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Abstract— Effects of the 2011 Tohoku earthquake and tsunami on the surf zone fish assemblage during summer to autumn in

Otsuchi Bay, Pacific coast of northeastern Japan, were evaluated based on the species composition and abundances of 46 fish
species collected by bottom towing surveys from 2009 to 2015. The fish community was characterized by the juveniles of
epibenthic species preferring bare sandy habitat, viz. Upeneus japonicus, Repomucenus curvicornis, R. lunatus, Paralichthys olivaceus,
Tarphops oligolepis and Pleuronectes yokohamae, and the species associated with seagrass or macroalgal habitat, viz. Pholis
crassispina, P. nebulosa and Rudarius ercodes, according to SIMPER analysis. While no significant differences were found in the
physical water condition, total abundance, or species diversity and richness indices, cluster and canonical correspondence
analyses showed that the post-earthquake species composition was clearly distinct from the pre-earthquake communities by the
increase of demersal fish species associated with sandy substrate, such as Favonigobius gymnauchen and flatfishes, in contrast to
the reduction of seagrass or macroalgal dependent fish species. The results suggest that the disturbance of tsunami has affected
the expansion of the nursery and/or feeding potential for epibenthic species, including many commercial pleuronectid flatfishes,
caused by the replacement of substratum by sandy sediment.
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Introduction

Surf zones are shallow waters formed off sandy beaches,
with a continuous physical flux created by tides and waves
(McLachlan and Brown 2006). Although surf zone fish fau-
nas have been characterized as structurally homogeneous, a
number of studies have found that fluctuations in physical
variables (wave height, turbidity, sand grain size, beach
slope, temperature and salinity) and temporal scales (sea-
sons, tidal level, moon stage and time of day) can alter the
composition and species richness of the faunal assemblages
(e.g., Watkin 1941, Colman and Segrove 1955, Hamerlynck
and Mees 1991, Clark et al. 1996, Lock et al. 1999, Beyst et
al. 2001, Dominguez Granda et al. 2004, McLachlan and
Brown 2006, Inui et al. 2010). Recently, it has been sug-
gested that surf zones play multiple roles, including function-
ing as transit routes and/or habitats for many fish species
(McLachlan and Brown 2006). The most distinctive features
of such communities are their great variability in space and

time, their opportunistic feeding behavior, and the high pro-
portion of larvae and juveniles (Senta and Kinoshita 1985,
McLachlan and Brown 2006, Félix et al. 2007, Able et al.
2013). In surf zone fish communities, seasonal fluctuations in
physical conditions, including wave action and temperature,
and anthropogenic disturbances affect both larval and juve-
nile assemblages (Machado Pessanha and Araujo 2003,
McLachlan and Brown 2006, Inui et al. 2010, Pereira et al.
2013). Thus, drastic changes caused by environmental fac-
tors, such as tsunami and heavy rain, impact directly on fish
assemblages characterized by passive migration stages.

The Sanriku area, northeastern Japan, is characterized
by a ria coast having many narrow bays facing the Kuroshio—
Oyashio mixture waters of the northwestern Pacific. This re-
gion was damaged heavily by a massive tsunami triggered by
the Tohoku earthquake (magnitude 9.0) on March 11, 2011.
The narrow bays focused the tsunami waves, generating the
largest inundation heights and run-ups (Mori et al. 2011). Ot-
suchi Bay, located at the middle of the ria coastline, was one

55



Coastal Marine Science 40

of the areas damaged heavily by the tsunami, waves reaching
more than 17m in height (Mori et al. 2011). At Nebama, at
the southern estuary of the Unosumai River facing the inner-
most part of the bay, the tsunami eroded most of the material
comprising a sandy beach and sandbar, such conditions re-
maining still (Okayasu et al. 2013). Several meters depth of
seabed sediments were eroded by the tsunami in water
depths of 10-20m along the ria coast, the subtidal seafloor
ecosystem being seriously affected (Goto et al. 2012). In Ot-
suchi Bay, the impact of the tsunami on macrobenthos distri-
bution varied by species, depending upon the environmental
conditions (Seike et al. 2013).

