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Multivariate analyses applied to Pleistocene bivalve assemblages from the Oga Peninsula (northern Japan)
discriminate three distinct assemblages. The assemblages and their taphonomywere used to recognize environ-
mental settings and changes. The Astarte–Cyclocardia–Glycymeris assemblage indicates shelf environment
(below the storm wave base) where gravels and shells are transported from shallower settings. Supply of the
exotic coarse sediment probably enabled epifaunal bivalves to inhabit the sea floor. The Glycymeris assemblage
is characterized by dominance of G. yessoensis and represents current-swept shoreface environment (above
the storm wave base). The Moerella assemblage is characterized by bivalves inhabiting bay to open-marine
conditions and diverse deposit-feeders, indicating a moderately land-locked environment, such as an open bay
or a bay mouth. Fine-grained substrata rich in organic matters in the bay were probably suitable for the
deposit-feeders. Ordination also shows the assemblages along two environmental gradients, a bathymetrical
one and the other related to open-marine and bay conditions. The environmental changes are explained mainly
by glacio-eustatic sea-level changes and alternation of coastal geomorphology caused by local crustal
movements. This study also suggests that fossil assemblages can be a powerful tool to reconstruct environments
and depositional dynamics even in intensely bioturbated sedimentary facies.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Paleoecology and taphonomy have been frequently used for
reconstructing environmental and sedimentological conditions. Since
the appearance of sequence stratigraphy, analyses in fossil assemblages
have been high-resolution (systems tract and finer scales), and
recurrences of shell beds and fossil assemblages have been explained
mainly by sea-level fluctuations and related changes in environment
and sedimentation (Kidwell, 1991; Brett, 1995, 1998; Kondo et al.,
1998). Recently, many studies have demonstrated that multivariate anal-
yses can empirically recognize interpretable fossil assemblages and ex-
tract environmental gradients in Europe (e.g., Dominici, 2001; Scarponi
and Kowalewski, 2004; Zuschin et al., 2007), America (e.g., Holland
et al., 2001; Daley, 2002; Leonard-Pingel et al., 2012) and New Zealand
(e.g., Abbott and Carter, 1997; Hendy and Kamp, 2004, 2007). In addition,
recent taphonomic studies on modern marine environments have sug-
gested that taphonomic features (e.g., abrasion, encrustation, fragmenta-
tion of shells) as well as fossil assemblages can be used to characterize
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ancient environmental settings and changes (e.g., Tomašových and
Zuschin, 2009; Powell et al., 2011; Brett et al., 2013).

For Quaternary fossil assemblages in particular, knowledge of the
environmental distributions of extant relatives can be used to recon-
struct environment (e.g., absolute water depth and salinity) through
taxonomic uniformitarianism (e.g., Scarponi and Kowalewski, 2004;
Dominici et al., 2008; Carboni et al., 2010). In addition, environmental
changes inferred from fossil assemblages refine sedimentary dynamics
and sequence stratigraphy (e.g., Abbott, 1997; Abbott and Carter,
1997). Furthermore, environmental conditions also provide important
information for paleobiology and paleoecology (e.g., evolution and
biotic interaction) since changes in shell morphology and predator–
prey interaction (e.g., location of predatory drillhole on prey skeleton)
may be induced by environmental changes (e.g., Daley, 2002; Daley
et al., 2007). However, environmental reconstructions on the basis of
macrofossil assemblages and their taphonomy are relatively rare in
Japan partly because of scarcity of a continuous outcrop and limited
variation in the macrofossil assemblages.

The Oga Peninsula is a type locality for Quaternary sediments of Japan
Sea side of northern Japan (Kano et al., 2011). In particular, the Oga
Peninsula bears continuous shallow-marine successions that have been
uplifted above present sea-level as a result of crustal movements (Shirai
and Tada, 2002). In addition, the successions are rich in well-preserved
ll rights reserved.
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mollusk fossils (Ogasawara et al., 1986), making these successions
suitable for the study of mollusk assemblages and environmental recon-
structions. Many studies have described the mollusk fossils for each for-
mation (e.g., Takayasu, 1962; Huzioka et al., 1970; Watanabe, 2004).
However, no high-resolution quantitative study of the mollusk fossils
has been performed, despite the potential importance of themollusk fos-
sils as an archive for environmental changes. Although, Shuto et al. (1977)
have reported mollusk fossil assemblages from the Anden Coast (1 in
Fig. 1C), they have not reconstructed environments using themollusk as-
semblages. In addition, relationships between the mollusk assemblages
and sedimentary facies remain unexplored. This is because of the scarcity
of knowledge of recentmollusks (e.g., geographic and bathymetric distri-
butions) and lack of sequence stratigraphic framework. After the Shuto
et al.'s (1977) pioneerwork, knowledge of recentmollusks has been accu-
mulated and updated around the Japanese Islands (Okutani, 2000;
Japanese Association of Benthology, 2012), and sequence stratigraphy
has been established (Shirai and Tada, 1997, 2000). It is, therefore, timely
to re-analyze the mollusk fossil assemblages.

Here, we quantitatively examined the Pleistocene mollusk fossil
assemblages in the Oga Peninsula. We hypothesize that the mollusk as-
semblages indicate fluctuations in water depth, as sedimentary facies of
the shallow-marine succession reflect glacio-eustatic sea-level changes
(Shirai and Tada, 1997, 2000). In addition, available literature on sedi-
mentary successions from tectonically active regions shows that basin
tectonics as well as glacio-eustatic sea-level changes affect water
Figure 1. A–B. Map showing location of the Oga Peninsula, Akita Prefecture, northern Japan. G
et al., 2000). C. Geologic map of eastern part of the Oga Peninsula. Locations of outcrops (1: An
Kano et al. (2011).
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depth and sedimentation (e.g., Ito et al., 1999; Zecchin, 2005). Because
the Oga Peninsula is characterized by active crustal movements during
the Quaternary period (Shirai and Tada, 2002), we expect the crustal
movements cause environmental changes. If so, the environmental
changes caused by crustal movements can be recognized by looking at
composition of the mollusk assemblages, as they can be sensitive to
the environmental changes (e.g., Dominici, 2001). The aims of this
study are (1) to describe bivalve assemblages using multivariate tech-
niques, (2) to reconstruct environments, (3) to explore relationship be-
tween the bivalve assemblages and sedimentary facies and (4) to refine
interpretation of depositional dynamics in the Oga Peninsula.

