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INTRODUCTION

Early ecological studies emphasized the adult stage
when attempting to explain patterns of abundance and
distribution of intertidal marine assemblages (Connell
1961a,b, 1970, Paine 1969, 1974, Dayton 1971). Physi-
cal factors such as temperature and desiccation were
considered to determine the upper limits of vertical
distribution and caused fluctuations of densities within
these populations (Connell 1961a,b, 1975, Brown 1967,
Vermeij 1971). Biological factors such as competi-
tion and predation were said to determine the lower
limits and also influenced population densities (Con-

nell 1961a,b, Dayton 1971, Menge 1976, Paine 1974,
1984, Menge & Sutherland 1976).

In the 1970s, several studies confirmed that the
post-settlement mechanisms of predation and dis-
turbance could operate to maintain local diversity
of intertidal species (Paine 1974, Lubchenco 1978,
Sousa 1979, Menge & Lubchenco 1981). Experi-
mental studies on intertidal rocky shores in North
America showed that predation (Paine 1966, 1974,
Connell 1972, Gaines & Roughgarden 1985), grazing
(Lubchenco 1978, 1980) and physical disturbances
(Dayton 1971) cause mortality and maintain rela-
tively small densities while opening space for new
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recruits and influencing diversity of species (Valiela
1984).

The role of predation and disturbance as a general
model for promoting diversity of species was largely
unchallenged until Underwood et al. (1983) found that
the abundance of various species in several rocky
intertidal areas in New South Wales, Australia was
determined by the number of recruits. That is, pat-
terns of distribution could also be due to processes of
settlement or recruitment. Other studies support this
association of larval settlement and species distribu-
tion (e.g. Denley & Underwood 1979, Grosberg 1982,
Gaines & Roughgarden 1985, Minchinton & Scheib-
ling 1991).

Hence, for more than the past decade, there has
been controversy about the relative importance of
juvenile and adult stages in processes causing distri-
butions of populations in sessile marine invertebrates
(e.g. Denley & Underwood 1979, Underwood & Den-
ley 1984, Connell 1985). Connell (1985) emphasized
the effects of post-settlement mortality on survival
and ultimate distributions of adult barnacles, where-
as Underwood & Denley (1984) highlighted mecha-
nisms influencing settlement and recruitment of lar-
vae. More recent studies have reinforced that
settlement processes, such as larval supply and larval
choice (Raimondi 1991), determine recruitment and
the demography of adults (Carroll 1996, Miron et al.
1999, Menge 2000, Olivier et al. 2000), although
early post-settlement mortality (for review see Hunt
& Scheibling 1997) may also be implicated (Carroll
1996, Miron et al. 1999, Jenkins et al. 2000, Menge
2000).

Nevertheless, there have been very few simultane-
ous studies of larval supply, settlement, recruitment
and adult barnacles (but see review Roughgarden et
al. 1988, Ross 1992, Carroll 1996, Jeffery 1997, Miron
et al. 1999, Olivier et al. 2000). Yet any stage of the life
history may influence spatial patterns of adults. The
intertidal honeycomb barnacle Chamaesipho tasmanica
varies greatly from crowded to patchy to sparse aggre-
gations within small spatial scales on mid-shores at
Cape Banks, New South Wales. This study examined
juveniles and adults to clarify the relative importance
of settlement versus post-settlement processes on
populations of these barnacles.

Initial settlement (larval supply and larval choice)
(Raimondi 1991) determines distributions of juvenile
Chamaesipho tasmanica (Jeffery 2000, Jeffery &
Underwood 2000). Hence, numbers of newly settled
barnacles could be related to ultimate abundances of
adults. It was therefore necessary to examine the
model that settlement processes determine adult dis-
tributions of this barnacle. That is, it was hypothe-
sized that if newly settled barnacles were monitored,

similar spatial patterns would be maintained through
time while barnacles grew to adulthood, despite the
effects of mortality. It was also hypothesized that if
adults and total numbers of new settlers were counted
each year at 6 sites (for details on all 6 sites see
Jeffery & Underwood 2001) at Cape Banks, similar
spatial patterns of abundance of settlers and subse-
quent adults at these sites would confirm that settle-
ment influences distribution and abundance of adult
C. tasmanica.

Alternatively, processes acting after cyprids settle
and metamorphose may determine distributions of
Chamaesipho tasmanica. That is, post-settlement
mortality of juveniles and/or adult mortality may
affect the abundance and distribution of populations.
It was therefore necessary to examine the alternative
model that post-settlement mortality determines
juvenile and/or adult spatial distributions of C. tas-
manica at Cape Banks. Fewer barnacles were
observed on upper and more exposed shores at Cape
Banks. Differences in post-settlement and adult mor-
tality in these areas could contribute to these pat-
terns. It was therefore postulated that if numbers of
juvenile and adult C. tasmanica surviving over time
were counted, greater mortality of juvenile and adult
barnacles on exposed and upper shores would deter-
mine that fewer barnacles inhabited these areas.
That is, it was predicted that spatial patterns of mor-
tality of juvenile and adult barnacles would reflect
the spatial patterns of juveniles and adults at Cape
Banks.

Limpets can affect survival and densities of barna-
cles after settlement (e.g. Connell 1961b, Dayton 1971,
Underwood 1979, Branch 1981, Farrell 1988). The
limpet Cellana tramoserica is abundant on sheltered
mid-shore heights on rocky shores in New South Wales
(Underwood et al. 1983) and can influence survival of
juvenile barnacles (Denley & Underwood 1979, Caffey
1983, Underwood et al. 1983). Early in this study, C.
tramoserica was observed in greater numbers on lower
mid-shores within distributions of Chamaesipho tas-
manica at the sheltered Sites 3 and 4 at Cape Banks.
Hence, C. tramoserica could be contributing to adult
patterns of distribution of C. tasmanica by killing new
settlers. It was therefore hypothesized that if new
settlers of C. tasmanica were exposed to limpets in
some patches but not in others, there should be a
significantly reduced survival of barnacles in patches
with limpets. That is, the presence of limpets would
influence juvenile mortality and, possibly, the distri-
butions of adults.

