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We suggest that relatively few species attributes are of overriding importance to the
structure of benthic marine algal communities and that these are often shared among
taxonomicaily distant species. Data from the western North Atlantic. eastern North
Pacific and Caribbean suggest that pattemns in algal biomass. diversity and dominance
are strikingly convergent when examined at a functional group level relauve to the
productivity and herbivore-induced disturbance potentials of the environment. We
present a simple graphical mode! that provides a way to predict algal community
composition based on these two environmental axes. This predictability stems from
algal functional groups having characteristic rates of mass-specific productivity. thallus
longevity and canopy height that cause them to “behave” in similar ways. Further,
herbivore-induced disturbances have functionally similar impacts on most morpholog-
ically and anatomically similar algae regardless of their taxonomic or geographic
affinities. Strategies identified for manne algae parallei those of a terrestnial scheme
with the addition of disturbance-tolerant plants that characteristically coexist with and
even thrive under high levels of disturbance. Algal-dominated communities. when
examined at the functional group level. appear to be much more temporaily stable and
predictabie than when examined at the species level.
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Center. Univ. of Maine. Waipole. ME 04573. USA. - M. N. Dethier. Inst. for Envi-
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Natural communities should be described in terms simpie
enough to be understood and detailed enough to convey
useful information about their structure and functional
components. There exists a broad spectrum of ways to
describe patterns. At one end of this spectrum, species are
the fundamental unit of measure. Because many factors
contribute to the distribution and abundance of a given
species, it is often impossible to predict its behavior
consistently. At the other epd of the spectrum are func-
tional groups which categorize species according to fea-
tures such as body plan, behavior or life history strategy.
In this paper, we argue that analyzing community pat-
terns for marine algae via groupings based on functional
aspects of their morphology and anatomy provides sub-
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stantial insight into community structure. A functional
group analysis can be applied more broadly in space for
making biogeographical comparisons. and in time for
reconstructing paleocommunities. than is possible at the
level of species or among related higher taxa.

Over the past three decades most community ecol-
ogists. following the lead of Hutchinson and MacArthur,
stressed the uniqueness of species. That no two species
can occupy the same ecological niche has been a driving
axiom stimulating interest in a variety of topics including
competition. niche compression. character displacement.
resource partitioning and species diversification. How-
ever, many of these concepts have been questioned and
recently criticized (e.g.. see Sale 1977, Peters 1991. Bond
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et al. 1992). A functional group approach, in contrast,
stresses similarities among unrelated species that share
critical organismal features. We discuss the overriding
importance of a small number of species attributes to the
structure of benthic marine algal communities, and note
that these attributes may be shared polyphyletically.
The functional group approach, although having re-
ceived little attention among community ecologists, may
have been foreseen by MacArthur (1972) when he pre-
dicted that “the future principles of the ecology of coexis-
tence will... be of the form ‘for organisms of type A in
environment of structure B, such and such relationship
will hold™” (boldface ours). We will consider the types of
marine algae that live under specific marine environ-
ments (defined below). We offer data and examples in
support of this approach as an afternative to other means
of studying communities, rather than as a strict test of our
hypothesis. Our objective is to examine patterns of algal
functional group abundance, diversity and dominance
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relative to extrinsic characteristics of their environment.
To demonstrate the broad applicability of the functional
group approach, we examined three biogeographically
distinct regions: the western North Atlantic, the eastern
North Pacific, and the Caribbean as exemplified by sites
in Maine, Washington and St. Croix (U.S. Virgin Is-
lands), respectively.

Definition of terms and rationale

We explore the hypothesis that observed patterns in the
distribution and abundance of life forms of algae (func-
tional groups) result largely from two environmental pa-
rameters: 1) productivity potential (factors that contribute
to the maximum possible rate of biomass production) and
2) disturbance potential (factors responsible for the maxi-
mum possible rate of biomass lost). It is important to note
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that the productivity and disturbance potentials of the
environment are theoretically independent of resident
plant assemblages and thus may not directly reflect the
observed level of productivity or disturbance in the sys-
tem. Independence of structuring environmental compo-
nents from organisms comprising the community is es-
sential (e.g., Van der Steen and Scholten 1985, South-
wood 1988) and thus we will carefully detail the intrinsic
and extrinsic components of the community and their
nvironment below. At this point we will develop this
«dea exclusively for herbivore-induced disturbances, al-
though most aspects apply equally well to abiotic disturb-
ances.

