this emphasis (Dayton 1971, 
1975, Menge 1976, Lubchenco and Menge 1978, Lub- 
chenco 1980, 1986, Underwood 1986). These factors 
can have great effects, and underlie environmental stress 
models of community regulation (Connell 1975, Menge 
and Sutherland 1976, 1987, Menge and Olson 1990; 
see also Lodge et al. 1987, Schlosser 1987). These mod- 
els, and considerable evidence (Menge and Farrell 1989) 
suggest that much community variation can be ex- 
plained by direct and indirect responses to environ- 
mental stress. 

Second, "marine ecologists" include at least two dis- 
tinct groups of scientists (marine benthic ecologists and 
biological oceanographers) with different training, 
backgrounds, and approaches. As a consequence, ma- 
rine studies of bottom-up and top-down effects have 
been largely separate endeavors at widely dissimilar 
spatial scales. Marine benthic ecologists have focused 
more on the role of trophic interactions in structuring 
populations and communities, primarily at local scales 
in coastal environments. Most benthic ecologists ap- 
pear to have assumed that little meaningful variation 
in nutrients occurred on scales of less than hundreds 
of kilometres because of the large geographic scales 
over which currents and upwelling appear to occur. 
Biological oceanographers, in contrast, have focused 
more on the relationship between nutrients and pro- 
ductivity, primarily on large scales in open ocean en- 
vironments. I believe that these divergent interests, and 
the tendency for marine benthic ecologists and ocean- 
ographers to be located in separate academic units and 
to attend different meetings, have hindered the devel- 
opment of productive collaborations. 

Third, investigation of oceanographic conditions in 
nearshore coastal environments can be logistically dif- 
ficult. Large oceanographic vessels cannot operate close 
to shore and few institutions can afford to operate ap- 
propriately equipped small vessels that could work close 
to shore. 

These barriers are slowly being removed or side- 
stepped, however, as marine scientists shift their focus 
toward processes operating at larger (or smaller) scales 
in an effort to understand unexplained variation. The 
current focus on the role of recruitment in determining 
benthic community variation, for instance, depends 
heavily on integrating benthic marine and oceano- 
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graphic approaches and techniques (e.g., Roughgarden 
et al. 1988). 

Although coastal communities are clearly influenced 
strongly by physical stresses and biological interac- 
tions, bottom-up processes may also have important 
effects, particularly at meso- and geographic spatial 
scales (Menge and Olson 1990). For instance, Mc- 
Lachlan (1990) has documented variation in com- 
munity structure along sandy beaches that appears re- 
lated to differences in levels of nutrients and primary 
production. On a much larger scale, population col- 
lapses of many seabirds, marine mammals, marine 
iguanas, and invertebrates off Central and South Amer- 
ica during the 1982-1983 El Nifio ultimately appear 
due to the drastic reduction in nutrients caused by the 
cessation of upwelling (Glynn 1988). 

Here, I propose that bottom-up and top-down fac- 
tors may be tightly linked in rocky intertidal com- 
munities, and could thus account for much heretofore 
unexplained variation among communities. I first de- 
scribe the observations that led me to this hypothesis. 
I then summarize the kinds of studies that would be 
needed to evaluate this possibility, and probe this sug- 
gestion with data from an ongoing study along the Or- 
egon coast. I conclude by considering alternative ex- 
planations, suggesting the kinds of studies needed to 
evaluate the role of bottom-up effects, and the ecolog- 
ical implications of such effects in marine systems. 

ROCKY SHORES ALONG THE OREGON COAST: 
DIFFERENCES BETWEEN COMMUNITIES IN 

SIMILAR ENVIRONMENTS 

On the central Oregon coast, rocky intertidal com- 
munity structure is similar to other regions along the 
exposed west coast of North America (e.g., Dayton 
1971, Ricketts et al. 1985, Foster et al. 1988). The 
upper shore is dominated by barnacles and seaweeds, 
the midshore by mussels, and the lowshore by sea- 
weeds, seagrasses, and invertebrates (Farrell 1991; B. 
A. Menge, unpublished data). Mobile invertebrates 
(gastropods, seastars, sea urchins, chitons, crabs, iso- 
pods, amphipods) are most diverse in the low zone. 