Prior to the 2011 earthquake and tsunami, many coastal
fish species preferring either cold or warm waters had been
recorded in Otsuchi Bay (Iwata and Numachi 1981, Tatsu-
kawa and Tanaka 1982, Takahashi et al. 1999). The inner-
most area of the bay was known to have a nursery function
for various coastal fishes, including commercially important
species such as Japanese flounder, Paralichthys olivaceus,
sand lance, Ammodytes personatus, marbled sole, Pleuro-
nectes yokohamae, Japanese surf smelt, Hypomesus pretiosus
Japonicus, chum salmon, Oncorhynchus keta and ayu, Pleco-
glossus altivelis altivelis (Hirose and Kawaguchi 1997, Taka-
hashi et al. 1999, Yamashita and Aoyama 1984, Goto 2014,
2015). In the Sanriku area, the number of coastal species in-
creased in the spring season from March to May (Yamashita
and Aoyama 1984, Kawabata 1997). However, the March
2011 tsunami impacted directly on the habitat of these juve-
nile fishes, the subsequent habitat changes, such as lost of the
sandbar, possibly influencing long-term future recruitment.

In this study, seasonal and annual fluctuations in surf
zone fish assemblages in Otsuchi Bay during summer to au-
tumn were determined following bottom towing surveys con-
ducted from 2009 to 2015. Influences of the 2011 Tohoku

earthquake and tsunami were also evaluated.

Materials and Methods

1. Study area

The present study was conducted in the surf zone off
Nebama, located at the innermost part of Otsuchi Bay, Pa-
cific coast of northeastern Japan (Fig. 1). The study area was
characterized by shallow water, up to 10m in depth, adjacent
to the Unosumai River estuary and seagrass beds (Komatsu
et al. 2003). Although formerly well distant from the river
mouth (800m) due to a sandbar, that distance is now much
shortened following the erosion of the sandbar by the 2011
tsunami (Okayasu et al. 2013).

2. Sampling

In this study, the abundance and diversity of fishes were
assessed from bottom towing surveys carried out by the fish-
ing vessel for set-net, Horai-maru, Kobayashi Set-net Fisher-
ies Cooperative and R/V Grand Maillet, International Coastal
Research Center, Atmosphere and Ocean Research Institute
(AORI), from 2009 to 2010 and from 2011 to 2015, respec-
tively. Samples were collected in early and late August, Sep-
tember, and October to early November for each year, using
a sledge net with a 200%20 cm stainless frame, a tickler chain
and 4 mm mesh size of the cod net. Two or three sets of tow-
ing runs at 2-3 knots for 2-3 minutes on the seafloor were
conducted at three depth strata (5-6m, 7-8m and 9—10m)
from 8:00 to 12:00 to reduce any bias caused by daily distri-
butional shifts or migration, in each survey. At each station,
water temperature and salinity were recorded from the sea
surface to the bottom using a compact CTD (Alec co Itd.).
The towing distance was measured by a compact GPS track-
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ing device (GARMIN co Itd.). Fish collected were preserved
in 85% ethanol on board, and identified to species level,
counted and measured (total length: TL) to the nearest milli-
meter in the laboratory.

3. Data analysis

Fish abundance was defined as mean numbers of indi-
viduals per 1000m’ in each survey, mean temperature and
salinity at 5m depth at all stations being used as environmen-
tal parameters for the data analyses. The environmental pa-
rameters were tested among years and between pre- and
post-earthquake periods, using one-way analysis of variance
(ANOVA) and Mann—Whitney U test, respectively. For the
data analyses, the taxonomic unit was set at species level.
Due to the study area being known as a settlement and nurs-
ery area of Japanese flounder, P. olivaceus, one of the domi-
nant species in Otsuchi Bay (Goto 2007, 2014), the opera-
tional unit for that species was divided into newly settled 0
year-old juvenile (0 y-0) and one year-old or over (> 1 y-0),
representing different trophic levels (characterized by onto-
genetic habitat shift with change of prey items from crusta-
ceans dominated by mysids to fish, such as Engraulis japoni-
cus, during summer to autumn) (Yamada et al. 1998, Yama-
guchi et al. 2007, Tomiyama et al. 2011). In Iwate Prefecture,
a total of more than a million hatchery-reared juveniles of
Japanese flounder and barfin flounder, Verasper moseri, were
released annually as a stock enhancement program until 2010
(Sasaki and Nakai 2006, Goto 2007). Most of the reared flat-
fish are recognized mainly by having abnormal pigmenta-
tions on the blind side (Tomiyama et al. 2008, Wada et al.
2013). In this study, the 0 year-old juveniles with such pig-
mentations were excluded from the data sets for both species.