Functional groupings of algae are based on anatomical
and morphological characteristics (Steneck and Watling
1982, Steneck 1988, Fig. 1) that often correspond to
ecological characteristics (identified below). Thus they
differ from guilds (sensu Root 1973), which are based
strictly on similarities in resource utilization. We consider
an algal-dominated community as an assemblage.of func-
tional groups, with the abundance of each group mea-
sured by its somatic biomass. Biomass is maintained by a
dynamic balance between the rates of constructive forces
of recruitment and net primary or biomass production and
the destructive force of disturbance. The measurable re-
sult of these processes depends on both intrinsic proper-
ties of the organisms and extrinsic properties of the envi-
ronment. This relationship can be expressed in biomass
units for any given area as:

B; = R; + Pn; -~ D,, where

B; = Biomass of an algal species or functional group (i)
that accumulates over some period of time. i = the
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specific algal functional group(s) concerned i.e., 1-7

(see Fig. 1). The numeric designation in Fig. 1 is based

on the ranking of mass-specific productivity (see Re-

sults).
R; = Rate of recruitment, which is a function of:

1) Intrinsic properties of the algal species or functional
group (i) such as the number and viability of propa-
gules.

2) Extrinsic properties of the environment or the
recruitrnent potential of the environment (such as
availability of free space for germination).
Pn; = Rate of net primary productivity, which is a func-
tion of: :

1) Intrinsic properties of the algal species or functional
group (i) or the “Mass-specific rate of production”.
2) Extrinsic properties of the environment or the
“Productivity ‘potential of the environment”.

D, = Rate of herbivore-induced disturbance, which, as-
suming no refuge, is a function of:

1) Intrinsic properties of the algal species or functional

group (i), which involves:
Resistance to disturbance (e.g., due to mechanical
properties such as toughness and morphology), and
deterrence of disturbance (e.g., chemistry of prey
species affecting herbivore choice).

2) Extrinsic properties of the environment which we
refer to as the: “Disturbance potential of the envi-
ronment”. This can be measured as:

Rate of disturbance (e.g., from herbivores), involv-
ing:
Disturbance intensity (amount of biomass lost per
event).
Disturbance frequency (events per unit time).

We define the “productivity potential of an environment”
as being determined by the extrinsic factors that set an
upper limit to the net primary productivity possible in
that environment. A reduction in productivity potential of
the environment by this definition equals an increase in
stress (sensu Grime 1981). In the marine realm, factors
influencing the productivity potential include light, nutri-
ents, desiccation, freezing, and water motion (which con-
trols both nutrient and gas exchange; e.g., Blinks 1955,
Leigh et al. 1987). Thus the productivity potential on hard
substrata decreases in a logarithmic fashion from maxi-
mum levels in the lower intertidal and shallow subtidal
zone toward minimal levels in the upper reaches of the
intertidal zone and the lower limits of the photic zone.
Evidence for these gradients have been published from a
variety of locations (Nicotri 1977, Raffaelli 1979, Round
1981, Keser and Larson 1984, Underwood 1984a, b,
Hardwick-Witman 1985, Bosman et al. 1986, illustrated
in Hawkins and Hartnoll 1983, Steneck et al. 1991).
Grime (1981: 39) defines disturbance to be “the mech-
anisms which limit plant biomass by causing its partial or
total ‘destruction”. Disturbance has two components: fre-
quency and intensity (Reichle et al. 1975, Steneck 1988,
Steneck et al. 1991). High levels of disturbance result
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from conditions ranging from high frequency, low in-
tensily disturbances to low frequency, high intensity dis-
turbances (Fig. 2). If disturbance frequency and intensity
are both high, organisms are unlikely to persist. Our
concept of disturbance elaborates on Grime's (1981) by
recognizing that there are agents of disturbance such as
sea urchins or severe stbrms with the potential to destroy
plant biomass, but which cenain plants such as structur-
ally robust, tough or highly elastic ones, can resist (dis-
cussed below). Thus, we speak of the “disturbance poten-
tial of an environment” as extrinsic to and independent of
the resident algae, and note that the actual amount of
biomass removed (i.e., the “disturbance™) is in part a
function of intrinsic properties of the plants.

