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ABSTRACT: Variation in settlement and recruitment of the barnacle Semibalanus balanoides (L.} was
experimentally investigated in the high, mid and low intertidal zones at 2 adjacent sites (A and B) on a
rocky shore in Nova Scotia, Canada, following a rare occurrence of ice-scouring. Manipulations 1n
100 cm? quadrats at each intertidal height involved removal of various components of the sessile
macrofauna and macroflora, removal of the total community and a control treatment. The availability
of free space on the substratum in each quadrat was measured prior to the onset of settlement to
determine whether differences in the density of barnacles among treatments were due to differences
in the availability of free space or to manipulation. Where the density of settlers was high, it was
positively related to the availability of free space suggesting that settlement was a simple function of
the availability of free space. However, the pattern of settlement varied from the onset to the end of
settlement: quadrats from which only barnacles had been removed were occupied early in the settle-
ment period and later-arriving larvae were restricted to less favourable sites where free space was
available. Thus, settlement preferences may be masked when the supply of larvae is saturating or the
duration of the selction experiment is too long. Where the density of settlers was low and free space was
non-limiting, there was no relationship between the density of settlers and the availability of free space.
In the high intertidal zone at Site A, the density of settlers was greater in treaiments with ephemeral
algae (wetter quadrats) than in those without (drier quadrats). In general, early post-settiement mortal-
ity in treatments where algae had been removed increased with intertidal height, whereas in treat-
ments where algae were present it remained relatively constant among heights. Post-recruitment
mortality did not differ significantly among treatments in the high intertidal zone, suggesting that
factors which influence selection of the substratum by cyprid larvae and promote early post-settlement
survival may be particularly important in determining subsequent population structure of barnacles in
this zone. Post-recruitment mortality, mainly due to predation by whelks, was highest in the low inter-
tidal zone at both sites and did not differ significantly between treatments. In the mid intertidal zone at
Site B, whelk foraging appeared to be constrained by desiccation stress and post-recruitment mortality
was highest in treatments with Fucus spp. Where predation is intense, initial selection of the substra-
tum by cyprid larvae may have little effect on the subsequent population structure of barnacles.

INTRODUCTION

Although not a novel idea (see Young 1987), recent
studies have emphasized larval settlement as a key de-
terminant of the population structure of adult sessile
marine invertebrates (Grosberg 1982, Yoshioka 1982,
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Underwood & Denley 1984, Caffey 1985, Connell 1985,
Gaines & Roughgarden 1985, Roughgarden et al. 1985,
1987, Bushek 1988, Davis 1988, Underwood & Fair-
weather 1989). Settlement occurs when a planktonic
larva permanently attaches to the substratum (Keough
& Downes 1982, Connell 1985); it is a function of the
supply of planktonic larvae to an area, the behavioural
and physical processes which bring the larvae into
contact with the substratum and the availability of
suitable sites for settlement. Subsequently, agents of
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mortality affect the distribution and abundance of
recently settled individuals and determine the popula-
tion structure of adults.

Factors influencing settlement of barnacle larvae
have been studied extensively. In the water column,
larval abundance and age may inhibit settlement
(Knight-Jones 1953, Crisp & Meadows 1963, Crisp
1974, Lewis 1978) or alter selection of the substratum
(Ritschoff et al. 1984). Near the substratum, local
hydrodynamics (eddy currents, shear stress) may
affect the settlement of cyprid larvae (Walton-Smith
1946, Crisp 1955, Wethey 1986, Mullineaux & Butman
1991). A rapid increase in light intensity causes a sink-
ing reaction in cyprid larvae (Crisp & Ritz 1973). On the
substratum, surface contour and microheterogeneity,
rock type, organic films and resident flora may influ-
ence settlement (Crisp & Barnes 1954, Barnes 1955,
Crisp 1961, 1974, Crisp & Meadows 1963, Strathmann
& Branscomb 1979, Hudon & Bourget 1981, Strath-
mann et al. 1981, Hudon et al. 1983, Wethey 1986,
Chabot & Bourget 1988, Le Tourneux & Bourget 1988,
Maki et al. 1988, Raimondi 1988a). Conspecifics (and
their chemical attractants) promote a gregarious settle-
ment response of cyprid larvae (Knight-Jones 1953,
Knight-Jones & Crisp 1953, Crisp 1955, Crisp &
Meadows 1962, Luckens 1970, Larman & Gabbott
1975, Wethey 1984, Chabot & Bourget 1988, Raimondi
1988b). The resident macrobenthic community may
directly prevent settlement via obstruction by algae
(e.g. whiplash effects) (Pyefinch 1948, Menge 1976,
Grant 1977, Hawkins 1983, Petraitis 1983), bulldozing
by herbivores (Dayton 1971, Denley & Underwood
1979, Petraitis 1983), filtration of planktonic larvae
(Barnes 1959, Mileikovsky 1974) or by pre-empting
space (Denley & Underwood 1979, Gaines & Rough-
garden 1985, Chabot & Bourget 1988).