Species diversity was assessed using the Shannon-
Wiener index (Shannon and Weaver 1963):

s

H,:_Zpilnpia

i=1
where S and P, are the total number of species and relative
frequency of species in each survey, respectively. Species
richness was shown as the number of species in each survey.

Temporal changes of the fish assemblages were assessed
between seasons and years by cluster analysis using the
Bray—Curtis similarity coefficient. The distance was calcu-
lated by applying Ward's method to form hierarchical clus-
ters. Before the analysis, fish species occurring in only one
survey were excluded. Abundance data were transformed to
the corresponding log,, (x+1). Groups found on the cluster
were tested using analysis of similarity (ANOSIM) statistics
(Clarke 1993, Clarke et al. 2008).

Similarity percentages (SIMPER: Clarke 1993) were
used to determine which species were most responsible for
the Bray—Curtis dissimilarity between groups. Indicator val-
ues were calculated for all species examined in order to iden-

tify indicator species in sample groups derived from the clus-
ter analysis (Dufréne and Legendre 1997). When the indica-
tor value was maximal for a species across groups of sta-
tions, that species was considered as an indicator species for
that assemblage and group of stations. Species with a maxi-
mum indicator value greater than 15% were defined as “key
species” of an assemblage (Chouinard and Dutil 2011). The
canonical correspondence analysis (CCA) was used for the
evaluation of the variability in assemblage structure in rela-
tion to the selected factors from temporal (month and pre-
and post-earthquake periods) and hydrological (temperature
and salinity) parameters. The temporal and environmental
variables were tested using a Monte Carlo test with permuta-
tions (1000 permutations, a=0.05; Ter Braak 1986). Indices
of diversity and species richness were tested using Welch’s ¢
test and Kruskal-Wallis test between pre- and post-earth-
quake periods and among the groups from the cluster analy-
sis, respectively. All multivariate analyses were performed
using the vegan package (Oksanen et al. 2013) in statistical
software R (R Development Core Team 2008) or the PAST
software (Hammer et al. 2001).

Results

1. Environmental parameters

Mean temperature and salinity at Sm depth varied sea-
sonally, ranging from 19.1-22.1°C and 33.0-33.5 (2009);
17.6-23.1°C and 33.4-33.6 (2010); 20.8 and 32.7 (2011);
18.9-21.0°C and 33.6-33.8 (2012); 18.6-22.0°C and 32.3—
33.5 (2013); 18.8-20.7°C and 33.1-33.5 (2014); 18.5—
19.2°C and 33.4-33.8 (2015), respectively (Fig. 2). No con-
sistent trends were present, although significant differences
were found in both temperature (Temp.) and salinity (Sal.)
among the years for three periods available to compare sta-
tistically, i.e., early (Temp.: F=87.3, p<0.001; Sal.: F=139.6,
p<0.001) and late (Temp.: F=543.2, p<0.001; Sal.: F=178.5,
p<0.001) August, and September (Temp.: F=16765.0,
p<0.001; Sal.: F=1805.2, p<0.001). A comparison between
pre- and post-earthquake periods found no significant differ-
ences in either parameter (Temp.: U=779.9, p=0.37; Sal.:
U=779.7, p=0.22).

2. Fish abundance and composition

A total of 46 species belonging to 27 families (except
hatchery-reared fishes) were collected from the study area
throughout the study period from 2009 to 2015 (Table 1).
Pleuronectidaec and Callinymidae dominated species num-
bers, despite varying annually in each survey from 12 to 16
in 2009 (early August—September), from 7 to 17 in 2010
(early August-November), 13 in 2011 (September), from 10
to 17 in 2012 (early August—October), from 11 to 14 in 2013
(early August—October), from 8§ to 16 in 2014 (early August—

57



Coastal Marine Science 40

%)

Density (ind. 1000 m"

_ = DN W W b
W O W O W O wn O
S O O O ©o o o o

P S R T T

o [=9
o}

2}

)
=

2
<|<

2009

®
an
=l
<

on
El
<

—.‘
on
E]