The hypotheses listed above were tested to deter-
mine the relative importance of settlement and post-
settlement processes on populations of the barnacle
Chamaesipho tasmanica at Cape Banks.
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MATERIALS AND METHODS

Study site. Chamaesipho tasmanica were studied
from July 1989 to December 1993 on mid-shore levels
of the Cape Banks Scientific Marine Research Area,
Botany Bay, New South Wales (34° 00’ S, 150° 15’ E),
Australia. Barnacles were studied at 6 sites (for details
of Sites 1 to 6 see Jeffery & Underwood 2001) and on 3
heights (Low, Mid, Upper—for details see Jeffery &
Underwood 2001) determined by the distribution
of this barnacle at each site. C. tasmanica are often
densely distributed on sheltered (Sites 3 and 4) and
lower mid-shores and sparsely distributed on exposed
(Sites 1, 2 and 6), semi-exposed (Site 5) and upper
mid-shores (Underwood 1981a, Underwood & Denley
1984).

Settlement involves attachment and metamorphosis
of cyprid larvae (Underwood 1979, Underwood & Den-
ley 1984, Connell 1985). Settlement in Chamaesipho
tasmanica includes the cyprid stage that lasts for less
than 1 day, the 2 to 3 day 6 plate metamorph stage and
the less than 4 day 4 plate juvenile stage (Jeffery 1997).

Abundance and distribution. In July 1989, 6 cm
diameter replicates (n = 3) of mixed cohorts of barna-
cles were marked with an inscribed metal tag
cemented into the substratum at all 6 sites and 3
heights of Chamaesipho tasmanica’s distribution on

mid-shore levels at Cape Banks. In
December of each year from 1989 to
1993, these replicates were photo-
graphed in the field with a 35 mm camera
attached to a 26 cm high brass tripod.
Populations of barnacles were mapped
from black-and-white negatives in the
laboratory (for all details see Jeffery &
Underwood 2001), so that at the end of
each year, new or missing barnacles
could be recorded. Numbers of mixed
cohorts of barnacles were recorded in
December each year from 1989 to 1993.

Distributions of settlers and adults at 6
sites. From July to December of each
year from 1989 to 1993, numbers of new
settlers among mixed cohorts of adults in
untouched 6 cm diameter replicates
(n = 3), labeled with an inscribed metal
tag, were counted for approximately 6
consecutive days during each new and
full moon to coincide with larval arrival
and settlement (Jeffery & Underwood
2000) at the 6 sites and 3 heights of
Chamaesipho tasmanica’s distribution.
In each lunar sampling period, numbers
were recorded at each height and site,
then totaled for each year and total num-
bers of settlers analyzed to determine
spatial patterns of settlement. These pat-
terns were compared with adult spatial
patterns at 6 sites and 3 heights from
1989 to 1993 (Figs. 1 & 2, Tables 1 & 2).
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Table 1. Chamaesipho tasmanica. Analysis of numbers of
mixed cohorts of adult barnacles (n = 3) at Low, Mid and
Upper heights of C. tasmanica’s distribution on the shore at
6 sites: data are from the end of each year from 1989 to 1993. 

ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001

Analysis of variance, data transformed (x + 1)0.5; 
Cochran’s test, p > 0.05

Source df MS F p

Time = T 4 37.98 5.75 **
Site = S 5 152.78 115.67 ***
Height = H 2 50.58 2.96 ns
T × S 20 6.61 5.00 ***
T × H 8 1.12 1.30 ns
S × H 10 17.11 12.95 ***
T × S × H 40 0.86 0.65 ns
Residual 180 1.32

Fig. 1. Chamaesipho tasmanica. Mean total number of barnacles (±SE) in 6 cm
diameter replicates (n = 3) at 3 heights at the 6 sites from the end of 1989 to 

the end of 1993
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Juvenile and adult mortality. To standardize data
from different sites and heights, percentage mortality
was analyzed. Annual mortality of adults was esti-
mated in late October or November each year from

1990 to 1992, as the percentage of adults
lost from the initial population recorded
12 mo previously. Because settlement
occurred from August to December, per-
centage mortality of new settlers was
estimated on cumulative settlement for
this period, rather than annually, from
1989 to 1993. Mortalities of adults and
juveniles were analyzed for 6 sites and 3
heights of Chamaesipho tasmanica’s dis-
tribution.

To test the hypothesis that mortality
would increase when large densities
and percent cover predominated (that
is, mortality of Chamaesipho tasmanica
was predicted to be density-dependent
or cover-dependent), correlations were
calculated on pooled means (n = 3) of
C. tasmanica’s distribution from 1990
to 1992 for adults and from 1989 to
1993 for total settlers for all 6 sites and
3 heights. For adults, relationships of
annual percentage mortality between
initial density of adults and between
initial percent cover were analyzed.
For settlers, relationships of percentage
mortality between cumulative density
of settlers and between initial percent
cover were analyzed. Because barna-
cles inhabit higher levels on ex-posed
shores with more wave-action (Under-
wood 1981a), greater mortality was ex-
pected in these areas. Therefore, com-

parisons between percentage mortality of juveniles
and of adults were made by analyzing data from 3
heights of C. tasmanica’s distribution at 6 sites from
1990 to 1992. Relationships were also calculated
between total numbers of barnacles that settled at
each site and the final numbers of settlers that
remained in December in each site each year from
1989 to 1993.

Effect of Cellana tramoserica. In July 1990 and
1991, 6 cm diameter patches were cleared within
dense populations of Chamaesipho tasmanica low on
the shore of C. tasmanica’s distribution at Sites 3 and
4. Settlers in cleared patches were counted on 6 to
8 consecutive days, with weather, tide and time
permitting, during new and full moons from July to
December 1990 and 1991. In November each year,
once most settlement had occurred, the limpet C.
tramoserica was added to 1/2 these patches and ex-
cluded from the rest.

