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ABSTRACT: In marine habitats, regional hydrodynamics often cause large-scale recruitment variability of larvae. However, their resultant effects on the population and associated assemblage are
poorly understood. This study was performed to examine recruitment variability of the intertidal barnacle Semibalanus cariosus at 15 sites along 90 km of shoreline on the Kameda Peninsula, Japan,
during a 5 yr period. The cause of recruitment variability and its effects on population abundance of
S. cariosus and the size and abundance of its predator, the whelk Nucella freycineti, were evaluated.
Spatiotemporal variability in recruitment of S. cariosus along the Kameda Peninsula had a large temporal fluctuation with a relatively consistent spatial pattern that was likely to be determined by
coastal currents, which are in turn determined by wind patterns. The resultant recruitment variability affected the population and associated assemblage at 2 spatial scales. At the local scale, i.e. within
a port, barnacle recruitment variability controlled its population dynamics. At the regional scale, i.e.
along tens of kilometers of coastline, the recruitment variability of the barnacle caused geographic
variations in its population size and both the body size and the abundance of N. freycineti. These
results suggest that regional oceanic current systems strongly affect the benthic assemblage at both
local and regional scales by mediation of large-scale spatiotemporal variability in the recruitment of
larvae.
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In general, regional processes can play an important
role in the local dynamics of a particular ecological system in marine habitats (e.g. Connolly & Roughgarden
1998). In such cases, our understanding of whole system dynamics is often obscured by the differences in
scale between a cause and its consequence for a particular event (Bernstein & Goldfarb 1995). A typical
example is recruitment variability in marine organisms
that have planktonic larvae. As larvae can be transported far from where they are released (e.g. Shanks
1995), local populations and associated assemblages
are often strongly affected by recruitment variability,
which reflects the amount of external larval supply into
the local population (e.g. Connell 1985, Victor 1986,
Hughes 1990). On the other hand, the number of

larvae will be determined by regional reproductive
output and regional hydrodynamics (e.g. Rodrigues et
al. 1993, Wootton 1993). As a result of these scale differences, the consequences of recruitment variability
have rarely been examined at a regional scale. Consequently, our knowledge regarding the large-scale
dynamics of marine ecological systems is still limited
(Noda & Nakao 1996b).
Recruitment of marine organisms can vary over several spatial scales (e.g. Caffey 1985, Raimondi 1990,
Fowler et al. 1992, Noda & Nakao 1996a, Hughes et al.
1999). Such spatial variability is likely to be the consequence of numerous processes that act at different
spatial scales (e.g. Pineda 1994, Hills & Thomason
1996). At local scales (<100 m), recruitment variability
can be caused by settlement processes, such as microhydrodynamics or free-space availability for larvae
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(e.g. Shanks & Wright 1987, Minchinton & Scheibling
1993, Pineda 1994, Noda et al. 1998) and by postsettlement processes, such as predation and competition (e.g. Sutherland 1990, Osman & Whitlatch 1995,
Hunt & Scheibling 1997). At larger scales (e.g. 10 to
100 km), spatial variability in recruitment may be related to the regional larval pool (which is dependent on
both number of eggs produced and larval survival) and
regional physical transport processes (e.g. Hawkins &
Hartnoll 1982, Gaines & Roughgarden 1987, Gaines &
Bertness 1992, Peterson & Summerson 1992, Rodrigues
et al. 1993, Thorrold et al. 1994, Hughes et al. 1999).
Much is known about the local pattern and processes.
In contrast, the effects of regional processes on
spatiotemporal variability in recruitment are less well
understood. Previous studies have shown that while
larval recruitment variability can strongly influence
the local population abundance of marine organisms,
the magnitude of its influence is dependent on the
strength of recruitment (e.g. Connell 1985). If the larval supply is abundant, then post-settlement processes, such as competition or predation, may be more
important than recruitment variability in determining
population abundance. In contrast, if larval supply is
limited, then local population abundance varies as a
function of the number of recruits, rather than being
set by post-settlement processes (e.g. Yoshioka 1982,
Underwood & Denley 1984, Caffey 1985, Connell 1985,
Gaines & Roughgarden 1985, Levin 1986, Doherty &
Williams 1988, Mapstone & Fowler 1988, Carroll 1996).
In the latter situation, the effects of recruitment may
spread to the associated assemblage (e.g. Fairweather
1988, Gaines & Lafferty 1995, Robles et al. 1995).
The aim of the present study was to evaluate the
causes and consequences of variability of recruitment
in the intertidal barnacle Semibalanus cariosus along
90 km of coastline on the Kameda Peninsula, northern
Japan to (1) determine the spatiotemporal variability of
recruitment between years over a 5 yr period at 15
shores, (2) examine the effects of recruitment variability
on local population abundances of the barnacle, (3) examine the effects of recruitment variability on the size
and abundance of its predator (the whelk Nucella freycineti), and (4) examine the processes responsible for
the spatiotemporal recruitment variability.