Geology and stratigraphy

Cenozoic sedimentary and volcanic rocks are well exposed in the
Oga Peninsula, Akita Prefecture, northern Japan (Kano et al., 2011).
The late Cenozoic strata in the Oga Peninsula dip eastward and become
younger to the east, fromMiocene to Holocene (Fig. 1C). The Quaterna-
ry sediments are divided into the Kitaura, Wakimoto, Shibikawa,
Katanishi, Iriai, Hakoi and Hashimoto formations, in ascending order
(Kano et al., 2011). The depositional environments of these formations
change from continental slope (the Kitaura Formation) through shelf
and nearshore (the Wakimoto, Shibikawa and Katanishi formations)
to non-marine (the Iriai, Hakoi and Hashimoto formations) (Kitazato,
1975; Shirai and Tada, 2000; Shiraishi, 2000).
eneralized recent current systems around the Japanese Islands are shown (after Kitamura
den Coast, 2: Wakimoto-1, 3: Wakimoto-2, 4: Tayasawa) are shown. The base map from
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Figure 2. Columnar sections along the Anden Coast, Tayasawa, Wakimoto-1 and
Wakimoto-2. Capital letters A through H and circled numbers represent facies code and
sedimentary cycle number, respectively (Table 1). A boundary between faciesH and facies
H* at the Anden Coast is gradual (see Discussion). Sampling horizons (A1–16 andW1–13)
are shown. TL: transgressive lag deposit, RL: regressive lag deposit. Columnar section of
Anden Coast modified from Shirai and Tada (2000). Dated marker tephras are B-Og
(448 ka), Aso-1 (255 ka), Toya (112 ka) and Aso-4 (88 ka) (Shirai et al., 1997).
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Many studies on themiddle–upper Pleistocene Shibikawa andKatanishi
formations have been performed in the Anden Coast and Wakimoto
area (1–3 in Fig. 1C), including tephrochronology (Shiraishi et al.,
1992; Shirai et al., 1997), stratigraphy (Okada, 1979; Shirai and Tada,
1997, 2000) and investigation on crustal movement (Shirai and Tada,
2002). In particular, Shirai and Tada (2000) have described
sedimentary facies from a continuous section along the Anden Coast
and estimated depositional environments and water depths of each
sedimentary facies. They have compared the depositional depth curve
from the Anden Coast with the δ18O curve (Imbrie et al., 1984) and con-
firmed that the sedimentary cycles mainly reflect fifth- and sixth-order
glacio-eustatic sea-level changes between approximately 80 and
450 ka. The present study followed Shirai and Tada's (2000) sequence
stratigraphic interpretation, with an exception of position of sequence
boundary dividing cycles 5 and 6 (Fig. 2). The sequence boundary
should be better placed between facies F and B of cycle 5 in Shirai and
Tada (2000), which is corrected in Shiraishi et al. (2008).

Sedimentary facies

Nine sedimentary facies (facies A–H; Table 1) have been recognized
from the Shibikawa and Katanishi formations in the Anden Coast by
Shirai and Tada (2000). We applied this interpretation to Wakimoto
and Tayasawa areas (2–4 in Fig. 1C), and facies H* and I are designated
based on the present study (Table 1). We used the present sub-bottom
sedimentary features observed in coastal systems around the Oga Pen-
insula (Saito, 1988, 1989) to estimate absolute water depth of each sed-
imentary facies as in Shirai and Tada (2000). Here, we briefly explain
characteristics of four sedimentary facies focused in the present study
(see Shirai and Tada, 2000, for full descriptions). The rest of sedimentary
facies are described in Supplementary Text.

FaciesG consists of brownish-gray,well-sortedfine-grained sandstone
associated with hummocky cross-stratification, with occasional intercala-
tions of brown, poorly-sorted, bioturbated siltstones. The facies Gwas de-
posited at the lower-shoreface to inner-shelf (water depth =20–60 m,
under the fair-weather wave base and above the storm wave base).

Facies H consists of brownish-gray, poorly sorted, massive, fine-
grained, silty sandstone with intercalations of granule- to cobble-size
gravels and shells. The layers show poor sorting, normal grading and
sharp bases. Facies H was deposited at the inner- to middle-shelf
(water depth = 60–100 m, below the storm wave base).

Facies I, which is independently designated based on the present
study from Wakimoto area, consists of gray well-sorted medium- to
coarse-grained sandstone associated with trough cross-stratification
(Fig. 3E). Currents inferred from the trough cross-stratification show var-
ious directions. The sandy sediment without silt represents deposition
above the fair-weather wave base (water depth b 20 m; Saito, 1988,
1989). This inference is supported by abundant occurrence of articulated
shells of Glycymeris yessoensis (Fig. 3E) which inhabits recent subtidal
zone (5–30 m) around the Japanese Islands (Matsukuma, 1986;
Okutani, 2000). The variously oriented trough cross-stratifications
interpreted as being formed by longshore and/or rip currents in shoreface
environment (e.g., Reimnitz et al., 1976; Greenwood and Davidson-
Arnott, 1979) agree well with our estimation. Therefore, the depositional
environment of facies I is interpreted as the current-swept shoreface
(water depth = 5–20 m).

Facies H* is also independently designated based on the present
study and will be explained later, with taking bivalve assemblages
into consideration (see Discussion).

image of Figure�2
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Table 1
Classification of sedimentary facies (modified from Shirai and Tada, 2000). Facies code, lithologic features and depositional environments are summarized. Facies H* and I are indepen-
dently designated by the present study. Bold faces represent additional descriptions from Wakimoto area based on the present study.

Facies code Major lithology Sedimentary structure Other lithologic features Depositional environment and depth

A Lignite Horizonal stratification, slump Wood fragments and stumps Coastal swamp (−20–0 m)
B Siltstone intercalating medium

sandstone–pebble
Slump (siltstone), epsilon-cross and
trough stratification (sandstone)

Rich in carbonaceous matter (siltstone) Flood plain (−20–0 m)

C Claystone Massive or parallel laminae Rich in carbonaceous matter, Corbiculaa, Trapaa Salt marsh (−1–1 m)
D Fine silty sandstone Massive Drift pumice, Corbiculaa, intense bioturbation Lagoon-bay (0–10 m)
E Very fine-fine sandstone Parallel laminae, planar and trough

cross laminae, and ripple
Concentrations of magnetite or pumice,
Macaronichnus segregatis, Rootlet

Backshore, foreshore and
upper shoreface (0–10 m)

F Fine sandstone and siltstone Subhorizonal laminae (sandstone) Bioturbated (siltstone) Middle-lower shoreface (10–20 m)
G Fine sandstone intercalating

siltstone
Hummocky cross stratification Bioturbated (siltstone) Lower shoreface-inner shelf (20–60 m)

G* Fine silty sandstone and siltstone Hummocky cross stratification
(sandstone)

Poor sorting (sandstone), rich in
carbonaceous matter

Coastal lagoon-enclosed bay (b60 m)

H Fine silty sandstone Massive Intense bioturbation, sand-gravel
and shell beds

Inner-middle shelf (60–100 m)

H* Fine silty sandstone Massive Intense bioturbation, rich in carbonaceous
matter, Rosselia socialis

Open bay-bay mouth (10–50 m)

I Medium-coarse sandstone Trough cross stratification Good sorting, Glycymeris yessoensis Upper-lower shoreface (5–20 m)

a Kato and Watanabe (1976).

24 T. Chiba et al. / Quaternary Research 81 (2014) 21–34

https://d
Sedimentary cycles

Shirai and Tada (2000) have reported six sedimentary cycles (cycle
1–6) in the Anden Coast, associated with two lignite layers (Fig. 2).
The lignite layers were used as key-beds to correlate sections of
Wakimoto and Tayasawa areas to that of the Anden Coast. The lower
lignite layer is intercalated in thick Oga pumice tuff and thus can be
discriminated from the upper lignite layer.