As an extra precaution, fences were incorporated in
the experimental design to exclude any grazers other
than the limpet Cellana tramoserica , such as the snail
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Fig. 2. Chamaesipho tasmanica. Mean total number of settlers (± SE) in 6 cm
diameter replicates (n = 3) recorded from July to December each year from 

1989 to 1993 at 3 heights at the 6 sites

Table 2. Chamaesipho tasmanica. Analysis of total numbers of
settlers (n = 3) each year at Low, Mid and Upper heights of C.
tasmanica’s distribution on the shore at 6 sites: data are total
number of settlers at the end of each year from 1989 to 1993. 

ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001

Analysis of variance, data-transformed Loge(x + 1);
Cochran’s test, p > 0.05

Source df MS F p

Time = T 4 17.58 12.33 ***
Site = S 5 30.33 123.31 ***
Height = H 2 11.09 4.34 *
T × S 20 1.42 5.79 ***
T × H 8 0.12 0.35 ns
S × H 10 2.56 10.40 ***
T × S × H 40 0.33 1.35 ns
Residual 180 0.25
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Nerita atramentosa and the limpets Siphonaria dentic-
ulata and Patelloida latistrigata. To determine the ef-
fects of fences (Underwood & Jernakoff 1984, Hancock
& Petraitis 2001) on settlement and to discount the pos-
sibility that ungrazed spores of macroalgae such as
Ulva lactuca may grow and pre-empt space during
settlement (Denley & Underwood 1979, Underwood &
Denley 1984), 1/2 the cleared patches on the substra-
tum were left unfenced. Any other species of grazers
that ventured into these plots were removed daily
because their presence could confound experiments
in unfenced areas where grazers were meant to be ab-
sent. Because fewer other barnacles, such as Tessero-
pora rosea and Tetraclitella purpurascens, were found
to settle in areas surrounded by experimental fences
(Denley & Underwood 1979, Underwood & Denley
1984), fences were only secured to the substratum in
November 1990 and 1991, once most settlement had
occurred. The limpet C. tramoserica was also first
included in 50% of patches at this time. Homing
behavior in C. tramoserica has already been demon-
strated (Mackay & Underwood 1977, Underwood 1977,
1988). If variations in numbers of limpets occurred in
experimental treatments, however, these numbers were
corrected daily over each 6 to 8 d sampling period by
adding or removing limpets.

On 14 November 1990 and 18 November 1991,
fences (6 meshes per 2.5 cm: 20 × 20 × 4 cm) were
secured around 50% of the 6 cm diameter plots, con-
taining Chamaesipho tasmanica that had settled since
July (n = 4), with screws in rawl plugs and lead (Pb)
washers. Half the treatments were left unfenced to act
as controls for the effect of fences, and for possible
toxicological effects of lead (Pb), at the 2 sites. Three
Cellana tramoserica, equivalent to the observed den-
sity of C. tramoserica in natural patches among C. tas-
manica, were placed in 50% of the 6 cm diameter
patches containing established juveniles (n = 4). About
6 wk later each year, on 27 December 1990 and 6 Jan-
uary 1992, respectively, percentage mortality of set-
tlers was estimated from the numbers that had estab-
lished prior to adding any limpets plus any new
barnacles that settled in the interim.

From December each year, numbers of remaining
barnacles were counted monthly and any new settlers
were recorded. About 6 mo later, in late June 1991 and
early July 1992, fences and Cellana tramoserica were
removed. Because densities of settling barnacles vary
at very small spatial scales (e.g. within 2 cm) percent-
age mortality was used to standardize data. From April
to July 1992, the whelk Morula marginalba invaded
all replicates in Site 3 and caused mortality of C. tas-
manica.

Data analysis. Three-factor ANOVAs (Underwood
1981b, 1997) were used to examine numbers of adult

barnacles that occupied the 6 sites and 3 heights of
Chamaesipho tasmanica’s distribution from the end of
each year from 1989 to 1993. Data on total numbers of
barnacles that settled from August to December each
year from 1989 to 1993 were similarly treated. Data for
numbers of adults and for total settlement recorded
each year were transformed by (x + 1)0.5 and Loge(x + 1),
respectively, to correct for heterogeneity of variances
as detected by Cochran’s test. Post hoc multiple
comparison tests were done on transformed data with
Student-Newman-Keuls (SNK) tests (Underwood 1997)
to test for differences of means among factors.

Percentage mortality of settlers was calculated on
cumulative density from settlement in August to
December each year from 1989 to 1993, whereas an-
nual percentage mortality of adults was estimated at
the end of each year from 1990 to 1992 as a percentage
of adults lost from the initial population recorded
12 mo previously. Three-factor ANOVAs (Underwood
1981b, 1997) were used to determine whether mortal-
ity varied among the 6 sites and 3 heights of Chamae-
sipho tasmanica’s distribution for adults from the end
of each year from 1990 to 1992 and for settlers from
1989 to 1993. An additional 4-factor ANOVA (Under-
wood 1981b, 1997) was used to compare juvenile and
adult percentage mortality from 1990 to 1992. Data
were arcsine (%) transformed for each analysis, but
transformation could not stabilize variances. Post hoc
multiple comparison tests were done on these untrans-
formed data with SNK tests (Underwood 1997) to test
for differences of means among factors.

Linear correlations (r) were used to determine the
relationships between annual percentage mortality of
adults from 1990 to 1992 and (1) height on the shore,
(2) initial adult density and (3) initial percent cover of
adults. Linear correlations were also used to determine
the relationships between percentage post-settlement
mortality of total settlers from 1989 to 1993 and
(1) height on the shore, (2) cumulative density of
settlers and (3) initial percent cover of surrounding
mixed cohorts.