The factors mediating selection of the substratum by
barnacles have been determined mainly from labora-
tory experiments in which it is relatively simple to test
the response of cyprids to isolated settlement cues.
Extrapolation of such studies to the field is unlikely to
be successful. Under natural conditions, factors indu-
cing settlement act in combination and their degree of
influence in time and space is variable (Hudon et al.
1983). Given this predicament, how can the important
components of settlement dynamics be resolved in the
field so that the distribution and abundance of settlers
and adults can be predicted from observations on
shore and in the adjacent water column?

Hudon et al. (1983) and Le Tourneux & Bourget
(1988) took a detailed analytical approach relating the
settlement of barnacles in the field to a combination of
potential physical and biological cues. Alternatively,
Gaines & Roughgarden (1985) and Roughgarden et al.
(1985) viewed the settlement of barnacles synthetically

as a mass action process in which settlement is a
simple function of the availability of free space
adjusted for such factors as planktonic larval supply,
site immersion time and average bulk flow over the
substratum.

In this study, we sought to combine both these
approaches in examining settlement of the barnacle
Semibalanus balanoides (L.) in a developing rocky
intertidal community in Nova Scotia. The objectives
of the study were: (1) to examine the relationship
between the density of settlers and the availability of
free space on the substratum at 3 intertidal heights;
(2) to relate vamnation in densities of settlers and bar-
nacles surviving 3.5 mo after the main period of settle-
ment to manipulations of the dominant sessile macro-
fauna and macroflora at each intertidal height; (3) to
examine if, and how, selection by larvae for the various
manipulated substrata changes from the onset to the
end of settlement; and (4) to compare rates of early
post-settlement and post-recruitment mortality among
treatments within and among intertidal heights. By
accounting for the availability of free space in each
quadrat at the onset of settlement, significant differ-
ences among treatments will refute the claim that
settlement is a simple function of the availability of free
space and show the factors which enhance or inhibit
settlement and determine adult population structure.

METHODS

Study site and organism. The study was conducted
from March to September 1988 on an exposed ice-
scoured rocky shore at Sandy Cove, Nova Scotia,
Canada (44°28'06" N, 63°33'33" W) (Fig. 1). In late
March to early April 1987 an anomalous occurrence of
ice-scouring denuded this and other exposed rocky
intertidal shores along the Atlantic coast of Nova Scotia
near Halifax (see Minchinton & Scheibling 1991 for
more details). At Sandy Cove, the intertidal macrofauna
before the ice scour included barnacles (Semibalanus
balanoides), mussels (Mpytilus edulis), herbivorous
gastropods, (Littorina littorea, L. obtusata, L. saxatilis,
Lacuna vincta and Notoacmaea testudinalis), predatory
gastropods (Nucella lapillus), amphipods and isopods.
The intertidal macroalgae consisted of rockweeds
(Fucus evanescens, F. vesiculosus, F. spiralis, F. dis-
tichus and Ascophyllum nodosum), Irish moss (Chon-
drus crispus), a fleshy red algal crust (Hildenbrandia
rubra) and various ephemeral annual species. After the
ice scour, all that remained were isolated Fucus spp.
holdfasts, a few barnacles in the high intertidal zone,
and some crevice-dwelling macrofauna. More protected
sites near the study area were left partially or fully intact
depending on their degree of exposure.
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are brooded by adults of S. bal-
anoides until late February to early
March when hatched nauplius

larvae are first released into the

OvVA SCOTIA water (Boustield 1953). Planktonic
NOVA

100 km nauplii develop through 6 instars

into competent, non-feeding cyprid
larvae which settle and attach per-
manently on shore from mid-April
to early June. In 1988, recently
settled cyprids were first observed
on 22 April and last observed on
12 August. The main period of bar-
nacle settlement was from 26 April
to 15 June (Minchinton & Scheib-
ling 1991).

Experimental design. The major
components of the macrobenthic
Sm community at each intertidal height
were manipulated in 10 x 10 cm
quadrats. Treatments included:
mussel (Mytilus edulis) removal,
barnacle (Semibalanus balanoides)
removal, ephemeral algae removal,

X HALIFAX

Y SANDY COVE INTERTIDAL

ZONE

Fig. 1. Location of study sites at Sandy Cove, Nova Scotia, Canada

The shoreline at Sandy Cove consists of gradually Fucus spp. removal and total community removal. There
sloping granite platforms with narrow crevices and was one control treatment at each intertidal height
large rock outcrops. Two study sites (A and B) were where the natural community was undisturbed. Since
chosen in this area, approximately 25 m apart and with not all components of the community were present (or
the same aspect (Fig. 1). Site B is seaward of Site A, manipulated) at each height the number of treatments
and somewhat more exposed to wave action and storm differed among heights at each site (Table 1). There
swell. Waves usually pass by Site B before reaching were usually 6 (5 in the mid and low zones at Site B)
Site A. Site A is protected from the south by Site B and replicates per treatment arranged in a randomized
from the west by rock outcroppings at the seaward block design in the high, mid and low intertidal zones at
limit of the intertidal zone. Sites A and B. The blocks were 1.5 m long by 1 m wide

