Chapter 18

The Species Composition of Buried Seeds

of Seashore Vegetation Disturbed by the Great
East Japan Earthquake and Tsunami

in Northern Tohoku, Japan

Motohiro Kawanishi, Daisuke Hayasaka, and Naoaki Shimada

Abstract The 2011 Tohoku-oki tsunami damaged most sandy coastlines in Tohoku,
Japan, and sandy beach vegetation was extensively disturbed. Buried seeds contrib-
ute greatly to vegetation recovery and ecological succession in general. Knowing
the impact of tsunamis on seed banks and drift seeds is important in estimating the
recovery of destroyed vegetation, but such information is lacking. Therefore, we
examined buried seed and drift seed populations to elucidate the potential for the
recovery of species diversity on sandy beaches. We collected samples of sandy sedi-
ment and debris in Iwate and Aomori prefectures, northern Tohoku, Japan. We esti-
mated the seed populations in these samples using both the germination and
seed-floating methods. In December 2011, the species composition of buried seeds
in sandy sediment was very simple; ruderal plants comprising Chenopodium,
Compositae, and Gramineae were remarkable. Although we found no coastal plant
seeds in December 2011 sediment, eight coastal plants, Atriplex subcordata, Salsola
komarovii, Setaria viridis var. pachystachys, Boehmeria splitgerbera, Leymus mol-
lis, Linaria japonica, Carex kobomugi, and Glehnia littoralis, emerged in November
2012. Concerning alien plants, four species were observed in 2011 —Bidens fron-
dosa, Erigeron canadensis, Erigeron annuus, and Atriplex prostrata—and Plantago
lanceolata was seen in 2012. The coastal species S. komarovii and the alien species
Cakile edentula occurred in a debris sample in 2011. In the following year, we iden-
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tified many types of coastal plants, alien plants, and other species. The seed bank
that existed before the tsunami appears to have been mostly lost, and its contribution
to vegetation recovery in 2011 would therefore have been small. The species com-
position and diversity of the seed bank after the tsunami will depend on the intro-
duction of dispersed seeds directly from living vegetation and/or via the ocean.

Keywords Alien plants e Buried seeds ¢ Coastal plants ¢ Drift seeds ® Sandy coast
* Seed bank ¢ Resilience of vegetation

18.1 Introduction

Most sandy coastlines in northern Tohoku, Japan, were deleteriously affected by the
tsunami caused by the Great East Japan Earthquake, with coastal vegetation suffer-
ing extensive damage. Some reports have clarified the impact of the tsunami on
coastal vegetation (e.g., Hara et al. 2012; Ooue 2012; Hara 2014; Shimada 2014)
and described the floristic changes in beach vegetation since the tsunami (Hayasaka
et al. 2012). Ecological evaluations have been reported and conservation measures
presented (Shibuya et al. 2014; Shimada 2014). Determining the resilience mecha-
nisms of vegetation after disturbance by a tsunami is important and will contribute
to the conservation of coastal ecosystems.

Buried seeds play an important role in vegetation restoration (Tsuyuzaki 1989;
Bakker et al. 1996; Baskin and Baskin 2014) and ecological succession in general
(Oosting and Humphreys 1940; Ishizuka 1962; Numata et al. 1964). The existing
research on seed banks will be useful for estimating the resilience mechanisms of
destroyed vegetation. However, most studies on seed banks have been conducted in
grasslands and forests, and few have examined sandy coastal habitats. Furthermore,
information regarding the impact of tsunamis on the seed banks of sandy beach
vegetation is lacking due to the infrequency of these events.

Various seeds dispersed by seawater drift ashore (Bakker et al. 1996; Nakanishi
1988, 2013; Tokura et al. 1988). In addition, some studies have reported that seedlings
of coastal plants, such as Carex kobomugi, become established in drift lines where
much debris is deposited (Ishizuka 1962; Oka et al. 2009b). Ishizuka (1962) sug-
gested that the establishment of coastal plants from seeds often starts in drift lines
because the sediment includes many drifted seeds and provides a good germination
bed. Although the relationship between drift seeds and seedlings in drift lines was
unclear in these studies, drifted seeds may have the potential to restore damaged popu-
lations. Some species may be on the verge of local extinction due to the catastrophic
disturbance resulting from a tsunami. In such cases, the introduction of seeds from the
sea may contribute to the recovery of populations and increase species diversity.