The experiments of Paine (1966, 1974) and Dayton 
(1971, 1975) in Washington State, and Farrell (1991) 
in Oregon provided an explanation for some of these 
patterns. At mid- and lowshore levels, predators, pri- 
marily the seastar Pisaster ochraceus, maintained com- 
munity structure by restricting mussels to the midshore 
and allowing the invasion and persistence of other in- 
vertebrates and seaweeds. At highshore levels, grazing, 
recruitment, and competition interacted to produce 
patterns of community structure. 

In Oregon, field studies at Boiler Bay (44050' N, 
124003' W) and Strawberry Hill (44015' N, 124007' W) 
revealed an interesting difference in lowshore com- 

munities. At Boiler Bay (hereafter BB), benthic plants 
were dominant while sessile invertebrates were scarce. 
In contrast, at Strawberry Hill (hereafter SH), benthic 
plants were sparse while sessile invertebrates were 
abundant. As in most earlier work, differences within 
a site (i.e., from exposed to protected locations) ap- 
peared related to physical variation in wave forces. For 
instance, kelp probably declined in abundance due to 
an increase in desiccation with decreasing wave forces 
(Dayton 1975). Turf may increase along this gradient 
because of release from competition with kelp. 

Dissimilarities between BB and SH were not so easily 
explained, however. Observations over the past decade 
indicated that differences between wave forces at ex- 
posed (or protected) sites at BB and SH were small. 
Preliminary measurements using dynamometers (e.g., 
Denny 1988) supported this perception. Although the 
sites differ in topography and amount of sand present 
(B. A. Menge et al., unpublished manuscript), it was 
difficult to identify a mechanism by which these factors 
could produce the alternative patterns mentioned 
above. 

The most puzzling difference between sites was the 
high abundance of barnacles and mussels at exposed 
locations at SH compared to protected locations at SH 
and both exposed and protected locations at BB (Fig. 
1). Paine's (1966, 1974) work on exposed shores in 
Washington State suggests the opposite pattern: low 
abundances of sessile animals would be expected at 
exposed areas because predation should be high. How- 
ever, abundance of the seastar Pisaster ochraceus was 
by far the highest at this location (Fig. 1 A). These den- 
sities differed by both site and exposure (two-way 
ANOVA on log-transformed data; 1, 12 df; P < .0001 
for both main effects; the interaction was not signifi- 
cant). 

"Top-DowN" REGULATION 

Why are mussels and barnacles most abundant where 
predators are most abundant? It is possible that top- 
down effects are responsible. First, predation intensi- 
ties among locations might be less different than abun- 
dances suggest if local conditions enhanced predator 
feeding activity at BB and SH protected and inhibited 
feeding at SH exposed locations (e.g., Menge 1978a, 
b). Second, other kinds of predators may be more abun- 
dant at SH protected and BB than at SH exposed lo- 
cations. Third, seastar diets or preferences might differ 
among sites. 

Field observations at BB and SH indicated that, like 
all other locations studied (e.g., Paine 1980), Pisaster 
preyed heavily on mussels, barnacles, and mobile in- 
vertebrates such as limpets and chitons. Hence, it 
seemed unlikely that unique, heretofore undetected dif- 
ferences in diet explained the disparate patterns of 
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FIG. 1. Abundance of major categories of invertebrates in 

the low zone (+ 1.2 to -0.6 m) at Boiler Bay exposed (BBE) 
and protected (BBP) and Strawberry Hill exposed (SHE) and 
protected (SHP) sites. (A) Density of the seastar Pisaster 
ochraceus. (B) Percent cover of barnacles (Balanus glandula, 
Chthamalus dalli, Pollicipes polymerus, Semibalanus cario- 
sus, and Balanus nubi/us). (C) Percent cover of mussels (My- 
tilus trossulus). Percent cover was estimated using the tran- 
sect-quadrat method (Lubchenco et al. 1984): 10 0.25-M2 
clear vinyl sheets were placed at random points along a 30-m 
transect placed parallel to the shore within the low zone. Cover 
was estimated as the number of randomly plotted dots on the 
sheet that overlaid each species or type of organism. Error 
bars are 1 SE. 

community structure. Moreover, densities of whelks 
and other consumers of mussels and barnacles were 
actually highest at SH exposed locations (B. A. Menge 
et al., unpublished manuscript), thus enhancing rather 
than reducing the paradox. 

