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Abstract.  Sheltered rocky bays in the Gulf of Maine support communities usually
dominated either by the fucoid rockweed Ascophyllum nodosum or the mussel Mytilus
edulis. In order to test whether clearing size determines the subsequent pattern of recruitment
by intertidal organisms, we examined four common species in clearings in stands of A.
nodosum. Circular experimental clearings of 1, 2, 4, and 8 m in diameter, which mimicked
severe ice scour, and uncleared controls were established at 12 sites spread across four
bays. Recruitment of A. nodosum and of three species not common in A. nodosum stands
(mussels, barnacles, and the rockweed Fucus vesiculosus) varied with clearing size and the
patterns did not vary among bays. Recruitment of A. nodosum declined exponentially with
clearing size. Fucus and barnacles recruited in greater densities to large clearings (=4 m)
compared to small clearings (<4 m). Recruitment of F. vesiculosus was also site specific,
reflecting patterns of local abundance, but that of A. nodosum was not. Mussels recruited
onto artificial substrates in fewer numbers in large clearings, but in marginally greater
numbers to rock underneath these substrates in large clearings. Recruitment densities of
mussels and barnacles were strongly site specific. These results suggest that (1) the rate of
succession varies site specifically, and (2) the trajectory of succession, either convergence
toward or divergence from the surrounding community, is contingent upon the interplay
between species interactions and the size of the clearing.
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INTRODUCTION

In many ecosystems, the distributions and abun-
dances of organisms carry the signatures of historical
events. These cvents are often unpredictable and vary
in their timing and spatial extent (e.g., Levin and Paine
1974, Paine and Levin 1981). This is particularly ev-
ident in marine benthic systems where accidental
events, such as abrasion of the shoreline by ice, sand,
or logs, are common and where the responses by spe-
cies are scale dependent. For example, patterns of re-
cruitment vary not only with the size of an open patch
(e.g., Keough 1984, Sousa 1984, Butler 1991, Kim and
DeWreede 1996) but also with the timing and place-
ment of a patch (e.g., Kim and DeWreede 1996, Berlow
1997, Chapman and Underwood 1998). At the very
least, the dependence of recruitment on the timing and
extent of disturbances can affect the trajectory of suc-
cession (Sousa 1984, Pickett and White 1985, Phillips
and Shure 1990, Shumway and Bertness 1994).

Whether the outcome of succession in a patch differs
from the surrounding community depends on the fate
of recruits (Caley et al. 1996). In theory, the final out-
come may differ (Lewontin 1969, Sutherland 1974,
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Ricklefs 1987), but much of the experimental evidence
suggests that different successional trajectories con-
verge towards the local resident assemblage (Sousa
1984, Berlow 1997, Chapman and Underwood 1998,
but see Sutherland 1974, 1981). In other words, history
matters early in succession, but ultimately the same
community patterns emerge. Yet most of the experi-
mental evidence from marine systems for convergence
late in succession derives from small scale experimen-
tal clearings (i.e., <3 m?). This is not surprising since
in small clearings, convergence would be expected be-
cause of edge effects of the surrounding community
(Sousa 1984, Petraitis and Dudgeon 1999). The phys-
ical and biotic environment of a small patch is likely
to be similar to the surrounding undisturbed area.

In contrast, observations of large, naturally formed
patches (>30 m?) have yielded more variable out-
comes. In some cases assemblages in large clearings
converged with the surrounding community albeit more
slowly than in small clearings (Paine and Levin 1981,
McCook and Chapman 1991, 1993, Tanner et al. 1996,
Connell et al. 1997, Minchinton et al. 1997; J. Witman,
personal communication), but in others they diverged
(Hatcher 1984, Knowlton 1992). These observations
suggest that much of the area of a large clearing may
lie beyond the edge effects of the surrounding biota
that would tend to reestablish the original assemblage
(via growth, migration, and local recruitment). Thus,
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recruits in large clearings may have sufficient time and
space to become established and develop into a diver-
gent assemblage. Once started, a divergent assemblage
may be maintained by positive feedbacks and ‘‘eco-
logical engincering” within the community (Peterson
1984, Bertness and Callaway 1994, Jones et al. 1994).
Overall, evidence from historical studies (Simenstead
et al. 1978), laboratory and microcosm experiments
(Drake et al. 1993, Samuels and Drake 1997), and field
studies (Sutherland 1974, 1981, Hatcher 1984, Elner
and Vadas 1990, Knowlton 1992) suggests that (1) con-
tingency in succession (sensu Berlow 1997) may enable
different assemblages to develop, and (2) such succes-
sion is scale-dependent (i.e., varies with patch size).
Yet few data exist for replicated experiments using
large clearings (>10 m?) so these suggested causes for
both contingency and scale dependence remain largely
unexplored. In this paper, we begin to address these
issues by asking if recruitment into large experimental
clearings on rocky intertidal shores is strongly scale
dependent.

On western north Atlantic shores, ice scour is a com-
mon physical disturbance that influences the distribu-
tion and abundance of intertidal species. In the Ca-
nadian Maritimes and the Saint Lawrence estuary, pack
ice forms each year and removes virtually all intertidal
organisms living outside cracks and crevices (Bergeron
and Bourget 1984). In the southern Gulf of Maine (near
Boston, Massachusetts, USA) sea ice has occurred dur-
ing ~86 winters in the past 380 yr (Wethey 1985).
Wethey’s (1985) barnacle study suggests that infre-
quent, severe ice scour significantly affects species
composition for years thereafter. Ice accumulation and
scour in the northern Gulf of Maine and off Nova Scotia
are intermediate to that of the Maritimes to the north
and Boston to the south. Ice accumulates annually in
sheltered bays (Mathieson et al. 1982; S. R. Dudgeon
and P. S. Petraitis, personal observation) and may re-
move as much as 50% of the standing crop of the dom-
inant intertidal seaweed Ascophyllum nodosum (L.)
LeJolis (Mathieson et al. 1982). In most years ice does
not scrape the surface clean, although this may happen
once in 25 yr (Markham 1980, Bedford Institute of
Oceanography 1987). Two events, however, stand out.
In 1987, sea ice scoured >50 km of shore in Nova
Scotia and the damage spanned from the extreme su-
pralittoral to >1 m below mean low water (McCook
1992). In the winter of 1978, extreme cold produced a
thick sheet of coastal ice in many areas of the Gulf of
Maine. Local fisherman reported the bays on Swan’s
Island, Maine were completely frozen over and the
shoreline scoured by ice. P. S. Petraitis (personal ob-
servation) noted extensive scouring in Woods Hole,
Massachusetts.

We have hypothesized that large clearings caused by
infrequent ice scour coupled with scale-dependent pro-
cesses during succession may underlie the formation
of divergent communities in sheltered bays in the Gulf
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of Maine. The mid-intertidal zone of sheltered shores
is dominated by three distinct assemblages: (1) stands
of the canopy-forming fucoid seaweed Ascophyllum
nodosum (L.) LeJolis, (2) beds of barnacles (Semiba-
lanus balanoides (L.)) and mussels (Mytilus edulis L.),
or rarely (3) the fucoid Fucus vesiculosus L.. Rockweed
stands (i.e., Ascophyllum or Fucus) and barnacle—mus-
sel beds provide distinct structural habitats (foundation
species, sensu Dayton 1972) that harbor different as-
semblages of species. These assemblages show disjunct
distributions, but may occur on adjacent portions of the
shore (Lewis 1964), and they typically persist for long
periods (mussel beds >20 yr, Reynolds 1969; Asco-
phyllum stands >100 yr, Aberg 1992; Fucus stands
>20 yr, R. L. Vadas, Sr., unpublished data). Post-set-
tlement mortality rates of barnacles and mussels in
clearings within Ascophyllum stands are scale depen-
dent. Underneath canopies, or in small clearings, mor-
tality is high because of predation by crabs (Carcinus
maenas) and dogwhelks (Nucella lapillus) and sweep-
ing by canopy fronds (Menge 1976, Vadas and Elner
1992, Leonard et al. 1998). In contrast, the rate of
predation is lower in large clearings where the edge
community has less influence (Petraitis and Dudgeon
1999).