<
2010 2011 2012

T | &
oy
%2}

Sep

z ®
z 2
<<

)33
o

?
=]
£
<

'T —.‘
on
El

| o S| B
Q )
«»|O x| O

T ®
en

=1

< Zl<

2013 2014

Oct

?
g
Z
2015

A
~ 24 1
©x] oo °o®
9 o o ([ J Py
D 20 @®
E s _. [ ) o PY oe Y (] °
g L4 °
g 16 4
14 4
g
= 12 A
10 A A A R R AR B A R R B A R B R A ]
20 2| =Y Q| e Of e Of | O
S E M M L M 1 R 1 R 1 R B
2009 2010 2011 2012 2013 2014 2015
B
34 -
oo, L4
[ ][ J P { ] [ ]
[ [
z ° L 2P ° PY (
E 3@ [ ]
& ®
[ J
- vl sl 2l sl gl el el 58l 5Bl es
en en e Of e O e S| e O
HE I EE S I M T I S M E A A
2009 2010 2011 2012 2013 2014 2015
Month.” Year
Fig. 2. Fluctuations in mean water temperature (A) and salinity

(B) of 21 surveys from 2009 to 2015. Abbreviations “e” and “I”
following month indicate early and late, respectively.

October) and 12 or 13 in 2015 (early August—October). The
sampling season with the highest number of species differed
among years, i.e., early August (2009 and 2015), late August
(2013), September (2010) and October (2012 and 2014).

The total density of all species varied greatly from 21.3
ind. 1000m? to 340.4 ind. 1000m™? (mean 105.8 ind.
1000m2), as shown in Fig. 3. No consistent patterns in
range or seasonal trend were apparent among years: 21.3
(September)—42.6 (early August) ind. 1000m > in 2009; 49.1
(early August)-340.4 (September) ind. 1000m > in 2010;
50.4 (September) ind. 1000m™> in 2011; 44.3 (early
August)-103.6 (October) ind. 1000m 2 in 2012; 88.8 (early
August)-133.1 (September) ind. 1000m2 in 2013; 80.0
(October)-154.5 (early August) ind. 1000m~2 in 2014; 50.3
(October)-182.4 (early August) ind. 1000m > in 2015. A
comparison between the pre- and post-earthquake periods
found no significant difference in total density (Welch’s ¢
test: 1=0.21, p=0.84).

The dominant families, based on individual densities,
included Callinymidae, Mullidae, Paralichthyidae and Pleu-
ronectidae in most case, ranging from 29.7-93.8% (mean:
71.8%). The species diversity index (H') and species richness
(Rich.) ranged between 0.94 and 2.36 (mean 1.91), and 0.19
and 0.44 (mean 0.34), respectively (Table 1; Fig. 4). Sea-
sonal changes in both indices differed among study years, al-
though no significant differences were found between pre-
and post-earth quake periods (Welch’s ¢ test: H' =0.55,
p=0.82; Rich. =0.89, p=0.40). The total number of species
increased from 30 to 39 after 2011, including 23 species
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Fig. 3. Fluctuations in total density (ind. 1000m™2) of 21 sur-
veys from 2009 to 2015. Abbreviations “e” and “I” following
month indicate early and late, respectively.
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Fig. 4. Fluctuations in species diversity index (H’) and species

richness (Rich.) for 21 surveys from 2009 to 2015. Abbreviations
“e” and “I" following month indicate early and late, respectively.

(50.0% of all species encountered during the study) collected
in both periods (Table 1). The number of species collected
only from one or other period changed from seven to 16, in-
cluding six pleuronectid flatfishes (Table 1).

Hierarchical cluster analysis classified the summer and
autumn surveys conducted from 2009 to 2015 into three
groups (A—C) at dissimilarity 1.0, based on Bray—Curtis sim-
ilarity of fish abundances over a total of 21 surveys (Fig. 5).
The analysis of similarity (ANOSIM) showed significant dis-
similarity among the groups (+=0.77, p<0.001). They were
summarized as ten surveys during September to November
except for late August in 2010 (group A), four in early to late
August in the pre-earthquake years (including September in
2009) (group B), and seven conducted in August in the post-
earthquake years (group C). No significant differences were
found in H' or species richness among the groups (Kruskal—
Wallis test: H' Chi*=3.61, p=0.16; Rich. Chi*=1.25, p=0.53).
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unit indicates year and period operated: Ae, early August; Al,
late August; S, September; O, October; N, November.