MATERIALS AND METHODS
Study organisms. The barnacle Semibalanus cariosus is widely distributed along the exposed coasts of
the North Pacific: from Oregon to northern Japan
(Utsunomi 1965). At exposed sites in Hokkaido, this is
the dominant species in sessile assemblages in the
mid-intertidal zone of man-made structures (e.g.

break-waters and precast concrete armor units). It
matures at Age 1 yr and can live for 5 yr or more (pers.
obs.). Adult S. cariosus release larvae during phytoplankton blooms (Kado 1991), which occur during
March in southern Hokkaido. After 20 to 40 d, the larvae return to the intertidal habitat and settle on hard
substrata (Kado 1991). Their settlement season ranges
from April to June and most settlement occurs during
April and May (Fukushima 1994).
On man-made structures at exposed sites, sessile animals except barnacles are rare and the predatory whelk
Nucella freycineti is common. In this habitat, the whelk
feeds mainly on Semibalanus cariosus and is a top
predator (pers. obs.). In natural habitats (e.g. semiexposed rocky shores), the whelk is mainly distributed in
beds of the black mussel Septifer virgatus; here,
S. cariosus is rare, and the whelk feeds mainly on S. virgatus (Kawai 1993). This whelk lacks a planktonic larval
period and can live for several years (Kawai 1993).
Study sites. This study was conducted along 90 km of
coastline around the Kameda Peninsula (Fig. 1a).
Around the Kameda Peninsula, geographic patterns in
coastal currents and desiccation stress are described
below.
Coastal currents: The general pattern of coastal currents during spring is characterised by 3 local areas
(Fig. 1b): (1) from Cape Sunazaki to Cape Esan (distance: ca. 50 km), where a southeastward flow (ca. 10
to 16 km d–1) is dominant (Ohtani & Deguchi 1981,
Ohtani & Murakami 1989); (2) between Cape Esan and
Cape Shiokubi (distance: ca. 20 km), where a westward flow (ca. 10 km d–1) is dominant (Hori & Nitta
1979); and (3) between Cape Shiokubi and Cape
Tachimachi (distance: ca. 20 km), where an eastward
flow (ca. 10 km d–1) is dominant (Hori & Nitta 1979).
Desiccation stress: While no quantitative evidence is
available, the geographic pattern of the desiccation
stress must be similar to the pattern of coastal currents.
During the settlement period (April to June), sea fog,
which weakens the direct rays of the sun, occurs frequently along the coast from Cape Sunazaki to Cape
Esan, but is infrequent along the coast between Cape
Shiokubi and Cape Tachimachi (pers. obs.). Consequently, the duration of sunshine is usually shorter for
the Cape Sunazaki to Cape Esan coast than for the
coast between Cape Shiokubi and Cape Tachimachi
during the settlement season (e.g. Sapporo District
Meteorological Observatory 1999). Between these 2
areas (i.e. between Cape Esan and Cape Shiokubi),
while climate data have not been recorded, the fog
frequency and sunshine duration may be intermediate.
Barnacle recruitment variability and its effects on
adult density. Sampling: As monthly settlement monitoring on a rocky bench (Fig. 1c, Rocky bench VI)
demonstrated that neither the timing of the peak nor
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Fig. 1. Study area at the Kameda Peninsula,
Japan. (a) Position of the Kameda Peninsula on
Hokkaido. (b) Patterns of coastal currents around
southern Hokkaido during the spring season.
Arrows show coastal currents. (c) Recruitment
monitoring ports on the Kameda Peninsula are
numbered 1 to 15. Rocky benches on the
Kameda Peninsula are marked with Roman
numerals, where shell height and density of
Nucella freycineti were monitored. Solid and
open circles show fishing ports and rocky
benches, respectively. Two crosses indicate the
locations of Automated Meteorological Data
Acquisition Systems: Hakodate Automated
Meteorological Data Acquisition System (H);
Minamikayabe Automated Meteorological Data
Acquisition System (M). Shaded areas on the
coastlines indicate sandy beaches