Therefore, we examined buried seed populations in sandy sediment and in debris
using germination tests to clarify the potential capacity for the recovery of species
diversity on sandy beaches.
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18.2 Study Sites

We sampled beach sediments on six sandy beaches— Yoshihama, Nebama, Akedo,
Tofugaura, Kuji in Iwate Prefecture, and Oosuga in Aomori Prefecture, northern
Tohoku—in December 2011 and November 2012 (Fig. 18.1). In Nebama (including
the Murohama area) and Oosuga, sampling was conducted only in 2012.

All study sites were severely damaged by the tsunami on 11 March 2011
(Table 18.1). Wave heights reached over 10 m at every site. In Tofugaura and Akedo,
waves over 20 m were observed. Seawalls and other structures were completely
destroyed at Yoshihama. At Nebama, Akedo, and Tofugaura, seawalls were severely
damaged as a result of the tsunami, with fracturing and collapse of protective struc-
tures. No artificial structures existed beyond the sandy beaches at Kuji (sandspit)
and Oosuga (natural coast). At Yoshihama and Nebama, all areas of the sandy beach
became bare; all vegetation vanished due to the tsunami and ground subsidence. At
the other sites, coastal vegetation partially or mostly survived. The dominant species
were Leymus mollis, C. kobomugi, and Rosa rugosa, among others. Coastal forests
dominated by Pinus were not included in this investigation.
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Fig. 18.1 Locations of the study sites. The cross indicates the epicenter of the Great East Japan
Earthquake
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Table 18.1 Impact of the tsunami caused by the Great East Japan Earthquake on six study beaches

Yoshihama | Nebama Akedo Tofugaura Kuji Osuga
Wave height | 17.8 15.0 20.8 22.8 14.1 10.3
(height from
msl [m])*
Structures for | Seawall Seawall Seawall Seawall Sandspit Natural
beach wave- coast
protection dissipating
blocks
Damage of Vanished Crack Collapse Fracturing - -
the structures
Vegetation Vanished Vanished | Partially Partially Partially Remained
remained | remained remained

“The 2011 Tohoku Earthquake Tsunami Joint Survey (TTJS) Group, http://www.coastal.jp/ttjt/
index.php (2011/06/01)

18.3 Methods

18.3.1 Sampling and Analysis

We performed a detailed analysis of buried seed communities in December 2011
with the view that seeds present at that time might strongly affect subsequent recov-
ery of vegetation. We collected sediment samples from transects on each beach. To
obtain buried seeds from various coastal habitats, we collected samples from several
types of plant communities, as well as from bare ground.

To discriminate tsunami deposits from the collection samples, we tried digging a
~50-70-cm-deep pit, but we were unable to identify whether each sample corre-
sponded to tsunami deposits. Thus, sand samples were collected from depths of
0-5 cm (surface) and 30-35 cm (underground) at each sampling point. These sam-
pling units were 20x20 cm?x5 cm thick in each sampling layer; i.e., one sample
was 2 liters (L). These 2-L samples were divided into two 1-L samples, one of
which was used in the germination test and the other in the environmental analysis.
In the 2012 survey, we obtained sediment only from O to 5 cm depth because few
seeds were buried in the deeper sediment (30-35 cm depth), as described below. We
collected samples from five to eight points per beach at Yoshihama, Akedo,
Tofugaura, and Kuji on 3—4 December 2011. In November 2012, we collected sam-
ples at the same points as in the 2011 investigation, plus some additional points.
Furthermore, we collected some samples at Nebama and Oosuga. In total, we
obtained 8—12 samples on six coastlines: Yoshihama, Nebama, Akedo, Tofugaura,
Kuji, and Oosuga.

Samples of debris were also collected from drift lines (linear structures formed
by the deposition of drifted materials) along sand dunes (Fig. 18.2). We collected
two samples per beach at Akedo and Kuji on 3—4 December 2011 and in November
2012; then we collected three to eight samples from each coastline (Yoshihama,
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http://www.coastal.jp/ttjt/index.php

18  The Species Composition of Buried Seeds of Seashore Vegetation Disturbed by... 293

Fig. 18.2 Debris along a beach

Nebama, Akedo, Tofugaura, Kuji, and Oosuga) on 3—4 December 2011. The sampling
units were again 20 cm?. All debris within the square (except anthropogenic garbage
and large algae) was collected. One liter (1 L) of the samples was used for the
germination test after removing large organic materials.