We focus on herbivory as a source of disturbance
because in many marine systemns it is the most important
cause for the loss of hiomass (e.g., Lubchenco and Gaines
1981). This includes consumption and consequent losses
due to dislodgement (e.g., Padilla 1987). Herbivory is by
no means the only form of disturbance, but it is suffi-
ciently ubiquitous and important to be the focal point of
our research. We suggest that physical disturbances (or
senescence) having a frequency and intensity similar to
those caused by herbivores will have the same impact on
the structure of algal communities (e.g., see Kendrick
1991).

Study sites and general methods
Study sites

We studied three biogeographically distinct locations,
each of which had preselected target habitats which were
located at different sites. Each habitat or zone was quanti-
tatively sampled along transect lines where we quantified
algal productivity and the biomass of herbivore and algal
species.

Maine

Subarctic coastal research in the western North Atlantic
was conducted on an exposed rock-ledge habitat near
Pemaquid Point, Maine (44°30' N, 69°32' W) (see Ste-
neck 1982 for detailed site description) and a protected
intertidal habitat near the Darling Marine Center in Wal-
pole (43°57'N, 69°35'W). Sampling transects were estab-
lished along a depth gradient at seven discrete zones (i.¢.,
high intertidal, + 1.6 m; low intertidal - 0.2 m; and sub-
tidal depths of |, 3, 10, 20 and 30 m). Multiple lateral
transects were established at each depth zone. Offshore
deep water research was conducted at Ammen Rock
Pinnacle (42°52'N, 68°58'W) which is located 112 km
southwest of Boothbay Harbor, Maine (see Vadas and
Steneck 1988 for detailed site description). Sampling at
this site used small manned submersibles. Scuba diving
for biomass and productivity sampling at the 30 m depth
station vused mixed-gas NITROX techniques.
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Washington

Boreal intertidal research in the eastern North Pacific

conducted at relatively protected sites on San Juan Is}
(48°30'N, 123°10'W) and at exposed sites on Talc
Island (48°25'N, 124°35'W) in Washington state. On
Juan Island transects were established at four z
around the istand, sampling at very high, high, mid,
and very low intertidal zones (ca >2, 1.3, 0.6, 0, and -
m, respectively). Detailed descriptions of the San )
Island sites appear in Dayton (1971). Tatoosh Island t
sects were established at very high, high, mid and

intertidal zones (ca >3, 2, 1, and 0 m respectively;
Leigh et al. 1987 for site details).

Caribbean

Tropical subtidal research was conducted on the Ce
bean islands of St. Croix (Teague Bay reef, 17°4
64°37'W and Salt River Canyon 17°48'N, 64°45'W)
Jamaica (18°28'N, 77°17'W). Productivity, herbivory
algal community structure were measured at three ¢
and nine depth zones distributed along the north shor
St. Croix (0-40 m depths, site details in Steneck 198
Seasonal comparisons in the structure of algal comm
ties were made at a site on the south shore of St. C
(site details in Adey and Steneck 1985). Long-term
search transects in Jamaica were established on the w
ern reef of Discovery Bay (site details in Woodley e
1981). Replicated transects were surveyed in 1978, 1
and 1987 at target sites situated in the backreef (1 m),
shallow (3 m) and deep (10 m) forereef zones.

General methods

Patterns of distribution and abundance
At each target habitat along subtidal sampling transe
haphazardly tossed quadrats (25 cm x 25 cm) were s
pled for algal percent cover, canopy height and biom
Intertidal sampling used 10 x 10 cm quadrats which v
also haphazardly tossed. Herbivores in each quadrat v
identified, counted, and measured (length or test dia
ter). Algal biomass was estimated using a relatively 1
destructive technique developed at our study site:
Maine. The heights of the algal canopies in quadrats v
measured by repeatedly inserting a ruler or calib
floating line to the substratum and measuring the lon
fronds. Algal percent cover was visually determined.
algae were collected within randomly chosen quadrats
total biomass and canopy height determinations. The
gression of algal biomass and algal canopy heigh
significant (F ratio = 59.1, p<0.001) for quadrats ha
a 100% algal cover: y = 134.8+7.76x, R?=0.53, n=
where y =dry mass ol algae (g) per meter square
x =canopy height (mm). This relationship applies ac
species so that only the canopy height of algal mass
percent cover data were recorded for the majority of
intertidal zone biomass estimates at the Maine and Wi
ington sites.