Does predation rate per individual vary with site in 
a way that could resolve the paradox? That is, does 
some factor differ among sites such that predation pres- 
sure is similar among locations despite large differences 
in seastar density? Potential factors influencing feeding 
activity, as suggested by studies on the whelk Nucella 
lapillus (Menge 1978a, b), include wave turbulence, 

canopy cover, and desiccation. As mentioned above, 
turbulence differences seem an unlikely cause of vari- 
ation in individual feeding activity because wave ex- 
posure regimes at BB and SH are similar. However, 
the high algal abundance at BB could enhance seastar 
feeding rates by moderating desiccation. Alternatively, 
it could inhibit feeding rates by impeding seastar ac- 
tivity. 

The most direct means of investigating the influence 
of top-down effects uses controlled manipulations of 
predators. That is, the response of the community to 
deletion or addition of predators can be determined 
(e.g., Paine 1966, Dayton 1971, Menge 1976, Brown 
et al. 1986, Carpenter et al. 1987, Power 1990). Short- 
term interpretations of such experiments can be un- 
certain when prey colonization is sporadic and unpre- 
dictable, however, since the response of the community 
may be delayed. For example, Paine (1966) observed 
a clear response (mussel dominance) to seastar removal 
within 2 yr, while Dayton (1971), using identical meth- 
ods in the same region observed no mussel response 
even after 3 yr. In Panama, prey responses to removal/ 
exclusion of predators were slight after 1 yr but great 
after 3 yr (Menge et al. 1986a). In both cases, variable 
or low prey recruitment produced a slow prey response 
(Paine 1974, Menge 1991a). Hence, if these studies 
had been terminated too soon, community dynamics 
may have been misinterpreted. 

The addition of prey transplant treatments to pred- 
ator manipulations provides a means of estimating pre- 
dation intensity even if natural colonization processes 
do not occur immediately (e.g., Menge 1978b, Garrity 
and Levings 1981, Aronson 1989). This can be a par- 
ticularly important tool in communities where pred- 
ators have indeterminate growth and can survive long 
periods without prey. With this method, prey "recruit- 
ment" is controlled, and variation in the strength of 
predation is reflected in prey survival rates. 

"BOTTOM-UP" REGULATION 

Could bottom-up forces (in this case, nutrients) ex- 
plain differences in abundances of predators and sessile 
prey like those in Fig. 1? The most direct approach to 
this question would be to experimentally alter nutrient 
levels and monitor the community response (e.g., Neill 
and Peacock 1980). Unlike lakes, ponds, and terrestrial 
habitats, however, most marine systems are too open 
to make nutrient manipulations feasible. Hence, com- 
parative approaches must be used. Most fundamen- 
tally, one should quantify levels of nutrients through 
time. However, to determine whether differences are 
ecologically significant, community processes respond- 
ing to altered nutrient levels must also be quantified. 

What processes should be affected by elevated nu- 
trients? Assuming nutrients influence communities 
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through food chain processes, one would predict in- 
creases in growth rate and/or abundance of macro- 
phytes and/or phytoplankton, mobile grazers (e.g., 
limpets, chitons, sea urchins), filter feeders (e.g., mus- 
sels, barnacles, tunicates, sponges), and their pred- 
ators (whelks, seastars, crabs). Since the food of 
planktotrophic larvae (phytoplankton, dissolved and 
particulate organic matter [=DOM and POM] from 
macroalgae) may be increased, recruitment or early 
post-settlement survival of benthic species with plank- 
tonic larvae may also be enhanced. Finally, if bottom- 
up factors are linked to top-down effects, one would 
expect stronger predation with elevated nutrients and/ 
or productivity. 