SPSS Statistics (IBM) was used for statistical analysis.

18.3.2 Germination Method

Samples were placed on seed-free vermiculite in containers and set under lights in
a greenhouse at the Korimoto Experimental Field of the Nature Education and
Research Department, Faculty of Education, Kagoshima University, Kagoshima,
Japan. These samples in containers were covered by nonwoven cloth (white in
color, translucency 90 %, mesh size about 0.2-0.5 mm) to prevent outside seeds
from entering the sample. Samples were watered twice daily (early morning and
evening) using a water sprinkler. The test was conducted for about 1 year, from 26
December 2011 to 2 December 2012 for the samples collected in 2011 and 30
December 2012 to 29 November 2013 for those collected in 2012. If we could not
identify a species from the morphological characteristics of the stem and leaves
(e.g., Gramineae, Cyperaceae), the seedlings were transplanted and cultivated until
they flowered.
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18.3.3 Floating Seed Method

To detect seeds that did not emerge in the germination test, the sample from the
container used in the germination test was immersed in a solution of 50 % K,CO;
(Tsuyuzaki and Goto 2001). This test was performed only for the 2011 samples and
followed the germination test, i.e., from December 2012 to June 2013.

The samples were immersed in 50 % K,CO; solution and agitated; organic
deposits that floated to the surface were then scooped off and washed with water.
This operation was repeated about five times, until no further deposits floated to the
surface. Seeds were identified based on their morphological characteristics and size,
according to Nakayama et al. (2000), Asano (2005), Shimizu et al. (2001), Suzuki
et al. (2012), and Uemura et al. (2010). When species determination was difficult,
identification was completed to the genus or family level. After identification, we
estimated seed viability using the crushing technique (Naka and Yoda 1984) and
TTC (2,3,5-triphenyltetrazolium chloride) methods (Weed Science Society of Japan
2001). If the embryo and albumen were empty or brown, the seeds were considered
dead (Naka and Yoda 1984); if white, viability was validated using the 0.5 % TTC
solution, and if pink the seed was considered alive.

18.3.4 Ecological Character of Identified Plants

We categorized species identified in the germination and flotation tests into three
types: coastal plants, alien plants, and other species. The list of coastal plants in
Japan was derived from Sawada et al. (2007) and that of alien species was based on
YList (Yonekura and Kajita 2003).

18.4 Results and Discussion

18.4.1 Species Composition of the Seed Bank
in December 2011

18.4.1.1 Buried Seeds in the Sandy Surface Sediment (0-5 cm Depth)

We identified 18 species in the germination test for all study sites, not counting
unknown species: six species at Yoshihama and Akedo, four at Tofugaura, and nine
at Kuji. Seed density was highest at Akedo, at 6.4 +11.8 L~! (Table 18.2). The densi-
ties at other sites were about 3 L' (Yoshihama and Kuji) or 1 L™! (Tofugaura). The
overall seed density in these samples was low. Chenopodium album emerged at
every study site. Other Chenopodium species (C. glaucum and C. ambrosioides)
were also observed. In addition, Compositae (e.g., Artemisia indica var.
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maximowiczii, Youngia japonica), Gramineae (e.g., Digitaria ciliaris, Digitaria
violascens, Panicum dichotomiflorum, Zoysia japonica), and Oenothera (perhaps
including O. biennis, O. parviflora, O. glazioviana) were remarkable.

The floating seed method detected live seeds of Chenopodium spp. and some
freshly dead seeds of Chenopodium spp., Cyperus sp., Compositae sp., Eleusine
indica, and Salsola komarovii. Some of these freshly dead seeds may have died dur-
ing the germination or floating tests, as they still contained white, apparently living
tissue. Although the cause of death of these seeds was unclear, they might have
survived if they had been preserved in good condition on the beach. Because the
tests in our study took a long time, seed survivorship might have been underesti-
mated. Some studies have reported that the seed burial depth affects seedling emer-
gence in some annual plants (Yamanaka et al. 2000; Kondo et al. 2002; Tobe et al.
2007). Although we observed some species that comprise the vegetation of sandy
coasts (e.g., Sagina maxima and Sonchus brachyotus), coastal species (Sawada
etal. 2007) were lacking. Also, we observed many species as dead seeds, e.g., mem-
bers of Rosa (perhaps the dominant species in living vegetation, R. rugosa), com-
mon species of the Polygonaceae (Persicaria, Rumex), and deciduous trees
distributed on mountain slopes—Acer, Actinidia, Zelkova, and Tilia, among
others.