We also suspected that recruitment patterns of bar-
nacles (S. balanoides), rockweeds (A. nodosum and F.
vesiculosus), and mussels (M. edulis) to clearings with-
in stands of A. nodosum were spatial scale dependent
and here we report the results of experimental tests of
this hypothesis. We expected that germlings of A. no-
dosum would recruit more densely in uncleared areas
and small clearings than in large ones because (1) more
zygotes scttle near parent plants than further away, and
(2) post-settlement mortality is extremely high in clear-
ings (S. R. Dudgeon, unpublished data). Algal zygotes
in large clearings often die due to desiccation, herbiv-
ory, and water motion (Vadas et al. 1990, Brawley and
Johnson 1991, Lazo et al. 1994, Cervin and Aberg
1997). In contrast to A. nodosum, we expected that
barnacles, mussels, and F. vesiculosus would recruit
more to large clearings within stands of A. nodosum,
but not to small clearings or uncleared areas. This pre-
diction stems from greater edge effects of the resident
assemblage on settlers in small compared to large clear-
ings. The A. nodosum community may adversely affect
immigrants in either of two ways: (1) canopy plants
impede access of propagules to available space, and
(2) early post-settlement mortality of recruits in small
clearings is high because of predators harbored by the
canopy and dislodgement by the sweeping of fronds.

MATERIALS AND METHODS
Study sites

Research was conducted on Swans Island, Maine
(44°10" N, 68°25’ W) in the Gulf of Maine, USA. The
island has four distinct bays: Burnt Coat Harbor and
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Toothacher Cove, which face south, and Mackerel
Cove, and Seal Cove which face north. The exposure
to waves at these sites ranges from extremely protected
to moderately protected. The shoreline surfaces at the
different sites are a mixture of granite and basalt out-
crops, boulder fields, and some muddy patches in the
most protected sites.

Experimental design

The experiment was designed as a stratified random-
ized block. We established three sites (i.e., blocks) in
the mid-intertidal zone (~0.35-1.0 m above MLW) in
each of the four bays. Sites within each bay were sep-
arated by at least 750 m. Prior to clearing, all sites were
completely covered by Ascophyllum nodosum. At each
site, circular clearings of four different sizes and an
uncleared control were made. The sizes of the clearings
were 1, 2, 4, or 8 m in diameter, corresponding to 0.79,
3.14, 12.57, or 50.27 m? in area. Because of the time
required to set up the experiment, clearings were done
in two stages. Plots were initially established at all sites
between 22 June and 17 August 1996 by removing A.
nodosum and marking the center of each clearing with
stainless steel screws in plastic anchors inserted in
holes drilled in the rock. To represent an ice scour event
during winter all plots were completely scraped using
paint scrapers between 6 and 10 February 1997 and
thereafter left unmanipulated. In order to mimic a se-
vere ice scour, we scraped the substrate of plots until
all organisms on flat surfaces were removed. Thus,
holdfasts of A. nodosum on flat surfaces were scraped
down to the rock surface leaving perhaps a few layers
of cells in pits in the rock. Organisms in narrow and
deep (more than ~1 c¢m) cracks and crevices (gastro-
pods, a few barnacles and mussels, crabs, small algae)
were left intact. Holdfasts of A. nodosum anchored >1
cm deep in these crevices were also left intact, but
fronds of these thalli were cut off at the height at which
they emerged from the crack (typically <35 cm). This
treatment cffectively precludes patch closure by veg-
etative growth because A. nodosum does not regenerate
from holdfasts (S. R. Dudgeon, personal observation).
Moreover, regeneration from frond lengths <10 cm is
extremely slow (R. L. Vadas, Sr., personal communi-
cation), and individuals in cracks often died from ex-
posure during the summer of 1997 (S. R. Dudgeon,
personal observation). Recolonization of these clear-
ings by A. nodosum would occur via recruitment of
zygotes.

In late winter and spring, substrates for recruitment
of barnacles (Semibalanus balanoides), rockweeds (A.
nodosum), and mussels (Mytilus edulis) were secured
to the rock with a screw in the center of each clearing
(i.e., at the corners of a centrally placed 30 X 30 cm
quadrat) and under the Ascophyllum canopy in control
plots during the period of recruitment for each species.

Barnacle recruitment.—In Maine, barnacle cyprid
larvae begin to settle in March and continue through
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May (S. R. Dudgeon and P. S. Petraitis, personal ob-
servation). Substrates for recruitment of Semibalanus
balanoides were set out between 8 and 10 March 1997
and collected between 10 and 12 May 1997, a period
of 63 d. We checked these surfaces at 3 wk intervals
during March and April to determine the onset of re-
cruitment. These substrates were fiberglass resin (Ev-
ercoat Fiberglass Resin, Cincinnatti, Ohio, USA) cast-
ings made from latex molds imprinted with a natural
granite rock surface. The resin plates were ~0.67 cm
thick discs that were 7.1 cm in diameter (39.6 cm? area)
with a screw hole in the center. We used five different
molds having similar topographies. The different plate
topographies were set out such that each plate type was
used once within a site. Across all four bays each plate
topography was replicated either two or three times in
each different size clearing.

Following collection, the number of cyprid larvae
and metamorphosed barnacle spat were counted on
each plate under a dissecting microscope at 25X. The
sum of metamorphosed spat and cyprid larvae was used
for data analysis.

Recruitment of rockweeds: Ascophyllum and Fu-
cus.—The reproductive season of A. nodosum in east-
ern Maine near Swan’s Island spans a 3-7-wk period
in spring (Bacon and Vadas 1991). Gametes are re-
leased at ebb tide, especially on warm sunny days that
rapidly dry the receptacles in which the gametes are
stored, and are washed from the receptacles by the
incoming tide (Vadas et al. 1990). F. vesiculosus was
rare near most of our experimental plots, but was patch-
ily abundant in the surrounding area at three sites,
Ledges, July 4, and Dick’s. F. vesiculosus in eastern
Maine starts reproducing in late April and May, peaks
between May and July, but remains reproductive until
October except for a short break in late July and August
(R. L. Vadas, Sr., personal communication). For both
species, we sought to estimate recruitment as soon after
the peak settlement season to minimize post-recruit-
ment mortality (see Caley et al. 1996 for the importance
of doing so). This resulted in different sampling meth-
ods being most suitable for these two species.

We counted recruits of F. vesiculosus in August 1997
following the peak period of recruitment. Since Fucus
germlings in the field grow rapidly, recruits were vis-
ible on the rock surface of the clearing by August, and
identification as Fucus was unambiguous. We estimat-
ed F. vesiculosus recruitment from the average of
counts in five 0.25-m? quadrats that were placed hap-
hazardly in each clearing except the 1-m clearings. Giv-
en the small areal extent of the 1-m clearings, there
was the potential for the five quadrats to be resamples
for the same area. In order to minimize resampling the
same plants, four quadrats were set so they did not
overlap, and the fifth quadrat was tossed haphazardly
into the clearing. Haphazard tosses of quadrats in the
larger clearings could potentially resample the same
plants, but because of the larger areas of these plots
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were less likely to do so. The difference in sampling
between | m and other clearing sizes affects the esti-
mate of the variance for the five quadrats but has no
systematic bias on the estimate of the mean, which we
uscd as our estimate of Fucus recruitment. The average
number of recruits per 0.25 m? was used for data anal-
ysis.

