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Abstract ― By analyzing data obtained from 23 plots on five shores along the Pacific coast of Japan over 7 years, we explored the
influence of the 2011 Tohoku Earthquake on the population dynamics of a rocky intertidal barnacle, Chthamalus challengeri. We
addressed the following three questions. (1) At local and intermediate scales, how did the spatial patterns of larval recruitment
change after the earthquake? (2) At broader spatial scales encompassing the entire meta-population, did larval recruitment
change with the alteration of stock size after the earthquake? (3) How did the relative importance of larval recruitment as a determinant of local population growth rate change after the earthquake? The results demonstrated that while the spatial pattern
of C. challengeri larval recruitment was only slightly modified by the 2011 earthquake, the population dynamics were significantly changed immediately (1–2 years) after the earthquake at two contrasting spatial scales. At a broad spatial scale encompassing several bays, the population size increased, consequently enhancing recruitment intensity, whereas at the local scale,
the dependence of local population growth rate on larval recruitment increased. The former finding contradicts a widely
accepted assumption that severe physical disturbances occurring at a broad spatial scale heavily impact natural populations.
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Introduction
Most marine benthos exhibit complex life cycles that include pelagic larval stages and benthic stages linked by recruitment (Todd 1998). The transition between the two life
stages can therefore be crucial to the population dynamics of
these organisms (Thorson 1950). The structure and size of
benthic populations are often governed by larval recruitment
variability at the local scale (Gaines and Roughgarden 1985),
whereas at broader spatial scales encompassing an entire
meta-population, the larval recruitment should depend on
stock size via regional reproductive output (Hughes et al.
2000). At local and intermediate scales the recruitment variability is strongly influenced by passive transport processes
that depend on coastal topography and hydrodynamic features of coastal currents (reviewed by Shanks 1995).
The 2011 Tohoku Earthquake (Mw 9.0 on the moment
magnitude scale), which caused a large tsunami and subsidence of 35–70 cm over the entire Tohoku region in Japan
(Okada 2011), may have greatly impacted populations of marine benthos, and especially of rocky intertidal sessile organ-

isms. Extremely strong wave action and scouring by floating
wreckage associated with a tsunami can cause mass mortality
of rocky intertidal sessile organisms. In addition, subsidence
can transport rocky intertidal sessile organisms below their
normal vertical ranges, where conditions are unsuitable for
their growth, survival, and reproduction. The vast spatial extent of the tsunami and the subsidence strongly suggest that
such negative effects might have occurred at a broad scale,
encompassing entire meta-populations. The benthic metapopulation size could therefore decrease with subsequent reduction of recruitment at a broad scale. Additionally, modification of coastal topography by the earthquake (Field et al.
1982) could change the passive larval transport processes of
larvae, consequently altering the spatial pattern of larval recruitment at local to intermediate scales. Moreover, mortality
caused by the tsunami and subsidence could change the main
factors affecting the relative importance of recruitment on
population dynamics—free space availability (Gaines and
Roughgarden 1985) and population structure (Roughgarden
et al. 1985)—with the relative contribution of larval recruitment intensity as a determinant of local population growth
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rate increasing accordingly after the earthquake. Several
studies have reported on the influences of large earthquakes
and accompanying tsunamis or coseismic uplift on the distribution and abundance of intertidal sessile organisms (Bodin
and Klinger 1986, Castilla 1988, Duran and Castilla 1989,
Castilla et al. 2010). However, there are no previous reports
on how earthquakes change the population dynamics of rocky
intertidal sessile organisms. Likewise, no previous quantitative studies examined the influences of coseismic subsidence
on rocky intertidal sessile assemblages, except for evaluations
of changes in position of zonation of sessile organisms
(Haven 1972, Johansen 1972, Noda et al. 2016a, b).
Acorn barnacles should be ideal for testing various hypotheses about the influence of the 2011 earthquake on population dynamics of rocky intertidal sessile organisms because
their life histories are well understood (Connell 1961, 1985,
Crisp 1976, Roughgarden et al. 1985, Gaines and Bertness
1992, Miyamoto et al. 1999). In addition, it is easy to quantify the distribution and abundance of both the benthic population and recruitment. Chthamalus challengeri is the dominant sessile animal in the mid to high intertidal zone along
rocky shores of northern Japan (Nakaoka et al. 2006). This
species has its highest seasonal recruitment from July to
October (Iwaki 1975), and individuals live several years (Miyamoto et al. 1999).
The purpose of this study was to clarify the influence of
the 2011 Tohoku Earthquake on the population dynamics of
the rocky intertidal barnacle C. challengeri, especially focusing on changes in recruitment and on possible causes and
consequences of the change. We addressed the following
three questions. (1) At local and intermediate scales, how did
the spatial patterns of larval recruitment change after the
earthquake? (2) At broader spatial scales encompassing the
entire meta-population, did larval recruitment intensity
change with changes in the stock size after the earthquake?
(3) How did the relative importance of larval recruitment as a