Biomass was measured directly for all sites in St. C:



and Jamaica by harvesting all macroalgae within quad-
rats. Algae were then fixed. dried and weighed. Where
only diminutive algae were found. substratum samples
approximately 25 cm x 10 cm in size were taken to the
laboratory. scraped. fixed. and decalcified for both algal
community structure and biomass sampling (see Adey
and Steneck 1985 for sampling details). The decalcified
biomass samples were filtered onto preweighed millipore
filters. dried and weighed. Ten control filters were han-
dled idenucally except without algal samples to assess
handling effects. Algal community composition was de-
termined using the subsampling and point count tech-
nique of Adey et al. (1981).

Quantifying productivity potential of the
environment

To assay the productivity potentiai at each target habitat.
we measured the rate of dry mass production on hard
substrata growing under herbivore free conditions. When
possible. we recorded light levels and examined the cor-
respondence between the two. Commensurability prob-
lems among different biogeographic regions were mini-
mized by-ranking target habitats from lowest to highest
productivity potential within each region.

Maine

Dry mass production was determined from monthly algal
biomass accumulation rates on epoxy putty substrata set
in herbivore-free conditions for over a year. For this,
rocks embedded in epoxy putty were surrounded by 1 cm
long, 3 mm diameter pegs protruding every 1-2 cm® to
exclude urchin grazing. The subtidal epoxy islands were
placed on copper sheets to exciude limpets. Monthly
inspection of the substrata for urchin and limpet bite
marks indicated that the experiments remained herbivore
free for the duration of the experiment. After monthly
biomass estimates for percent cover and canppy heights,
the epoxy putty substrata were scrubbed to a negligible
level of remaining biomass from which would sprout
next month's biomass. Subtidal light levels for target
habitats were measured using a Licor underwater pho-
tometer (model Li 188b, integrating quantum meter) with
a spherical sensor (Li 905B) during July,at mid-day under
clear calm conditions (from Vadas and Steneck 1988) to
determine relative light availability.

Washington

Dry mass production was measured on San Juan Island.
based on algal biomass accumulation over two weeks in
August on epoxy putty under herbivore-free conditions in
August. Herbivores were excluded by clearing a strip
around each epoxy putty island and painting it with cop-
per based antifouling paint (see Paine 1984). Biomass
was estimated from canopy heights and percent covers
(see above). The outer-coast site (Tatoosh Island) was
assumed to have higher productivity potential per zone
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because of the stronger wave acuon (Leigh et al. 1987)
and the decreased desiccation stress there (due to fog,
spray, and the tming of low tides: Dayton 1971).

St. Croix

Dry mass production was based on the rate of change in
algal biomass growing on coral plates under herbivore
free conditions (Steneck 1983a). For this. six scraped and
six unscraped plates were suspended at each target depth
in the water column away from the reef: after six days.
new algal biomass was rescraped and taken as an in-
dication of dry mass production. A Thalassia bioassay
(Hay 1981a) and visual S-min watches revealed no signs
of grazing (Steneck 1983a). Productivity rates were also
determined in situ using a portable respirometer for peri-
ods of 24 h at each site. Each 24-h run simultaneously
recorded changes in oxygen concentration among three
replicate unscraped coral plate samples. The chamber
tops were composed of optically pure quartz glass. While
recording oxygen concentrations, light intensity measure-
ments were taken with a Licor light meter and every two
hours the respirometer was flushed (see Porter 1980).