All of these characteristics or correlates can be es- 
timated in rocky intertidal habitats. Macrophyte pro- 
duction can be quantified using several methods (e.g., 
Leigh et al. 1987, see Littler and Littler 1985 for re- 
view). Although more difficult, estimation of nearshore 
phytoplankton productivity is also feasible (e.g., Ar- 
nold and Littler 1985). Many studies on rocky shores 
have shown that growth rates, recruitment, and sur- 
vival of many sessile and mobile invertebrates can be 
readily estimated. Finally, predation can be evaluated 
as detailed in the previous section. 

A CASE STUDY: SPATIAL VARIATION IN 

PREDATION RATE, PREY 

RECRUITMENT, AND PREY 

GROWTH 

Early results from an ongoing investigation of these 
issues in Oregon support the hypothesis that bottom- 
up processes may help explain differences such as those 
in Fig. 1. Specifically, data are presently available on 
recruitment densities and growth rates of mussels and 
barnacles, and on both survival of transplanted mus- 
sels and community responses to predator manipula- 
tions at all site x exposure combinations. Investiga- 
tions of other characteristics or processes (e.g., nutrients, 
macrophyte and phytoplankton productivity, grazing 
intensity, larval supply) are planned but not yet avail- 
able. Below, I briefly describe these studies and then 
summarize the results. 

Predation rates. -To quantify predation intensity, 
mussel (Mytilus californianus) transplant experiments 
were done in summer 1990. Conveniently, mussels 
taken from midshore mussel beds will reattach in the 
lowshore within a month if held against the rock with 
plastic mesh cages. Ten clumps of 50 mussels each were 
transplanted to large (30-160 M2) plots in which sea- 
stars were either removed monthly or allowed to re- 
main at ambient densities. Two sets of these paired 
predation plots were located at each combination of 
site and exposure for a total of 16 plots. After cage 

removal, the number of mussels remaining in each 
clump was counted at - 14-d intervals for 3-4 mo. 

Prey recruitment. -Mussel recruitment was moni- 
tored since March 1989. Mussel recruit density was 
estimated by monthly counts of the number of mussels 
settling on plastic mesh dish scrubbing pads ("Tuf- 
fies"). These pads mimic the natural filamentous sub- 
strata to which mussel larvae are attracted (Bayne 1964, 
Paine 1974, Seed 1976, Menge 1978b, 1991a). Cu- 
mulative abundances were estimated as the sum of the 
mean number per 100 cm2 of mesh from March 1989 
to August 1991. 

Prey growth. -Growth of M. californianus, the com- 
petitively dominant mussel, was estimated by mea- 
suring the amount of shell added by transplanted mus- 
sels after 13 mo. Transplantation from midshore to 
lowshore stimulated the production of a dramatic 
checkmark (usually a prominent ridge) on the shell. I 
assumed that the increment between this ridge and the 
posterior (growing) edge of the shell provided an es- 
timate of growth. 

Growth of Balanus glandula, a medium-sized (? 10 
mm) abundant barnacle, was estimated by measuring 
the size of uncrowded barnacles 7 mo after settling on 
10 x 10 cm plexiglass plates fastened to the substra- 
tum. To induce the settlement of individuals spaced 
sufficiently apart to allow growth without crowding, we 
drilled shallow pits 1 mm in diameter at - 1-cm in- 
tervals on an 8 x 8 grid on each plate (Blower and 
Roughgarden 1989). Barnacles avoid settling on smooth 
surfaces and seek depressions, so the grid allowed a 
maximum of 64 barnacle recruits per plate (normally, 
hundreds to thousands of individuals will settle on 
similar-sized roughened plates). Basal diameter of each 
individual was measured from a video image of pho- 
tographs using a computer. 