Fig. 1.
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determinant of local population growth rate change after the
earthquake?

Materials and Methods
Census design
A hierarchical nested sampling design (Noda 2004) was
used for the layout of study sites, with four or five sites
nested within five shores spaced from 2.6 to 7.9 km apart
along the Pacific coast of northern Japan (Fig. 1): Myojin,
39°28′N, 142°00′E; Oura, 39°45′N, 141°99′E; Aragami,
39°24′N, 141°58′E; Akahama, 39°21′N, 141°56′E; and Katagishi, 39°20′N, 141°54′E. The shores Myojin and Oura are
on Yamada Bay, Aragami is on Funakoshi Bay, and Akahama
and Katagishi are on Otsuchi Bay. Detailed descriptions of
the study sites and biogeographic features of the area can be
found in previous works (Okuda et al. 2004, Nakaoka et al.
2006, Fukaya et al. 2010)
Within each shore, the four or five sites were haphazardly chosen from semi-exposed locations, with distances between neighboring sites ranging from 7.8 to 209 m
(mean±SD, 59.2±70.3 m). At each site, adjacent recruitment
and control plots separated by several tens of centimeters
were marked with permanent anchors drilled into roughly
vertical rock. The plots were 100 cm high, and their vertical
midpoints corresponded to the mean tidal level. The recruitment and control plots were 50 and 30 cm wide, respectively.
The 100-cm-high plots covered 72.4% of the mean springtide tidal range of 138.2 cm.
In March 2011, subsidence occurred along the study
area due to the earthquake. Therefore, in July 2011, 4 months
after the earthquake, we vertically extended control plots
(100 cm high and 50 cm wide) with their lower borders sharing the top border of each control plot, so that the vertical
observation range was 200 cm. In April 2012, we also rees-

Map showing study sites. Five rocky shores were chosen for a census of intertidal organisms along the Pacific coast of Japan.
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Table 1. The results of nested ANOVA of the logarithm of the
ratio of mean annual recruitment density after the 2011 earthquake to annual recruitment density before the earthquake for
(a) 2012 and (b) 2013.
(a)
Source
Shore
Site
Year
Total

df

MS

F

P

4
18
69

9.77
3.37
0.29

2.90
11.58

0.05
<0.001

91

1.32

By using the coverage and recruitment density data on
C. challengeri, we obtained estimates of mean coverage and
recruitment density at three spatial scales, shore, bay and regional scales. Estimates at the bay scale were obtained from
the bays that included sites at two shores: Otsuchi Bay and
Yamada Bay (Fig. 1). Values at the regional scale were obtained using data from sites at all five shores. Furthermore,
the local population growth rate was obtained by subtracting
the logarithm of coverage in April from the logarithm of coverage in October for each year at each site.