Quantifying disturbance potential of the
environment

The disturbance potential of the environment involves
both the intensity and frequency of disturbance. Herb-
ivore-induced disturbance frequency was estimated dif-
ferently for invertebrates than for fishes. Average in-
vertebrate herbivore biomass per unit area for each target
habitat was estimated from quadrat data by applying
individual body size to biomass regressions (Menge
1972) and relating that to population density data. Dis-
turbance frequency for herbivorous fishes was deter-
mined cinematically by recording bite rates (Steneck
1983a). Grazing intensity was estimated by categorizing
herbivores by feeding ability from published studies
based on impact per bite (i.e.. excavating potentials) of
gastropods. moliuscs. urchins and grazing fish groups
(methods of Steneck 1982, 1983a, b. 1988, 1990. Steneck
et al. 1991). Grazing intensities by invertebrate groups
are comparable among biogeographic zones (Steneck
1983b, 1990). Most estimates of frequency (i.e.. herb-
ivore biomass) and intensity (feeding capability) are cor-
related among zones for each region. facilitating the rank-
ing of disturbance potentials of target habitats (see Re-
sults).

At Maine and Washington. three levels of invertebrate
herbivore-induced disturbance intensity were identified
based on impact per bite . They were 1) shallow-grazing
molluscs such as littorinids. creating the lowest-intensity
disturbances. 2) deep-grazing molluscs such as limpets.
and 3) the intense-grazing urchins. Based on body size
and population density, invertebrate herbivore biomasses
< 10 g dry)/m". 10 to 100 g (dry)/m- and > 100 g (dry)y/m*
were ranked as low. mid. and high disturbance potential
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Fig. 3A. Mass-specific productivity of algae from southern California ({) Littler and Amnold 1982), the Caribbean (A Littler et al.
1983b. X Carpenter 1986). and Hawaii ( + Doty 1971). Average productivity values for well swdied functional groups are
represented by horizontal lines. Numbers for algal functional groups correspond to the numbers in Fig. 1. Note that AG 2 (turf)
production may be low due to inadequate agitation (see Carpenter 1985). B. Thallus longevity. Points represent thallus longevity of
27 species based on 25 published studies ( Appendix). Average longevity values for well studied functional groups are represented by
horizontal lines. C. Canopy heights measured in the field for dominant species in Maine, Washington, and the Caribbean {Discovery
Bay. Jamaica). Lines envelop the maximum canopy heights recorded for each algal functional group and points represent average
canopy heights per species. Error bars represent standard deviation per species.

respectively. Only habitats with significant urchin abun-
dance (the invertebrate herbivore that grazes with the
highest intensity) were scored as having a high disturb-
ance potential.

Our quadrat data for St. Croix were taken in 1982,
before the Diadema antillarum mass mortality in 1983,
and thus urchins were still a significant herbivore. Due to
the addition of grazing fishes at tropical sites, the ranking
of herbivore-induced disturbance in St. Croix differed
from that of Washington or Maine. Just as invertebrates
were separated according to their intrinsic differences in
grazing intensity, so too were fish groups subdivided.
Based on intensity and impact, herbivorous fishes were
subdivided into: 1) non-denuding (no net removal of
algae from the substratum, Hixon and Brostoff 1983), 2)
denuding and 3) excavating {Hatcher 1983, Steneck
1983a, 1988). For our ranking, only bites from denuding
and excavating fishes were used since they are unequiv-
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ocally agents of disturbance to algae. Fish grazing fre-
quency was measured as bite rates and was determined
from visual observations and time-lapse movies taken in
1981 and 1982 (see Steneck 1983a for methods). In-
vertebrate herbivores at tropical sites were measured
identically to those of non-tropical sites but zones that
included bite-rates from fishes in addition to significant
invertebrate grazing achieve the disturbance potential
ranking of “very high”.

Results

Intrinsic properties of organisms:
characteristics of functional groups

Algal morphology and anatomy (e.g., Fig. 1) correspond
to intrinsic properties such as mass-specific productivity
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Table 1. Potenual impact of herbivore taxa on functional groups
of algae (number references to functional groups identified in
Fig. ). Communmity structure is most affected by the groups that
commonly denude algae. X = Commonly denudes group, X =
Commonly consumes group, - = Occasionally consumes group.
Blank = Rarely or never consumes group.

Herbivore taxa Algal funcuonal groups

2 3 4 5 6 7

Polychaeta
Malacostraca®
Gastropoda
Rhipidoglossa’
Taenioglossa*
Docogiossa’
Polyplacophora®
Echinoida”
Perciformes
Low intensity®
High intensity?