Analysis. -All results were analyzed using ANOVA. 
In all cases, transformed data met assumptions of nor- 
mality and independence of error terms. However, 
variances were not always equal, precluding the use of 
unplanned comparisons tests to determine which com- 
binations of site, exposure, and treatment were differ- 
ent in these factorial designs (Day and Quinn 1989). 
Although Sokal and Rohlf(1981) remark that ANOVA 
is robust to moderate inequality of variances, Day and 
Quinn (1989) are more skeptical of the robustness of 
ANOVA to violation of this assumption. Thus, ANO- 
VA results were interpreted cautiously. 

Results. -Predation rate differed greatly among site 
x exposure combinations and was highest at SH ex- 
posed (Fig. 2A). In fact, mussel mortality rate and Pi- 
saster density were directly correlated (r = 0.989, df = 
2, P < .05; Table 1), suggesting that between-site dif- 
ferences in seaweed cover had little influence on in- 
dividual predation rate. These results suggest that be- 
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are higher than at BB, and values at wave-exposed sites 
are higher than at wave-protected sites (ANOVAs on 
predation rate and prey growth: either site and expo- 
sure main effects or site x exposure interactions are 
significant; P < .05 or less). Correlations among all 
these factors across site x exposure combinations are 
all high, and despite small sample size, 5 of 10 cor- 
relations are significant (Table 1). 

INTEGRATION: BOTTOM-UP AND ToP-DowN 
COMMUNITY REGULATION 

These data support the hypothesis that variation in 
prey production underlies differences in seastar den- 
sity and thus in predation rate. Predator density, prey 
abundance, mussel mortality rate, mussel recruitment, 
and mussel and barnacle growth and abundance are all 
highest at SH exposed (Figs. 1 and 2) locations. Thus, 
differences in prey cover may depend on bottom-up 
processes, including recruitment and growth. Higher 
prey abundance presumably supports higher densities 
of predators. Dense predator populations exert high 
top-down effects on prey. 

Observations detailed elsewhere (B. A. Menge et al. 
unpublished manuscript) flesh out these conclusions. 
In the low intertidal at SH exposed locations, prey 
abundance fluctuates inversely with predation inten- 
sity each year. From late autumn through early spring, 
when seastars are less active and mussel recruitment 
is high, prey increase. From spring through autumn, 
when seastars are active and mussel recruitment is low, 
prey decrease. Field observations leave no doubt re- 
garding the cause of this decline. Massive numbers of 
Pisaster can be seen feeding on mussels and barnacles 
during low tides, and through time (weeks), the lower 
edge of the M. trossulus zone retreats upward until all 
are consumed. With the exception that the most abun- 
dant mussel recruiting to the low zone is the smaller 
M. trossulus, and not M. californianus, these events 
are similar to those documented in Washington State 
(Paine 1966, 1974). That is, mussels are restricted to 
a midshore refuge in space by the depredations of Pi- 
saster. 

I hypothesize that between-site dissimilarities in 
community structure such as those documented here, 
after correcting for differences in wave forces, reflect 
variation in top-down forces and bottom-up forces (Fig. 
3). The simplest possibility is that the higher recruit- 
ment. abundance, and growth of prey at SH all result 
from higher food supplies for filter-feeding prey. Under 
this scenario, the resulting higher secondary production 
could fuel higher predator abundances and thus higher 
predation intensities. 

Field observations are consistent with the idea that 
food for filter feeders is higher at SH. Briefly, densities 
of large barnacles, including Pollicipes polymerus, Bal- 
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TABLE 1. Pearson product-moment correlation matrix for Pisaster density, mussel mortality rate, mussel growth, barnacle 
growth, and mussel recruitment. Mean values for each variable in each site x exposure combination produced n = 4. 

Pisaster Mussels Mussel Barnacle Mussel 
Variable density eaten/day growth growth recruitment 

Mussels eaten/day 0.989* 
Mussel growth 0.857 NS 0.807 NS 
Barnacle growth 0.976* 0.934 NS 0.920 NS 

Mussel recruitment 0.992* 1.000* 0.820 NS 0.942* 

* = P < .05 with 2 df in each case. NS = not significant. 

anus nubilis, and Semibalanus cariosus, are all much 
greater on the lowshore at SH than at BB. Lower on 
the shore in the sublittoral fringe, abundances of spong- 
es and colonial tunicates are also much greater at SH 
than at BB. Organic foam, which may reflect higher 
abundances of phytoplankton, is both more abundant 
and occurs more frequently at SH. 