As a general trend at these study sites, alien species and other species consisting
of ruderal plants belonging to the Chenopodiaceae, Compositae, and Gramineae
dominated the buried seed community. Coastal plants were absent from the seed
bank in the surface layer of sandy sediment.

In this study, we could not determine whether the sandy sediment on the ground
surface was deposited by the tsunami. Szczucinski et al. (2012a) reported the exis-
tence of tsunami deposits (a few cm thick) on a beach on the Sendai Plain. These
tsunami deposits comprised mainly of medium and coarse sand. This tendency was
also reported following the 2004 Indian Ocean tsunami (Szczucinski et al. 2012b).
In general, medium and coarse sand were found along the coastlines examined. In
addition, coastal sand is frequently moved by wind, and thus distinguishing tsunami
deposits is difficult.

18.4.1.2 Buried Seeds in Underground Sediment (30-35 cm Depth)

We found very few seeds in samples collected in sediment from 30 to 35 cm depth
(Table 18.2). The total seed density at each site was below 1.0 L' (Table 18.2),
significantly lower than on the surface (Mann—Whitney U test, p<0.01). We found
four species (A. indica var. maximowiczii, D. ciliaris, Eragrostis multicaulis, and
Poa annua), but the number of species in each sample was also smaller than on the
surface (p<0.01).

Floating revealed a few seeds in samples from 30 to 35 cm (Table 18.3). Freshly
dead Chenopodium spp. and Cyperus spp. seeds were confirmed, but the other spe-
cies’ seeds were dead. We found no living seeds.
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Fig. 18.3 Species density (d) and individual density (no. of L~! of soil) of plants, including coastal
sand sediment. d=S/log;pA, A total volume of sample (litter soil), S number of species

As aresult, the number of living seeds (germinated seeds + living seeds) from the
30 to 35-cm layer was significantly less than on the surface (p<0.01). Although
buried seeds of some non-coastal species (e.g., Chenopodium, Artemisia, Digitaria,
and Poa) were found in the deeper layers, their regeneration would have been
unlikely as the seeds were very few in number and almost dead.

18.4.2 Changes in Buried Seed Diversity and Arrival of Drifted
Seeds

We examined changes in buried seeds’ composition and the arrival of drifted seeds
after 1 year, as these factors will greatly affect vegetation recovery. At that time, the
seeds buried in the surface sandy sediment and the drifted seeds in the debris as
determined by the germination test in 2012 will also be present (Table 18.2,
Figs. 18.3 and 18.4).



304 M. Kawanishi et al.

. 20+
= O Others
g 15 1 £ Alien species
T M Coastal plants
T3 10 A
=2
‘g S—
= & o
m
@
2 0 L
- I2012 2011|2012 - |2012 2011 | 2012
Yoshihama Nebama Akedo Tofugaura Kuji
40 -
T
> 30 A
2
g 20 -~
wi
2
o 10 4
5
0
- |2012 - |2012 2011 | 2012
Yoshihama Nebama Oosuga
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18.4.2.1 Changes in Buried Seed Composition in Sandy Sediments

The mean density of seeds at Yoshihama, Akedo, and Kuji increased greatly in
2012, to 96.6+177.3, 24.3+32.1, and 30.7+75.3 L', respectively (Fig. 18.3).
Increases in the density of alien species and other species were responsible for this
result. We found almost no change at Tofugaura. Species density (d; d=S/log;,A)
had the same trend. Although d values were <10 at all sites, the values increased at
Yoshihama (48.0), Akedo (26.2), Tofugaura (4.4), and Kuji (20.2). The d values at
Nebama and Oosuga were 18.2 and 3.7, respectively.