A 4-factor ANOVA (Underwood 1981b, 1997) was
used to examine the influence of the presence or ab-
sence of the limpet Cellana tramoserica in fenced or
unfenced plots on post-settlement mortality of juvenile
Chamaesipho tasmanica at Sites 3 and 4 over approxi-
mately 6 wk in late 1990 and 1991. Because there was
no significant effect of fences on mortality of barnacles,
fenced and unfenced data were pooled and reana-
lyzed. Data were arcsine (%) transformed for each
analysis, but transformation could not stabilize vari-
ances. Post hoc multiple comparison tests were done
on these untransformed data with SNK tests (Under-
wood 1997) to test for differences of means among
factors.
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RESULTS

Abundance and distribution

Spatial and temporal variations in numbers of mixed
cohorts of adults occurred from 1989 to 1993 at Cape
Banks (Fig. 1, Table 1). There were interactions among
Times and Sites and among Sites and Heights
(Table 1). Greatest densities were recorded at shel-
tered Sites 3 and 4 and least at exposed Site 6 (Fig. 1).
Generally, most adults were counted in 1989. Sites
with least abundance of barnacles had no significant
differences in numbers of barnacles recorded each
year from 1989 to 1993. At Site 6, however, there were
some differences among years. Most adults generally
occurred on Low heights and least adults on Upper
heights of Chamaesipho tasmanica’s distribution,
although there were some differences among Sites
(Fig. 1, Table 1). Recruitment each year was generally
not sufficient to maintain densities of C. tasmanica
except at Site 4 (Fig. 3); therefore, populations at Cape
Banks were mostly observed to decrease from 1989 to
1993 (Figs. 1 & 3).

Settlement and adult distribution

Distributions of settlers and adults at 6 sites

Spatial and temporal variation in total
numbers of settlers occurred from 1989 to
1993 at 6 sites and 3 heights of Chamae-
sipho tasmanica’s distribution studied at
Cape Banks (Fig. 2, Table 2). Interactions
occurred among Times and Sites and
among Sites and Heights (Table 2). Gener-
ally barnacles settled in greatest densities
in 1989 and in least numbers in 1993. Most
barnacles always settled at Sites 3 and 4
and the smallest numbers generally set-
tled at Site 6 (Fig. 2, Table 2). That is, most
settlement was recorded on sheltered
shores and least on exposed shores. At
sheltered Sites 3 and 4, most barnacles
settled low on the shore, whereas at the
more exposed Sites 1, 2, 5 and 6, there was
no real difference among heights although
at Sites 2 and 6, total numbers of settlers
were similar at Low and Mid heights,
which were greater than numbers that
settled on Upper heights (Fig. 2, Table 2).
Spatial patterns of juveniles (Site 3 =
4 > 5 = 2 > 1 > 6) (Fig. 2, Table 2) that
settled among mixed cohorts of adults
were similar to spatial patterns of these
adults (Site 3 = 4 > 5 = 2 = 1 > 6) (Fig. 1,
Table 1) that were already established

on the substratum. When data from the 6 sites and
3 heights of C. tasmanica’s distribution were pooled
from 1989 to 1993, there was a strong relationship
between annual numbers of settlers and annual num-
bers of adults (Fig. 4).
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Fig. 3. Chamaesipho tasmanica. Renewal of barnacle distribution in 6 cm
diameter replicates (n = 3) at 3 heights at the 6 sites each year from the end
of 1989 to the end of 1993: numbers of barnacles recorded for each year were 

divided by the number of barnacles recorded in the previous year

Fig. 4. Chamaesipho tasmanica. Relationship between
annual total number of settlers and annual total number
of adults (n = 3). Each point represents the mean total num-
ber of larvae settling in three 6 cm diameter replicates and
the mean total number of adult barnacles already pop-
ulating these replicates at 3 heights at the 6 sites from 1989 

to 1993
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Post-settlement mortality and distribution of adults

Juvenile and adult mortality

Annual percentage mortality of adults did not vary
with height from 1990 to 1992 (r = 0.26, p = 0.06,
n = 54). There were, however, interactions among Sites
and Times and among Sites and Heights (Table 3).
That is, some temporal and spatial variation in adult
mortality occurred at Cape Banks from 1990 to 1992,
and results were not spatially or temporally consistent
(Fig. 5, Table 3). For example, at the end of 1990, Site 2
had most mortality even though there was no signifi-
cant difference among sites. At the end of 1991 and
1992, when Site 3 had the greatest adult mortality,
there was no significant difference among sites al-
though there were some significant differences be-
tween those sites that had the greatest and those that
had the least percentage mortalities (Table 3).

At Low heights, Site 3 had most mortality of adults
and there were no significant differences among other
sites. At Mid heights, mortality of adults was similar for
all sites with Site 5 having the greatest, but not signifi-
cantly different, mortality. At Upper heights, most
adults died at the exposed Site 6. Most adult mortality
occurred at Low heights for Sites 1 to 4. There were,

however, no significant differences in
settlement among heights for Site 4
where mortality decreased from Low
to Mid to Upper heights. Greatest mor-
tality was recorded at Upper heights at
Site 6 (Table 3).

Generally, most adults and settlers
were recorded low on the shore and
least numbers of adult and juvenile
barnacles were recorded at Upper
heights at Cape Banks (Figs. 1 & 2,
Tables 1 & 2). Although most mortality
of adults occurred at Low heights at
Sites 1 to 4 (Table 3), this was not
related to larger numbers of adults
inhabiting these sites. There was no
relationship between adult percent-
age mortality and initial density of
adults (r = 0.22, p = 0.11, n = 54), nor
between adult percentage mortality
and percent cover of adults (r = 0.04,
p = 0.79, n = 54) for all sites and
heights from the end of 1989 to the end
of 1992. Adult mortality was apparently
density-independent.