Although these contrasting scenarios could be based 
on nutrient differences, I presently have no information 
on nutrients or primary productivity. Moreover, al- 
ternative mechanisms of enhanced food production 
can be envisioned. First, as postulated, phytoplankton 
productivity could be higher at SH due to higher nu- 
trients. Second, phytoplankton productivity and nu- 
trients could be similar between sites but localized dif- 
ferences in topography, water flux, and/or surf 
conditions might deliver more food at SH. Third, nu- 
trient levels could actually be lower at SH but more 
available to phytoplankton due to localized differences 
in, e.g., turbulence regimes or demand by macrophytes 
(McLachlan 1990; P. Wheeler, personal communica- 
tion). Fourth, higher food for filter feeders at SH may 
come not from higher phytoplankton levels but from 
higher macrophyte detritus (e.g., Duggins et al. 1989). 
In this case, nutrients may or may not differ. For in- 
stance, although kelp abundances can reflect variation 
in nutrients (e.g., Tegner and Dayton 1987), kelp can 
also vary with differences in herbivory (e.g., Estes et 
al. 1978) or disturbance (Dayton et al. 1984, Ebeling 
et al. 1985). Since is is not possible to distinguish among 
these alternatives, I do not include speculations re- 
garding nutrient levels in Fig. 3. 

Together, these observations and experiments sug- 
gest that bottom-up factors may underlie both quan- 
titative (abundances of filter feeders and consumers) 
and qualitative (strengths of interactions, species com- 
position) differences in rocky intertidal communities 
along the Oregon coast. However, other aspects of these 
interaction webs are unknown (Fig. 3). For instance, I 
presently have no satisfactory explanation for the high 
abundance of benthic plants at BB. Experiments else- 
where (e.g., Paine and Vadas 1969, Dayton 1971, 1975, 
Cubit 1984, and many others) suggest these differences 
could be due to variation in grazing intensity. However, 

the relative strengths of grazing at each site are pres- 
ently unknown and other alternatives (e.g., different 
nutrient regimes) exist. Finally, although recruitment 
differences may in part reflect differences in abundance 
of phytoplankton food, different rates of larval delivery 
to each site (e.g., Roughgarden et al. 1988) are an equal- 
ly viable alternative. 

FUTURE DIRECTIONS 

What recommendations can be made regarding fu- 
ture investigations of community regulation in marine 
environments? Currently, investigations of the influ- 
ences of biotic interactions, environmental stresses, and 
recruitment processes are becoming increasingly well 
established (see review in Menge and Farrell 1989). In 
my view, these efforts need to continue but with in- 
creased endeavors toward both an expansion of scales 
in space and time and an increasing emphasis on fac- 
torial approaches (see references in Hunter and Price 
1992). The implications of this study are that increased 
investigation of the mechanistic influence of bottom- 
up factors on community processes should be added 
to these efforts. Despite the long-standing focus on bot- 
tom-up factors in freshwater and terrestrial habitats 
(e.g., Power 1992), we still have surprisingly few in- 
vestigations of the link between bottom-up and top- 
down effects (Crowder et al. 1988). 

In marine habitats, expanding studies of community 
regulation to incorporate such factors could use the 
"comparative experimental" approach (Menge 199 lb). 
Study sites with matching gradients of wave exposure 
could be located at areas differing in oceanographic 
conditions. In addition to field measurements and ex- 
periments such as those presented here, nutrients, tem- 
perature, currents, phytoplankton, particulate and dis- 
solved organic matter, and larval abundances should 
be quantified. Although factorial contrasts in oceano- 
graphic conditions such as currents, temperature, and 
nutrients would be ideal, nature rarely conforms to 
experimental design considerations. Moreover, these 
conditions are often highly correlated (e.g., Zimmer- 
man and Kremer 1984). Hence, evaluation of the ef- 
fects of these factors will depend heavily on multivar- 
iate statistical analyses. 
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POSTULATED INTERACTION WEBS 

LARGE LARGE 
CARNIVORES CARNIVORES 

+ + 

MOBILE SMALL MOBILE SMALL 
HERBIVORES CARNIVORES HERBIV. CARNIV. 