Semibalanus balanoides is a dominant sessile inver- and extended alongshore at each intertidal height. One
tebrate along the rocky intertidal shores of Nova Scotia replicate per treatment was randomly assigned to the
(Bousfield 1953). Before the ice scour, barnacles were fixed quadrats in each block. All quadrats were spaced
present in the high and mid intertidal zones at both at least 10 cm apart and marked with screws fitted into
sites (R. E. Scheibling & A. R. O, Chapman unpubl. plastic wedge anchors placed in drill holes.
data), but absent from the low zone at Site B. There are The treatments were initiated in March and April
no data available for the low zone at Site A. After the 1988, prior to the onset of settlement by cyprids.
ice scour, barnacles settled throughout the intertidal Barnacles were removed by prying them off the rock
zone at both sites. Typically, autumn-fertilized eggs with a scalpel blade, mussels by using forceps, fucoids

Table 1. Manipulations in the high, mid and low intertidal zones at Sites A and B at Sandy Cove

Treatment Site A Site B
High Zone Mid Zone Low Zone High Zone Mid Zone Low Zone
Total community removal (T) X X X x X X
Mussel removal (M) X x
Barnacle removal (B) X X X X
Ephemeral algae removal (E) X X X X X
Fucus spp. removal (F) X x X X
Control (natural community) (C) X X X X X X
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by sliding a scalpel blade under the base of the hold-
fast and ephemeral algae by using forceps and gently
brushing the substratum with a toothbrush and re-
peated rinsing (the latter treatment likely removed
some of the microbial film). The total community was
removed with a paint scraper and wire brush and the
substratum was burned with a propane torch and
brushed again to remove any remaining films or crusts,
which simulated ice scour. After the onset of barnacle
settlement, mussels, ephemeral algae and Fucus spp.
that settled in quadrats were carefully removed from
the appropriate treatments using a scalpel and forceps
so as not to disturb recently settled barnacles. The new
cohort of barnacles was not removed from any treat-
ment.

Density of settlers. The density of metamorphosed
barnacles and cyprids was measured in each quadrat
on 6 dates from the onset of settlement until the end
of the main period of settlement (22 April, 27 April,
10 May, 23 May, 6 June, and 15 June) and on 2 sub-
sequent dates (1 August and 27 September). The low
intertidal zone at Site B was frequently inaccessible at
low tide and could not be adequately monitored for
settlement. The density of settlers on each quadrat was
calculated as the sum of increases in the number of
metamorphosed individuals plus cyprids between
successive sampling dates from the onset of settlement
until the end of the main period of settlement. We
recognize that the density of settlers, and therefore,
early post-settlement mortality, may be underesti-
mated at these sampling frequencies (5 to 14 d). In this
paper, we use the term ‘settlement’ or ‘settler’ to
describe the patterns of arrival of barnacles or esti-
mates of density made from the onset of settlement
until the end of the main period of settlement and the
term ‘recruitment’ to describe estimates of density of
barnacles made at any other time after the main period
of settlement, while specifying the date when the
estimate was made.

At Sandy Cove, Semibalanus balanoides almost
invariably settled on 'free space’, i.e. substratum not
occupied by dead or alive sessile macrofauna or algal
holdfasts, but possibly covered by microbial films or
algal crusts. The few individuals that settled on macro-
fauna or fronds of Fucus spp. were not included in
analyses. A 100 cm? plastic plate with 30 randomly
located 3 mm holes was placed over each quadrat and
the number of holes overlying free space gave an esti-
mate of the percentage of free space in that quadrat. In
order to determine what part of the differences in den-
sity of barnacles between treatments was attributable
to differences in the composition of species on the
substratum rather than the availability of free space,
densities of barnacles were standardized for the avail-
ability of free space. This standardization was done by

dividing the density of barnacles on each quadrat by
the percentage of free space in that quadrat at the
onset of settlement.

The relationship between the density of settlers and
the availability of free space at the onset of settlement
was determined by using data from quadrats of all
treatments at each intertidal height. However, because
the density of settlers varied between blocks at a given
intertidal height, the density of settlers on each
quadrat was standardized for differences in settlement
between blocks before relating it to the availability of
free space. This standardization was done by dividing
the density of settlers on each quadrat within a block
by the sum of the densities of settlers on all quadrats in
that block and is termed relative settler density.