the duration of settlement changed from 1994 to 1999
(T. Noda unpubl. data), recruit sampling was conducted in early July (just after the end of the settlement
season) at 15 fishing ports along the Kameda peninsula
(Fig. 1c) in 1994, 1995, 1997, 1998 and 1999. On each
sampling date, 15 precast concrete armor units (polyhedral concrete blocks measuring 5 to 6 m in width and
height used to weaken wave force, hereafter designated PCAUs) separated by a distance of 1 to 2 m
located near the end of the pier at each port were chosen at random. All PCAUs had similar microheterogeneity of substrata and were exposed to the open sea.
Along the offshore side of each PCAU, a 25 × 25 cm
quadrat was set on the center of the Semibalanus cariosus zone locating intertidal mid-shore. Within the
quadrat, a small (5 × 5 cm) quadrat was set haphazardly in areas where Semibalanus adults (>1 yr old)
were absent. In each small quadrat, the numbers of
newly settled S. cariosus (including empty tests) were
counted. They were distinguished from adults by their
color and size; the shell color of new recruits is clean
white and the aperture length is < 2 mm.

A previous study showed that recruitment densities
of Semibalanus cariosus vary at 4 spatial scales (i.e. km
scale, among ports; 100 to 300 m scale, among sites
within a port; 1 to 2 m scale, among PCAUs within
sites; 5 to 20 cm scale, among small 5 × 5 cm quadrats
within a large 25 × 25 cm quadrat). However, 85.6% of
the total variance was estimated to be due to variation
among ports (Noda & Nakao 1996a). This result suggested that the sampling method in the present study
was suitable for measurement of among-port variability of barnacle recruitment.
Densities of adult (>1 yr old) Semibalanus cariosus
were measured in June 1999 at 15 fishing ports
(Fig. 1c). In each port, I counted the numbers of adult S.
cariosus in a large (25 × 25 cm) quadrat set using the
same methods as in the recruitment sampling.
Analysis of spatiotemporal variability in recruitment: An analysis of variance was used to detect the
spatiotemporal variability of recruitment of Semibalanus cariosus between 1994 and 1999 around the
Kameda Peninsula, with coast (i.e. the Cape Sunazaki
to Cape Esan coast, the Cape Esan to Cape Shiokubi
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coast and west of Cape Shiokubi) and year as fixed
effects, and ports nested in the coast as a random
effect. Effects of coast were tested over the port (coast)
mean square, effects of year × coast were tested over
the year × port (coast) mean square, and the effects of
port (coast), year and year × port (coast) were tested
over the error mean square. For the analysis, data were
log transformed to make the variances homogeneous
when necessary. Cochran’s C-test was used to check
for homogeneity of variances.
Test of recruitment limitation: Recruitment limitation is defined as a linear positive relation between
local population abundance and the number of
recruits, in which local population abundance varies as
a linear function of the number of recruits because of
limited larval supply (Connell 1985). To determine
whether recruitment limitation occurred in the population of Semibalanus cariosus around the Kameda
Peninsula, I performed linear regression analysis of the
abundance of adults (individuals > 0 yr of age) in 1999
against the mean recruitment density during 1994 to
1998 at each port.
Effects of spatial variability of barnacle recruitment
on the Nucella freycineti population. Sampling: In
June 1999, Nucella freycineti densities were measured
on the Pacific coast and on the Tsugaru Strait coast
around the Kameda Peninsula. Along the Pacific coast,
sampling was conducted at 3 fishing ports (Fig. 1c,
Ports 1, 3 and 4) and 4 adjacent black mussel (Septifer
virgatus) beds (Fig. 1c, Rocky benches I, II, III and IV).
On the Tsugaru Strait coast, sampling was conducted
at 3 fishing ports (Fig. 1c, Ports 7, 8 and 9), 2 adjacent
mussel beds (Fig. 1c, Rocky benches V and VI) and a
rocky bench covered by PCAUs, where Semibalanus
cariosus was dominant (Fig. 1c, Rocky bench VI).
In ports, 25 PCAUs (each separated by a distance of
1 to 2 m) located near the end of the port piers were
sampled. Two large (25 × 25 cm) quadrats were randomly set within the Semibalanus cariosus zone of
each PCAU and the whelks in the quadrats were
counted. In mussel beds, a large (25 × 25 cm) quadrat
was randomly set 65 times in an area measuring ca.
30 × 5 m located in the mid-part of each bed and the
whelks were counted.
The shell heights of 50 to 149 ind. of Nucella
freycineti were measured using a caliper at ports and
rocky benches where their density was measured,
except 1 port (Fig. 1c, Port 9) where the density was too
low to collect a sufficient number of individuals for
estimating distribution of the shell height. N. freycineti
used for shell height measurement were collected from
quadrats used for density measurement sampling and
from the adjacent areas (i.e. < 5 m from each quadrat).
At each port and rocky bench, biomass (g 625 cm–2)
of Nucella freycineti was calculated from mean density