Sedimentary facies succession shows that Wakimoto-1 section (2 in
Fig. 1C) consists of two sedimentary cycles (Fig. 2). The lower lignite
layer is intercalated inWakimoto-1 section, and thus the two sedimenta-
ry cycles are correlated with cycles 1 and 2 (Fig. 2). Sedimentary facies
succession shows that Tayasawa section (4 in Fig. 1C) consists of three
sedimentary cycles (Fig. 2). The lower andupper lignite layers are interca-
lated in Tayasawa section. The three sedimentary cycles in Tayasawa
section are probably correlated with cycles 2, 3 and 5 (Fig. 2). Cycle 4 is
the only sedimentary cycle which does not accompany facies H (Fig. 2),
and cycles 4 and 5 are correlated with marine oxygen isotope substages
7.4–8.2 and 7.2–7.4, respectively (Shirai and Tada, 2000). All sedimentary
cycles in Tayasawa section include facies H, and thus we interpret that
cycle 4 was eroded by cycle 5, or cycles 4 and 5 were amalgamated in
Tayasawa section. Sedimentary facies succession showsWakimoto-2 sec-
tion (3 in Fig. 1C) consists of two sedimentary cycles, although no lignite
layer is intercalated in Wakimoto-2 section (Fig. 2). When outcrop was
well exposed, the upper lignite layer occurred below the lower cycle of
Wakimoto-2 section (Okada, 1979; Watanabe personal communication,
2012). In addition, Okada (1979) found Toya tephra (a light purple tuff
bed in Okada, 1979) from adjacent section (Wakimoto to Iinomori in
Okada, 1979) ofWakimoto-2 section, and the horizon bearing Toya teph-
ra was correlated with the upper cycle of Wakimoto-2 section. In Anden
Coast section, Toya tephra occurs in cycle 6 (Fig. 2). Therefore, the lower
and upper cycles of Wakimoto-2 section are tentatively correlated with
cycles 5 and 6, respectively (Fig. 2).

Materials and methods

Sampling and processing

Bioclastic fabrics for each sampling horizon were described in the
field. Descriptive terms for the bioclastic fabrics (i.e., orientation, articu-
lation, packing and sorting) employed herein were based on Kidwell
et al. (1986) and Kidwell and Holland (1991).

We excavated 29 bulk samples (25 × 25 cm, 20 cm depth) parallel
to bedding plane frommain shell beds of Anden Coast section (15 sam-
ples from facies H and one sample from facies G) and Wakimoto-2
oi.org/10.1016/j.yqres.2013.10.015 Published online by Cambridge University Press
section (four samples from facies H and nine samples from facies I)
(Fig. 2). The bulk samples were collected from three of nine sedimenta-
ry facies (facies G, H and I) because the other facies did not contain
shells with reasonable sample sizes for statistical analyses. We did not
take a bulk sample from cycle 2 because most shells were fragmented
and could not be identified with confidence. Well-preserved or large-
bodied macrofossils were manually picked around each horizon, but
not included in the following statistical analyses.

The bulk samples were wet-sieved using 2-mmmesh in the labora-
tory. We picked up all mollusk shells if umbo/apex was preserved, and
only unbroken bivalve shells were included. The bivalve shells were
major component of macrofossils in the samples. Furthermore, genus-
level identification was possible for most of the bivalve taxa. As in
Scarponi and Kowalewski (2004), we counted a valve as 0.5 individual
(specimen) because a bivalve individual consists of two valves.
Analytical method

We recorded 24,345 bivalve specimens (41 families, 84 genera
and 104 species) from 29 bulk samples. Of these, we lumped together
several species (e.g., Astarte alaskensis, Astarte borealis and Astarte
hakodatensis) under a genus (e.g., Astarte spp.) owing to difficulty of
species-level identification. For this reason, we obtained a data matrix
consists of 98 taxa (Supplementary Tables 1 and 2). Selectedmacrofossil
specimens are deposited at the Tohoku University Museum (IGPS coll.
cat. nos. 111208–111369).

All rare taxa (total abundance b 30 specimens)were excludedprior to
multivariate analyses because occurrences of the rare taxa depend on
chance only. Our final data matrix included 44 taxa 23,845 bivalve speci-
mens. The sample sizes ranged from 53 to 2699 (average = 822;
Supplementary Tables 1 and 2). The final data matrix was converted to
relative abundancewithin each sample and then square-root transformed
(i.e., Hellinger transformation in Legendre and Gallagher, 2001) to com-
pensate for difference in sample sizes and todown-weight dominant taxa.

Q-mode and R-mode cluster analyses were performed to recognize
bivalve assemblages. Clustering applied herewas agglomerative nesting
with Ward's method, which adds samples to existing clusters based
on minimizing the total sum of squares. Ward's method tends to pro-
duce discrete clusters that are different one another (Legendre and
Legendre, 2012). For Q-mode and R-mode clusterings, Bray–Curtis
dissimilarity and 1-Spearman's rhowere used, respectively. These coef-
ficients are often used in numerical ecology (Borcard et al., 2011). The
results of cluster analyses were shown by dendrograms together with
a matrix of relative abundance.

https://doi.org/10.1016/j.yqres.2013.10.015


Figure 3. Field photographs of sedimentary facies and shell concentrations. A. Loosely/densely packed sedimentological accumulation (Type 1 shell concentration, A9 horizon).White and
black arrows represent disarticulated shells of Glycymeris yessoensis andMizuhopecten yessoensis, respectively. B.Modiolus modiolus preserved in life orientation (horizontal exposure,W1
horizon). These specimens are deposited at the TohokuUniversityMuseum(IGPS coll. cat. no. 111208). C. Densely packed sedimentological accumulation (Type2 shell concentration,W10
horizon). D. Dispersed biogenic accumulation (Type 3 shell concentration, A13 horizon). Rosselia socialis (white arrows) andwood fragments (black arrows) occurs inmassivefine-grained
silty sandstone (sedimentary facies H*; Table 1). E. Dispersed or loosely packed biogenic/sedimentological accumulation (Type 4 shell concentration,W5 horizon). Articulated shells of G.
yessoensis (black arrows) are common. Trough cross-stratification occurs inmedium- tofine-grained sandstone (sedimentary facies I; Table 1). F. Loosely/densely packed sedimentological
accumulation (Type 5 shell concentration, W3 horizon). Pen = 15 cm (A, C and D).
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Because cluster analyses have tendency to break gradients into
discrete assemblages, an ordination was performed. This analysis was
used to understand how bivalve assemblages intergraded along biotic
gradients and to recognize the main underlying environmental factors.
Non-metric multidimentional scaling (NMDS) is a robust ordination
methodwhich does not distort the second axis due to a detrending proce-
dure (Minchin, 1987; Bush and Brame, 2010). Detrended correspondence
analysis (DCA) has been frequently applied to paleoecology (e.g., Holland
et al., 2001; Scarponi andKowalewski, 2004), but the scores along the sec-
ond axis can be meaningless because of the detrending procedure (Bush
and Brame, 2010; Borcard et al., 2011). Therefore, NMDS ordination
using Bray–Curtis dissimilarity was selected here. As in cluster analyses,
Hellinger transformation was applied prior to NMDS. To evaluate
differences in composition of bivalve assemblages among sedimentary
facies and types of shell concentration, we performed permutational
rg/10.1016/j.yqres.2013.10.015 Published online by Cambridge University Press
multivariate analysis of variance (PERMANOVA, Anderson, 2001) using
Bray–Curtis dissimilaritywith 5000 permutations. PERMANOVA is similar
to analysis of similarity (ANOSIM, Clarke, 1993), but it is based on raw
rather than on rank-order distances, and it is less sensitive to among-
group differences in variances (Anderson, 2001). All statistical analyses
were performed using vegan package in R statistical environment
(R Development Core Team, 2009; Oksanen et al., 2012).