PG A A e
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[
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% groups commoniy
denuding

' Day 1967. Fauchald and Jumars 1979*. Hartman 1968. Woo-
din 1977. Kohn and White 1977. Steneck 1983b

! Brawley and Adey 1981, Carpenter 1986. Howard 1982, Zim-
merman.gt al. 1979. Hicks 1986. Steneck 1983a.b. Brawley
and Fei 1987

* Graham 1955*, Steneck and Watling 1982*. Steneck 1983a.b,
Ward 1966. Ankel 1936

* Lubchenco 1978. Steneck and Watling
1983a.b. Graham 1955

* Nicotri 1977. Steneck and Watling 1982. Steneck 1982,
Branch and Branch 1980. Walker 1972, Fletcher 1987

© Steneck and Watling 1982*. Steneck 1983a.b. Graham 1955,
Dethier and Duggins 1984

" Carpenter 1981. 1986. Steneck 1983a.b. Lawrence 1975*.
Fletcher 1987

" (e.g.. Pomacentridae. Acanthuridae) Jones 1968. Hixon and
Brostoff 1983. Vine 1974. Russ 1987, Montgomery 1980.
Brawley and Adey 1977, Steneck 1983a.b. Lewis 1985

% (e.g., Scandae) Hatcher 1981. Russ 1984, Steneck 1983a.b.
Lewis 1985

1982*. Steneck

*Review articles.

(Fig. 3A). thallus longevity (Fig. 3B, Appendix) and
canopy height (Fig. 3C). Canopy height increases with
thallus complexity (i.e., tissue differentiation into cortex
and medulla. Fig. 1) which also correlates with plant
biomass (see Methods above). In general. the thalli of
larger erect algae are longer-lived and slower-growing
than thalli of small filamentous and microalgal forms.
The progressively enlarged cortex with thick cell walls
(algal groups “AG™ 4-5) and calcification (AG 6 and
some AG 7) appear to make macroalgae more resistant to
physical and biological disturbances (Steneck and Wat-
ling 1982. Littler et al. 1983a, Pennings and Paul 1992).
As a result of the size, growth and longevity character-
istics. larger forms (see Fig. 3 for AG 4-6) are better at
monopolizing light resources than smailer or low-canopy
forms (AG 1.2 and 7; reviewed in Carpenter 1990). Evi-
dence for this is seen in studies of algal succession (e.g.
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Paine 1977, Emerson and Zedler 1978. Murray and Lit-
tler 1978, and Sousa et al. 1981), and in experiments
where the removal of larger macrophytes allows the
growth of smaller canopy-forming algal groups (e.g.,
Dayton 1975, Sousa 1979, Lubchenco 1980. Sousa et al.
1981. Ojeda and Santelices 1984, and Duggins and Deth-
ier 1985) or where removal of herbivores results in dom-
inance of larger forms (Paine and Vadas 1969a. Sam-
marco et al. 1974, Lewis 1986). The close correspond-
ence between functional groupings and ecological
characteristics is explored further below.

Functionally different herbivore groups can differen-
tialty affect algal groups. Intrinsic properties of herb-
tvores such as bite penetration depths into calcareous
crustose algae have been measured as indicating herb-
ivore-induced disturbance intensity (e.g.. Steneck 1983b,
1990. Steneck et al. 1991). Tabie | shows herbivore taxa
in terms of their capacity to consume and/or denude
various algal functional groups. Many grazers entirely
remove microalgae. filamentous, and foliose forms. but
fewer can denude larger macroaigae and even fewer re-
move crusts (particularly coralline crusts). Larger expan-
sive and calcified algal forms also appear to suffer less
secondary tissue loss (e.g.. to wave action following
herbivory) than do simpler forms (Padilla 1987) and thus
are less likely to be denuded. Community-level impact of
different herbivore groups appears to follow denuding
capacity. For example, scarids (parrotfishes), which have
the deepest bite-depth penetration into calcareous algae,
can remove all functional groups of algae. Among the
inventebrates, grazing intensity ranges from echinoids, to
deep grazing gastropods and finally to shallow grazing
gastropods and other low intensity grazers such as poly-
chaetes (Steneck 1983b). and their reported impact fol-
lows this pattern (Table 1).