Patterns of settlement. To determine if selection by
larvae for the various manipulated substrata changed
from the onset to the end of settlement, the rate of
settlement on each quadrat was calculated for each of
the 5 time intervals from 22 April to 15 June. The rate
of settlement was calculated as the increase in the
number of metamorphosed individuals plus cyprids
between successive sampling dates divided by the
number of days between successive sampling dates.
The rate of settlement in each quadrat for each time
interval was standardized for the availability of free
space in that quadrat at the beginning of the interval.
Change in availability of free space for each time
interval was determined by the product of the change
in availability of free space due to barnacle settle-
ment from 22 April to 15 June and the proportion of
the density of barnacles settling during each time
interval relative to the density of settlers from 22
April to 15 June. Settling barnacles accounted for
most of the change in availability of free space during
this time.

Recruitment and mortality. Early post-settlement
mortality for each quadrat was estimated as the differ-
ence between the density of seftlers (as defined in
‘Density of settlers’) and the number of barnacles
surviving at the end of the main period of settlement
(15 June) expressed as a percentage of the density of
settlers. Post-recruitment mortality for each quadrat
was estimated as the difference between the greatest
density of barnacles (15 June or 1 August) and the
number of barnacles surviving on 27 September
expressed as a percentage of the greatest density of
barnacles.

Data analysis. Densities of barnacles were log (x+1}
transformed and percentage mortality data were
arcsine transformed prior to analysis of variance
(ANOVA). To improve the arcsine transformation at
the extreme ends of the range, 0 (0/n) and 100 (n/n)
% mortality estimates were replaced by 1/(4n) and
1 - 1/(4n) respectively, where n = the density of set-
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tlers or barnacles on 15 June or 1 August (Zar 1984).
This correction prior to transformation was performed
to offset inflated or underestimated mortality esti-
mates which can occur in quadrats with only few bar-
nacles. Because there was only 1 replicate of each
treatment in each block, Tukey's test for nonadditivity
was done prior to ANOVA to test the assumption of no
interaction of the main effects. Nonadditivity was
detected in only 3 cases, each for the rate of settle-
ment in the high intertidal zone for some time inter-
vals during the first half of the settlement period. In
these cases, there was a relatively fast rate of settle-
ment in 1 or 2 treatments and very little or no settle-
ment in the others (see Fig. 2a). ANOVA was not done
in these cases.

Separate 2-way ANOVAs (block, treatment) were
used to test the null hypothesis of equality among
treatment means for the density of settlers, the
density of barnacles on 27 September, early post-
settlement mortality, post-recruitment mortality and
the rate of settlement for each time interval in the
high, mid and low intertidal zones at Sites A and B.
Student-Newman-Keuls (SNK) multiple comparisons
were used to detect significant differences among
treatment means after ANOVA. The null hypothesis
was rejected for p<0.05 in all cases (ANOVA and
SNK). F- and p-values given in the text refer to the
results of ANOVA. Linear regression was used to
examine the relationship between relative settler
density and the availability of free space on the sub-
stratum.
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RESULTS
Patterns of settlement

Mean rates of barnacle settlement in each treatment
from the onset of settlement until the end of the main
period of settlement are presented in Fig. 2 for each
intertidal height at each site (except the low intertidal
zone at Site B). In the high intertidal zone at Site A, the
pattern of settlement among treatments was generally
consistent over time (Fig. 2a). Settlement rates in treat-
ments with ephemeral algae were greater than those
in treatments in which ephemeral algae had been
removed. At the end of the main period of settlement,
the settlement rate was significantly greater in the
undisturbed control treatment in the high zone at Site
A than in treatments in which ephemeral algae had
been removed (F = 4.8, p<0.05) (Fig. 2a). In the high
zone at Site B, the rate of settlement was not signifi-
cantly different among treatments at any time, but was
much greater in the treatment in which Fucus spp. had
been removed than in all other treatments at the end of
the main period of settlement (Fig. 2a). Thus, even at
these low densities of settlers, by the end of the main
period of settlement, there was evidence of selection
by cyprids among treatments.

In the mid intertidal zone at Site A, the overall rate of
settlement for all treatments combined declined over
the main settlement period (Fig. 2b). At the onset of the
settlement period (22 to 27 April), the rate of settlement
was significantly greater in all other treatments than in

¢. Low Zone
Site A

Control (natural community) o

Total community removal
Ephemeral algae removal
Fucus spp removal
Bamacle removal

Mussel removal

11 18 25 1 8 IS
May Jun

Fig. 2. Semibalanus balanoides. Mean rate of settlement (ind. 100 cm™ d~') for 5 time intervals from the onset of settlement

(22 April) to the end of the main period of settlement (15 June) in 1988, in treatments in the (a) high and (b) mid intertidal zones

at Sites A and B and (c) low intertidal zone at Site A. Note differences in scale on y-axes. Rates are plotted at the mid points of
each interval
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the one in which the total community had been re-
moved (F=4.9, p<0.01) (Fig. 2b). From 10 to 23 May,
the rate of settlement in the treatment in which bar-
nacles or fucoids had been removed was significantly
greater than in the treatment in which the total com-
munity had been removed (F = 3.6, p<0.05). After
23 May, however, the rate of settlement in the mid
zone at Site A was low and not significantly different
between treatments. In the mid zone at Site B, the
overall rate of settlement for all treatments combined
was an order of magnitude less than in the mid zone at
Site A (Fig. 2b). In this zone, the rate of settlement in
the control treatment was significantly higher than in
most other treatments after 23 May (p<0.01 for both
time intervals after 23 May) (Fig. 2b).