and the mean individual weight, which was obtained
from shell height distribution and the allometric equation log fresh weight (g) = –0.60 + 2.82 · log shell height
(mm) (r2 = 0.98, n = 26; T. Noda unpubl. data) obtained
from specimen collected at a fishing port (Fig. 1c,
Port 3).
Test of effects of barnacle recruitment variability on
Nucella freycineti: The effects of barnacle recruitment
variability on N. freycineti were evaluated along
the 70 km of coastline from Cape Sunazaki to Cape
Shiokubi. As both recruitment of Semibalanus cariosus
and other confounding variables (e.g. climate factors)
can vary spatially along the coastline, the confounding
effects must be eliminated to evaluate the effects of
barnacle recruitment variability on N. freycineti.
The geographic patterns of mean shell height and
abundance of whelks were compared between ports
where whelks feed mainly on barnacles (Fig. 1c, Ports 1
to 9) and black mussel beds where whelks feed mainly
on mussels (Fig. 1c, Rocky benches I to VI). In mussel
beds, the abundance of the black mussel Septifer virgatus may not be limited by larval supply but by post-settlement mortality, which determines the amount of suitable recruitment sites for larvae. This is because larvae
are recruited selectively in mussel mats (Kiyoshige
1995). In contrast, the local population abundance of
Semibalanus cariosus can be limited by larval supply.
In comparison to geographic patterns of mean shell
height and abundance of whelks between ports and
black mussel beds, if similar patterns are observed for
shell height and abundance between the 2 habitats,
then some environmental variables but not food resources may be responsible for the observed patterns.
In contrast, if a particular geographic pattern is observed only in ports and it corresponds to the barnacle
recruitment pattern, then barnacle recruitment variability may be responsible for the geographic patterns
of mean shell height and the abundance of whelks.
Nested ANOVAs were conducted to evaluate the
spatial variability of shell height and density of Nucella
freycineti at ports and on rocky benches around the
Kameda Peninsula, with coast (Pacific coast vs Tsugaru
Strait coast) as fixed and both ports and rocky benches
nested in the coast as random effects. The effects of
coast were tested over the port (coast) mean square
and rocky bench (coast) mean square, while the effects
of port (coast) and rocky bench (coast) were tested over
the error mean square. For the analysis, data were
transformed (i.e. shell height, square-root transformation; density, log transformation) to make the variances
homogeneous when necessary. Cochran’s C-test was
used to check for homogeneity of variances when sample sizes were equal. In the ANOVA for rocky benches
of shell height, Bartlett’s test was used to check for
homogeneity of variances because sample size (i.e.
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number of individuals for which shell height was
measured) differed among rocky benches.
To evaluate the association between barnacle
recruitment and whelk size, abundance, and biomass,
linear regression analyses were conducted for the
mean shell height, abundance, and biomass of the
whelks in 1999 against the mean recruitment density
during 1994 to 1998 at each port.
Cause of spatiotemporal recruitment pattern. Winddriven currents hypothesis: The spatiotemporal recruitment pattern of Semibalanus cariosus around the
Kameda Peninsula was hypothesized to be determined
mainly by coastal currents, which should transport
larvae to the peninsula. There are 2 grounds for this hypothesis. First, speed and direction of coastal currents
(Fig. 1b) and the larval period of S. cariosus (ca. 20 to
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40 d) suggested that most larvae recruited on the
Kameda Peninsula were released from the northeast
of the peninsula. Second, the consistency of the geographic pattern of recruitment also supported the
hypothesis, i.e. recruitment is highest on the coastline
between Cape Sunazaki and Cape Esan, followed by
the coastline between Cape Esan and Cape Shiokubi
(Fig. 2).
To evaluate the reliability of the hypothesis that
explains barnacle recruitment variability, I examined
whether the observed data supported its prediction
that, when NE winds are strong and NW winds are
weak, overall recruitment intensity as well as the proportion of larvae recruited on the Tsugaru Strait coast
would be high. This is because coastal currents around
the Kameda Peninsula are dominated by wind-driven