Extrinsic properties of the environment

The ranking of productivity potential of the environment
in the well mixed, subtidal environments of Maine and
St. Croix corresponded directly to recorded light levels
(Table 2). In Maine, the monthly rate of algal biomass
production was highly correlated with light intensity (Ta-
bie 2A: r=0.98. n=7 stations). A similar partern was
found on a wave-exposed forereef transect in St. Croix,
grading from mean low water to a depth of nearly 40 m
(Table 2B, Steneck 1983a, Carpenter 1985a). Dry mass
productivity under herbivore free conditions at four ca-
nyon wall habitats correlated with light (r=0.89, n=4)
and oxygen production recorded using a respirometer
(r=0.94). Oxygen productivity correlated (r =0.86. n = 8)
with light over the entire depth transect from mean low
water to 40 m (Table 2B).

Intertidal environments (in Maine and Washington)
from mean lower low water to the upper reaches of the
intertidal zone encompass another gradient of progressiv-
ely reduced annual productivity potential (Tables 2A and
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Table 2A. Ranking productivity potential of the environment at target habitats in Maine. Habitats are arranged from highest zone to
greatest depth. Productivity vanance expressed as standard error.

Maine

Target habitats Production Number Light Productivity
(sub- and intertidal) g (drymifyr of sampies (umot/m=/s) potential
High intertidal zone (+1.6 m) 0.98 (0.9 6 ND LOW
Low interudal zone (-0.2 m, 5.1 (=1.6) 9 ND MID
Coastal -1 m depth 1523 (=17.5) 6 900 HIGH
Coastal =3 m depth 56.0 (+28.6) 6 450 HIGH
Coastal ~10 m depth 1.2 (£0.03) 6 90 MID
Coastal =20 m depth 0.2 (=0.2) 6 9 LOW
Coastal =30 m depth 0.7 (x0.0h 6 | LOW
Offshore -30 m depth 140 0.9 4 20 MID
Offshore —45 m depth 0 =M 4 7 LOW

Table 2B. Ranking productivity potential of the environment at target habitats in St. Croix. Dry mass productivity variance is
expressed as standard error (n = 6.

St. Croix

Target habitats Production Production Light No. of Productivity
(sub- and intertidal} g (drvi/m-/d ngOs/cm/h (mol/m*/d) samples’ potential
Algal ndge at MLW ND 2215 (£600) 43 3 HIGH
Algal ndge 0.5 m ND 1255 (%502) ND 3 HIGH
Backreef ! m ND 553 (x393) 28 3 MID
Forereef 1.5 m ND 940 (*+269) 28 3 HIGH
Forereef 5 m ND 756 (2159 23 3 MID
Forereef 10 m ND 536 (=79, 17 3 MID
Canyon wall 10m 3.0 20.28) ND ND ND MID
Canyon wall 20 m 1.35 (x0.25; 561 (=39) 11 3 MID
Canyon wall 30 m 0.93 (+1.1) 387 (£86) 6 3 LOW
Canyon wall 40 m 0.79 (=1.8) 213 (x42) 3 3 LOW

' Number of coral plates used in respirometer.

Table 2C. Ranking productivity potential of the environment at target habitats in Washington State based on height in the intertidal
zone (e.g.. “very high” to “very low™ and degree of exposure (see text). All productivity measurements were done under
herbivore-free conditons. Productivity variance expressed as standard deviation.

Washington

Target habitats Production Number Productivity
(intertidal) . g (dry)¥m¥mo of samples potential
SJT" Very high ! V. LOW
TI Very high V. LOW
SI1 High 7.2 (2156) 10 LOW
Ti High LOW
SJT Mid 97.8 (£92.4) 20 MID
TI Mid MID
SII Low (few herb) 464.0 (£227.0) 10 HIGH
T1 Low (herb removed) HIGH
SJI Low (with herb) HIGH
TI Low (with molluscs) HIGH
T1 Low (with urchins) HIGH
SIT Very low (few herb) HIGH
SJI Very low (with herb) HIGH

*SJ1 = San Juan Island. TI = Tatoosh Island.
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3A. Ranking disturbance potential in Maine bqsed on grazing frequency (as indicated by herbivore biomass. see text)
.ore biomass and grazing intensity (increasing left 1o night from shailow grazing molluscs to urchins)