Similarly, no relationship was found
between percentage mortality of juve-
niles and cumulative density of settlers
(r = 0.17, p = 0.1, n = 90), nor between

percentage mortality of juveniles and percent cover of
mixed cohorts (r = 0.02, p = 0.88, n = 90) for each period
of settlement from July to December of 1989 to 1993 for
all sites and heights. Juvenile mortality was also den-
sity-independent and spatial patterns of mortality did
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Fig. 5. Chamaesipho tasmanica. Mean annual percentage mortality of mixed
cohorts of adults (± SE) and mean percentage mortality from August to Decem-
ber of settlers (± SE) in 6 cm diameter replicates (n = 3) at 3 heights at sheltered 

Site 4 and exposed Site 6 from 1990 to 1992

Table 3. Chamaesipho tasmanica. Analysis of annual percent-
age mortality of mixed cohorts of adult barnacles (n = 3) at
Low, Mid and Upper heights of C. tasmanica’s distribution on
the shore at 6 sites: annual adult mortality was estimated at
the end of each year from 1990 to 1992 as a percentage of
adults lost from the initial population recorded 12 mo previ-
ously. Analyses were performed on annual percentage mor-
tality (n = 3) for 3 yr from 1990 to 1992. ns: p > 0.05; *p < 0.05; 

**p < 0.01; ***p < 0.001

Analysis of variance, data-transformed;
Cochran’s test, p > 0.05

Source df MS F p

Time = T 2 79.37 0.15 ns
Site = S 5 596.94 3.60 **
Height = H 2 686.88 0.80 ns
T × S 10 533.64 3.22 **
T × H 4 79.52 0.75 ns
S × H 10 853.99 5.16 ***
T × S × H 20 105.68 0.64 ns
Residual 108 165.62
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not reflect spatial patterns of settlement (total settlers:
Site 3 = 4 > 5 = 2 > 1 > 6; settler % mortality: Site 4 > 6 =
3 = 1 > 2 = 5) (Tables 2 & 4).

Analysis of variance showed that mortality of juve-
niles from 1989 to 1993 varied both temporally and
spatially and that there were interactions among Times
and Sites (Table 4). There was no significant difference
in percentage mortality of juveniles among heights
(r = 0.04, p = 0.71, n = 90; Table 4). Generally, the
greatest proportion of settlers died at sheltered Site 4
and the least at exposed Sites 2 and 5 (Table 4). At all
sites (except Site 4 when mortality was highest in
1990), greatest mortality occurred in 1991. Otherwise
no general temporal patterns of settler mortality were
recorded among sites. When settler data for heights
were pooled for each site, relationships were evident
between total numbers of barnacles that settled at
each site from July to December each year and the
total numbers of these barnacles that remained in
December each year from 1989 to 1993 (Fig. 6).

Data from 1990 to 1992 were analyzed to compare
patterns of juvenile and adult mortality: mortality of

juveniles was found to be greater than that of adults at
Low, Mid and Upper heights (Fig. 5) of Sites 1 to 6 from

1990 to 1992, except in 1992 at Site 3
(Table 5), when percentage mortality
of juveniles and adults was similar
(percentage mortality of juveniles in
1992 at Site 3 was, however, margin-
ally, but not significantly, greater
than that of adults) (Table 5). While
there were no consistent temporal
patterns, generally more juvenile and
adult mortality were recorded in
1991 at the 3 heights and 6 sites.
From 1990 to 1992, greatest mortality
of juveniles was recorded at Site 4
(Fig. 5), whereas greatest mortality of
adults was at Sites 3 and 6 (Fig. 5)
in 1991 and Sites 3 and 5 in 1992. In
1990, there was no significant differ-
ence in percentage mortality of adults
among sites although Site 2 had the
largest adult mortality. In 1992, great-
est juvenile mortality was recorded at
Low heights. From 1990 to 1992, most
adult mortality was recorded at Low
heights, which was only significantly
greater than Mid and Upper heights
in 1990 (Fig. 5, Table 5).

Effect of Cellana tramoserica

Temporal and spatial variation in
recruitment occurred before and after
the limpet Cellana tramoserica was

298

Table 4. Chamaesipho tasmanica. Analysis of percentage
mortality of total settlers (n = 3) at Low, Mid and Upper
heights of C. tasmanica’s distribution on the shore at 6 sites:
juvenile percentage mortality was estimated on cumulative
settlement from August to December each year from 1989 to
1993. Arcsine (%) transformation could not stabilize the
variances: Cochran’s test, C = 0.13, p < 0.01. ns: p > 0.05; 

*p < 0.05; **p < 0.01; ***p < 0.001

Analysis of variance, data-transformed;
Cochran’s test, C = 0.10, p < 0.05

Source df MS F p

Time = T 4 13016.12 7.42 ***
Site = S 5 4367.14 15.34 ***
Height = H 2 942.78 2.51 ns
T × S 20 1754.76 6.17 ***
T × H 8 750.85 1.81 ns
S × H 10 374.99 1.32 ns
T × S × H 40 413.76 1.45 ns
Residual 180 284.62

Fig. 6. Chamaesipho tasmanica. Relationship between final number of settlers sur-
viving and total numbers of barnacles settling each year at 3 heights at the 6 sites
from the end of 1989 to the end of 1993. Each point represents total numbers 

of settlers recorded in each 6 cm replicate (n = 3)



Jeffery: Abundance and distribution of an intertidal barnacle

added to or excluded from Fenced and Unfenced plots
on 14 November 1990 and 18 November 1991 (Fig. 7).
When data on the effects of C. tramoserica on post-
settlement mortality of Chamaesipho tasmanica were
analyzed, there were shown to be interactions among
Times and Sites and ± C. tramoserica (Fig. 8, Table 6a).
Greater mortality occurred from 14 November to 27
December 1990 than from 18 November 1991 to 6 Jan-
uary 1992 at both Sites 3 and 4 and in all ± C. tramoser-
ica treatments (Fig. 8, Table 6a). At neither time was
there a difference in post-settlement mortality among
sites. At Site 3, by 27 December 1990, there was no sig-
nificant difference in mortality between those repli-
cates that had limpets nor those from which limpets
were excluded. At Site 4, however, greater mortality
occurred where C. tramoserica was present. By 6 Jan-
uary 1992, greater mortality was recorded where
limpets were present (Table 6a).

There was no significant difference in mortality
between Fenced and Unfenced plots (Fig. 8, Table 6a).
Hence data for ± Fences were pooled (Table 6b) and
analyses of data showed that a greater percentage of
barnacles had died by 27 December 1990 than by 6
January 1992. This greater mortality always occurred
when limpets were present. Cellana tramoserica was
therefore responsible for post-settlement mortality of
Chamaesipho tasmanica at sheltered Sites 3 and 4 at
Cape Banks.

The predatory whelk Morula mar-
ginalba was also responsible for a sud-
den increase in mortality of Chamae-
sipho tasmanica in all treatments at
Site 3 from April to July 1992 (Fig. 7).