Artificial substrates for recruitment of A. nodosum
embryos and very young germlings were set out on 6—
7 April 1997 and collected between 26 and 28 May
1997, ~50 d, which encompassed the entire reproduc-
tive season of A. nodosum on Swans Island (S. R. Dud-
geon, personal observation). In contrast to Fucus, A.
nodosum germlings grow slowly (S. R. Dudgeon, per-
sonal observation), so substrates that could be collected
and viewed under a microscope were necessary for
estimating recruitment immediately following the re-
productive season. The substrates were 5 X 5 X | cm
white ceramic tiles with a screw hole in the center (see
Vadas et al. 1990 for a complete description of a similar
tile and clay composition). The white surface provided
a reflective rather than a heat-absorbing surface. The
tiles were imprinted with a very fine grain sand paper
(number 80) to simulate the pits of natural surfaces that
provide refuges for zygotes and germlings. Prior to
firing a grid was also imprinted on the tile dividing the
surface into 0.5 X 0.5 c¢m squares. Therefore, in ad-
dition to the textured square surfaces, the grooves be-
tween squares also provided settlement sites for zy-
gotes and germlings.

The average number of germlings per square or
groove based on counts of five of each selected at ran-
dom for each tile was used for data analysis. Embryos
and very young germlings of A. nodosum and Fucus
spp. look similar until those of Fucus begin to flatten
in cross section, but can be distinguished by the pres-
ence of apical hairs in Fucus and their absence in A.
nodosum germlings <2 mo old (Fritsch 1945; S. R.
Dudgeon, personal observation). We did not observe
apical hairs on germlings indicating that those on the
tiles were those of A. nodosum. Resolving the presence
or absence of apical hairs on germlings from field-
collected samples is occasionally difficult, so we also
compared for each experimental plot the density of
germlings on the tile with the number of known recruits
of Fucus from the counts made in the summer of 1997
(see Results).

Mussel recruitment.—In Maine, mussels begin to
settle in June and continue through September (Bethel
1973, Petraitis 1991). Substrates for recruitment of My-
tilus edulis were set out on 2-3 June 1997 and collected
between 8 and 10 August for a period of ~68 d. We
periodically checked these substrates (every 2 wk) dur-
ing June and July to determine the onset of mussel
recruitment. We used ~40 cm? rectangular pieces cut
from furnace filters (Purolator Air Filtration Products,
Brentwood, Tennessee, USA) that consisted of a mesh
backing and a fibrous matrix as a substrate for mussel
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recruitment. Since some pads eroded during the 68-d
period we determined pad size (by mass and area) after
collection. Upon collection of the pads, mussel recruits
(~500 wm in length) remaining on the rock surface
underneath the pad were counted with a hand lens, the
extent of sedimentation was assessed by assigning a
rank, and the areal coverage of the rock by the pad
determined by counting the number of 1-cm squares
that comprised the pad. Sediment loads were ranked
for each plot using the following ordinal scale: 1, no
sediment; 2, light sand; 3, moderate sand; 4, heavy
sand; 5, mud; and 6, extremely muddy/silty. Pads with
mussels were placed in plastic bags and preserved in
70% isopropyl alcohol within 2 h of collection. To sort
mussels from the pads for counting, the pads were thor-
oughly rinsed with water over a series of three sieves:
1 mm, 425 wrm, and 300 pm mesh. Mussels trapped
on the 425-um and 300-pm mesh sieves were placed
in separate petri dishes and dispersed in water prior to
counting. The number of mussels in 10 haphazardly
chosen 10 mm diameter dissecting microscope fields
in each dish were counted. The 10 ficlds counted com-
prised 12.3% of the total area of a petri dish (90 mm
diameter) and, thus, constituted 12.3% of the sample
in each sieve. Pads were dried for 48-72 h at 25°C to
determine their mass.

Counts of mussel recruits remaining on the rock were
expressed on a per pad area basis, and counts of those
in the pad were expressed as per gram mass of pad.
Analyses of recruits in the pad for each size class were
done on the summed number of mussels across the 10
fields.

We paired 18 pads with 18 fiberglass resin plate cast-
ings of barnacles. Resin plates of barnacles were used
by Petraitis (1991) to estimate mussel recruitment.
Pairs were placed at two of the sites in Toothacher Cove
and Mackerel Cove used in Petraitis (1991) to deter-
mine if mussels recruited similarly to pads and casts
of barnacle surfaces. These data enable comparison of
recruitment in the present study with earlier data (Pe-
traitis 1991).

Statistical analyses of data

Mussel data were log,,(1 + x) transformed, and data
for all other species were square root (x + 0.5) trans-
formed to homogenize variances. Data presented in fig-
ures represent the back-transformed means and 95%
confidence limits (Sokal and Rohlf 1995). Data were
analyzed using three-factor analyses of variance (AN-
OVA) with size of clearing crossed with bays and with
sites nested within bays. Clearing size was considered
a fixed factor and bays and sites within bays were con-
sidered random effects. The mean square for clearing
size was tested over the bay X size interaction mean
square, and the mean square for the effect of bays was
tested over the sites within bays mean square. Synthetic
mean squares were used to torm the appropriate £ ratios
in cases where missing data made the design unbal-
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anced. In testing the effect of clearing size, four pre-
planned single degree of freedom contrasts were used:
(1) uncleared (0 m diameter clearing) vs. all cleared
plots, (2) 0- and 1-m clearings vs. 2-, 4-, and 8-m
clearings, (3) 0-, 1-, and 2-m clearings vs. 4- and 8-m
clearings, and (4) 0-, 1-, 2-, and 4-m clearings vs. 8-
m clearings. Each comparison tests for differences be-
tween two subgroupings of the treatments (e.g., the
overall average of 0-, 1-, and 2-m clearings vs. the
overall average of 4- and 8-m clearings) and allow us
to detect breakpoints (i.c., thresholds) in the data. Al-
pha values for the planned contrasts were adjusted us-
ing the Bonferroni correction (adjusted o = 0.05/4 =
0.0125). A single degree of freedom contrast was used
to test for the effect of north- vs. south-facing bays on
the density of recruitment.

Variance components for the effects of bays, sites
within bays, bay X size interaction, and the residual
error were calculated using the restricted maximum
likelihood method (see VARCOMP procedure in SAS
Institute 1989).

Ad hoc tests of power to detect differences in re-
cruitment were based on assumed minimum biologi-
cally significant effect sizes and the residual variability
in recruitment for each species. Assumed significant
effect sizes were set prior to the experiment, but anal-
yses were done retrospectively since they relied upon
residuals from the experimental data. In the case of
clearing size, we assumed an effect size of 1 recruit
per 4 cm? (2500 individuals/m?) was a significant gra-
dient, and in the case of the random effects (bay,
site(bay), bay X size, barnacle plate, plate X size), we
assumed that variance components that comprised at
least 15% of the total variance were also meaningful.
The power of the experiment to resolve 1 recruit per
4 ¢cm? among clearing sizes for each species were as
follows: barnacles, 0.18; Ascophyllum (on flat surfac-
es), 0.93; Ascophyllum (in grooves), 0.46; Fucus, 0.24;
mussels (on rock), 0.70; mussels (in pads), 0.34. The
power of the preplanned contrasts were slightly greater
ranging from 0.18 (for barnacles) to 0.98 (for Asco-
phyllum on flat surfaces). The power of the experiment
to detect significant variation among bays, sites within
bays, the bay X size interaction, plate, and the plate
X size interaction was 0.35, 0.29, 0.21, 0.13, and 0.07,
respectively. In accord with Peterman (1990), we con-
sider tests of hypotheses in which the power was <0.80
to be weak tests and those in which power exceeds 0.80
to be strong tests. Thus, all tests of random effects were
weak, and only the test of Ascophyllum recruitment
onto flat surfaces with respect to clearing size was
strong.