Maine
Target habnats Shatlow Deep Urchins’ Total No. of Disturbance
grazing grazing herbivore samples potential
moiluscs' molluscs® biomass
+1.6 m [nterudal 1.2zx6.1y 0 0 1.2 72" LOW
0 m Intertidai 56.9 1217.8) 0 0 56.9 83 MID
Coastal 1 m depth 0 0.02 ¢+0.02) o 0.02 4 LOW
Coastal 3 m depth 0 0.2 (20.2) 229.2 (236 2294 19 HIGH
Coastal 10 m depth 0 0.2 (20.02) 189.0 (£13.73) 189.2 76 HIGH
Coastal 20 m depth 0 09 (x0.4) 9.5 (x5.3) 10.4 30 MID
Coastal 30 m depth 3] 0 0 0 23 LOW
Offshore 30 m depth’ 0 (0.4 0 0 >30 dives” LOW
Offshore 45 m depth U] 0 0 0 >10 dives™ LOW

' Biomass (g(drv)y/m- ) of herbivores used throughout. Shallow grazing molluscs = Littorina iittorea. * Tectura testudinalis. Tonicella
ruber. T. marmorea. ' Strongylocentrotus droebachiensis. * Except for this value (standard deviation) all variances are expressed as
standard error because they are averages of a population of means. * n = number of m° quadrats. ® Urchins having a biomass of
56.3(+8.75) ig(dry/m") were found in crevices only. This analysis involves plants growing on the upper surfaces of the boulders
where there are no urchins. ~ The offshore site is Ammen Rock Pinnacle (104 km east of Boothbay Harbor. ME. see Vadas and
Steneck 1988).* A rare (< 1/10 m*) limpet species is the sole herbivore. * Number of scuba dives. * Number of submersible dives by
several observers.

Table 3B. Ranking disturbance potential in Washington state (identical method to Table 3A;. Target habitats are arranged from
highest to lowest ele\ggggns n the intertidal zone for our stations on San Juan (SJ1j and Tatoosh  TI) Islands in Washington state.

Washington
Target habitats Shallow Deep Urchins’ Total No. Disturbance
grazing grazing herbivore samples potenual
molluscs' mollucs® bromass
" Very high 2.9 (x4.0) 34254 0 6.3 10 LOW
T. ‘ery high 8.0 124.9) 0 0 8.0 5 LOW
SJI High 2.7(22.8) 4.3 (£8.3) 0 7.0 18 LOW
T digh 39 (=34 Tl=l1.4) 0 1.0 14 LOW
S hd 0.5 (0.1 4.4 (26.4) 0 4.9 23 LOW
H ~ (few herb) 0.1 (=0.2) 1 0 1.2 24 LOW
N .y low (few herb) 0 1.2 0 1.2 16 LOW
Ti ~vud 0.5 (20.1) 42,1 (=411 0 426 13 MID
TI Low (herb removed) 0 0.4 0 0.4 5 LOW
SJ1 Low (with herb) 0 42.1 (x48.6) 0 421 7 MID
SJI Verv low (with herb) 0 76.8 (286.3) 0 76.8 11 MID
T! Low (with moliuscs) 0.2 (0.9 40.3 (£56.6) 0 40.5 13 MID
TI Low (with urchins) 0 370 (27.3) 2340 (=1605¢ 2344 8 HIGH

' Summed biomass (g(dry¥m’) of Lirtorina spp.. Onchidella sp.. Siphonaria sp.. * Lottia pelra. Tectura scutum. Tonicella lineata.
Katharina tunicata: * Strongylocenirotus purpuraus: * Tonicella lineata: * Urchin biomass estimations were based on test diameter
to dry mass regression (caiculated for S. droebachiensts) of: y = 0.2827 -x*** r = 0.94. n = 30).

-

C respectively): here, however, the factor most limiting
al ;al productivity is probably desiccation rather than
".znt or wave action (Castenholz 1961, Dayton 1971,
Seapy and Littler 1982, Horn et al. 1983. Cubit 1984).
Measured productivity rates under herbivore-free envi-
ronments in Wash