DISCUSSION

Many previous studies have em-
phasized adult interactions as deter-
minants of demography of barnacles
(Connell 1961a,b, Dayton 1971, Paine
1974). Some early studies, however,
recognized the implications of varia-
tion in settlement for populations of
sessile adults (Barnes & Powell 1950,
Barnes 1956). More recently, the im-
portance of variable settlement and
recruitment of juveniles has been con-
firmed in processes determining pop-
ulations of adults (e.g. Hawkins &
Hartnoll 1982, Underwood et al.
1983, Caffey 1985, Fairweather 1988a,
Pineda 1994). The earlier ecological
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Table 5. Chamaesipho tasmanica. Analysis of annual percent-
age mortality of mixed cohorts of adult versus percentage
mortality of juvenile barnacles (n = 3) at Low, Mid and Upper
heights of C. tasmanica’s distribution on the shore at 6 sites:
annual adult mortality was estimated at the end of each year
as a percentage of adults lost from the initial population
recorded 12 mo previously. Juvenile percentage mortality
was estimated on cumulative settlement from August to
December each year. Analyses were performed on juvenile
versus adult percentage mortality (n = 3) for 3 yr from 1990
to 1992. Arcsine (%) transformation could not stabilize the
variances: Cochran’s test, C = 0.19, p < 0.01. ns: p > 0.05; 

*p < 0.05; **p < 0.01; ***p < 0.001

Analysis of variance, data-transformed;
Cochran’s test, C = 0.12, p < 0.01

Source df MS F p

Time = T 2 2343.86 5.55 *
Site = S 5 870.43 4.47 ***
Height = H 2 1473.62 1.39 ns
Juvenile/Adult = JA 1 104192.42 107.15 ***
T × S 10 422.26 2.17 *
T × H 4 687.35 2.44 ns
T × JA 2 1387.30 2.50 ns
S × H 10 1060.78 5.45 ***
S × JA 5 972.41 5.00 ***
H × JA 2 224.84 0.79 ns
T × S × H 20 281.21 1.44 ns
T × S × JA 10 554.94 2.85 **
T × H × JA 4 530.86 5.25 **
S × H × JA 10 283.88 1.46 ns
T × S × H × JA 20 101.05 0.52 ns
Residual 216 194.68

Fig. 7. Mean number of barnacles (±SE) recorded per 6 to 8 d sampling period
from July 1991 to early July 1992 at Sites 3 and 4 in plots ± Cellana tramoserica
and ± fences (n = 4). C. tramoserica and fences were added, where appropriate,
on 18 November 1991. Note that some minor settlement occurred from January
to March 1992, and note the effect of predation by Morula marginalba on all 

treatments in Site 3 from April to July 1992
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theory was based on species with abundant larval sup-
ply and space limitation when settling (Southward &
Crisp 1954, 1956, Connell 1961a,b, Gaines & Rough-
garden 1985, Roughgarden et al. 1985, 1988). Today, it
is accepted that other processes operate when num-
bers of larvae arriving are relatively few (Hawkins &
Hartnoll 1982, Roughgarden et al. 1985, 1987, 1988,
Menge & Sutherland 1987). In fact, if larval settlement
is sparse, competition, predation and disturbance can
have no influence on population abundance and distri-
bution (Paine 1974, Underwood & Denley 1984, Suther-
land & Ortega 1986).

The honeycomb barnacle Chamaesipho tasmanica
in New South Wales has poor larval supply, and num-
bers of larvae arriving influence distributions of juve-
niles (Jeffery 2000, Jeffery & Underwood 2000). Hence,
this study was initiated to test the hypotheses from the
models that settlement and/or post-settlement mor-
tality of juveniles and of adults determine distributions
of adults.

Abundance and distribution

The largest numbers of juvenile and adult barnacles
were recorded at sheltered Sites 3 and 4 and at Low
heights, whereas the smallest numbers occurred at
exposed Site 6 and at Upper heights. Numbers of
already established adults were found to decrease pro-
gressively from late 1989 to late 1993 because recruit-
ment each year was generally not enough to maintain
population numbers. Because the spatial patterns of
settlers were the same as adults, and because spatial
patterns of juvenile and adult mortality did not match
spatial patterns of juveniles and adults, settlement was
found to be more important than post-settlement mor-
tality in determining the abundances and distributions
of Chamaesipho tasmanica.

There may be, however, unusual circumstances where
isolated incidences of adult mortality will have localized

influences on patterns of distribution of
Chamaesipho tasmanica. For example,
at Site 3 Low from April to July 1992,
when many replicates contained 50%
empty shells and the whelk Morula
marginalba was observed feeding on
barnacles. Only at Site 3 Low were there
plenty of crevices, which is consistent
with the relationship between avail-
ability of crevices and predation (Fair-
weather et al. 1984, Moran 1985, Fair-
weather 1988b,c, Johnson et al. 1998).
Predation may therefore maintain the
uniform small size of C. tasmanica char-
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Fig. 8. Post-settlement mortality of barnacles (± SE) from 14 November 1990
to 27 December 1990 and from 18 November 1991 to 6 January 1992. Cellana
tramoserica and fences were added to or excluded from plots (n = 4) on 14
November 1990 and 18 November 1991, respectively, when most settlement 

had occurred. ± C = ± Cellana; ± F = ± Fences

Table 6. Chamaesipho tasmanica. Analysis of post-settlement
mortality of juvenile barnacles (n = 4) at Low heights of C. tas-
manica’s distribution on the shore at Sites 3 and 4. Post-settle-
ment mortality was estimated over 6 wk after major settle-
ment had occurred and after plots were manipulated for
± Cellana and ± Fences, from 14 November 1990 to 27 Decem-
ber 1990 and from 18 November 1991 to 6 January 1992. Post-
settlement mortality was estimated as percentage mortality of
new settlers and already established juveniles for each 6 wk 

period. ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001

(a) Analysis of variance, data-untransformed;
Cochran’s test, p > 0.05

Source df MS F p

Time = T 1 17502.55 508.67 *
Site = S 1 6.91 0.11 ns
± Cellana = C 1 5469.39 750.84 *
± Fences = F 1 165.51 21.13 ns
T × S 1 34.41 0.56 ns
T × C 1 746.30 2.92 ns
T × F 1 469.85 2.31 ns
S × C 1 7.28 0.12 ns
S × F 1 7.83 0.13 ns
C × F 1 21.70 0.10 ns
T × S × C 1 255.83 4.13 *
T × S × F 1 203.04 3.28 ns
T × C × F 1 77.49 0.45 ns
S × C × F 1 218.92 3.54 ns
T × S × C × F 1 173.12 2.80 ns
Residual 48 61.92