Fig. 2. Semibalanus cariosus. Recruitment variability between 1994 and 1999. (a) Spatiotemporal variability around the Kameda
Peninsula. Arabic numerals indicate the ports shown in Fig. 1. (b) Relationship between the overall recruitment density around
the Kameda Peninsula (i.e. mean value obtained from 15 fishing ports) and mean recruitment density at 3 coasts (i.e. the Pacific
coast, the Cape Esan to Cape Shiokubi coast and the Cape Shiokubi to Cape Tachimachi coast). (c) Correlation between the overall recruitment density and the ratio of mean recruitment density on the Tsugaru Strait coast to that on the Pacific coast. Vertical
bars are SE
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currents (Ohtani & Deguchi 1981, Ohtani & Murakami
1989, Shimizu & Isoda 1997, Isoda et al. 1998). Simulation results using a numeric model indicate that a NE
wind drives a counter-clockwise current around the
Kameda Peninsula (Shimizu & Isoda 1997), while a NW
wind enhances the offshore currents and prevents
flows from reaching the Kameda Peninsula (Isoda et al.
1998).
The NE and NW scalars of the resultant winds in
1994, 1995, 1997, 1998 and 1999 were obtained as follows. In each year, daily mean wind force and daily
most frequent wind direction during March to May
were obtained from the Automated Meteorological
Data Acquisition System (AMDAS) at Cape Chikyu.
From these data, the resultant winds during March,
April and May in each year were obtained, and the NE
and NW scalars of the resultant winds were calculated.
Then, correlations were obtained (1) between the
yearly mean of recruitment of Semibalanus cariosus
and the NE and NW scalars of resultant wind velocity,
and (2) between the ratio of mean recruitment density
on the Tsugaru Strait coast to that on the Pacific coast
and NE and NW scalars of the resultant wind velocity.
Desiccation hypothesis: An alternative hypothesis is
that spatiotemporal variability in desiccation stress resulted in differences in early post-settlement mortality,
consequently giving rise to the spatiotemporal recruitment pattern of Semibalanus cariosus around the
Kameda Peninsula. This hypothesis was evaluated by
using (1) the sunshine durations during April to June
(as an indicator of strength of desiccation stress for
early post-settlement barnacles), which were obtained
from AMDAS at Hakodate and Minamikayabe
(Fig. 1c) and (2) the annual mean density of recruits observed in ports 3 and 15 which are nearest to the AMDAS at Hakodate and Minamikayabe, respectively.
The effect of sunshine duration on annual barnacle recruitment at the 2 ports was evaluated by selecting the
best subset of predictors in a multiple regression with 2
predictor variables, i.e. ‘the sunshine duration during
April to June’ and ‘ports’, and their interaction. ‘Ports’
was treated as a categorical predictor variable, since
some factors (e.g. larval supply) as well as sunshine
duration might affect recruitment. I determined the
best subset of predictors based on the Akaike Information Criterion (AIC) and adjusted R2, i.e. the best-fit
model has the smallest AIC and the largest adjusted R2
(Quinn & Keough 2002). If the best subset of predictors
contained neither sunshine duration effects nor an interaction between sunshine duration and port in the
regression, then this desiccation stress hypothesis
could not be supported. In this analysis, the annual
mean recruitment densities were log transformed because the mortality may respond to strength of desiccation stress non-linearly rather than linearly.

RESULTS
Barnacle recruitment variability
During the study period, Semibalanus cariosus
recruitment showed a relatively consistent spatial pattern, while recruitment densities fluctuated from year
to year (Fig. 2a, Table 1). In all years, the recruitment
level was highest on the Cape Sunazaki to Cape Esan
coast, followed by the Cape Esan to Cape Shiokubi
coast. While temporal trends in recruitment variability
is also similar among the 3 coastlines, the spatial pattern of recruitment changed with the overall recruitment intensity around the Kameda Peninsula (Fig. 2b).
The differences in recruitment density between the
Cape Sunazaki to Cape Esan coast and the Cape Esan
Table 1. Semibalanus cariosus. ANOVA for the spatiotemporal variability of recruitment between 1994 and 1999 around
the Kameda Peninsula, with coast and year as fixed, and ports
nested in the coast as random effects
Source of variation

df

MS

Coast a
2
197.71
Port(Coast)
12
3.95
Year
4
112.19
Year × Coast
8
13.77
Year × Port(Coast)
48
0.90
Error
1050
0.06
Transformation: log (N · 1000 + 1)
Cochran’s C-test: C = 0.056, p > 0.05
a

F

p

50.11
62.18
1768.09
15.26
14.22

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

Coast: the Cape Sunazaki to Cape Esan coast, the Cape
Esan to Cape Shiokubi coast and west of Cape Shiokubi

Fig. 3. Semibalanus cariosus. Regression analysis of the adult
density in 1999 against mean recruitment density during 1994
to 1998. Arabic numerals indicate the ports shown in Fig. 1c
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to Cape Shiokubi coast decreased with increasing
overall recruitment intensity around the peninsula. In
addition, the ratio of mean recruitment density on the
Tsugaru Strait coast to that on the Pacific coast was
positively correlated to the overall recruitment intensity around the peninsula (Fig. 2c).