For mussel recruitment, we tested whether the ac-
cumulation of sediment on the substrate underneath the
pad was inversely correlated with (1) clearing size and
(2) mussel recruitment. This may be expected because
pads may accumulate more sediment in habitats within
canopies or small clearings where water movement may
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be lower and, hence, adversely affect mussel recruit-
ment. Nonparametric correlation analyses using Ken-
dall’s 7 tested the concordance between the sediment
load ranking of each plot and either clearing size or
mussel recruitment (for both size classes and those on
rock).

RESULTS
Barnacle recruitment

Few barnacle cyprid larvae and no metamorphosed
barnacle spat were observed in early April. Most set-
tlement onto plates occurred between mid-April and
mid-May 1997. We did not detect any differences in
recruitment of barnacles to the five different resin plate
topographies (F,, = 1.83,df = 4,9, P = 0.21, sg =
8.89), nor were there differences in recruitment to a
given plate topography in the differently sized exper-
imental clearings (Fjexge = 0.51, df = 15,24, P =
0.91, se = 19.96).

Barnacles recruited in greater numbers to large clear-
ings compared to small clearings, and this pattern was
consistent across all four bays (Table 1). Barnacles re-
cruited in the fewest numbers to uncleared control
plots. Four preplanned contrasts showed that the num-
ber of recruits increased as a function of clearing size
up to 4 m in diameter (Table 1, Fig. 1). No further
increase in the abundance of recruits occurred in 8 m
diameter clearings compared to that of clearings 4 m
in diameter.

No differences in barnacle recruitment were ob-
served among the four bays (Table 1). Although the
south-facing bays tended to have greater recruitment
than the north-facing bays, this difference was not sig-
nificant (Table 1).

The recruitment of barnacles also varied among sites
within each bay (Table 1). Sites within bays accounted
for 27% of the total variance in barnacle recruitment.
In each of the two north-facing bays (Mackerel Cove
and Seal Cove), fewer barnacles tended to recruit to
the sites furthest back in the bay (Grace and Pole 24,
respectively; Fig. 2). However, this trend was not ap-
parent in the two south-facing bays, Toothacher Cove
and Burnt Coat Harbor. In Toothacher Cove, the re-
cruitment of barnacles was lower at the outermost site
(Ledges) in the bay.

Recruitment of rockweeds: Ascophyllum and Fucus

A. nodosum and F. vesiculosus showed virtually no
spatial overlap in recruitment. Plots that had A. no-
dosum germlings in May had little or no Fucus in Au-
gust. More importantly, plots with Fucus present in
August had few, if any, A. nodosum germlings on the
tiles in May, confirming that germlings on tiles were
those of A. nodosum (Fig. 3).

For A. nodosum, the patterns of recruitment by
germlings on flats and in grooves of the tiles were
nearly identical, except that densities in grooves were
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TaBLE |. Summary of analyses of variance of barnacle, rockweed, and mussel recruitment in the Gulf of Maine based on
experimental design described in Materials and Methods.

Source of variation df MS F P VC (%)
Barnacles, Semibalanus balanoides
Bay 347 54.93 1.47 0.33 2.07
North vs. south 1 100.68 1.92 0.20 (54.75)
Site(Bay) 8 (31) 47.36 2.49 0.03* 27.13
Size 4 (12.3) 47.83 5.27 0.01%*
Owvs. 1,2,4,8 1 94.51 10.48 <0.01*
0,1vs. 2,4, 8 1 151.42 16.76 <0.01*
0,1,2vs. 4,8 1 150.76 16.72 <0.01*
0,1,2,4vs. 8 1 47.34 5.25 0.04
Bay X Size 12 (31) 9.02 0.48 0.91 <0.01
Error 31 19.00 70.80
Rockweeds, Ascophyllum nodosum on flat surfaces of tiles
Bay 3 (8.8) 0.64 0.65 0.60 <0.01
Site(Bay) 8 (32) 0.72 1.73 0.13 9.04
Size 4(12) 5.28 7.83 <0.01*
Ovs. 1,2, 4,8 1 18.57 27.52 <0.01*
0,1vs.2, 4,8 1 15.20 22.53 <0.01*
0,1,2vs. 4,8 1 7.28 10.80 <0.01*
0,1,2,4vs. 8 1 2.98 4.41 0.06
Bay X Size 2 (32) 0.67 1.62 0 14 13.44
Error 32 0.42 77.52
Rockweeds, Ascophyllum nodosum in grooves of tiles
Bay 3(5.25) 6.89 1.64 0.29 4.69
Site(Bay) 8 (32) 4.76 1.86 0.10 15.55
Size 4 (12) 33.18 16.53 <0.01*
Ovs. 1,2,4,8 1 94.05 46.85 <0.01*
0,1vs.2,4,8 1 106.63 53.12 <0.01*
0,1,2vs. 4,8 1 80.51 40.11 <0.01*
0,1,2,4vs. 8 1 31.31 15.60 <0.01*
Bay X Size 12 (32) 2.01 0.78 0.66 <0.01
Error 32 2.56 79.76
Rockweeds, Fucus spp. including all data
Bay 3 (10.24) 7.31 1.93 0.19 11.69
Site(Bay) 8 (32) 2.84 2.56 0.03* 17.22
Size 4 (12) 4.77 2.32 0.12
Ovs. 1,2,4,8 1 8.78 4.26 0.06
0,1vs.2,4,8 1 3.98 1.94 0.19
0,1,2vs. 4,8 1 13.60 6.61 0.02
0,1,2,4vs. 8 1 6.93 3.36 0.09
Bay x Size 12 (32) 2.06 1.85 0.08 15.71
Error 32 1.11 55.38
Rockweeds, Fucus spp. with suspected outlier removed
Bay 3 (11.02) 7.29 291 0.08 19.98
Site(Bay) 8 (32) 1.55 1.98 0.08 10.14
Size 4 (12.06) 4.80 2.76 0.08
Ovs. 1,2, 4,8 1 7.05 4.04 0.07
0,1vs. 2,4, 8 1 7.08 4.05 0.07
0,1,2vs. 4,8 1 17.06 9.77 <0.01*
0,1,2,4vs. 8 1 8.51 4.87 0.05
Bay X Size 12 (31) 1.75 2.23 0.04* 20.74
Error 31 0.78 49.13
Mussels, Mytilus edulis (300 pm in pads)
Bay 3 (8.28) 1.72 1.58 0.27 14.53
North vs. south 1 3.86 3.59 0.09 (74.78)
Site(Bay) 8 (30) 1.08 11.62 <0.01* 56.75
Size 4 (12.11) 0.38 3.29 0.05*
Ovs. 1,2,4,8 1 0.33 2.84 0.12
0,1vs. 2,4, 8 1 0.93 8.06 0.01
0,1,2vs. 4,8 1 1.48 12.79 <0.01%*
0,1,2,4vs. 8 1 0.62 5.34 0.04
Bay X Size 12 (30) 0.12 1.25 0.30 2.67
Error 30 0.09 26.05
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TABLE 1. Continued.
Source of variation df MS F P VC (%)
Mussels, Mytilus edulis (425 wm in pads)
Bay 3 (7.63) 1.15 1.67 0.25 14.46
North vs. south 1 2.42 3.44 0.10 (70.43)
Site(Bay) 8 (30) 0.70 8.65 <0.01* 53.21
Size 4(12.17) 0.23 3.32 0.05%
Ovs. 1,2, 4,8 1 0.16 2.34 0.15
0,1vs.2,4,8 1 0.73 10.80 <0.01*
0,1,2vs. 4,8 1 0.65 9.66 <0.01*
0,1,2,4vs. 8 1 0.40 5.89 0.03
Bay X Size 12 (30) 0.07 0.83 0.62 <0.01
Error 30 0.08 32.33
Mussels, Mytilus edulis (on rock underneath pads)
Bay 3(9.53) 0.07 1.27 0.34 4.86
North vs. south 1 0.06 1.25 0.30 (28.98)
Site(Bay) 8 (32) 0.05 5.20 <0.01* 38.56
Size 4(12) 0.04 2.20 0.13
Ovs. 1,2, 4,8 1 0.06 3.45 0.09
0,1vs.2,4,8 1 0.05 2.96 0.11
0,1,2vs. 4,8 1 0.13 7.72 0.02
0,1,2,4vs. 8 1 0.04 2.56 0.14
Bay X Size 12 (32) 0.02 1.70 0.11 10.72
Error 32 0.01 45.86