(b) Analysis of variance, ± Fences pooled, data-untransformed;
Cochran’s test, p > 0.05

Source df MS F p

Time = T 1 17502.55 508.67 *
Site = S 1 6.91 0.09 ns
± Cellana = C 1 5469.39 750.84 *
T × S 1 34.41 0.45 ns
T × C 1 746.30 2.92 ns
S × C 1 7.28 0.09 ns
T × S × C 1 255.83 3.32 ns
Residual 56 76.96
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acteristic of Site 3 Low and determine adult patterns
even though large numbers of larvae initially settled and
recruited. Hence, where the habitat is suitable for pre-
dators, post-settlement mortality may be more impor-
tant than initial settlement for the demography of C.
tasmanica. Similarly, Connell (1970) found that on low-
shore areas at San Juan Island, where predation was
great, populations of the barnacle Balanus glandula
were diminished.

Moreover, Site 6 was characterized by progressively
decreasing numbers of barnacles from low to mid to
upper heights within distributions of Chamaesipho
tasmanica as distance up the shore increased. It may be
that differential larval supply and recruitment deter-
mine these differences in demography in this area.
Early studies on barnacles, however, showed that phys-
ical factors such as temperature and desiccation deter-
mined the upper limits of vertical distribution and influ-
enced population densities (Connell 1961a,b, 1975). In
this study, there was greatest mortality of adult C. tas-
manica on upper shores at Site 6. Here, mortality may
override the process of larval supply to influence num-
bers of barnacles. An investigation into larval supply on
exposed shores is therefore warranted.

Post-settlement mortality and adult distribution

Juvenile and adult mortality

Simultaneous studies have shown that initial settle-
ment (larval supply and larval choice) determines juve-
nile distributions of Chamaesipho tasmanica at Cape
Banks (Jeffery 2000, Jeffery & Underwood 2000). This
corroborates Denley & Underwood’s (1979) findings on
Tesseropora rosea. When they studied newly settled
barnacles, they found that mechanisms of settlement,
not post-settlement mortality, determined the upper
limits of distribution. Results from this study emphasize
that settlement, not post-settlement, processes (except
in particular circumstances such as when the predatory
whelk Morula marginalba was present at Site 3 Low)
determine adult spatial patterns of distribution of C.
tasmanica. Temporal and spatial variations in adult
populations were inconsistent with adult or juvenile
mortality. In fact, populations of C. tasmanica de-
creased generally at all sites and heights at Cape Banks
from 1989 to 1993, and this was because the numbers
that recruited each year generally were not sufficient to
balance the numbers lost. It may be then that in years
when settlement and recruitment are negligible, mor-
tality of adults will determine their spatial distribution.
Despite this, densities of juveniles and adults varied
spatially at Cape Banks, but spatial patterns of mortal-
ity did not match the juvenile and adult patterns. This is

contrary to the model that fewer adult barnacles exist
on exposed and upper shores as a function of greater
mortality in these areas. Settlement, rather than mor-
tality, is therefore highlighted here as a determinant of
distributions of populations of adult barnacles.

Bertness (1989) showed that intense recruitment
actually enhanced survival of the barnacle Semibal-
anus balanoides in more exposed areas by providing a
buffer against physical stresses. Because Chamaesipho
tasmanica was found to exhibit density-independent
mortality and because many large barnacles were
found on upper heights (Jeffery & Underwood 2001),
mortality of adults may decrease once barnacles are
established. This is contrary to Connell’s (1961a,b,
1975) findings that extreme physical conditions deter-
mined the upper limits of vertical distribution and
influenced population densities by increasing mor-
tality on upper exposed shores. In fact, Fairweather et
al. (1984) found that survival of C. tasmanica increased
with increasing height on the shore regardless of the
presence or absence of Morula marginalba. It may be
that physical stresses influence settlers (with larger
surface:area volume ratios) more than adults on upper
shores. In this study, however, most mortality occurred
low on the shore at Site 3 and on Upper heights at
Site 6. It seems that site-specific characteristics (Haw-
kins & Hartnoll 1982) may be implicated in determin-
ing these differences in mortality in these areas.

Juvenile mortality at the 6 sites was density-
independent. Spatial patterns of settlers and adults
were similar and did not reflect juvenile or adult
mortality patterns. Post-settlement mortality did not
therefore determine adult populations of Chamaesipho
tasmanica. Also, because both juvenile and adult
mortality of C. tasmanica were found to be density-
independent at Cape Banks, this study supports Con-
nell’s (1985) statement that settlement determines
adult densities when juvenile or adult mortality of
barnacles is density-independent.

Even though percentage mortality of juveniles was
estimated only for the period of settlement from July to
December of each year, whereas adult percentage
mortality was an annual estimation, juvenile mortality
was still found to be much greater than adult mortality.
This difference in juvenile and adult mortality at the
6 sites suggests that different mechanisms are operat-
ing to influence mortality at different stages of the life
cycle of Chamaesipho tasmanica and that juveniles are
more ‘fragile’ than established adults.