Effects of barnacle recruitment variability on its
population abundance
The result of linear regression analysis of adult density in 1999 against the recruitment intensity (i.e. the
mean recruitment density during 1994 to 1998) was
highly significant (Fig. 3). These results suggest that
the barnacle population abundance varied among
ports as a linear function of the number of recruits.

Spatial variability in growth and abundance of
Nucella freycineti
In ports and on rocky benches where whelks fed
mainly on Semibalanus cariosus, the shell size of the
whelks was larger on the Pacific coast than on the
Tsugaru Strait coast, while in mussel beds, no such
pattern was observed (Fig. 4, Table 2). Shell size of
whelks in the S. cariosus zone on a natural rocky bench
was similar to that at the adjacent fishing port (Fig. 4,
comparing Site VI with Site 8). At ports, the densities of
whelks were higher on the Pacific coast than on the
Tsugaru Strait coast. In mussel beds, no such pattern
was observed (Fig. 5, Table 3).
Significant linear regressions were obtained for density, shell height and biomass of Nucella freycineti
against the mean recruitment density of Semibalanus
cariosus (Fig. 6).

Fig. 5. Nucella freycineti. Spatial variability in density around
the Kameda Peninsula. Vertical bars are SE. On the x-axis,
Arabic and Roman numerals refer to the ports and rocky
benches shown in Fig. 1c, respectively

Conformity between observations and hypothesis
predictions regarding the cause of recruitment
variation
The yearly mean of recruitment density of Semibalanus cariosus along the Kameda Peninsula and the
ratio of mean recruitment density on the Tsugaru
Strait coast to that of the Pacific coast were positively
correlated to the NE scalar (Fig. 7a,b), and negatively
correlated to the NW scalar (Fig. 7c,d). These observations were consistent with the prediction that
coastal currents mainly determined the recruitment
pattern of S. cariosus around the Kameda Peninsula.
The recruitment density was lower and the hours of
sunshine duration during April to June were higher at
Port 3, located on the Pacific coast than at Port 15,

Table 2. Nucella freycineti. Nested ANOVA of shell height
around the Kameda Peninsula, with coast as fixed and both
ports and rocky benches nested in coast as random effects.
(a) Ports (b) Rocky benches
Source of variation

df

MS

(a) Ports
Coast a
1
63.870
Port(Coast)
3
1.187
Error
245
0.402
Transformation: none
Cochran’s C-test: C = 0.274, p > 0.05

Fig. 4. Nucella freycineti. Spatial variability in mean shell
height around the Kameda Peninsula. Vertical bars are SE.
On the x-axis, Arabic and Roman numerals refer to the ports
and rocky benches in Fig. 1c, respectively

(b) Rocky benches
Coast
1
0.502
Rocky bench(Coast)
4
2.434
Error
362
0.251
Transformation: square root
Bartlett’s test: B = 9.220, p > 0.05
a

F

p

53.790
2.951

0.005
0.033

0.206
9.707

0.673
0.000

Coast: Pacific coast vs Tsugaru Strait coast

248

Mar Ecol Prog Ser 278: 241–252, 2004

Table 3. Nucella freycineti. Nested ANOVA of density around
the Kameda Peninsula, with coast as fixed and both ports
and rocky benches nested in coast as random effects. (a) Ports
(b) Rocky benches
Source of variation

df

(a) Ports
1
168.2
Coast a
Port(Coast)
4
11.6
Error
294
1.9
Transformation: log(N · 1000 + 1)
Cochran’s C-test: C = 0.284, p > 0.05
(b) Rocky benches
Coast
1
34.4
Rocky bench(Coast)
4
77.6
Error
384
1.7
Transformation: log(N · 1000 + 1)
Cochran’s C-test: C = 0.242, p > 0.05
a

F

p

14.20
6.06

0.020
0.0001

0.44
45.30

0.542
0.0001

MS

DISCUSSION
Recruitment variability and its cause
Spatiotemporal variability in recruitment of Semibalanus cariosus along the 90 km of the Kameda
Peninsula could be characterized as exhibiting large
temporal fluctuations but with a relatively consistent
spatial pattern. Similar patterns in recruitment have
been observed for barnacles and other marine benthos
at similar spatial scales (e.g. Caffey 1985, Connell
1985, Tolimieri et al. 1998). In addition, recent studies
have documented that these patterns are related to the
rate of larval supply, which reflects oceanographic
transport processes (e.g. Bertness et al. 1996). The correlations between the wind vectors and recruitment
patterns are consistent with the hypothesis that the