The pattern of settlement among treatments in the
low zone at Site A, the zone of greatest settlement,
varied from the onset of settlement to the end of the
main period of settlement and the overall rate of settle-
ment for all treatments combined declined (Fig. 2c). At
the onset of the settlement period (22 to 27 April), the
settlement rate was significantly lower in treatments in
which the total community had been removed than in
all other treatments (F= 5.8, p<0.01) and, as in the mid
zone at Site A, was greatest in the treatment in which
barnacles had been removed (Fig. 2b, c). By the end of
the main period of settlement (6 to 15 June), however,
there had been a complete reversal of conditions: the

rate of settlement was significantly greater in the treat-
ment in which the total community had been removed
than in the control treatment or treatments in which
only barnacles or ephemeral algae had been removed
(F=4.9, p<0.01) (Fig. 2c¢).

Density of settlers

The density of settlers refers to the cumulative num-
ber of metamorphosed individuals plus cyprids that
settled in a quadrat from the onset of settlement until
the end of the main period of settlement standardized
for the availability of free on the substratum prior to the
onset of settlement (see Table 2). At Site A, the density
of settlers in the natural community relative to the den-
sity of settlers in any other treatment within each zone
increased with intertidal height, whereas the density
of settlers in treatments in which ephemeral algae had
been removed relative to the density of settlers in any
other treatment within each zone decreased with inter-
tidal height (Table 2).

In the high intertidal zone at Site A, the density of
settlers was significantly greater in treatments with
ephemeral algae than in treatments in which ephemeral
algae had been removed (F=10.4, p<0.001) (Table 2).
Similarly, in the high zone at Site B, the density of
settlers was large in the treatment in which Fucus spp.

Table 2. Mean (£ SE) density of barnacle settlers, density of barnacles on 27 September (158 d after the onset of settlement on

22 April), and % free space available on the substratum prior to the onset of settlement in 6 (5 in the mid and low zone at Site B}

100 cm? quadrats for each treatment in the high, mid and low intertidal zones at Sites A and B. Barnacle densities have been

standardized for the availability of free space on the substratum prior to the onset of settlement. A rough estimate of unstan-

dardized (actual) barnacle densities can be obtained by multiplying the mean density for any treatment by the mean % free
space for that treatment. *No such treatment at that intertidal height; ND: no data for that treatment

Treatment Site A Site B
Settlers 27 Sep Free space Settlers 27 Sep Freespace
High zone
Total community removal 0.3+02 0.7+02 100.0£0.0 32+1.1 23209 100.0+0.0
Barnacle removal . . . 6.3+17 66x11 961+16
Ephemeral algae removal 40+16 39+17 96.7+ 1.2 70x24 4821 933+ 1.7
Fucus spp. removal 11.1+28 72+13 98.9+ 0.7 11635 137+51  96.1+10
Control (natural community}) 139+£3.8 94+28 97.8x1.1 6.9+ 14 5616 93.3+4.0
Mid zone
Total community removal 1232 £33.1 109.5 £ 256 100.0x0.0 9.2+3.0 106£29 1000+£0.0
Mussel removal 1576+ 31.7 1433+ 27.3 73.3+44 . . .
Barnacle removal 286.7 £ 73.2 239.1+ 59.0 98.9+0.7 10.0= 4.0 32213 867+ 1.1
Ephemeral algae removal 208.2 £ 57.8 165.0 + 47.5 76.1+£10.0 17.323.8 79+21 94.7 + 2.3
Fucus spp. removal 233.0 £ 43.7 219.5+ 38.2 76.1+4.0 9.7=53 98+48 887+17
Control (natural community) 205.4+£61.2 172.5£56.5 56.7+ 10.7 296+£7.0 3111 913+17
Low zone
Total community removal 334.5+ 356 127.2+25.2 100.0 £ 0.0 ND 14+05 100.0%£0.0
Mussel removal 286.6 £ 79.5 1265+ 414 56.0+ 7.1 . . .
Barnacle removal 381.2+£920 96.8 £ 30.3 73.9+93
Ephemeral algae removal 458.1 £ 66.0 169.1 + 27.1 69.5+ 8.8 . . .
Control (natural community) 142.8 £ 47.3 31.8+£88 30.6 6.4 ND 0000 16.0£53
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had been removed and small in the treatment in which
the total community had been removed, although there
was no significant difference between these treatments
due to large variation in settlement in the treatment in
which Fucus spp. had been removed (F = 1.3, p<0.30)
(Table 2). Although there were significant differences
among treatments in the rate of settlement at various
time intervals throughout the main period of settlement
in the mid intertidal zone at both sites, there were no
significant differences in the cumulative number of
settlers over the main period of settlement (Site A:
F =17 p<0.20; Site B: F = 3.2, p<0.05, but SNK
revealed no significant differences between treatments)
(Table 2). In the low intertidal zone at Site A, the density
of settlers in the undisturbed control treatment was
significantly less than in all other treatments except the
treatment in which mussels had been removed (F= 3.8,
p <0.05) (Table 2). As in the mid intertidal zone at Site A,
the density of settlers was also relatively large in the
treatment in which barnacles had been removed in the
low zone (Table 2). Both of these zones had a large cover
of barnacles prior to manipulation (i.e. removal of
barnacles), and may therefore represent particularly
favourable locations for settlement. Although the low
intertidal zone at Site B could not be adequately moni-
tored for settlement, the density of barnacles was at least
50 ind. 100 cm™ on quadrats which had been com-
pletely denuded, whereas no barnacles were observed
amid the mussel bed in the natural community.