Notes: Data were square root (+0.5) transformed, except mussel data which were log,,(1 + x) transformed. Denominator
degrees of freedom based on the synthetic mean squares for each source of variation are included in parentheses next to the
numerator df. Preplanned contrasts are included as rows immediately following the class variable to which they correspond.
VC refers to the percentage of the total variance due to each random component of the model. Percentages in parentheses
indicate the percentage of the total variance for bays explained by recruitment in north- vs. south-facing bays.

* Significant sources of variation.

much greater than those on flats (Fig. 4). Early post-
settlement recruitment of A. nodosum varied only with
respect to clearing size and this pattern was invariant
across all bays (Table 1). Germling densities in both
grooves and flats were greatest in the uncleared control
plots and declined exponentially with increased clear-
ing size (Fig. 4).
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FiG. 1. Recruitment density of barnacles (Semibalanus

balanoides) in the differently sized experimental clearings in
the Gulf of Maine. Data represent back-transformed means
and 95% confidence intervals. Numbers above each column
represent sample sizes. Breaks in the line under treatment
levels indicate where significant step thresholds in recruit-
ment occurred (based on planned contrasts at @ = 0.0125).

For F. vesiculosus, recruitment also varied with
clearing size (Table 1) but the pattern was in the op-
posite direction to that of A. nodosum (Fig. 5). A single
step threshold occurred between the 2 and 4 m diameter
clearings with densities being greatest in the 4 and 8
m diameter clearings and less in smaller clearings (Ta-
ble 1). Uncleared control plots had the fewest number
of F. vesiculosus recruits. In Fig. 5 only 11 observa-
tions are shown for the 1-m clearing size becausc of a
probable outlier at one site. At the 1-m clearing at one
site in Burnt Coat Harbor several plants of F. vesicu-
losus were observed near the clearing, and recruitment
of Fucus in this plot was anomalously high. A com-
parison of the variance components for the analyses of
variance of Fucus recruitment with and without this
observation are consistent with the interpretation of
this observation as an outlier. The percentage of the
total variance due to the error term of the model de-
clined by 6.25% by excluding this single observation
from the data set (Table 1). Moreover, excluding this
observation clearly distinguished a threshold pattern of
similar densities of Fucus recruitment in 0-, 1-, and 2-
m clearings (back-transformed mean + upper 95% cr;
0.89 + 7.15, 4.86 + 12.184, 2.68 + 9.26 individuals/
m? for 0-, 1-, and 2-m clearings, respectively) and
greater densities in 4- and 8-m clearings (mean — lower
95% cr1; 14.91 — 10.64, 18.81 — 12.27 individuals/m?
for 4- and 8-m clearings, respectively).

The pattern of Fucus recruitment in clearings of dif-
ferent sizes varied slightly among the four bays (Table
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1, bay X size interaction analysis with outlier re-
moved). This was driven by greater variability in re-
cruitment among the clearings in Toothacher Cove than
in the other bays. Nevertheless, in each bay recruitment
tended to be greater in the larger clearings.

As well as the effect of clearing size, recruitment of
F. vesiculosus also varied among sites within bays (Ta-
ble 1, analysis of all data). However, the analysis is
sensitive to the presence of the outlier suggesting the
variation among sites within bays is marginal.

Mussel recruitment

We did not observe mussel recruits during June 1997,
most of the recruitment occurred in July and August
1997. The recruitment of mussels differed among clear-
ings, but the pattern of variation with clearing size
varied between recruits in the pad and those observed

on rock underneath the pad (Table 1). Both the 300-
and 425-wm mussels that recruited in pads were more
abundant in smaller (=2 m in diameter) than in the
larger clearings (Fig. 6A). Both size classes showed a
two-step pattern with the first step down occurring be-
tween the 1 and 2 m diameter clearings and the second
step between 2 and 4 m diameter clearings (Table 1).
The P value of the former contrast for the 300-pm
mussels was marginally nonsignificant, but the power
was weak. The similar patterns of recruitment by the
two size classes of mussels in the pads drove the overall
pattern of mussel recruitment. Mussels recruited un-
derneath pads in greater numbers in the large (4 and 8
m diameter, 294 and 382 individuals/m?, respectively)
than in the small (0, 1, and 2 m diameter, 20, 48, and
11 individuals/m?, respectively) clearings (Fig. 6B).
The P value (P = 0.016), however, for this contrast
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was marginally nonsignificant (after Bonferroni ad-
justment at 5%; o« = 0.013), but again the power of
this test was weak (1 — B < 0.80). Either in or un-
derneath pads, the patterns of recruitment with size of
clearing did not vary in the different bays (Table 1).

The accumulation of sediment under the mussel re-
cruitment pads showed no correlation with size of
clearing (Kendall’'s 1 = —0.137, P = 0.19). Neither
was the recruitment of mussels in the pads nor mussels
underneath pads correlated with sediment accumula-
tion in a plot (mussels in pad, 300 wm, T = 0.029, P
= 0.77; 425 pm, T = 0.017, P = 0.87; mussels un-
derneath pads, T = —0.078, P = 0.45).

The recruitment of mussels in pads and underneath
pads varied among sites within bays (Table 1). Esti-
mates of the variance components indicate that most
of the variability was associated with this factor (Table
15 56.75% for 300 pm and 53.21% for 425 pm mussels,
respectively, 38.56% for mussels underneath pads). As
in the case of barnacles, data for mussels on rock un-
derneath pads showed a pattern of less recruitment at
the innermost site within the north-facing bays, but no
apparent recruitment pattern in the two south-facing
bays (Fig. 2). Recruitment of both size classes of mus-
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sels in pads, although site specific, showed no clear
trend among sites within the four bays.

The recruitment of mussels did not differ overall
among bays (Table 1). In contrast to barnacles, the
recruitment of mussels tended to be greater in the north-
facing rather than south-facing bays. However, like the
analysis of barnacle data, the difference between north-
and south-facing bays was not significant (Table 1).