Data analysis

(b)
Source
Shore
Site
Year
Total

df

MS

F

P

4
18
69

1.40
3.41
0.29

0.41
11.70

0.80
<0.001

91

0.96

Change in spatial pattern of recruitment
To evaluate the effects of the earthquake on recruitment
density, we calculated the logarithm of the ratio of mean annual recruitment density after the earthquake (2012, 2013) to
that before the earthquake (2004–2007) for each year combination using the following formula:
dij=log10 (Qi)－log10 (Qj)

tablished recruitment plots (100 cm high by 30 cm wide) at
the same locations, centered at the mean tidal level.
Recruitment plots were cleared of all surface organisms
each April and July during low tide by burning and then
scraping the rock surface with a wire brush. Recruitment
plots were observed each July and October, first from 2004
to 2007 (before the earthquake) and then in 2012 and 2013
(after the earthquake). Sampling of recruitment plots occurred approximately 90 d after they were cleared to assess
the magnitude of recruitment during the major recruitment
period for C. challengeri every year. Sampling of recruitment
plots involved photographing 5 cm×5 cm quadrats using a
Canon IXY Digital 320 camera (macro setting and 180 dpi at
a distance of 10 cm from the plot surface). Forty replicate
quadrat photographs were taken within each plot (four replicates from 10 vertically separated areas) and used to estimate
the recruitment density (recruits per 25 cm2) in each plot in
each year. The annual recruitment density of C. challengeri
was calculated by adding the number of recruits for both recruitment seasons.
Control plots were observed each April and October
from 2004 to 2007 (before the earthquake) and then in 2012
and 2013. Estimates of the percent coverage by C. challengeri were obtained from the same elevational range of the
control plot before the earthquake (mean tidal level±50 cm)
by using a grid overlain on the plot with observation points
at evenly spaced intervals (5 cm vertically and 5 cm horizontally; 200 grid points total), since the vertical position of
mode of abundance in the zonation of C. challengeri almost
recovered to the position of before the earthquake in 2012
(Noda et al. 2015). The presence or absence of C. challengeri
at each point on the grid was used to estimate the total coverage of C. challengeri for each plot at each census.

(1)

where the dij is the log ratio of annual recruitment density in
post-earthquake year i (i=2012 or 2013) to that in pre-earthquake year j ( j=2004, 2005, 2006, or 2007), and Qi and Qj
are the annual recruitment densities in post-earthquake year i
and pre-earthquake year j, respectively. A Nested ANOVA
was performed to examine whether the dij values were different among shores or sites.
To assess how the spatial consistency of annual recruitment density among sites changed after the earthquake, we
determined Spearman’s rank correlation coefficient (rs) for
three types of comparisons of years: (1) among the 4 years
before the earthquake (six combinations), (2) between 2012
and each year of sampling before the earthquake (four combinations), and (3) between 2013 and each year of sampling
before the earthquake (four combinations).
Change in recruitment arising from alteration of stock size
To evaluate the changes in annual recruitment density
and adult population size before and after the earthquake at
bay and regional scales, we obtained effect sizes from before
the earthquake to after by the following formulas:
Effect size of coverage
＝

log10 ( Pi )－log10 ( Pmean j )
Psd j

(2)

Effect size of mean recruitment density
＝

log10 ( Qi )－log10 ( Qmean j )
Qsd j

(3)

where Pi, and Pj are the coverage averaged at bay or regional
scales in April of post-earthquake year i (i=2012 or 2013)
and pre-earthquake year j ( j=2004, 2005, 2006, or 2007), respectively. Pmeanj and Psdj are their mean and standard devia-
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tion of Pj before the earthquake, respectively. Qi and Qj are
the annual recruitment densities at bay or regional scales in
post-earthquake year i and pre-earthquake year j, respectively, and Qmeanj and Qsdj are their mean and standard deviation of Q before the earthquake, respectively. An absolute
value for the effect size greater than 1.96 indicates that the
coverage (or recruitment density) in the post-earthquake year
(2012 or 2013) deviated significantly from the range of fluctuations among pre-earthquake years with a risk of type I
error of 5%. Alternatively, Cohen (1988) suggested that an
absolute values of effect sizes from 0.2 to 0.3 might be considered a “small” effects, around 0.5 as “medium” effects,
and 0.8 to infinity as “large” effects.
The stock–recruitment relationships were examined at
both regional and bay scales because the larval period of barnacles (Iwaki 1992) is similar to the flushing times of the
bays (Hirano and Hayakawa1976). At both scales, we examined the association between the interannual variation in recruitment and the stock–recruitment relationship using linear
regression of the logarithm of mean annual recruitment density against the logarithm of mean coverage in April over the
census period.
At the bay scale, we examined whether the stock–recruitment relationship differed among bays. We first performed multiple regression analysis in which the logarithm
of annual recruitment density in each bay in each year was
treated as a response variable and the mean coverage in each
bay in April (fixed factor), the bay (fixed factor), and an interaction term between these two fixed factors were treated
as predictors. The best set of predictors was selected based
on Akaike’s information criterion (AIC; Akaike 1974). The
best model included a single predictor: the mean coverage in
each bay. We therefore examined the association between the