At Site A, relative settler density (see definition in
‘Methods - Density of settlers’) on quadrats of the
various treatments was positively related to the avail-
ability of free space on the substratum (Fig. 3), which
explained 14 and 42 % of the variation in the density of
settlers in the mid and low intertidal zones respec-
tively. The availability of free space was virtually un-
limited in the high intertidal zone at both sites and in
the mid intertidal zone at Site B (>90% on average;
see Table 2), and therefore, was not related to the
density of settlers.

Recruitment and mortality

At Site A, early post-settlement mortality generally
increased with intertidal height in treatments in which
algae had been removed (ephemeral algae and/or
Fucus spp.) and remained relatively constant or
decreased with intertidal height in treatments with
algae (Fig. 4a) indicating that the presence of algae is
increasingly important to survival of recently settled
barnacles as one moves upshore. Although there were
no significant differences in early post-settlement
mortality among treatments in either the high or mid
intertidal zones at both sites (high zone, Site A: F=2.9,
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Fig. 3. Semibalanus balanoides. Regression of relative settler

density (see definition in ‘Methods - Density of settlers’) in

each quadrat as a function of percent of the availability of free

space on the substratum in that quadrat for the mid and low

intertidal zones at Site A. Symbols for treatment types given

in Table 1. Boundaries around regression lines represent
95 % confidence limits

p<0.10, Site B: F= 1.4, p<0.30; mid zone, Site A: 1.2,
p<0.35, Site B: F = 2.5, p<0.10), some consistent
patterns are present (Fig. 4a). In the high zone at
Site A, early post-settlement mortality was highest in
the treatment in which ephemeral algae had been
removed. High early post-settlement mortality may
also be expected in the treatment in which the total
community had been removed, however, few bar-
nacles settled in this treatment, and consequently, the
estimate of early post-settlement mortality is based on
the survivorship of only a small number of individuals.
At Site B, early post-settlement mortality was high in
the treatment in which the total community had been
removed in both the high and mid zones and in the
treatment in which Fucus spp. had been removed in
the mid zone (Fig. 4a). In contrast to the high and mid
zones at Site B, early post-settlement mortality in the
low intertidal zone at Site A was lowest in the treat-
ment in which the total community had been removed,
significantly lower than in the control treatment (F =
4.3, p<0.05) (Fig. 4a).

In the high intertidal zone at both sites, post-
recruitment mortality did not differ significantly
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Fig. 4. Semibalanus balanoides. Mean (+ SE) percentage of (a) early post-settlement mortality and (b) post-recruitment mortality
for each treatment in the high, mid and low intertidal zones at Sites A and B. Symbols for treatment types given in Table 1. *: No
such treatment at that intertidal height; NR: no recruits for that treatment

among treatments (Site A: F = 2.8, p<0.10; Site B:
F=0.9, p<0.50) (Fig. 4b). In the mid and low intertidal
zones at Site A, post-recruitment mortality was not
significantly different among treatments (mid: F = 0.7,
p<0.65; low: F = 0.8, p<0.60), but the low zone had
much greater overall post-recruitment mortality
(Fig. 4b). In the mid zone at Site B, post-recruitment
mortality, in contrast to early post-settlement mortality,
was significantly greater in treatments with a canopy
of Fucus spp. than in treatments in which Fucus spp.
had been removed (F = 39.6, p<0.001) (Fig. 4b).
Highest post-recruitment mortality for any treatment
(96 %) occurred in the treatment in which the total
community had been denuded in the low intertidal
zone at Site B (Fig. 4b).