The overall assemblage was characterized by nine
species (Upeneus japonicus, Repomucenus curvicornis, R.
lunatus, Pholis crassispina, P. nebulosa, 0 y-o P. olivaceus,
Tarphops oligolepis, P. yokohamae and Rudarius ercodes)
contributing greater than 50% in cumulative SIMPER value
(Table 2). The groups A, B and C contained 20, 5 and 16 key
species, respectively (group A: Okamejei kenojei, Conger
myriaster, E. japonicus, Hypodytes rubripinnis, Suggrundus
meerdervoortii, U. japonicus, Sillago japonica, R.
curvicornis, R. lunatus, R. ornatipinnis, R. valenciennei,
Favonigobius gymnauchen, 0 and >1 y-o P. olivaceus, T.
oligolepis, Heteromycteris japonica, Paraplagusia japonica,
P. yokohamae, R. ercodes and Takifugu poecilonotus; group
Occella

crassispina and P. nebulosa; group C: Chelidonichthys

B: O. kenojei, iburia, Liparis agassizii, P.
spinosus, Lepidotrigla microptera, U. japonicus, Pagrus
major, O. iburia, Hexagrammos otakii, Gymnocanthus
intermedius, Pseudoblennius cottoides, R. beniteguri, R.
ornatipinnis, F. gymnauchen, P. crassispina, 0 and >1 y-o P,
olivaceus, Cleisthenes pinetorum and P yokohamae).
Ontogenetic stages of the key species were juveniles, except
for O. kenojei, C. myriaster, E. japonicus, L. agassizii, R.
ornatipinnis, Pholis spp. and H. otakii, based on total length

ranges (Table 1).

3. Relationship between fish assemblage and
environmental and temporal parameters

The CCA ordination based only on environmental
parameters (i.e., temperature and salinity) explained 8% of
variability, compared with that based on both environmental
(temperature and salinity) and temporal (month and period)
parameters, which explained 34% (four axes). Among four
variables, only temporal parameters provided a significant
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Table 2. Percentage contribution from SIMPER analysis (%)
and indicator value (%) for species collected during study for
each survey group based on the cluster analysis.

SIMPER Indicator value (%)
Species Contribution B C
(%)

Okamejei kenojei 1.7 27.4 158 0.0
Conger myriaster 0.4 20.0 0.0 0.0
Engraulis japonicus 3.4 39.6 0.3 0.0
Syngnathus schlegeli 0.4 56 11.1 0.0
Hippocampus mohnikei 1.0 14.1 0.0 8.5
Sebastes schlegeli 1.7 0.0 9.1 125
Hypodytes rubripinnis 1.2 20.0 0.0 0.0
Chelidonichthys spinosus 3.4 2.3 0.8 49.0
Lepidotrigla microptera 1.0 0.0 0.0 286
Suggrundus meerdervoortii 0.7 20.0 0.0 0.0
Upeneus japonicus 4.7 47.2 7.9 39.7
Pagrus major 1.3 4.3 0.0 33.6
Sillago japonica 0.4 20.0 0.0 0.0
Occella iburia 3.0 09 285 30.1
Hexagrammos otakii 0.7 0.0 54 224
Gymnocanthus intermedius 3.7 0.0 9.1 35.0
Pseudoblennius cottoides 2.9 6.6 59 473
Liparis agassizii 0.8 0.0 50.0 0.0
Repomucenus beniteguri 2.2 7.8 0.0 26.1
Repomucenus curvicornis 6.3 69.1 0.0 0.2
Repomucenus lunatus 5.5 78.5 0.0 0.5
Repomucenus ornatipinnis 3.1 15.5 0.0 493
Repomucenus valenciennei 2.6 18.1 1.9 0.3
Favonigobius gymnauchen 3.6 30.8 3.7 295
Pholis crassispina 4.4 10.1 345 288
Pholis nebulosa 4.5 3.4 88.6 0.0
0 y-o Paralichthys olivaceus 6.6 25.6 1.9 69.6
>1 y-o Paralichthys olivaceus 2.9 41.5 9.0 205
Tarphops oligolepis 8.0 98.1 0.0 0.6
Heteromycteris japonica 1.0 40.0 0.0 0.0
Paraplagusia japonica 0.5 20.0 0.0 0.0
Cleisthenes pinetorum 1.4 0.0 0.0 286
Pleuronectes yokohamae 6.1 33.6 6.7 59.7
Pleuronectes herzensteini 1.1 11.6 0.0 119
Rudarius ercodes 54 80.0 0.0 0.0
Takfugu poecilonotus 2.5 289 114 07