We found no coastal plants’ seeds in December 2011 sediment, as noted above.
However, eight coastal plants (Atriplex subcordata, S. komarovii, Setaria viridis var.
pachystachys, Boehmeria splitgerbera, L. mollis, Linaria japonica, C. kobomugi,
and Glehnia littoralis) emerged in November 2012 (Table 18.2). Four alien plant
species were observed in 2011, comprising only Chenopodium and Oenothera spe-
cies. In 2012, Compositae (Bidens frondosa, Erigeron canadensis, Erigeron ann-
uus), A. prostrata, and Plantago lanceolata were also observed. Although the “other
species” groups in 2011 consisted mainly of weeds from an upland field that
belonged to Compositae, Gramineae, and Oenothera, many species were added to
the buried seed communities in 2012, e.g., paddy field weeds (Rorippa palustris,
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Echinochloa crus-galli var. crus-galli, and Eclipta thermalis), Rumex spp., and
Setaria pumila, among others.

The number of species observed in each species group increased, probably
because of seeds provided from surrounding vegetation and/or other shore plants.

18.4.2.2 Seeds That Drifted Ashore

In 2011, the mean densities of drifted seeds (mixed in debris) at Akedo and Kuji
were 11.0+11.3 and 3.0+2.8 (no. L-'), respectively (Fig. 18.4). Coastal plants
accounted for more than half of the seeds at both sites. The coastal species S. koma-
rovii and the alien species Cakile edentula occurred at Akedo (Table 18.2).
Additionally, we also observed some ruderal herbs (Rumex spp., Y. japonica) and
riparian trees (e.g., Zelkova serrata and Pterocarya rhoifolia).

During 2012, we obtained samples at the other four sites; the mean density of
drifted seeds was below 15 L-! at every site (Fig. 18.4). We could not confirm the
seeds in the Akedo debris samples. Many kinds of coastal plants, alien plants, and
species were confirmed at five sites, except Akedo (Table 18.2). Species density, d,
was higher at Nebama, Kuji, and Oosuga than at the other sites.

Coastal plants observed in debris included C. kobomugi, S. komarovii, L. mollis,
Atriplex patens, and Artemisia stelleriana. Among alien species, various Compositae
(e.g., B. frondosa and E. canadensis) and Chenopodiaceae (e.g., C. glaucum and A.
prostrata) had relatively high densities. Additionally, ruderal plants (e.g., A. indica
var. maximowiczii, D. ciliaris, and Rumex spp.) and some crop seeds (e.g.,
Momordica charantia and Zea mays) were also observed. At Akedo, we found no
buried seeds in debris in 2012, despite finding many seeds in the 2011 samples,
perhaps because local people had cleaned up the beach in the interim.

18.4.3 Contribution of the Seed Bank to Vegetation Recovery
After the Tsunami Disturbance

In this study, we detected buried seeds that had been dispersed before December
2011. However, as it is not possible to know the distribution of buried seeds imme-
diately after and before the tsunami, the origin of seeds buried in sandy sediments
has been estimated in some reports.

The existence of seed banks on sandy coastlines has been demonstrated previ-
ously (e.g., Pierce and Cowling 1991; Looney and Gibson 1995; Aziz and Khan
1996). In Japan, Fujiki et al. (2001) reported the seed bank species composition at
Tottori Sand Dunes. That study showed that the C. kobomugi community seed bank
consisted of C. kobomugi, Ischaemum anthephoroides, and E. indica (mean seed
density: 6330.0+8385.5 m™x 10 cm in November). Sawada and Tsuda (2005b)
clarified the formation potential of a persistent seed bank of Lathyrus japonicus, G.



306 M. Kawanishi et al.

littoralis, Calystegia soldanella, C. kobomugi, Carex pumila, Oenothera laciniata,
Ixeris repens, 1. anthephoroides, and others. C. kobomugi had a seed bank and via-
ble seeds concentrated in the surface layer (0—4 cm depth; Yamanaka et al. 2000).
The above-cited species were widely distributed at our study sites. Consequently,
coastal vegetation may have had seed banks in the surface sand before the
tsunami.

According to vegetation survey data collected by Hayasaka et al. (2012) before
the tsunami, major coastal plants, such as L. mollis, C. kobomugi, C. pumila, L.
Jjaponicas, I. repens, and C. soldanella, were widely distributed at these study sites.
Chenopodium album (the dominant species among the buried seeds in our study)
was not found at Yoshihama, Akedo, Tofugaura, or Kuji before the tsunami. At our
study sites, however, C. album emerged at every site, and coastal plants were absent
from the seed bank in the surface layer of sandy sediment.