Ecology of recent bivalves

Amajority of bivalve taxa (ca. 99%) collected from the bulk samples
are living around the Japanese Islands. We, therefore, used ecology of
recent bivalves to infer environment. Bathymetric distributions of the
bivalve taxa were based on Japanese literatures (Habe, 1961; Habe
and Ito, 1965; Oyama, 1973; Okutani, 2000). After Okutani (2000), we

image of Figure�3
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categorized the bivalve taxa into “warm-water taxa” “cold-water taxa”
and “cosmopolitan taxa” which respectively inhabit the area south of
35°N latitude, north of 35°N latitude and both areas of the Japanese
Islands in general (Fig. 1A). Because the warm Kuroshio Current,
which increases water temperature and supplies larvae of marine
organisms, leaves the Japanese Islands at the Boso Peninsula at 35°N
latitude (Fig. 1A), a sharp boundary of the marine biogeography can
be recognized in this area (e.g., Horikoshi, 1962). The definition
has been widely used both in ecology (e.g., Kurihara et al., 2011) and
paleontology (e.g., Kanazawa, 1990; Kitamura et al., 1994).

The bivalve taxa were assigned to functional groups on the basis
of their relationships to the substrata (infaunal or epifaunal), diet
(suspension-feeder, deposit-feeder, chemosymbiotic or carnivore) and
attachment (byssally attached or cemented). Information on the func-
tional groups was based on worldwide and Japanese literatures (Wada
et al., 1996; Huber, 2010; Japanese Association of Benthology, 2012).
The analysis in functional groups enables to reconstruct environment,
in a mechanistically supported way, including substrata consistency
(e.g., Kondo, 1998; Leonard-Pingel et al., 2012) and food availability
(e.g., Rhoads et al., 1972; Todd et al., 2002).
Results

Mode of shell concentration

Five types of shell concentration are discriminated in terms of rela-
tionship between shells and matrix, geometry, shell-size distribution,
shell orientations and preservation state of shells (e.g., disarticulation/
articulation, abrasion, bioerosion and encrustation) based on field
observation at the Anden Coast, Wakimoto and Tayasawa areas (Type
1–5 shell concentrations; Table 2).

Type 1 shell concentration is characterized by shells of varying sizes
loosely/densely packed in poorly sorted fine-grained silty sandstone
(Fig. 3A). The shell concentration shows bed-like geometry and normal
grading. In the shell concentration, thick-shelled taxa (e.g., G. yessoensis
and Mizuhopecten yessoensis) are abundant (Fig. 3A). A majority of
shells are disarticulated and randomly oriented (Fig. 3A). Preservation
state of the shells varies from pristine to poor (i.e., physically abraded,
bioeroded and encrusted). The poorly preserved shells are common in
comparison with Type 3–5 shell concentrations (see below). Some
shells ofM. yessoensis and Swiftopecten swifti are discolored (black shells
in Fig 3A).Modiolus modiolus shells are occasionally found in life orien-
tation (Fig. 3B). Some bivalves (e.g., Cyclocardia nipponensis, A. borealis,
Limopsis crenata, Nuculana pernula and G. yessoensis) and brachiopods
are found, with their valves articulated, but not in life orientations.

Type 2 shell concentration is densely packed in basal parts of facies
G/H in association with pebble- to cobble-sized gravels (Fig. 3C). The
Table 2
Classification of shell concentrations. Descriptive terminology based on Kidwell et al. (1986) a

Type Biofabric Geometry Internal
structure

Asse

Packing Size sorting Orientation

Type 1 Loose/dense Unsorted Mostly random, rarely
life orientation

Bed Simple Mos
rare

Type 2 Dense Sorted Mostly concordant and
convex-upward

Bed Simple Allo

Type 3 Disperse Unsorted Mostly random/rarely
life orientation

Irregular None Para
auto

Type 4 Disperse/loose Unsorted Oblique/concordant Irregular None Para
Type 5 Loose/dense Unsorted Oblique/concordant,

convex-upward,
imbricaion

Lens Simple Allo

Cluster A: Astarte–Cyclocardia–Glycymeris assemblage, Cluster B:Moerella assemblage, Cluster
a Corresponding bivalve assemblage and sedimentary facies are graphically shown in NMDS
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shell concentration shows bed-like geometry (Fig. 3C). In the concen-
tration, thick-shelled taxa (e.g., G. yessoensis and M. yessoensis) are
abundant. The shells N30 mm in maximum dimension are abundant
compared to the other shell concentrations, suggesting size sorting of
shells. In general, shells are disarticulated, with concordant to oblique
and convex-upward orientations (Fig. 3C). Shells heavily altered by
physical abrasion, bioerosion and encrustation are common.

Type 3 shell concentration is characterized by shells of varying sizes
dispersed in fine-grained silty sandstone (Fig. 3D). In the concentration,
thin-shelled taxa (e.g., Moerella jedoensis and Nitidotellina hokkaidoensis)
are abundant. Pristine shells are common in the concentration. For
some articulated shells (e.g., G. yessoensis, Panopea japonica, Lucinoma
annulatum, Solecurtus divaricatus, Macoma tokyoensis and Felaniella
usta), ligament and periostracum are preserved (Fig. 4). In addition,
deep-borrowers (P. japonica and L. annulatum) are found in life
orientation.

Type 4 shell concentration is characterized by shells of varying sizes
dispersed or loosely packed in medium- to coarse-grained sandstone
(Fig. 3E). In the concentration, G. yessoensis shells are abundant. The ar-
ticulated shells are common and show concordant to oblique orienta-
tions (Fig. 3E). Glycymeris yessoensis shells occur in variable states of
preservation, including articulated pristine shells, and slightly or mod-
erately abraded disarticulated shells, but not in life orientation. Panopea
japonica is found in life orientation.

Type 5 shell concentration is characterized by shells of varying sizes
loosely/densely packed in medium- to coarse-grained sandstone
(Fig. 3F). The shell concentration shows lens-like geometry (Fig. 3F).
In the concentration, G. yessoensis shells are abundant, and the shells
are generally found in concordant to oblique and convex-upward orien-
tations. Amajority of the shells are disarticulated, and some shells show
imbrications (Fig. 3F). Preservation state of G. yessoensis varies from
pristine to abraded shells as in Type 4 shell concentration.
Cluster analyses

The R-mode cluster analysis shows three groups of commonly co-
occurring taxa (cluster 1–3; Fig. 5). The Q-mode cluster analysis also
yields three groups (cluster A–C; Fig. 5) corresponding to assemblages.
Interestingly, samples from facies H are divided into two clusters (clus-
ters A and B; Fig. 5). The assemblages are named after characteristic
taxa, selected because of their high relative abundance within a given
assemblage (Fig. 6).