explanation of the variability in the assemblage (Temp.:
p=0.12; Sal.: p=0.88; month and period: p<0.01). The
statistical significance of the CCA ordination model was
confirmed by the Monte Carlo permutation test (»<0.001).
The first two ordination axes explained 25.9% variability in
fish assemblages. Eigen values of CCA for the first two axes
(CCAL1 and CCA2) were 0.29 and 0.17, respectively. The
survey units plotted on the first two axes calculated by the
CCA basically corresponded to the three groups derived from
the cluster analysis. Groups A, B and C based on the cluster
analysis were clearly divided into the first (mainly September
to November, 2009 to 2010) and fourth quadrants
(September and October, 2012 to 2015), the second quadrant
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Fig. 6. CCA ordination diagram based on species abundances
with temporal factors represented by vectors. Eigenvectors
(Season and Period) shown by arrows indicate month and pre-
or post-earthquake period, respectively. Letters with plot indicate
year and period operated, corresponding to terminal unit in Fig.
5. Species abbreviations (accompanying red crosses) as follows:
Cm, Conger myriaster; Cp, Cleisthenes pinetorum; Cs,
Chelidonichthys spinosus; Ej, Engraulis japonicus; Fg, Favonigobius
gymnauchen; Gi, Gymnocanthus intermedius; Hj, Heteromycteris
Japonica; Hm, Hijppocampus mohnikei; Ho, Hexagrammos otakir,
Hr, Hypodytes rubripinnis; La, Liparis agassizii, Lm, Lepidotrigla
microptera; Oi, Occella iburia; Ok, Okamejei kenojei; Pc, Pholis
crassispina; Ph, Pleuronectes herzensteini; Pj, Paraplagusia
Japonica; Pm, Pagrus major; PoO, 0 y-o Paralichthys olivaceus;
Po1, =1 y-o Paralichthys olivaceus; Pn, Pholis nebulosa; Psc,
Pseudoblennius cottoides; Py, Pleuronectes yokohamae; Rb,
Repomucenus benitequri; Rc, Repomucenus curvicornis; Re,
Rudarius ercodes; Rl, Repomucenus lunatus; Ro, Repomucenus
ornatipinnis; Rv, Repomucenus valenciennei; Sj, Sillago japonica;
Sm, Suggrundus meerdervoortii; Ss, Sebastes schlegeli; Sy,
Syngnathus schlegeli; To, Tarphops oligolepis; Tp, Takigfugu
poecilonotus; Uj, Upeneus japonicus.

(mainly August, 2009 and 2010), and the third quadrant
(mainly August, 2012 to 2015) in the relationship between
axes 1 and 2, respectively (Fig. 6). The pre- and post-
earthquake units were also distinct, falling on the first to
second and the third to fourth quadrants, respectively. Based
on the CCA ordination, both units were characterized mainly
by the species complex composed of O. kenojei, Syngnathus
schlegeli, H. rubripinnis, L. agassizii and P. nebulosa, and
some callionymids and flatfish (i.e., R. beniteguri, R.
ornatipinnis, R. valenciennei, Paraplagusia japonica, C.
pinetorum and P. herzensteini), C. myriaster, E. japonicus,
Hippocampus mohnikei, C. spinosus, L. microptera and P.
major, respectively.

Discussion

In the study area, environmental factors, such as temper-
ature and salinity, varied both seasonally and annually during
summer and autumn from 2009 to 2015. Although salinity
decreased temporarily in September 2011 and early August
2013, no differences were observed in salinity ranges be-
tween the pre- and post-earthquake periods. The salinity fluc-
tuations observed in this study were essentially similar to off-
shore fluctuations (39°15'N, 142°00'E) recorded by Iwate
Fisheries Technology Center (http://www2.pref.iwate.jp/
~hp5507/kaikyou/mokuji.htm). During the summer season,
an anti-clockwise circulation, flowing into the bay along the
northern coast and out along the southern coast was domi-
nant (Otobe et al. 2009). Accordingly, physical water condi-
tions in the study area generally reflected offshore condi-
tions. The impact of sand bar loss at the river mouth was rel-
atively weak in terms of water condition in the study area,
despite fresh water input from Unosumai River increasing
temporarily due to heavy rainfall after the earthquake.
Changes in the species composition related to low salinity
conditions in 2011 and 2012 were indistinct, according to the
CCA results.