interannual variation in recruitment and the stock–recruitment relationship at the bay scale using a linear regression of
the logarithm of mean annual recruitment density against the
logarithm of mean coverage in April over the census period.
Change in importance of recruitment as a determinant of
local population growth rate
To examine how the relative importance of larval recruitment as a determinant of local population growth rate
changed after the earthquake, we performed linear regression
analysis of the logarithm of local population growth rate
against the logarithm of annual recruitment density over
three time periods: before the earthquake, 2012, and 2013.
The density-dependence of the local population growth rate
was tested by checking whether the regression slope significantly deviated from 1.0. On a log–log scale, a slope of 1.0
signifies constant mortality across all densities, or density
independence (e.g., Caley et al. 1996, Hixon 1998). Slopes
>1.0 and <1.0 indicate positive and negative densitydependent effects, respectively.

Results
Change in spatial pattern of recruitment
Nested ANOVA showed that dij values for both 2012
and 2013 were significantly different among sites, whereas
there were no significant differences among shores (Table 1).
In both 2012 and 2013, lower limit of the 95% confidence interval for dij was greater than zero at 4 sites, whereas the
upper limit of the 95% confidence interval for dij was less
than zero at 2 sites (Fig. 2), suggesting that spatial patterns of
recruitment slightly changed after the earthquake.

Fig. 2. Mean (±95% confidence interval) of the logarithm of the ratio of annual recruitment density of Chthamalus challengeri in postearthquake years (2012 or 2013) to those in pre-earthquake years (2004, 2005, 2006, or 2007) at each site. Vertical bars indicate standard deviations (n=4).
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The spatial consistency of annual recruitment density at
each site within the same shore did not change notably after
the earthquake. There were no clear differences among the
Spearman’s rank correlation coefficients (rs) for three comparisons between years: (1) among the 4 years before the
earthquake, (2) between 2012 and each year before the earthquake, and (3) between 2013 and each year before the earthquake (Fig. 3).

Change in recruitment arising from alteration of
stock size
Regional scale
At the regional scale, the annual recruitment density was
significantly and positively correlated with the mean coverage in April (Fig. 4a), suggesting that interannual changes in
recruitment density arose from an alteration of the stock size
at the regional scale. In both 2012 and 2013, the effect sizes
of both the coverage and the mean recruitment density were
positive (Table 2). In 2012, the effect sizes of both coverage
and mean recruitment density were greater than 1.96. In
2013, the effect sizes of both the coverage and the recruitment density were less than in 2012, but the effect size of the
coverage was still greater than 1.96. The effect size of the recruitment density for 2013 was less than 1.96 but greater
than 0.8, suggesting that the effect of the earthquake on recruitment was “large,” as defined by Cohen (1988).

Table 2. The effect size of recruitment density and coverage
before the earthquake to each year after earthquake (2012,
2013) in Yamada Bay (YM), Otsuchi Bay (OT), and for all bays
(Regional).
Effect size

Fig. 3. Mean (±standard error) of Spearman’s rank correlation
(rs) between annual recruitment densities at all sites from different years showing how the spatial consistency of annual recruitment density of Chthamalus challengeri at each site within the
same shore changed after the earthquake. Years used for comparisons: (1) among four sampling years before the earthquake
(2004–2007), (2) between 2012 and each year before the earthquake, and (3) between 2013 and each year before the earthquake.