Coast: Pacific coast vs Tsugaru Strait coast

Table 4. Semibalanus cariosus. The effect of sunshine
duration on annual recruitment at the 2 ports evaluated by
selecting the best subset of predictors in a multiple regression
(n = 10) with 2 predictor variables, i.e. ‘the sunshine duration
during April to June’ and ‘ports’ and their interaction (Port ×
Sunshine duration). The best subset of predictors had
the smallest Akaike Information Criterion (AIC) and adjusted
R2. Significant predictor variables: *0.01 ≤ p < 0.05; **0.001 ≤
p < 0.01
Predictor variables

R2

3

Port
Sunshine duration
Port × Sunshine duration

0.719

0.578

2

Port*
Sunshine duration

0.718

0.638 –4.939

1

Port**

0.713

0.667 –6.765

1

Sunshine duration

0.393

0.317 –0.734

No. predictors

Adjusted AIC
R2
–2.954

located on the Tsugaru Strait coast (Fig. 8). However,
when the sunshine duration during April to June was
of similar levels in both ports (1994 and 1999 for Port 3
vs 1995, 1997 and 1998 for Port 15), the recruitment
density at Port 3 was much higher than at Port 15.
Moreover, neither sunshine duration effects nor sunshine duration × port interaction effects was included
in the best subset of predictors in multiple regression
explaining the recruitment variability at the 2 ports
(Table 4). These findings suggested that desiccation
stress did not cause the spatiotemporal recruitment
pattern of Semibalanus cariosus around the Kameda
Peninsula via differences in early post-settlement
mortality.

Fig. 6. Nucella freycineti and Semibalanus cariosus. Regression analysis of (a) mean shell height, (b) density and (c) biomass of N. freycineti in the ports against mean recruitment
density of S. cariosus during 1994 to 1998. Vertical bars are SE
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Fig. 7. Semibalanus cariosus. Correlations between barnacle recruitment and wind pattern. (a) Correlation between yearly mean
recruitment density and NE scalar of resultant wind velocity at Muroran during March and May. (b) Correlation between the ratio
of mean recruitment density on the Tsugaru Strait coast to that on the Pacific coast and NE scalar of resultant wind velocity at
Muroran during March and May. (c) Correlation between yearly mean recruitment density and NW scalar of resultant wind
velocity at Muroran during March and May. (d) Correlation between the ratio of mean recruitment density on the Tsugaru Strait
coast to that on the Pacific coast and NW scalar of resultant wind velocity at Muroran during March and May

spatiotemporal recruitment patterns of S. cariosus
around the Kameda Peninsula were determined by
coastal currents, which transported larvae released
from NE of the peninsula. This hypothesis was based
on the speed and direction of the coastal current, the
larval period of S. cariosus and the consistent geographic pattern of recruitment (Fig. 7). An alternative
explanation is that early post-settlement mortality
varies geographically and causes the pattern. The
results of a previous study, however, suggested that
this is unlikely (Noda & Nakao 1996a). Recruitment
densities of S. cariosus varied at 4 spatial scales (i.e. km
scale, 100 to 300 m scale, 1 to 2 m scale, 5 to 20 cm
scale) among and within the ports. 85.6% of the total
variance was estimated to be due to variation among
ports (Noda & Nakao 1996a). The variance component
pattern is unlikely to be the result of post-settlement
mortality, which has various causes (e.g. predation,
environmental stress) acting at different spatial scales
(e.g. Caffey 1985). Moreover, the post-settlement mortality of intertidal sessile organisms usually varies

Fig. 8. Semibalanus cariosus. Relationship between the duration of sunshine during April to June, determined from 2
Automated Meteorological Data Acquisition Systems located
at the Pacific and the Tsugaru Strait coasts, and annual mean
density of recruits observed in 2 ports adjacent to the Automated Meteorological Data Acquisition Systems. Numbers
refer to the ports shown in Fig. 1c
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highly at very small spatial scales, such as several tens
of centimeters to several meters (e.g. Menge 1978a,
1978b, Caffey 1985).
These observations raise questions regarding the
primary cause of the spatiotemporal variability of
recruitment of Semibalanus cariosus along the 90-km
Kameda Peninsula. The recruitment variability is
strongly related to the coastal current pattern, which is
determined by wind patterns at the regional scale. The
wind pattern was strongly affected by the course of
low pressure fronts (Sapporo District Meteorological
Observatory 1974), which reflect the course and
strength of the prevailing westerlies, which are determined by global climate (Holton 1979). Thus, year-toyear variability in the global climate may be the primary cause of the temporal variability of recruitment of
S. cariosus along the 90 km of the Kameda Peninsula.