Effect of Cellana tramoserica

Juvenile populations of Chamaesipho tasmanica at
Sites 3 and 4 were modified by the presence of the
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limpet Cellana tramoserica; however, results do not
suggest that this effect was sufficient to carry through
to adult populations. C. tramoserica occurs in patches
of free space among C. tasmanica and was found to
affect numbers of juveniles that occupied these spaces.
C. tramoserica possesses a radula with a few large
teeth in each row, which enables the limpet to forage
for diatoms and algal spores among cracks in the sub-
stratum (Underwood 1975, 1978). This could explain
its influence on survival of young barnacles. Analysis
of pooled fenced and unfenced data demonstrated that
the presence of C. tramoserica had a deleterious effect
on survival of young C. tasmanica. Greater mortality of
new settlers of barnacles occurred when limpets were
present, but there was no significant difference in mor-
tality when fences were present or absent. This indi-
cates that there were no fence effects on recruitment
(Underwood & Jernakoff 1984, Hancock & Petraitis
2001), and that other grazers that may have unac-
countably wandered into unfenced plots either had no
effect on young C. tasmanica or that C. tramoserica
densities in experimental plots were high enough to
swamp the effect of other grazers on juvenile popula-
tions of barnacles.

Cellana tramoserica does not affect adult popula-
tions of Tesseropora rosea (Denley & Underwood 1979,
Denley 1981, Underwood et al. 1983). Therefore, C.
tramoserica was not thought to cause mortality in adult
populations of Chamaesipho tasmanica. Because this
study has also shown that spatial patterns of adults
were the same as those of settlers, it is assumed that C.
tramoserica can only affect distributions of early juve-
niles and, once new barnacles establish, the influence
of C. tramoserica is reduced.

Settlement versus post-settlement mortality

Although juvenile mortality was much greater than
adult mortality at the 6 sites, the spatial patterns of
settlement of juveniles (Site 3 = 4 > 5 = 2 > 1 > 6)
reflected adult patterns (Site 3 = 4 > 5 = 2 = 1 > 6).
That is, despite great post-settlement mortality of
settlers, juvenile patterns were retained in the adult
stage. At the 6 sites, relationships were also found
between total numbers of barnacles that settled each
year and the numbers of these settlers that remained
at the end of each year from 1989 to 1993. Moreover,
when data were pooled for the 6 sites and 3 heights
from 1989 to 1993, there was a strong relationship
between total annual density of settlers and total
annual density of adults. Therefore, settlement, not
post-settlement mortality, is paramount in determin-
ing spatial abundance and distributions of populations
of Chamaesipho tasmanica.

CONCLUSIONS

Historically, post-settlement mortality was impli-
cated in determining sizes of barnacle populations
(Connell 1985). Otaiza (1989) suggested that spatial
abundance and distribution of Chamaesipho tasman-
ica at Cape Banks in 1986 and 1987 were determined
by differences in total recruitment, survival or both.
This study found that settlement determined the
ultimate distributions of adult C. tasmanica at Cape
Banks. The alternative model that post-settlement
mortality determined the distributions and abundance
of juveniles and adults was not supported by experi-
ments. Despite great post-settlement mortality of juve-
niles, especially when the limpet Cellana tramoserica
was present, spatial patterns of settlers and adults
were similar and were not altered by juvenile or adult
mortality. That is, juvenile spatial patterns were mir-
rored by adult patterns, but not by spatial patterns of
juvenile or adult mortality. Post-settlement mortality
was therefore rejected as a model for causing the
sparse populations of barnacles on exposed and upper
shores.

Because relatively few cyprid larvae of Chamae-
sipho tasmanica arrive to settle (Jeffery & Underwood
2000), this study confirms the recently proposed model
that sparse recruitment will determine that patterns
of adult numbers will match patterns of numbers of
recruits (Connell 1985, Carroll 1996). Earlier models on
settlement and survivorship pertained to those species
with unlimited larval supply, but limited space for
these larvae to settle (Southward & Crisp 1954, 1956,
Barnes 1956, Connell 1961a,b, 1985). Gaines & Rough-
garden (1985) extended these ideas to include models
that incorporated variable (small to large) settlement
with space-limited recruitment. They postulated that
populations with steady-state abundance were derived
from small rates of settlement, whereas temporally
oscillating populations were derived from large rates
of settlement.

Like Chamaesipho tasmanica, the intertidal barnacle
Chthamalus fissus on tropical rocky shores in Costa
Rica is characterized by poor larval supply and abun-
dant space for settling cyprids (Sutherland 1990), but
predation by fish and gastropods maintains space
(Sutherland & Ortega 1986). In the northern hemi-
sphere, patterns of assemblages are influenced by pre-
dation by the seastar Pisaster ochraceus (Paine 1974,
1984), but there is no similar major predator in Aus-
tralia. Whelks are also important predators in the
United States (Dayton 1971, Menge 1976, Lubchenco
& Menge 1978) and very much so in New South Wales
(Underwood 1994). In fact, predation in Australia is
complex with different patterns exhibited in different
areas with similar species (Underwood & Fairweather

302



Jeffery: Abundance and distribution of an intertidal barnacle

1986, Underwood 1994). Australian research, however,
implies that predation may be minor compared with
the effects of recruitment on diversity of populations
(Underwood et al. 1983). While this study has high-
lighted the importance of larval processes in determin-
ing numbers of C. tasmanica at Cape Banks, mortality,
especially predation by whelks, appears to play a sec-
ondary role.

In summary, while this study showed that numbers
of Chamaesipho tasmanica noticeably decreased from
1989 to 1993 at Cape Banks, it has emphasized that the
number of larvae that settle is crucial to the formation
of spatial patterns of juvenile and adult barnacles.
Other studies have shown that larval supply of C. tas-
manica depends on a concordance of numerous pro-
cesses, but larvae can be supplied in a consistent pat-
tern on sheltered shores at Cape Banks (Jeffery &
Underwood 2000). Hence, longer-term ecological stud-
ies of larval supply, settlement and recruitment of C.
tasmanica at various sites and shores on the eastern
Australian coast are necessary to determine processes
governing patterns of variation of this barnacle at
larger spatial scales. Effects of site-specific characteris-
tics on larval supply (Jeffery & Underwood 2000),
settlement (Jeffery 2000, Jeffery & Underwood 2000)
and longevity after settlement (Jeffery & Underwood
2001) will probably then become even more apparent
as major causative mechanisms for the demography of
C. tasmanica.
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