Bay scale
2012
2013
Regional scale
2012
2013

YM
OT
YM
OT

Coverage

Recruitment
density

4.66
6.13
3.40
1.33

2.78
2.28
1.49
2.21

6.53
3.01

2.14
1.47

Fig. 4. Regression of annual recruitment density against mean coverage of Chthamalus challengeri on (a) the regional scale, and (b)
the bay scale (open and solid circles are Otsuchi Bay and Yamada Bay, respectively). Estimated regression equations and fitted lines are
shown.
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Fig. 5. Regression of the population growth rate in each plot against the annual recruitment density of Chthamalus challengeri. Estimated regression equations and fitted lines are shown. The dotted, dashed, and solid lines represent the years before the earthquake
(2004–2007), 2012, and 2013, respectively. The asterisks next to the regression coefficients indicate that the values differ from 1 at a
significance level of P<0.05.

Bay scale
At the bay scale, the annual recruitment density was significantly and positively correlated with the mean coverage
in April (Fig. 4b), suggesting that interannual changes in recruitment intensity arose from an alteration of stock size at
the bay scale. In both 2012 and 2013, the effect sizes of both
the coverage and the mean recruitment density were positive
(Table 2). In 2012, the effect sizes of both the coverage and
the mean recruitment density were greater than 1.96. In
2013, the effect sizes of both the coverage and the recruitment density were less than in 2012 for each bay, although
the effect sizes of both the coverage in Yamada Bay and the
recruitment density in Otsuchi Bay were greater than 1.96.
The effect sizes of both the recruitment density in Yamada
Bay and the coverage in Otsuchi Bay in 2013 were less than
1.96 but greater than 0.8, suggesting that these effects of the
earthquake were “large,” as defined by Cohen (1988).

Change in the importance of recruitment as a
determinant of local population growth rate
Linear regression analysis suggested that the importance
of larval recruitment as a determinant of the local population
growth rate changed after the earthquake (Fig. 5). Before the
earthquake, the regression of local population growth rate
against annual recruitment density was not significant, suggesting that the local population growth rate was independent
of recruitment density and that there was density-dependent
mortality. In contrast, in 2012 the local population growth
rate was significantly and positively correlated with the annual recruitment density, and the slope of the regression was
not significantly different from 1.0, suggesting that the local
population growth rate depended on recruitment density and
this dependence was density independent. In 2013, the local
population growth rate was significantly and positively cor-
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related with the annual recruitment density, and the slope of
the regression was significantly less than 1.0, suggesting that
the local population growth rate depended on both recruitment density and other density-dependent factors.

Discussion
Changes in spatial pattern of recruitment
The results of both the nested ANOVA examining the
spatial variability of dij and the comparison of rs, which assessed the spatial consistency of recruitment patterns, demonstrated that the spatial pattern of larval recruitment after
the earthquake did not differ from that before the earthquake
(Figs. 2, 3). This result suggests that the passive transport
process, which is a major determinant of larval supply, did
not change after the earthquake, or that the passive transport
process changed after the earthquake while maintaining its
spatial consistency among sites. Within and around the study
sites, there were no signs of coastal cliff failure or landslides
associated with the earthquake (T. Noda, pers. obs.), which
might have altered the passive larval transport process via
modification of coastal topography. The subsidence from the
earthquake could have resulted in increased wave speed, and
consequently increased larval flux, while maintaining spatial
consistency. This is because the range of subsidence was
consistently about 50 cm throughout the observation area
(Iida 2013, Noda et al. 2016a) and wave speed at depths
shallower than several meters is proportional to the square
root of water depth (Denny and Wethey 2001).