The Astarte–Cyclocardia–Glycymeris assemblage (13 samples in clus-
ter A; Fig. 5) is characterized by dominance of G. yessoensis, Cyclocardia
spp. and Astarte spp. (mean relative abundance ± SE = 19.8 ± 3.6,
14.5 ± 3.6 and 14.2 ± 1.9, respectively; Fig. 6A). The samples of the as-
semblage occur in facies H of cycles 3 and 5 (Figs. 2 and5). Characteristic
nd Kidwell and Holland (1991).

mblage type Concentration type Corresponding bivalve assemblage,
sedimentary facies and environmenta

tly allochthonous,
ly autochthonous

Mostly sedimentologic,
rarely biogenic

Cluster A, Facies H (Inner-middle shelf)

chthonous Sedimentologic None

utochthonous/
chthonous

Mostly biogenic Cluster B, Facies H* (Open bay-bay mouth)

utochthonous Biogenic/sedimentologic Cluster C, Facies I (Upper-lower shoreface)
chthonous Sedimentologic Cluster C, Facies I (Upper-lower shoreface)

C: Glycymeris assemblage (see Fig. 5).
ordinations (see Fig. 8).
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Figure 4. Autochthonous to parautochthonous bivalve fossils from both bulk and qualitative samples (A12–15 horizons). Exact sampling horizon for each specimen is shown in parenthe-
ses when it is available. A. Acila insignis. B. Nuculana sematensis. C. Yoldia notabilis (A12 sample). D. Anadara cf. kagoshimensis. E. Striarca symmetrica. F. Glycymeris yessoensis. G. Pillucina
pisidium. H. Chavania striata. I. Lucinoma annulatum. J. Panopea japonica. K. Leptomya cuspidariaeformis (A13 sample). L. Solecurtus divaricatus (A15 sample). M. Moerella jedoensis.
N. Nitidotellina hokkaidoensis. O.Macoma praetexta. P.Macoma sectior. Q. Macoma tokyoensis. R. Mercenaria stimpsoni. S. Felaniella usta (A13 sample). All bars = 1 cm. All specimens are
deposited at the Tohoku University Museum (IGPS coll. cat. nos. 111209–111227).
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Figure 5. Cluster dendrograms and a heatmap showingmatrix of relative abundance. A. Q-mode cluster dendrogramderived fromWard linkage using Bray-Curtis dissimilarity. B. R-mode
cluster dendrogram derived from Ward linkage using 1-Spearman's rho. Key is shown below the heatmap. Abbreviations; 1: Ennucula tenuis, 2: Acila insignis, 4: Nuculana pernula,
5: Nuculana yokoyamai, 7: Yoldia notabilis, 11: Crenella decussate, 13: Vilasina decorate, 17: Arca boucardi, 18: Acar plicata, 20: Porterius dalli, 21: Striarca symmetrica, 22: Glycymeris
yessoensis, 23: Limopsis spp. (Limopsis crenata + Limopsis decussate + Limopsis sp.), 26: Monia macroschisma, 30: Mizuhopecten yessoensis, 32: Swiftopecten swiftii, 38: Limatula spp.
(Limatula kurodai + Limatula vladivostokensis), 39: Astarte spp. (Astarte alaskensis + Astarte borealis + Astarte hakodatensis + Astarte sp.), 41: Cyclocardia spp. (Cyclocardia
nipponensis + Cyclocardia crassidens + Cyclocardia sp.), 42: Pleuromeris pygmaea, 45: Axinopsida subquadrata, 46: Pillucina pisidium, 47: Chavania striata, 51: Kellia sp., 52:Nipponomysella
spp., 54: Hiatella arctica, 55: Chama sp., 58: Ciliatocardium ciliatum, 61: Cadella lubrica, 62: Exotica miyatensis, 63:Moerella jedoensis, 64: Nitidotellina hokkaidoensis, 65:Macoma nipponica,
68: Macoma tokyoensis, 75: Alvenius ojianus, 76: Mercenaria stimpsoni, 78: Ezocallista brevisiphonata, 83: Felaniella usta, 86: Mactromeris polynyma, 89: Corbula venusta, 90: Penitella sp.,
93: Myadora fluctuosa, 94: Myadropsis transmontana, 96: Plectodon ligulus.
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elements of the assemblage (cluster 3) include taxa which mainly in-
habit deeper than 50 m around the Japanese Islands (e.g., A. alaskensis,
A. hakodatensis, C. nipponensis andNuculana yokoyamai; Fig. 7A),where-
as taxa inhabiting shallower water in cluster 1 (e.g., G. yessoensis and
M. yessoensis; Figs. 5 and 7A) are also common (Figs. 5 and 6A). Diverse
epifaunal suspension-feeders in cluster 3 are characteristic of the assem-
blage (Fig. 5), including byssally attached (e.g., Porterius dalli, Arca
boucardi, Vilasina decorata, Crenella decussate, S. swifti, Acar plicata and
oi.org/10.1016/j.yqres.2013.10.015 Published online by Cambridge University Press
Striarca symmetrica) and cemented groups (e.g., Monia macrochisma
and Chama sp.).

The Glycymeris assemblage (11 samples in cluster C; Fig. 5) is
characterized by dominance of G. yessoensis (mean relative abundance ±
SE = 55.1 ± 7.7; Fig. 6B). The samples of the assemblage occur in facies I
of cycles 5 and 6, with exceptions of W10 (transgressive lag deposit)
andW11 (intergrading horizon from facies H to I) (Figs. 2 and 5). Char-
acteristic elements of the assemblage (cluster 1) consist of taxa which
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Figure 6. Composition of three bivalve assemblages. A–C. Mean relative abundance of the
tenmost common bivalve taxa of clusters A–C (see Fig. 5). Error bars denote standard er-
rors. N = number of sample analyzed, RA = relative abundance.

Figure 7. Bathymetric distributions of selected bivalve taxa of clusters A–C (see Fig. 5).
A. Characteristic bivalve taxa of cluster A. B. Characteristic bivalve taxa of cluster B and
autochthonous to parautochthonous bivalve taxa from A12–15 horizons. C. Characteristic
bivalve taxa of cluster C. Data from literatures on living bivalves around the Japanese
Island (Habe, 1961; Habe and Ito, 1965; Oyama, 1973; Okutani, 2000).
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mainly inhabit shallower than 50 m around the Japanese Islands
(e.g.,M. yessoensis,Mercenaria stimpsoni, Exotica miyatensis, G. yessoensis,
Cadella lubrica and F. usta; Fig. 7C). In contrast, taxa inhabiting
deeper water and epifaunal groups, which are characteristic of the
Astarte–Cyclocardia–Glycymeris assemblage, are nearly absent (Fig. 5).

TheMoerella assemblage (5 samples in cluster B; Fig. 5) is character-
ized by dominance of M. jedoensis (mean relative abundance ±
SE = 34.4 ± 7.8; Fig. 6C). The samples of the assemblage occur in facies
H of cycle 6 in the Anden Coast (facies H* in Figs. 2 and 5), with an
exception of A16 (regressive lag deposit). Characteristic elements of
the assemblage (cluster 2) include taxa inhabiting bay (e.g., Pillucina
pisidium, M. tokyoensis, N. hokkaidoensis and Alveinus ojianus) and bay
to open-marine environments (e.g., M. jedoensis and Yoldia notabilis)
(Fig. 5). It is noteworthy that deposit-feeding group is diverse
(e.g., M. tokyoensis, M. jedoensis, Y. notabilis and N. hokkaidoensis)
(Fig. 5). In addition, warm-water taxa (e.g., M. jedoensis and Chavania
striata) are common in the assemblage (Fig. 5).

Ordination

TheNMDSordination reveals a separation of samples between facies
G/I (shoreface) and H (inner-middle shelf), with exceptions of samples
from lag deposits (W10 and A16) and intergrading horizon (W11) from
facies H to I (Fig. 8A, Table 3). The significant differences in composition
of the bivalve assemblages were also noted among shell-concentration
types (Fig. 8B, Table 3). The assemblages defined by Q-mode cluster
rg/10.1016/j.yqres.2013.10.015 Published online by Cambridge University Press
analysis are well separated in the ordination (Fig. 8A). The first axis
segregates cluster A and the other clusters, whereas the second axis
segregates cluster B and the other clusters (Fig. 8A). In addition, type
1, 3, 4/5 shell concentrations roughly correspond to clusters A–C,
respectively (Fig. 8, Table 2).
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Figure 8. Two-dimensional plot of NMDS ordination. A. Samples plotted by sedimentary
facies and bivalve assemblages.White, gray and black symbols denote samples from facies
I, G and H, respectively. Circle, triangle and square represent cluster A–C defined by
Q-mode cluster analysis (see Fig. 5). A1–16: samples from Anden Coast section, W1–13:
samples from Wakimoto-2 section (see Fig. 2). B. Samples plotted by shell-
concentration types. Circle, cross, triangle, white and gray squares represent type 1–5
shell concentrations, respectively. Note that type1, 3, 4/5 shell concentrations roughly cor-
respond to clusters A–C, respectively.