In general, treatments in the high intertidal zone at
Site A which had high early post-settlement mortality
also had low post-recruitment mortality and vice-
versa. Therefore, the relative density of barnacles
among treatments on 27 September (about 3.5 mo after
the main period of settlement) was similar to that at the
time of settlement (Table 2). In this zone, the treatment

in which the total community had been removed had
significantly less barnacles than in the treatment in
which Fucus spp. had been removed or in the control
treatment (F=7.4, p<0.01) (Table 2). In the high zone
at Site B, the density of barnacles on 27 September was
not significantly different among treatments (F = 1.3,
p <0.35) (Table 2), although, as at Site A, it was lowest
in the treatment in which the total community had
been removed. In the mid intertidal zone at Site A,
there were no significant differences in early post-
settlement mortality or post-recruitment mortality
among treatments and the density of barnacles on
27 September, like the density of settlers, was not sig-
nificantly different among treatments (F= 1.4, p<0.30)
(Table 2). In the mid zone at Site B, treatments with
high early post-settlement mortality (i.e. treatments
without Fucus spp.) also had low post-recruitment
mortality and vice-versa. Therefore, the density of bar-
nacles on 27 September, like the density of settlers,
was not significantly different among treatments (F =
2.5, p<0.10) (Table 2). In the low intertidal zone at Site
A, the density of barnacles on 27 September was sig-
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nificantly lower in the control treatment than in treat-
ments in which only ephemeral algae had been re-
moved or the total community had been removed (F =
3.6, p<0.05) (Table 2). In the low intertidal zone at Site
B, the density of barnacles on 27 September was ex-
tremely low (<2 ind. 100 cm™?) because of the high
post-recruitment mortality in this zone.

DISCUSSION

The density of settling barnacles Semibalanus bal-
anoides at Sandy Cove was directly related to the
availability of free space on the substratum in the mid
and low intertidal zones at Site A. However, compari-
son of settlement patterns among treatments in these
zones from the onset of settlement until the end of
the main period of settlement indicates selection by
cyprids arriving early in the settlement period, when
availability of free space was highest, for locations
in which only barnacles had been removed. Larvae
that arrived later appeared to be restricted to less
favourable locations where free space was still avail-
able, as free space on favourable sites became limiting.
Alternatively, cyprids may be less discriminating as
they become older (Doyle 1975, Rittschof et al. 1984),
assuming that larvae arriving later in the settlement
period are older.

In the mid intertidal zone at Site A, the density of
settlers that accumulated from the onset of settlement
until the end of the main period of settlement was not
significantly different among treatments, however,
there were significant differences among treatments at
different times during this period of settlement.
Therefore, the detection of settlement preferences of
larvae may be confounded when the duration of an
experiment is too long. This evidence supports Gaines
& Roughgarden'’s (1985) contention that the individual
settling behaviour of cyprids may be masked when the
supply of larvae is great (also see Pyefinch 1948).

The initial selection by cyprids of quadrats in the mid
and low intertidal zones in which only barnacles had
been removed may have been mediated by settlement
cues left by detached adults. Settlement of barnacles in
response to conspecific cues is well documented in
laboratory (Knight-Jones 1953, Knight-Jones & Crisp
1953) and field {(Raimondi 1988b) experiments. Quadrats
which had been denuded and the substratum burned,
removing all traces of previous barnacle occupancy,
initially received relatively few settlers.

The low number of barnacles settling in the natural
community in the low intertidal zone at Site A may be
the result of a threshold level of available free space
below which planktonic cyprids will not readily settle.
Chabot & Bourget (1988) showed that settlement of

Semibalanus balanoides increased with increasing
adult cover up to 30 % in the Bay of Fundy and 22 % in
the Gulf of St Lawrence above which settlement de-
clined, probably due to avoidance of densely colonised
areas (also see Meadows 1969). In our study, there
was, on average, only 30 % free space available for
settlement in the natural community, and cyprids may
have avoided these crowded areas. Alternatively,
these larvae may have been filtered by mussels which
were abundant in this zone (Barnes 1959, Mileikovsky
1974, Woodin 1976).

In the high intertidal zone, differential settlement
among treatments may represent active selection by
cyprids of substrata according to wetness. In the high
zone at Site A, treatments with ephemeral algae had
significantly more settlers, and were wetter during low
tide, than those in which ephemeral algae had been
removed. Strathmann & Branscomb (1979) found that
cyprids of the barnacle Balanus cariosus settling in the
high intertidal region selected surfaces which were
moist at low tide rather than nearby drier surfaces, and
hypothesized that cyprids were able to detect these
differences between surfaces when the substratum is
immersed. Settling in areas that retain water or remain
damp during low tide increases a cyprid’s chance of
survival during exposure during low tide because of
the reduced risk of desiccation or heat stress (Dayton
1971, Strathmann & Branscomb 1979, Wethey 1983,
Dungan 1985). Dried out cyprids were observed in
quadrats with no algal cover in the high zone.