Recruitment of mussels on resin plates and of both
size classes sieved from the pads was significantly cor-
related at o = 0.05 (Spearman rank correlations; resin
plate vs. 425-pm mussels from pads, r = 0.741; resin
plate vs. 300-pm mussels from pads, r = 0.707). At
the site in Toothacher Cove, the recruitment density in
pads of 300- and 425-pm mussels was 3.28 and 3.47
individuals/cm?, respectively, and was approximately
twelve fold that on plates (0.28 individuals/cm?). At
the Mackerel Cove site, recruitment densities were
higher. Recruitment densities in pads for 300- and 425-
wm mussels was 17.70 and 17.39 individuals/cm?, re-
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spectively, and that on plates was 3.44 individuals/cm?
(approximately one-fifth that in pads). Across both sites
the recruitment per square centimeter in pads was ap-
proximately eight to nine times grcater than that on
plates.

DISCUSSION

Our results indicate that the size of the clearing and
the dispersal characteristics of propagules of each spe-
cies were of overriding importance in determining the
recruitment patterns in the mid-intertidal zone. In all
four species the density of recruits varied with the size
of the clearing. The specific pattern depended on
whether the taxon was uncommon (i.e., barnacles, mus-
sels, or Fucus) or common (i.e., Ascophyllum nodosum)
in the surrounding community, which was dominated
by Ascophyllum. Recruitment of barnacles and mussels,
whose larvae disperse long distances, was strongly site
specific probably due to current transport phenomena.
Fucus vesiculosus, whose eggs disperse relatively short
distances, also showed site specific recruitment, but
that was because of local abundance of adult plants. In
contrast, A. nodosum, whose eggs disperse short dis-
tances but was common at all sites, showed no signif-
icant variation among sites or bays.

The size of clearing and subsequent recruitment

As expected, A. nodosum recruited in large numbers
to uncleared control plots and 1-m clearings, but few
recruited to large clearings. In fact, recruitment den-
sities declined exponentially with increasing clearing
size. The same exponential rate of decline in recruit-
ment that we observed on flat surfaces and in grooves
of the tile suggest that grooves did not provide a refuge
from mortality. The pattern suggests that A. nodosum
is unlikely to recolonize very soon following relatively
large scale clearings (here, >2 m in diameter). Exper-
iments testing dispersal distances and germling sur-
vival of A. nodosum suggest that post-settlement pro-
cesses probably generate this pattern. The dispersal
range of zygotes exceeds the sizes of our clearings (S.
R. Dudgeon, J. E. Kiibler, W. Wright, R. L. Vadas, Sr.,
and P. S. Petraitis, unpublished manuscript), but germ-
ling mortality is extremely high within the first 3-4 mo
(S. Dudgeon, unpublished data), and successful re-
cruitment may be episodic (Vadas et al. 1990). If so,
A. nodosum would not even close patches slowly over
time by sexual recruits.

Well-known sources of fucoid germling mortality are
desiccation and/or heat stress, water motion, grazing,
and sweeping of canopy fronds (Vadas et al. 1992).
Our experiment cannot distinguish among these sourc-
es, but desiccation and heat stress most likely kill many
A. nodosum germlings in large clearings. We infer this
because desiccation and heat stress in large clearings
probably vary less across our sites than water motion
and grazer densities, which is consistent with little var-
iation in recruitment across clearing sizes in the dif-
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ferent bays. Germlings under canopies are usually pro-
tected from exposure during emersion, whercas those
in 4- or 8-m clearings are always exposed. For example,
a single such exposure often kills nearly 100% of |-
wk-old germlings of the fucoid Pelvetia fastigiata,
whereas nearly 100% of P. fastigiata germlings out-
planted at the same time underneath a canopy of adults
survive (Brawley and Johnson 1991). Water motion
may also be a factor. A. nodosum germlings are dis-
lodged easily by water motion (Vadas et al. 1990), and
to the extent that canopies of adult A. nodosum reduce
flow rates, germling survival under canopies in small
clearings also may be enhanced compared to that in
large clearings. Sweeping of A. nodosum canopy fronds
may kill many conspecific germlings, but presumably
extremely heavy settlement underneath parents com-
pensates for losses. Grazing may not influence the re-
cruitment pattern of fucoids in clearings. Littorina lit-
forea is by far the most abundant herbivore at our sites,
is highly mobile, and densities during spring are no
different among the differently sized clearings (P. S.
Petraitis, E. Carlson, and S. R. Dudgeon, unpublished
manuscript).

Unlike the pattern of A. nodosum, barnacles and the
rockweed F. vesiculosus recruited in greater numbers
to clearings >2 m in diameter than to smaller clearings.
In small clearings, the surrounding A. nodosum com-
munity may strongly affect the patch, whereas in large
clearings the edge community has little effect. A. no-
dosum probably inhibits recruitment to small patches
in two ways: (1) thalli impede access of propagules in
the water column to the substrate, and (2) thalli moving
in flow dislodge newly settled propagules. Canopy
sweeping is probably a significant source of mortality
of newly settled barnacle larvae and fucoid zygotes (as
well as A. nodosum) as has been shown repeatedly with
fucoid algae (Menge 1976, Vadas et al. 1992). The very
largest individuals of A. nodosum at our sites approach
2 min length, so sweeping is unlikely to kill propagules
~2 m from the edge community (i.e., =4 m diameter
clearings). The size of these thalli suggest that water
motion at these sites is too low to break the fronds. We
assume that the forces required to dislodge newly at-
tached barnacle cyprids and Fucus are less than that
required to break mature A. nodosum fronds. The forces
on these young propagules may be sufficient to dis-
lodge them even in slow flow if the mass of fronds
acting on them is great.

In addition, canopies of A. nodosum also harbor
predators of barnacles, including the gastropod Nucella
lapillus and the green crab Carcinus maenas. N. la-
pillus consumes more mussels in small (<2 m in di-
ameter) compared to large clearings (Petraitis and Dud-
geon 1999) and may prey on barnacle recruits in the
differently sized clearings in a similar fashion. Data on
barnacle mortality is consistent with this hypothesis (P,
S. Petraitis, E. Carlson, and S. R. Dudgeon, unpub-
lished manuscript). Thus, we suggest that mortality
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from canopy sweeping and predation decrease with an
increase in the size of clearing and underlie the re-
cruitment patterns of barnacles and F. vesiculosus.

Post-settlement processes affecting germlings of A.
nodosum arc the same as those affecting F. vesiculosus
and barnacles, yet the recruitment patterns differ. What
underlies the differences? We suspect that it reflects
very different settlement patterns in the two cases.
Whercas in A. nodosum many more zygotes settle un-
derneath parents than further away (R. L. Vadas, Sr.,
and S. Dudgeon, unpublished data), access to available
space in uncleared areas or small clearings for barnacle
larvae and Fucus zygotes is probably impeded by the
Ascophyllum canopy. Moreover, predation on barnacles
may be scale dependent, but grazing of algal germlings
by Littorina littorea appears not to be.

Recruitment of Mytilus edulis to pads was greater in
small than in large clearings and was punctuated by
two step-like transitions. The first occurred between
the 1 and 2 m diameter clearings and the second oc-
curred between the 2 and 4 m diameter clearings. Both
size classes of recruits (300-425 pm and >425 m)
appeared to exhibit this pattern, however, in the smaller
size class, the first step is not well supported statisti-
cally. The concordant patterns of the two size classes
suggests that the larger mussels are older (i.e., recruited
earlier in the summer). Comparisons of recruitment on
plates between years (this study and those reported in
Petraitis 1991) at two sites indicate that recruitment in
1997 was well within the range reported for five pre-
vious years (1984-1988).