The present results indicated that the fish assemblage in
the surf zone of Otsuchi Bay is basically characterized by
fish juveniles of U. japonicus, R. curvicornis, R. lunatus, P.
crassispina, P. nebulosa, P. olivaceus, T. oligolepis, P.
yokohamae and R. ercodes with seasonal changes from
summer to autumn in some dominant species. While no
significant differences were apparent between the pre- and
post-earthquake periods in the total abundance, species
richness, H' or physical conditions, the post-earthquake fish
assemblage was apparently distinct from the pre-earthquake
assemblage for both seasons, based on the cluster analysis
and the CCA ordination. The data analyses indicated that the
faunal structure shifted after the earthquake, depending
mainly on the changes in some dominant species from O.
kenojei, L. agassizii, Syngnathus schlegeli and P. nebulosa to
C. spinosus, L. microptera, P. major, H. otakii, G.
intermedius, P. cottoides, R. beniteguri, R. ornatipinnis, F.
gymnauchen, 0 y-o P. olivaceus, C. pinetorum, P. yokohamae
and P. herzensteini, and from O. kenojei and H. rubripinnis
to C. myriaster, E. japonicus, F. gymnauchen, R.
ornatipinnis, R. valenciennei and P. japonica for the summer
and autumn assemblages, respectively. Shoji and Morimoto
(2016) classified the fishes distributed in seagrass beds in
Mangoku-ura Bay, Pacific coast of Tohoku, into (1) pelagic
or migratory species, (2) sand or mud bottom-associated
species and (3) seagrass or substrate-associated species based
on the habitat type. According to this classification, some of
the key species in the present area can be categorized as (2)
and (3) for F. gymnauchen, R. beniteguri, P. olivaceus and P.
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yokohamae, and Syngnathus schlegeli, Pholis spp., H. otakii,
P. cottoides and R. valenciennei, respectively. Among the
remaining key species, most of them including C. myriaster,
C. spinosus, U. japonicus, P. major, S. japonica, O. iburia,
R. curvicornis, R. lunatus, R. ornatipinnis and some flatfish,
such as T oligolepis, H. japonica and P. japonica, are mainly
distributed in exposed surf zone habitat whereas a few, such
as H. rubripinnis, L. agassizii and R. ercodes, occur in
seagrass or macroalgal beds (Horinouchi et al. 1998, Hirai et
al. 2009, Nakane et al. 2011, Yamamoto and Tominaga 2005,
Mikami et al. 2012, Tomiyama et al. 2013, Wada et al. 2014).
In surf zone, the fish community is not only influenced by the
physical conditions, such as temperature and salinity, but
also the habitat factors (Inui et al. 2010). In the study area,
the community structure differed between the pre- and post-
earthquake periods with a shift of species composition, due
to the decrease of the seagrass or macroalgal related fishes,
such as Pholis spp., H. otakii, Syngnathus schlegeli and P.
cottoides, and to the increase of the epibenthic species
preferring a sandy substrate, such as F. gymnauchen and
flatfishes, the physical conditions of water temperature and
salinity remaining essentially homogeneous.

Radical changes due to the 2011 tsunami in bathymetry
and grain-size composition of the seafloor have been re-
ported from various shallow waters along the ria coast of To-
hoku (Goto et al. 2012). In Otsuchi Bay, the seafloor of the
inner area was drastically changed, from muddy deposits to
coarse-grained sand and gravels, comprising river bed sedi-
ments, due to the inundation and erosion of the sandbar near
the mouth of the Unosumai River after the 2011 tsunami (Fu-
jioka et al. 1988, Seike et al. 2013). The ecological impacts
of the 2011 tsunami were proportional to the physical im-
pacts (gauged by wave height) for less vulnerable benthic an-
imal, resulting in varying influences on macrobenthic species
(Seike et al. 2013, Urabe et al. 2013). In the innermost area
of Otsuchi Bay adjacent to the study area, most of the sea-
grass beds were disappeared and few flowering or vegetative
shoots were found after the tsunami (Komatsu et al. 2015).
The results of the present study indicated that the disturbance
by the tsunami also affected the fish community in Otsuchi
Bay, representing an assemblage shift with the changes of the
dominant species, possibly related to the drastic changes in
benthic conditions.

In shallow Swedish coastal waters, mainly supporting
macroalgae with ephemeral and seasonal life histories, a dra-
matic difference in the composition of fish species, with the
replacement of dominant species, has been recorded between
bare sandy and macroalgal habitats (Wennhage and Pihl
2007). The epibenthic ecosystem changed drastically, with
the dominant species (flatfish and gobies) being replaced by
sticklebacks, depending upon the macroalgal bloom in such
habitats (influenced by a high degree of motility and the
rapid redistribution following proliferation or loss of the
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macroalgae) (Wennhage and Pihl 2007). Flatfish juveniles
prefer bare sediment for settlement, avoiding vegetated sub-
strata which accordingly reduce their function as nursery
areas (Wennhage and Pihl 1994, Wennhage 2002, Stoner and
Ottmar 2003, Wennhage and Pihl 2007). Some epibenthic
species, such as the gobiid genus Pomatoschistus and crusta-
ceans, Crangon crangon, are also distributed selectively on
bare sand, burying themselves under the sediment in order to
avoid predators (Gibson and Robb 1992). In contrast, fish
species associated with macroalgal habitats are generalized
carnivores utilizing different prey types from species found
in sandy beach ecosystems, which depend mainly upon ben-
thic production (Hart and Gill 1994).