In addition, some reports have shown erosion of sandy beaches and dunes in
Miyagi Prefecture (Nishi et al. 2012; Richmond et al. 2012). According to aerial
photographs and reports by Ooue (2012) and Shimada (2014), coastal Pinus forests
at Yoshihama, Nebama, and Akedo vanished, probably due to erosion and ground
subsidence.

Given these observations, it is likely that the sandy beach vegetation and topsoil
at our study sites were severely eroded by the tsunami. Therefore, the seed bank that
existed before the tsunami was mostly lost, and the contribution of a seed bank to
vegetation recovery in 2011 would have been small. The species composition and
diversity of the seed bank after the tsunami will depend on the introduction of dis-
persed seeds directly from living vegetation and/or through the ocean.

The dispersal route of seeds shows three general patterns: (1) dispersal from
coastal vegetation on the same beach, (2) dispersal from inland vegetation in the
same region, and (3) dispersal from coastal vegetation on another beach. At Oosuga,
Kuji, Tofugaura, and Akedo, all three dispersal routes might be in effect because
coastal vegetation remained only partially after the tsunami disturbance. If some
perennial plants survive, recovery of vegetation after a tsunami may be relatively
rapid. The vegetation used to occupy a broader area in these regions (Kawanishi,
unpublished data). Many surviving perennial plants seem to be growing by vegeta-
tive reproduction. These plants will also produce seeds, and some dispersed seeds
will become dormant and comprise the seed bank. However, the regeneration of
plants that have vanished from a beach, especially in the case of bare beaches such
as Yoshihama and Nebama, will depend largely on routes (2) and (3). In this case,
from the viewpoint of the recovery of coastal plants, route (3) (i.e., drifted seeds)
will be very important.

In this study, we observed many drifted seeds of S. komarovii (a coastal plant) at
Akedo and Kuji in 2011. This species can disperse continuously via the sea and
form communities on drift lines (Nakanishi 2013). Additionally, we observed A.
subcordata, C. kobomugi, L. mollis, G. littoralis, A. patens, A. stelleriana, I. anth-
ephoroides, and I. repens in 2012. Sawada and Tsuda (2005a) clarified the potential
sea dispersal of A. subcordata, A. patens, L. japonicas, G. littoralis, C. soldanella,
I. repens, C. kobomugi, and C. pumila due to their ability to float on seawater for
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extended periods. Additionally, C. pumila, C. kobomugi, C. soldanella, and
Tetragonia expansa can disperse to remote beaches (Oka et al. 2009a). These spe-
cies (distributed at our study sites) may disperse widely on sandy coastlines.
However, some coastal plants cannot float for long, and dispersal to distant loca-
tions will be difficult for them (Sawada and Tsuda 2005a).

Therefore, if local vegetation has survived a tsunami, it should be preserved
because it will have a very important role as a source of seeds and contribute to the
efficient recovery of damaged populations.

Additionally, attention should be given to the behavior of alien species. Ajima
(2001) clarified the seed accumulation of alien species in seed banks in many types
of plant communities. After extensive disturbance by the tsunami, some alien spe-
cies, such as the Chenopodiaceae, Compositae, and Cruciferae, formed a commu-
nity (Hayasaka et al. 2012; Kanno et al. 2014; Oka and Hirabuki 2014). Although
alien species’ communities have declined over the years since the tsunami (Kanno
etal. 2014), we found alien seeds, especially Chenopodiaceae (C. album, C. ambro-
sioides, C. glaucum, and A. prostrata), Compositae (B. frondosa, E. canadensis, and
E. annuus), and other taxa (Oenothera spp., P. lanceolata, and Trifolium repens,
Table 18.2, Fig. 18.4), buried in sediment and debris. Hence, these alien species
have the potential to accumulate in the seed bank. The species composition of bur-
ied and drifted seeds will be important to conservation. Our results indicate the
importance of the remaining living vegetation and seed inputs from the sea.
Considering the recovery of coastal vegetation, we must estimate the ecological
succession at each site. To recognize the process and mechanism of succession, we
have to continue to monitor, survey, and analyze the relationships between seed
banks and vegetation.
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