Greater recruitment of mussels in small clearings
was contrary to the expected pattern. We expected
greater recruitment in large clearings because of lower
rates of predation on settlers, as occurs in the case of
adult mussels (see Petraitis and Dudgeon 1999) and the
lack of dislodgement by canopy sweeping. Instead, the
observed pattern suggests greater settlement of mussels
and/or enhanced survivorship in uncleared areas and
small clearings compared to that in large clearings. This
result is probably part real and part artifact of using
pads. On one hand, greater settlement in habitats with
algae (i.e., uncleared areas or small clearings) is con-
sistent with the known settlement behavior of M. edulis.
Mussels recruit to habitats via two settlement events:
primary and secondary settlement (Bayne 1964). In the
primary event, larvae settling from the water column
to the benthos are attracted to algal turfs and often
densely settle in and around algal stands (Bayne 1964).
In secondary settlement, juvenile mussels relocate from
the initial site to another site. Fibrous pads may en-
hance settlement by mimicking algal turfs and, given
the sizes of these mussels (~300-425 um), these data
probably represent primary recruitment. Moreover,
mortality rates of recruits may be lower in uncleared
areas compared to that in clearings because of protec-
tion from dehydration and thermal stress during emer-
sion by the overlying algal canopy (Petraitis and Dud-
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geon 1999). On the other hand, recruits in the pads
probably were protected from dislodgement by canopy
sweeping and predators more than were recruits to a
rock surface. Pads may mimic important cues that en-
hance larval settlement of mussels, but they may also
artificially reduce post-settlement mortality of recruits
compared to that on rock. The recruitment of mussels
on pads vs. plates that mimic a barnacle-covered rock
surface is consistent with this hypothesis: recruitment
per square centimeter on pads was on average eight to
nine times that on the adjacent paired plate.

In contrast to pads, mussel recruits on the rock un-
derneath the pads were marginally, but not signifi-
cantly, more abundant in large (>290 m?) than in small
clearings (<50 m?). These recruits, easily counted in
situ with a hand lens, tended to be larger (>500 pm)
than those in pads and may represcnt secondary settlers
that moved down through the pad and attached to rock.
We acknowledge that these data contain artifacts in the
context of interpretation as mussels on rock (the best
test for our hypothesis) as they are recruits to rock with
an overlying pad to protect them from predation, ex-
posure, and canopy sweeping. However, we feel this
interpretation is a conservative one in the context of
our hypothesis for the following reasons: (1) the artifact
of the overlying pad is to reduce mortality due to can-
opy sweeping and predation more in small clearings
than in large ones, and (2) although pads protect re-
cruits in clearings from exposure, mortality due to ex-
posure is the same in clearings of all sizes (see Petraitis
and Dudgeon 1999). Removing these artifacts presum-
ably would provide stronger support for our hypothe-
sized pattern of greater mussel recruitment in large
clearings.

The difference in recruitment onto pads vs. rock sur-
faces bears further attention in the context of scale-
dependent recruitment and community divergence. If
the data from pads and underneath pads reflect primary
and secondary recruitment patterns, respectively, at all,
the contrast between them is illuminating. In either
case, mussel recruitment appears to depend on spatial
scale, but for different reasons. Greater recruitment to
pads in uncleared areas and small clearings may reflect
settlement preference for algal-dominated habitats over
clearings. If recruitment to natural rock surfaces is in-
deed greater in large clearings, then it suggests that
either (or both) migration or scale-dependent mortality
during secondary settlement annihilate the primary set-
tlement pattern. In order for a divergent community of
mussels to develop scale-dependent mortality that fa-
vors individuals in large clearings must prevail.

Neither the recruitment of mussels in pads or un-
derneath pads was correlated with sediment accumu-
lation in plots. Moreover, no correlation was evident
between sediment accumulation and clearing size.
Whatever hydrodynamic changes occurred following
canopy removal they were insufficient to differentially
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affect sedimentation and hence, mussel recruitment, in
the differently sized clearings.

Dispersal potential and site-specific recruitment

The contrasting recruitment patterns of the two fu-
coid algae merits further attention in the context of their
dispersal capabilities. Dispersal of fucoid zygotes typ-
ically shows a negative exponential function. Because
of this, we expected that recruitment of A. nodosum
would vary with spatial scale. Indeed, recruitment of
A. nodosum in clearings reflects such a pattern, though
it declines more steeply than the dispersal shadow (S.
R. Dudgeon, J. E. Kiibler, W. Wright, R. L. Vadas, Sr.,
and P S. Petraitis, unpublished manuscript) implying
heavy post-settlement mortality in clearings. We did
not expect recruitment to vary among sites because we
chose sites in which A. nodosum was very abundant,
and recruitment of A. nodosum did not vary among
sites within bays, which is consistent with local limited
dispersal of zygotes.

Recruitment of F. vesiculosus, on the other hand,
varied significantly from site to site, and the pattern of
recruitment in clearings bears no relation to a typical
dispersal shadow. These results, however, are not sur-
prising given that (1) we did not control for the abun-
dance of F. vesiculosus at the different sites, (2) we do
not know the source thalli of recruited zygotes, and (3)
differential post-settlement mortality across clearing
sizes could blur the initial pattern of dispersal. One
observation suggests source populations could be ex-
tremely important for Fucus recruitment. The single
outlier, which was anomalously high, coincided with a
nearby dense patch of adult thalli.

Recruitment of both Semibalanus balanoides and M.
edulis was strongly site specific. We did not expect
site-specific recruitment of barnacles and mussels be-
cause both have pelagic larvae that spend several weeks
in the plankton and disperse widely, and recruitment
is often unrelated to local abundance (e.g., Gaines and
Roughgarden 1985). Nevertheless, our finding of site
specificity is not too surprising since recruitment of
barnacles and mussels elsewhere has been shown to be
site specific (Caffey 1985, Raimondi 1990, Petraitis
1991).

More interesting is the possibility that recruitment
of barnacles and mussels on Swans Island may differ
among sites due to their relative location within bays.
Such variation has been documented elsewhere (South-
ward and Crisp 1956, Kautsky 1982, Caffey 1985,
Gaines and Roughgarden 1985). Our data suggest bar-
nacle and mussel recruitment in the two north-facing
bays was less at the innermost sites than at sites nearer
the mouth. This may reflect either less larval settle-
ment, higher early post-settlement mortality, or both at
sites further back in bays. In contrast, no clear trend
in recruitment was evident for either species within
south-facing bays. We suspect that the recruitment dif-
ferences between north- and south-facing bays and
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among sites within bays reflect differences in larval
flux associated with transport phenomena since similar
cases have been reported elsewhere (Gaines and Bert-
ness 1993, Leonard et al. 1998).

The large variance components for residuals suggests
that in addition to variation in recruitment among sites
within bays, variable recruitment may occur on the
smaller spatial scale within sites as well (e.g., for bar-
nacles, the error variance component = 70.8% which
reflects variation on the scale of ~75-100 m). For ex-
ample, at one site (Dick’s) the two western most plots
had the highest barnacle recruitment (231 and 132 re-
cruits per plate, respectively, from west to east), where-
as the three remaining plots to the east were recessed
in a small cove and had few recruits (1, 6, and 26
recruits per plate, respectively, from west to east).
Again, this may reflect variation in larval flux (Gaines
and Bertness 1993, Leonard et al. 1998), but on a small-
er spatial scale.