On the Swedish coast, the abundance and biomass of
epibenthic fauna are greater in the areas with macroalgal
mats, compared to the open sandy areas (Wennhage and Pihl
2007). McCloskey and Unsworth (2015) suggested that the
disturbance of seagrass can affect the fish fauna to reduce the
habitat value in the densely vegetated habitat formed in
seagrass meadows. In contrast, the number of species were
increased simultaneously in various flatfish juveniles (e.g.,
H. japonica, P. japonica, C. pinetorum and P. herzensteini)
and some fishes preferring bare habitat (e.g., P major, F.
gymnauchen and R. beniteguri), compared with reduced
numbers and variability in fishes associated with seagrass or
macroalgal habitat (e.g., Syngnathus schlegeli, P. nebulosa,
H. otakii and P. cottoides) after the replacement of the
Otsuchi Bay surf zone substratum by sandy sediments due to
the 2011 tsunami. Shallow areas of surf zones are well
known to function as nursery habitats for the larval and
juvenile individuals of many fish species (Robertson and
Lenanton 1984, Ruple 1984, Ross et al. 1987, Santos and
Nash 1995). In temperate waters, including those around
Japan, vast numbers of flatfish utilize sheltered sandy
beaches and sublittoral zones as nursery areas (McLachlan
and Brown 2006). In the present study, juveniles of twelve
flatfish species were recorded during the study period, the
number of species increasing from five to ten after 2011.
Among them, juveniles of three flatfish species, P. olivaceus,
T. oligolepis and P. yokohamae, were dominant in the
assemblage throughout the study period, based on the
SIMPER analysis.

Significantly, the surf zone of Otsuchi Bay is also char-
acterized by intertidal sand-burrowing peracarid crustaceans,
including mysids, amphipods and isopods, which are impor-
tantly exploited by various fishes (Takahashi et al. 1999). In
particular, the abundances of sand-burrowing mysids, impor-
tant prey for some flatfish juveniles, such as P. olivaceus and
T. oligolepis, were higher compared to other nursery grounds
of P. olivaceus (Takahashi and Kawaguchi 1995, Yamamoto
and Tominaga 2005, Tanaka et al. 2006, Tomiyama et al.
2013, Yamamoto and Tominaga 2014). The substrate replace-
ment of due to the 2011 tsunami will likely lead to an in-
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crease of habitat, not only for the demersal fishes preferring
bare sediment but also for the sand-burrowing prey organ-
isms.

The present results indicated that the fish assemblage in
the study area was characterized equally by nine dominant
species, comprising juveniles of six epibenthic fishes
preferring bare sediment habitat, e.g., U. japonicus, R.
curvicornis, R. lunatus, 0 y-o P. olivaceus, T. oligolepis and
P. yokohamae, and three species associated with seagrass or
macroalgae, e.g., Pholis spp. and R. ercodes, throughout the
pre- and post-earthquake periods. Thus, the fish community
essentially comprises a surf zone assemblage with a few
species preferring vegetated condition formed on the sandy
substratum, functioning as a nursery and/or feeding ground.
The expansion of bare sandy habitat due to the replacement
of the substratum caused by the 2011 tsunami has appeared
to magnify the fish assemblage utilizing such habitat with a
reduction of the fish community associated with a vegetated
habitat. Wennhage and Pihl (2007) suggested that the habitat
shift from a sandy area to a vegetated state due to a
macroalgal bloom reduces the ecological function and value
as a nursery and feeding ground for various commercial
fishes. On the contrary, the disturbance of the 2011 tsunami
on the surf zone of Otsuchi Bay has affected the expansion of
nursery and/or feeding potential for the flatfishes and some
epibenthic fishes in the surf zone of Otsuchi Bay, including
many commercial pleuronectid flatfish species, caused by the
replacement of substratum by sandy sediment.
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