Consequence of recruitment variability
Among ports, variation in the density of adult Semibalanus cariosus around the Kameda Peninsula could
be explained by a linear function of the recruitment
strength at each port (Fig. 3). This suggests that
recruitment limitation occurred at ports throughout the
Kameda Peninsula; the local population abundance
was set by the number of recruits, rather than by postsettlement processes (Connell 1985). This suggests
that recruitment density was too low for densitydependent mortality to operate effectively after settlement (Connell 1985, Menge 2000).
Prey availability often affects predator body size
and density in the intertidal habitat (e.g. Morgan
1972, Menge et al. 1994). Thus, it is not surprising that
prey recruitment variability affects the population
characteristics of the predator. Fairweather (1988)
demonstrated that prey recruitment can affect whelk
density on a small spatial scale by manipulation of the
number of recruits. While manipulation is the most
direct test of the effect of variation in prey recruitment
on their predator (Fairweather 1988), this can be difficult to do, especially on a relatively large spatiotemporal scale. At the large spatial scale, alternatively,
spatial correlation between recruitment intensity of
prey and both size and density of the predator may be
an informative evidence of bottom-up control of the
consumer by prey recruitment. However, the observed correlation should be interpreted cautiously.
Spatial variation in both size structure and density of
predator might be caused by other confounding variables (e.g. physical factors) that vary spatially; the
abundance and size of whelks can vary with exposure
to waves and desiccation stress (e.g. Menge 1978a,b,
Moran 1985).

Spatial variations in both the size structure and density of Nucella freycineti in ports around the Kameda
Peninsula are likely to be caused by variability in prey
recruitment. Several observations support this hypothesis. First, the body size and abundance of N. freycineti
were positively correlated with the recruitment intensity of Semibalanus cariosus. Second, at ports, shell
size and abundance of the whelks were larger on the
Pacific coast than on the Tsugaru Strait coast, while a
different spatial pattern was observed in mussel beds
(Fig. 5, Table 2). Third, there was no evidence of an
effective predator of whelks in this habitat; during the
study period, no predation on whelks was observed
and all whelks measured had a complete shell ridge
(i.e. there were no signs of crab attack) (T. Noda
unpubl. data). Moreover, the physical environment
(e.g. temperature, desiccation stress and wave exposure) could not explain the spatial patterns in body size
and abundance of the whelks. Geographic patterns in
sunshine duration suggest that desiccation stress was
strongest on the Cape Shiokubi to Cape Tachimachi
coast and weakest on the Cape Sunazaki to Cape Esan
coast (Sapporo District Meteorological Observatory
1999). However, it did not seem to affect N. freycineti
on PCAUs, as the complex structure of PCAUs prevents direct sunlight reaching the substrata. Moreover,
strong wave exposure keeps the S. cariosus zone wet
in the habitats all year round (pers. obs.). There were
no obvious spatial patterns in wave exposure (e.g.
Japan Meteorological Agency 2001). In addition, there
were no obvious differences in seawater temperature
between the Pacific coast and the Tsugaru Strait coast
from Cape Esan and Cape Shiokubi. Monthly temperature measurement conducted on 5 rocky benches (3
shores from Cape Sunazaki to Cape Esan; 2 shores
between Cape Esan and Cape Shiokubi) from 1997 to
1999 showed that annual mean temperature was 8 to
9°C on all shores (T. Noda unpubl. data).

CONCLUSIONS
As in other large-scale studies, the present study did
not evaluate the effect of all the local factors affecting
recruitment (e.g. variability in chemical, physical and
biological cues), implying that their effects may not be
negligible. However, the present study suggested that
regional climate and oceanic currents strongly affect
spatiotemporal variability of Semibalanus recruitment
along the 90-km coastline of the Kameda Peninsula.
The resultant variability in recruitment affected the
population and associated assemblages at 2 spatial
scales. At the local scale, i.e. within a port, recruitment
variability seemed to control barnacle population
dynamics. At the regional scale, i.e. along the 90 km of
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coastline, this recruitment variability caused geographic variations in barnacle population size and both
body size and population size of Nucella freycineti.
Previous studies on rocky intertidal shores suggest that
the regional oceanic current systems often determine
the large-scale variability in recruitment of benthos
(Hawkins & Hartnoll 1982, Wing et al. 1995, Connolly
et al. 2001). The resultant recruitment variability often
causes temporal variability in local predator abundance through bottom-up effects (Menge et al. 1994,
1999, Robles et al. 1995, Connolly et al. 2001). The
results of these previous studies and observations
reported here imply that the global climate and
regional oceanic current systems strongly affect the
benthic assemblage at local and regional scales, by
mediating large-scale spatiotemporal variability in
recruitment of larvae (e.g. Roughgarden et al. 1988,
Alexander & Roughgarden 1996, Connolly & Roughgarden 1998).
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