Table 3
PERMANOVA results for differences in composition of bivalve assemblages among
sedimentary facies and shell-concentration types. Because multiple pairwise comparisons
were applied, the Bonferroni correction was used to adjust significance level. For compar-
isons (d) through (f), α = 0.05/3 = 0.017; for comparisons (g) through (l), α = 0.05/
6 = 0.008. The P-values in bold represent significant results. The P-value in italic repre-
sents insignificant result after the Bonferroni correction. SS = sumof square. MS = mean
of square.

Comparison Statistics

df SS MS Pseudo-F P

Global comparison
(a) Sedimentary faciesa 1 0.89 0.89 5.57 b0.001
(b) Sedimentary faciesb 2 2.18 1.09 9.32 b0.001
(c) Shell-concentration type 3 2.50 0.83 7.64 b0.001

Pairwise comparison
(d) Facies H vs. Facies H*b 1 1.29 1.29 9.81 b0.001
(e) Facies H vs. Facies G/Ib 1 1.04 1.04 8.66 b0.001
(f) Facies H* vs. Facies G/Ib 1 0.91 0.91 10.09 0.001
(g) Type 1 vs. Type 2 1 0.38 0.38 2.71 0.021
(h) Type 1 vs. Type 3 1 1.29 1.29 10.38 b0.001
(i) Type 1 vs. Type 4/5 1 1.14 1.14 10.85 b0.001
(j) Type 2 vs. Type 3 1 0.43 0.43 3.48 0.033
(k) Type 2 vs. Type 4/5 1 0.24 0.24 2.78 0.019
(l) Type 3 vs. Type 4/5 1 1.04 1.04 14.60 0.002

a Facies H* is not discriminated from Facies H (comparison between facies H and
facies G/I).

b Facies H* is discriminated from Facies H (comparisons among facies H, facies H*
and facies G/I).
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Discussion

Bivalve assemblages and corresponding environments

Three bivalve assemblages discriminated by cluster analyses, togeth-
er with corresponding shell-concentration types, indicate the following
environmental and sedimentological conditions (Figs. 5 and 8, Table 2).

The Astarte–Cyclocardia–Glycymeris assemblage occurs in Type
1shell concentrations of facies H (Figs. 5 and 8, Table 2). The assemblage
contains taxa which mainly inhabit deeper than 50 m around the
Japanese Islands (Fig. 7A). This result is in agreement with analyses in
sedimentary facies because facies H is formed at an inner-middle shelf
(water depth = 60–100 m; Table 1). In addition, facies H intercalates
layers of gravels and shells showing normal grading, bed-like geometry
and sharp bases (Type 1 shell concentration; Table 2). These features
suggest that the coarse-grained sediments are transported from
shallower to deeper settings through storm wave/flow (Shirai and
Tada, 2000). The present study supports Shirai and Tada's (2000) inter-
pretation because the assemblage also includes thick-shelled taxa
which inhabit shallower settings in poorly-preserved conditions. Specif-
ically, we interpret that the shells were physically abraded partly be-
cause of the transportation from shallower to deeper environments
(i.e., allochthonous). In addition, epifaunal taxa which attached to
hard substrata are diverse in the assemblage (Fig. 5). The exotic coarse
sediments transported from shallower to deeper settings probably en-
abled some of the epifaunal taxa to inhabit the sea floor (i.e., taphonom-
ic feedback in Kidwell, 1986). This interpretation is reinforced by
M. modiolus found in life orientation (i.e., autochthonous; Fig. 3B)
because Stanley (1970) has confirmed that recent individuals of this
species inhabit gravel bottom and byssally attached to the gravels. The
diverse epifaunal suspension-feeders indicate relatively low sedimenta-
tion rate during their life span, because they have almost no ability to
escape once buried (Kranz, 1974). Furthermore, higher proportion of
abraded, bioeroded and encrusted shells also suggests relatively low
sedimentation rate, as prolonged exposure of the shells on the sea
floor over decadal period leads such taphonomic degradation of shells
(e.g., Powell et al., 2011; Brett et al., 2013).

The Glycymeris assemblage is characterized by dominance of
G. yessoensis and mainly occurs in Type 4/5 shell concentration of facies
I (Figs. 5, 6C and 8, Table 2). The assemblage dominated by Glycymeris is
typical for recent current-swept shoreface (Matsukuma, 1986; Thomas,
1975). These results are consistent with our analyses in sedimentary fa-
cies because facies I is interpreted as deposition at a current-swept
shoreface (water depth = 5–20 m; Table 1). The inferred water depth
on the basis of sedimentary facies is also supported by occurrence of
P. japonica in life orientation (i.e., autochthonous) because this species
mainly lives in the intertidal and subtidal zones (water depth b 30 m)
around the Japanese Islands (Okutani, 2000). In addition, the assem-
blage is characterized by taxa which mainly inhabit shallower than
50 m around the Japanese Islands (Fig. 7C). Although, G. yessoensis
shells, in Type 4 shell concentration, occur in variable states of preserva-
tion, articulated pristine shells are common. Therefore, we interpret
that the G. yessoensis shells were reworked from the substrata but not
transported outside of the shoreface habitat (i.e., parautochthonous).
In general, nonsiphonate suspension-feeders, including Glycymeris are
shallow-burrowers (Stanley, 1970; Thomas, 1975). For this reason, it
is unlikely to be preserved in life orientation in high-energy settings
(e.g., Kondo, 1998).

The Moerella assemblage is characterized by taxa inhabiting bay to
open-marine conditions (Figs. 4 and 5) and thus indicative ofmoderate-
ly land-locked environments, such as an open bay or a bay mouth. In
addition, warm-water taxa are common in the assemblage (Fig. 5),
suggesting influence of the warm Tsushima Current (Fig. 1A). The late
Plio-Pleistocenemollusk assemblages of the Japan Sea are characterized
by appearance of warm-water taxa in sea-level highstand as a result of
inflow of the warm Tsushima Current which supplies larvae of warm-
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water organisms (e.g., Kanazawa, 1990; Kitamura et al., 1994; Nojo and
Suzuki, 1999; Kitamura et al., 2000). In contrast, such a change in mol-
lusk assemblage does not occur in the Plio-Pleistocene New Zealand
cyclothem since it is depositionwithin a large bay sheltered from coast-
al currents (Beu and Kitamura, 1998). The appearance of warm-water
taxa in the Moerella assemblage, therefore, suggests that the bay was
susceptible to the warm Tsushima Current. The open bay or bay
mouth, which we interpreted as environment for the Moerella assem-
blage is likely to permit the inflow of the warm Tsushima Current.