Change in recruitment arising from alteration of
stock size
It is plausible that the 2011 earthquake off the Pacific
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coast of Tohoku, which generated a large tsunami and resulted in subsidence of 35–70 cm over the entire Tohoku region (Okada 2011), severely damaged the population of
rocky intertidal barnacles in this region. Kendall et al. (2009)
demonstrated that a tsunami eroded and redeposited sediment and transported floating wreckage, in the process
smothering or scouring rock surfaces and consequently causing the mass mortality of barnacles. In addition, the subsidence of 35–70 cm resulting from the 2011 earthquake could
have shifted barnacles to near the lower limit of their vertical
range, where they often suffer from high mortality from predation or competition (Luckens 1975). Additionally, the vast
spatial extent of the tsunami and subsidence obviously encompassed an entire meta-population of barnacles, thereby
presumably reducing the recruitment of larvae as a consequence of a large decline in the stock size at a broad scale, as
Peterson and Summerson (1992) found for the bay scallop,
where recruitment at a broad scale was drastically reduced
and proportional to the adult population after a red tide severely decimated the adults.
In contrast to these predictions, however, the present
study showed that the population size of C. challengeri increased over a large geographic scale just after the March
2011 earthquake, with a consequent increase in recruitment
intensity. This is because the annual recruitment density was
significantly and positively correlated with the mean coverage in April, and the effect size values of both the coverage
and the mean recruitment density were greater than 1.96 in
2011, suggesting that population size and recruitment density
significantly increased after the earthquake (Fig. 4, Table 2).
Noda et al. (2015) demonstrates that C. challengeri
shifted its zonation downward according to the subsidence in
2011, then expanded its zonation it upward in 2012. This
finding indicates that the increase of C. challengeri right
after the earthquake result from two causes which are not
mutually exclusive. First, it is possible that C. challengeri
did not suffer mass mortality from the tsunami and subsidence (Iwasaki et al. 2016). Indeed, coverage of C. challengeri in control plots in July 2011, immediately after the earthquake, was not significantly different from that in October
2010, right before the earthquake (Noda, T. unpublished
data). Second, there might have been a high level of larval
recruitment of C. challengeri to its normal vertical range
within the first year after earthquake. Indeed, although the
coverage in post-earthquake control plots was extremely low
just after the earthquake (July 2011), it reached at an exceptionally high level in July 2012 (Fig. S1a), before the main
recruitment season for C. challengeri (i.e., July to October;
Iwaki 1975).

Change in the importance of recruitment as a
determinant of local population growth rate
The linear regression analyses of population growth rate

against recruitment showed that the dependence of local population growth rate on larval recruitment increased after the
earthquake (Fig. 5). This might be explained by the fact that
free space was notably abundant in July 2012 and April 2013
compared to before the earthquake (Noda, T. unpublished
data). It is known that the importance of recruitment to population dynamics increases with an increase in the availability
of free space (Todd 1998).

Conclusions
The present study demonstrated that whereas the spatial
pattern of larval recruitment of C. challengeri was only
slightly affected by the 2011 earthquake off the Pacific coast
of Tohoku, the population dynamics were significantly different immediately (1–2 years) after the earthquake at two spatial scales. At a broad spatial scale encompassing several
bays, its population size increased, consequently enhancing
recruitment intensity, whereas at a local scale, the dependence of local population growth rate on larval recruitment
increased. The most interesting finding is that the population
of this barnacle significantly increased just after the events
accompanying the earthquake at a broad spatial scale,
whereas it has been widely assumed that severe physical disturbances at a broad spatial scale heavily affect natural populations in general. Indeed, previous large earthquakes have
resulted in the mass mortality of various rocky intertidal organisms (Castilla 1988, Castilla et al. 2010). Such a contradiction between previous reports and our findings could be
related to differences in the direction of coseismic vertical
movements: all previous studies involved cases of coseismic
uplift. Future studies to test this hypothesis are eagerly anticipated, as it appears that our study is the first to report the impact of coseismic subsidence on population dynamics of
rocky sessile organisms. Another promising future research
direction would be to clarify the ecological consequences of
the increase in C. challengeri in the rocky intertidal communities in this region. This is because this barnacle is a dominant species among the sessile assemblages (Fukaya et al.
2010), being consumed by various invertebrates such as
whelks and sea stars (Hori and Noda 2001), and competing
for space with other sessile organisms such as other barnacles, mussels, and seaweeds (Miyamoto et al. 1999, Chiba
and Noda 2000, Kado 2003).
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