0 

BENTHIC , FILTER FEEDERS BENTHIC - FILTER FEEDERS 

PLANTS~~~~~~ PLAN VAS + P LANTS IV ,- 

v LARVAE \ phytoplankton ....-LARVA ? I 
phytoplankton 

BOILER BAY STRAWBERRY HILL 

FIG. 3. Hypothetical alternative interaction webs for Boiler Bay and Strawberry Hill. Size of lettering qualitatively indicates 
relative abundance of each category; thickness of lines qualitatively suggests the strength of the link. +, -, and 0 indicate 
effects that are positive, negative, and weak or undetectable. Question marks indicate that the magnitude of the link is 
unknown. Links with no question mark are as suggested by data in this paper. Arrowheads point to group affected; upward 
arrowheads indicate energy gain, downward or lateral arrowheads indicate interaction effect. Absence of an arrowhead suggests 
insignificant effects. Large carnivores are mostly Pisaster ochraceus; small carnivores are mostly whelks (Nucella spp.); mobile 
herbivores are primarily limpets (Lottia spp.) and chitons (Katharina tunicata, Tonicella lineata, Mopalia spp.); filter feeders 
are largely mussels (Mytilus spp.) and barnacles (Balanus spp., Semibalanus cariosus, Chthamalus dalli, and Pollicipes poly- 
merus); benthic plants are seaweeds and surfgrass. "Larvae" refer to the planktotrophic larvae of mussels and barnacles; the 
dashed arrow signifies larval settlement. 

POTENTIAL SIGNIFICANCE 

Assuming that bottom-up processes do vary among 
these intertidal sites, how widespread are such effects 
likely to be? It is difficult to evaluate the generality of 
the phenomena observed here because comparable data 
are unavailable from other rocky intertidal regions. 
Further, as noted above, among the alternative expla- 
nations are possibilities involving no differences in nu- 
trients, although other bottom-up factors could still 
differ among sites. Moreover, while in Oregon preda- 
tion intensity appears to vary with differences in prey 
production, even low densities of seastars appear ca- 
pable of controlling the distribution and abundance of 
sessile animal prey (B. A. Menge et al., unpublished 
manuscript). One could therefore argue that, in the long 
run, even if variation in bottom-up factors existed, 
community dynamics are not qualitatively altered. Pi- 
saster still eliminates mussels from the low zone and 
maintains the sharp lower limit of the midshore mussel 
bed. Thus, despite variation in bottom-up processes, 
top-down forces ultimately prevail. 

Even if top-down forces are the ultimate determinant 
of community structure for this system, it seems pre- 
mature to disregard the importance of bottom-up fac- 
tors. If rocky intertidal communities and coastal ocean- 
ographic processes are linked as suggested here, such 
links are likely to occur elsewhere. Most importantly, 
the significance of bottom-up variation is likely to be 
greater when nutrient differences are greater than those 
thought to exist along the generally highly productive 
Oregon coast. Investigation of this possibility would 
add greatly to our understanding of the regulation of 
marine communities, particularly over larger than tra- 
ditional spatial scales. Such insight should also serve 
to enlarge the "common ground" of marine, fresh- 
water, and terrestrial workers. 

Finally, the evidence presented here supports the 
argument of Hunter and Price (1992) and others that 
bottom-up and top-down forces are joint, rather than 
alternative determinants of community structure. Thus, 
as in so many freshwater and terrestrial communities, 
marine community regulation may depend not only 
on top-down forces, competition, recruitment, and abi- 
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otic conditions (e.g., Paine 1980, Menge and Suther- 
land 1987), but also on bottom-up processes. More 
generally, I believe that a truly synthetic understanding 
of community regulation depends crucially on adding 
insights from marine systems to those gained in fresh- 
water and terrestrial habitats. 
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