The Moerella assemblage mainly occurs in Type 3 shell concentra-
tion of facies H (Figs. 5 and 8, Table 2). In type 3 shell concentration,
thin-shelled taxa are generally pristine and dispersed in fine-grained
silty sandstone (Fig. 3D), suggesting deposition under weak influence
of wave actions (open bay or bay mouth setting in the present case).
Type 3 shell concentration is also characterized by occurrence of
well-preserved articulated bivalves (i.e., parautochthonous; Fig. 4).
In addition, some deep-borrowers are preserved in life orientation (i.e.,
autochthonous). We obtained the autochthonous to parautochthonous
bivalves by both bulk and qualitative samplings (Fig. 4). They are used
to estimatewater depth byfinding thewater depth atwhich all taxa over-
lap on the basis of recent bathymetric distributions of the taxa around the
Japanese Islands (Fig. 7B). When water depth is 20 m, most taxa (19/20)
can coexist, but Nuculana sematensis inhabits 30–200 m, suggesting
change in water depth in A12–16 horizons (Fig. 7B). In A15 sample,
S. divaricatus (bathymetric range = 0–20 m; Figs. 4L and 7B) occurs,
whereas A12 and A13–14 samples include Y. notabilis (bathymetric
range = 5–200 m; Figs. 4C and 7B) and F. usta (bathymetric
range = 10–50 m; Figs. 4S and 7B), respectively. For this reason,
A13–14horizons should be formed at 10–50 m inwater depth.We tenta-
tively infer 10–50 maswater depth for theMoerella assemblage although
the difference in autochthonous to parautochthonous bivalve taxa may
imply shoaling-upward trend in the horizons. More detailed reconstruc-
tion of water depth here is impossible because of wide bathymetric
distributions of the bivalve taxa (Fig. 7B). Future study on sensitive bathy-
metric proxy (e.g., foraminifella and ostracod)may show change inwater
depth in the horizons.
Recognizing cryptic environmental changes

Environmental reconstruction using bivalve assemblages and their
taphonomy are in agreementwith that based on sedimentary facies, ex-
cept for facies H of cycle 6 at the Anden Coast (facies H* in Figs. 2 and 5).
Shirai and Tada (2000) have interpreted depositional environment of
the horizons as an inner-middle shelf (facies H; Table 1). In contrast,
the Moerella assemblage, which is unique to the horizons (Fig. 5), is
indicative of open bay or bay mouth environment.

Our detailed observation of the sedimentary facies reveals that there
are several differences betweenmajor portion (A13–15 horizons) of fa-
cies H of cycle 6 and that of the other cycles at the AndenCoast. Here, we
define the former as facies H* (Table 1). Facies H intercalates distinct
layers of shells and gravels (i.e., Type 1 shell concentration; Fig. 3A,
Table 2), which were transported from shallower to deeper shelf by
storms, while the layers are almost absent in facies H*. This difference
can be explained by difference in environments. Specifically, a bay is
wave-protected and thus less susceptible to storm agitation than
open-marine condition. In addition, facies H* is characterized by organic
fine-grained silty sandstone rich in plant fragments (Fig. 3D, Table 1).
Such substrata are characteristic of highly productive waters of land-
locked basins (Rhoads, 1974). Facies H*, in particular A13–14 horizons,
is characterized by abundant occurrence of Rosselia socialis (Fig. 3D),
which is a dwelling-structure of deposit-feeding terebellid polychaete
(Nara, 1995). Similarly, theMoerella assemblage, which occurs in facies
H*, contain diverse deposit-feeding bivalves (Fig. 5). The deposit-
feeders achieve higher diversity and abundance on fine-grained organic
substrata because it contains an abundant food supply (e.g., Rhoads and
rg/10.1016/j.yqres.2013.10.015 Published online by Cambridge University Press
Young, 1970; Rhoads, 1974). It is, thus, probable that the organic-rich
fine-grained substrata sustained the diverse deposit-feeding benthos.

On the other hand, the basal portion of cycle 6 (around A11–12 ho-
rizons) at the Anden Coast is interpreted as deposition at inner–middle
shelf environment. The basal portion is associated with basal transgres-
sive lag deposit (A11 horizon), forming a continuous widespread
blanket of shells and gravels at theAndenCoast. In addition, the basal por-
tion is characterized by distinct layers of shells and gravels (Fig. 2), which
were transported from shallower to deeper settings by storms (i.e., Type 1
shell concentration; Table 2). These observations suggest that the basal
portion was deposition at almost open-marine condition because the
characteristic sediments should be formed at wave-dominated environ-
ment. Although the bivalve assemblage from A12 horizon is categorized
as a Moerella assemblage, it contains small number of Astarte spp. and
Cyclocardia spp., which are characteristic taxa of inner–middle shelf envi-
ronment (i.e., the Astarte–Cyclocardia–Glycymeris assemblage; Figs. 5 and
7A). This result indicates that A12 horizon is environmentally condensed
because of low sedimentation rate and intense bioturbation. This
inference is supported by characteristic architecture of the sedimentary
cycle. Specifically, cycle 6 at the Anden Coast consists of thinner
deepening-upward succession and thicker shoaling-upward succession
(Fig. 2), suggesting asymmetric pattern of glacio-eustatic sea-level chang-
es with rapid transgression and/or low sediment supply into the sea
during transgression (Shirai and Tada, 2000). Consequently, facies H of
cycle 6 at the Anden Coast in Shirai and Tada (2000) is subdivided into
the lower facies H (around A11–12 horizons) and the upper facies H*
(A13–16 horizons), and their boundary is gradual because of low
sedimentation rate and intense bioturbation (Fig. 2).

Our analyses in bivalve assemblages also refine interpretation of
depositional dynamics. The lower part of cycle 6 at the Anden Coast
consists of facies C, G*, H and H*, and they were deposited under
minor influence of wave actions despite the nearshore settings, with
an exception of facies H (Fig. 2, Table 1). In addition, facies C is underlain
by facies B, which represents a flood plain and a river channel (Fig. 2,
Table 1). Facies B, C and G* are interpreted as combination of typical
facies for estuarine systems (e.g., Dalrymple et al., 1992; Allen and
Posamentier, 1993) (Fig. 9A, B). The depositional environment changed
to an inner–middle shelf (facies H) and then a baymouth to anopen bay
(facies H*) associated with sea-level fluctuation (Fig. 9C) during MIS
6.0–5.4 because of chronostratigraphic position of the Toya tephra
(MIS 5.5–5.4; Machida and Arai, 2003) and basal transgressive lag
(MIS 6.2–6.0; Shirai and Tada, 2000). Facies H* is overlain by relatively
organic-poor sediments with various sedimentary structures (facies E,
F and G; Fig. 2; Table 1), suggesting change in wave conditions. The
bay might be rapidly filled seaward with prograding sediment owing
to large amount of sediment from rivers because the characteristic car-
bonaceous facies (facies C, G* andH*; Fig. 3D, Table 1) imply importance
of river discharge as the sediment supply. Furthermore, land-locked ba-
sins, including an estuary and a bay is highly efficient sediment trap. It
is, therefore, possible that depositional environment changed from
bay to open marine conditions because the bay was filled with the
sediment after deposition of facies H*.