Canopy-forming fucoids may enhance settlement
by shading the substratum (Crisp & Ritz 1973) or
interfere with settlement due to fucoid whiplash (see
Menge 1976, Grant 1977, Hawkins 1983, Petraitis
1983). In the high zone at Site A, however, the density
of settlers in the treatment in which Fucus spp. had
been removed was similar to that in the control treat-
ment suggesting that there was no net effect of
fucoids on settlement. This may be because, in the
high zone, the canopy was sparse (<35 % cover) and
the fronds of Fucus spp. were relatively short in this
1-yr-old developing community.

Strathmann et al. (1981) showed that some compo-
nent of the intertidal flora cues settlement of Balanus
cariosus and that cyprids preferred areas where algae
were more abundant. Ephemeral algae also may guide
the settlement of Semibalanus balanoides, since the
density of settlers in the high zone at Site A was sig-
nificantly greater in treatments with ephemeral algae
than in treatments where ephemerals had been
removed. Microflora also may influence barnacle
settlement since a film on the rock surface was most
developed in the control treatment and in the treat-
ment in which Fucus spp. had been removed, less
developed in the treatment in which ephemeral algae
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had been removed, and least developed in the treat-
ment in which the total community had been removed.
Le Tourneux & Bourget (1988) proposed that the di-
atom Achnantes parvula might be a positive settlement
cue and the ephemeral alga Urospora wormskjoldii
could inhibit settlement by larvae of S. balanoides.
Urospora sp. and diatoms present at Sandy Cove also
may direct settlement in the high intertidal zone where
desiccation is potentially great.

At Site A, early post-settlement mortality increased
from the low to the high intertidal zone in treatments in
which algae had been removed and remained very
similar or declined in the control treatment or in the
treatment in which only barnacles had been removed.
This may reflect increased desiccation stress higher on
shore and in the absence of algae which retain moisture.
In the high intertidal zone at Site A, it appears that fac-
tors which influence initial selection of the substratum
by cyprid larvae (e.g. the presence of ephemeral algae)
also promote early post-settlement survival, and thus,
are of primary importance in determining the subse-
quent population structure of barnacles.

In the low intertidal zone at Site A, early post-
settlement mortality was significantly less in the treat-
ment in which the total community had been removed
than in the control treatment. Since desiccation is
minimal in the low intertidal zone, and densities of
settlers were not large enough to result in density-
dependent mortality (see Minchinton & Scheibling
1991), settling in quadrats which had been denuded is
advantageous because there are no other macrobenthic
species present that could dislodge recently settled spat
or obstruct feeding and growth. Post-recruitment mor-
tality in all treatments in the low intertidal zone at Site A
was high due to predation by the whelk Nucella lapillus,
and to a lesser extent, overgrowth by mussels. Differ-
ences in post-recruitment mortality among treatments in
the mid intertidal zone at Site B reflect differences in
predation pressure by whelks that are related to the
presence of a canopy of Fucus spp. Whelks shelter un-
der the canopy of Fucusspp. atlow tide which provides
a refuge from desiccation (Menge 1978). In the treat-
ment in which the canopy of Fucus spp. had been
removed there were fewer whelks, and those present
were usually found at the perimeter of the quadrat near
Fucus spp. in the surrounding natural community. Un-
like the mid intertidal zone, desiccation is reduced in the
Iow intertidal zone and whelks are not restricted to
treatments with an algal canopy. Whelks were much
less abundant in the mid zone at Site A, and post-
recruitment mortality was small and not significantly
different among treatments. Where predation is
intense, 1nitial selection of the substratum by cyprid lar-
vae may have little effect on the subsequent population
structure of barnacles.

Differences in settlement and recruitment in the mid
and low intertidal zones between sites (see Table 2)
may be due to differences in larval supply and local
hydrodynamics which prevent settlement of larvae.
Site A is more protected from wave action than Site B,
resulting in reduced water flow in the mid and low
intertidal zones which may enhance cyprid settlement
(Walton-Smith 1946, Crisp 1955, Wethey 1986, Mulli-
neaux & Butman 1991). Additionally, reduced water
velocity may allow a larva to be more discriminating
when choosing a suitable substratum for settlement. If
water velocity is high, settlement of larvae may be a
function of the availability of free space, but as water
velocity is reduced larvae may be able to actively dis-
criminate among settlement sites. Differences in selec-
tion of the substratum by larvae may also be more
evident in areas of high physiological stress (e.g. high
intertidal zone), where the consequences of not
settling in a suitable location are more severe, than in
areas of low physiological stress (e.g. low intertidal
zone).

The influence of active selection of the substratum
by cyprids on the final structure of the population may
be particularly important as a community develops
after a large-scale disturbance event, such as ice scour.
In a developing community, biogenic microhabitats
are created which may be beneficial to the settlement
and recruitment of particular organisms. Once estab-
lished, these species may influence the settlement
dynamics of subsequent cohorts of their own and other
species. Understanding habitat preferences of bar-
nacle cyprids (and other marine invertebrates) in this
relatively heterogeneous environment may help to
explain the population structure of adults.
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