Implications for community development

Succession on rocky shores in the northwest Atlantic
commences most often during spring following severe
winter storms or ice scour events (e.g., Mathieson et
al. 1982, Wethey 1985, Witman 1987, McCook and
Chapman 1991). At our sites on sheltered shores in the
Gulf of Maine, ice scour events that clear space prob-
ably occur infrequently as suggested by the size and
persistence of rockweed stands. Nevertheless, when
they occur, barnacles, which recruit from March
through May, are among the earliest colonizers of clear-
ings. Barnacles may play a pivotal role during succes-
sion because they facilitate recruitment of each of the
three foundation species (A. nodosum, F. vesiculosus,
and M. edulis) that can potentially dominate a clearing
late in succession (Menge 1976, Petraitis 1987, 1990;
R. L. Vadas, St., unpublished data). Thus, clearings on
sheltered shores may be colonized early by barnacles,
but could later be occupied either by communities dom-
inated by A. nodosum, F. vesiculosus, or M. edulis.

Our experiment investigating recruitment into clear-
ings within A. nodosum stands by barnacles and each
potential dominant species shows that (1) clearing size
affects subsequent patterns of recruitment, (2) the re-
spective scale-dependent recruitment pattern of each
species did not differ significantly from bay to bay, and
(3) recruitment of barnacles, F. vesiculosus, and mus-
sels varied site specifically. These results have two im-
plications for the development of communities on shel-
tered rocky shores in New England. First, the starting
point and initial trajectory of succession is contingent
upon the size of the clearing. Thus, in large clearings
A. nodosum does poorly, but barnacles, mussels, and
F. vesiculosus do well. Second, site-specific variation
in recruitment implies that the rate of succession varies
from place to place.

Succession, however, is not strictly a function of the
recruitment imprint in clearings. Post-settlement pro-
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cesses reinforce the recruitment pattern in the case of
barnacles and override the recruitment pattern in the
case of mussels. Predation pressure is high on barnacles
and mussels by Nucella lapillus and Carcinus maenas
underneath A. nodosum canopies or in small clearings,
but low in large clearings (Leonard et al. 1998, Petraitis
and Dudgeon 1999; P. S. Petraitis, E. Carlson, and S.
R. Dudgeon, unpublished manuscript).

Small clearings (=2 m) will likely revert to an A.
nodosum canopy. In these clearings, few barnacles or
F. vesiculosus recruit, although some mussels do. Few
of any of these species have persisted in these clearings.
In small clearings recruitment of A. nodosum is greater
and mortality rates of germlings are lower than in large
clearings (S. Dudgeon, unpublished data). The con-
vergence of these small clearings towards the surround-
ing community is consistent with successional trajec-
tories of small patches studied elsewhere (Paine and
Levin 1981, Sousa 1984, Berlow 1997, Chapman and
Underwood 1998).

By contrast, the dynamics of large clearings (4 and
8 m diameter) are less predictable. We suggest that they
may continue diverging from the surrounding A. no-
dosum community. Two alternative assemblages seem
likely; one dominated by barnacles and mussels or one
dominated by F. vesiculosus. Barnacles, mussels, and
F. vesiculosus all recruit and survive well thereafter in
large clearings within A. nodosum stands (Petraitis and
Dudgeon 1999; P. S. Petraitis, E. Carlson, and S. R.
Dudgeon, unpublished manuscript). Once established,
each of these assemblages usually persists. Indeed,
some of our large clearings already have been taken
over by F. vesiculosus and barnacles, and the densities
of mussels are increasing in others.

Although possible, it seems unlikely that large clear-
ings will converge towards the surrounding A. nodosum
community for several reasons. First, there is no clear
evidence showing that any of these late successional
stages can be replaced by the others through compe-
tition (McCook and Chapman 1991, 1993). Thus, ear-
lier establishment of either of the other two assem-
blages should inhibit colonization by A. nodosum, ne-
cessitating further disturbance. Second, successful re-
cruitment of A. nodosum appears episodic (Vadas et al.
1990). Third, survival of A. nodosum germlings in large
clearings is poor (S. Dudgeon, unpublished data).

The dispersal and recruitment characteristics of these
species, particularly the short distances that A. nodos-
um recruits, begs the question of what keeps Asco-
phyllum communities from local extinction and mus-
sels or Fucus from dominating at all sites. We suggest,
as have others (e.g., Aberg 1992), that A. nodosum has
great longevity. Disturbances large enough to cause a
switch from A. nodosum to another assemblage are very
rare, but they do occur. These instances of rare distur-
bances with a high probability of a switch from As-
cophyllum are balanced by frequent disturbances of
sufficient magnitude to mussel and Fucus beds, but a
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very low probability per event of a switch to Asco-
phyllum. A. nodosum can disperse long distances via
rafting of detached, fertile fronds (e.g., from ice scour).
Free-floating rafts of fertile fronds are common. More-
over, those that are deposited on mussels in the inter-
tidal zone often become attached by the mussel’s byssal
threads and release gametes (S. Dudgeon, personal ob-
servation). This may be the mechanism by which new
A. nodosum communities arise.

Our data imply that a single site may switch from
an Ascophyllum stand to another assemblage at a crit-
ical clearing size. As such, it suggests evidence for
mechanisms underlying the origin of alternative rock-
weed or barnacle-mussel communities on sheltered
rocky shores (Petraitis and Latham 1999). Theory pre-
dicts that transitions between alternative states occur
at critical thresholds (Noy-Meir 1975, May 1977,
Knowlton 1992). Most of our experimental evidence
is consistent with theoretical predictions. Patterns of
both recruitment (for barnacles and Fucus) and post-
recruitment mortality (for mussels and barnacles; Pe-
traitis and Dudgeon 1999; P. S. Petraitis, E. Carlson,
and S. R. Dudgeon, unpublished manuscript) show
threshold responses at a critical clearing size of ~4 m
in diameter.

Our data address the issue of the origin of alternative
states, but they say nothing about the maintenance, or
stability, of those states (see Connell and Sousa 1983,
Sousa and Connell 1985). We know of no experimental
data that has tested the stability of any of these assem-
blages in any habitat. However, the resilience of My-
tilus (Lubchenco and Menge 1978) and Fucus (Min-
chinton et al. 1997) communities to storms and/or sea
ice and Ascophyllum to ice damage (Mathieson et al.
1982, /okberg 1992) suggests it is a plausible hypothesis
worthy of testing. In addition to experiments demon-
strating the stability of these three communities to per-
turbations, evidence showing that rockweeds can be-
come established and persist in former mussel beds is
needed to demonstrate that these assemblages represent
alternative states rather than successional features of
communities driven by site-specific differences. Ex-
periments testing these hypotheses are in progress.

Both rockweeds and mussels live in a broad range
of intertidal habitats. Exposed sites, where barnacle—
mussel beds often dominate, are not suitable environ-
ments for A. nodosum (Vadas et al. 1990). Conversely,
barnacle—mussel beds may not successfully establish
themselves at estuarine sites where A. nodosum pre-
dominates (Leonard et al. 1998). At some sheltered
sites, either assemblage, or one dominated by F. ves-
iculosus, may persist, but which one appears contingent
upon history at each site. The fact that sheltered sites
are suitable for any of three assemblages, but is only
a subset of the broader range of environments occupied
by each, blinds us from recognizing alternative states
in environments where they may, in fact, exist. This
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added complexity makes the detection of alternative
states even more challenging, but no less critical.
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