This study clearly shows that combination of analyses in sedimenta-
ry facies and fossil assemblages leads to better understandings of envi-
ronments and depositional dynamics. As Shirai and Tada (2000) have
not distinguished the facies H and H*, minor differences in these facies
may be difficult to detect. It has been shown that fossil assemblages
can be more sensitive to environmental changes than sedimentary fa-
cies, in particular intensely bioturbated silty facies (e.g., Brett, 1995,
1998; Holland et al., 2001) and massive sandy facies (e.g., Daley,
2002). However, strata without fossils are impossible to analyze fossil
assemblages, and thus sedimentary facies are of utmost importance
for reconstructing environment. Although, we collected bivalve fossils
from four sedimentary facies (facies G, H, H* and I; Fig. 2), the other fa-
cies did not contain shells with reasonable sample sizes for statistical
analyses, and thus the environmental interpretation largely depends
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Figure 9. Schematic illustration of geological evolution at the Anden Coast during formation of the lower part of cycle 6 (MIS 6.2–5.4). Note that cycle 6 at the Anden Coast is deposition
between the tilting hinge and syncline axis, which are formedby local crustalmovement. A. Lowstand. Floodplain and river channel (facies B). B. Lowstand to initiation of transgression. An
incised valley was drowned and became an estuary. Organic-rich facies (facies C and G*) were interpreted as characteristic components of the estuarine system. C. Transgression to max-
imum marine flooding. Transgressive surface eroded the underlying strata. The depositional environment changed from inner-middle shelf (facies H) to bay mouth or open bay
environments (facies H*), accompanying with slight sea-level fall.
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on analyses in sedimentary facies. Fortunately, environmental recon-
struction on the basis of sedimentary facies and fossil assemblages is
reciprocal. Specifically, primary sedimentary structures are expected
to be preserved in the cases where organisms are scarce, whereas the
sedimentary structures can be destroyed owing to intense bioturbation
if organisms are abundant. In the massive facies, fossils are likely to be
preserved, and thus multivariate analyses of fossil assemblages can be
used as in this study.We emphasize that fossil assemblages can be pow-
erful tool to reconstruct environment even inmonotonous sedimentary
facies, which may be difficult to detect environmental changes by
analyses in sedimentary facies alone.

Causes of environmental changes

Both in cluster analyses and NMDS ordination, samples from lag de-
posits (W10 and A16) and intergrading horizon from facies H to I
(W11) clustered with samples from other sedimentary facies (Figs. 5
and 8A). It is not surprising because lag deposits are accumulated by
reworking underling strata. For W1 sample, the score of the first axis
is the lowest, showing anomalous position in the NMDS ordination
(Fig. 8A). In W1 sample, Limopsis spp. explains 85.5% of the bivalve
assemblage (Fig. 5). Recent Limopsis often shows patchy distribution
(e.g., Ito, 1989; Kondo, 1989), and thus W1 sample probably reflected
an aggregation of Limopsis spp. by chance. The patchy distribution
can be preserved in fossil assemblages and affect composition of fossil
assemblages (e.g., Holland, 2005).

The NMDS ordination shows assemblages along two environmental
gradients, a bathymetrical one and the other related to open-marine
and bay conditions (Fig. 8). In the NMDS ordination (Fig. 8), the first
axis segregates cluster A and the other clusters. We estimated water
depths of clusters A–C as 50 m b 10-50 m and b30 m, respectively.
Therefore, the first axis may represent water depth and the score
tends to be high with decreasing water depth. The second axis segre-
gates cluster B and the other clusters.We interpret environment of clus-
ter B as an open bay or a bay mouth. For this reason, the second axis is
related to bay and open-marine conditions, and the score tends to be
lower in bay condition and vice-versa for open-marine condition.

Bivalve assemblages represented by clusters A and C contain samples
from different sedimentary cycles and localities, suggesting repetitive
changes in environment (Figs. 5 and 8A). In addition, clusters A (water
oi.org/10.1016/j.yqres.2013.10.015 Published online by Cambridge University Press
depth N 50 m) and C (water depth b 30 m) mainly correspond to facies
H (water depth = 60–100 m) and I (water depth = 5–20 m), respec-
tively (Figs. 5 and 8A, Table 2). These results suggest that the paleoecolog-
ical patterns reflect sea-level changes. It is not surprising because Shirai
and Tada (2000) have showed that the sedimentary cycles at the Anden
Coast faithfully reflect fifth- and sixth-order glacio-eustatic sea-level
changes.

The Moerella assemblage (cluster B), which represents moderately
land-locked environments, is unique to facies H* of cycle 6 at the
Anden Coast (Figs. 5 and 8A, Table 2). Specifically, theGlycymeris assem-
blage (cluster C), which is indicative of open-marine environment, oc-
curs in probable cycle 6 of Wakimoto-2 section (W10–13; Figs. 5 and
8A). These results imply that the environmental change from open-
marine to land-locked conditions at the Anden Coast cannot be
explained by glacio-eustatic sea-level changes alone. In addition to the
sea-level changes, local crustal movement probably triggered the envi-
ronmental changes. Multiple reverse faults and folds trending N–S to
NNW–SSE affect the Quaternary formations around the Anden Coast
(Fig. 1C). At the Anden Coast, the dip angle decreases upward from
54° to 5°, suggesting that crustal tilting continued concurrently with
sedimentation (Shirai and Tada, 2002). In addition, Shirai and Tada
(2002) have showed that subsidence around the Anden Coast was
caused mainly by the crustal tilting with a fixed tilting hinge associated
with folding after ca. 450 ka. The eastern part of the Anden Coast is lo-
cated between the tilting hinge (Shirai and Tada, 2002) and syncline
axis which has been estimated from distribution of the Shibikawa and
Wakimoto formations (Kano et al., 2011). The Anden Coast, therefore,
was a moderately land-locked basin during deposition of facies H*
(Fig. 9). We conclude that the local crustal subsidence affected coastal
geomorphology around the Anden Coast and formed the land-locked
basin at the time of facies H* deposition. This study suggests that local
crustal movement affects coastal geomorphology and thus is also an
important factor to cause changes in sedimentary dynamics and fossil
assemblages in tectonically active basins.

Conclusions

We reconstructed environments using paleoecology and taphono-
myof bivalve assemblages from the Pleistocene of Oga Peninsula, north-
ern Japan, with particular attention paid to relationship between the
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bivalve assemblages and sedimentary facies. Three assemblages are rec-
ognized by cluster analyses. The Astarte–Cyclocardia–Glycymeris assem-
blage is indicative of shelf environment (below the storm wave base)
where gravels and shells are transported from shallower settings. Sup-
ply of the exotic coarse sediment probably enabled epifaunal taxa to in-
habit the sea floor. The assemblage, therefore, is mixture of ecologically
unrelated taxa. The Glycymeris assemblage is characterized by domi-
nance of G. yessoensis and represents current-swept shoreface environ-
ment (above the stormwave base). Glycymeris yessoensis is interpreted
as parautochthonous. The Moerella assemblage is characterized by taxa
inhabiting bay to open-marine conditions and diverse deposit-feeders,
indicating moderately land-locked environments, such as an open bay
or a bay mouth. Most of the taxa in the assemblage are interpreted
as parautochthonous. Fine-grained substrata rich in organic matters
in the baywere probably suitable for deposit-feeding benthos (bivalves
and polychaetes in the present case). This study suggests that
glacio-eustatic sea-level changes and local crustalmovement are impor-
tant factors to cause changes in fossil assemblages and sedimentary
dynamics.

This study suggests that fossil assemblages can be a powerful tool to
reconstruct environment even in massive sedimentary facies (shelf and
bay in the present case), which may be difficult to reconstruct environ-
ment, based solely on sedimentary facies. Overall, we clearly show that
combination of analyses in sedimentary facies and fossil assemblages
leads to better understandings of environments and depositional
dynamics.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yqres.2013.10.015.
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