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Spatial variations in tidepool fish assemblages related to
environmental variables in the Tama River estuary, Japan
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Abstract: Spatial variations in fish assemblages in soft-substrata estuarine tidepools (7 = 55, 0.6-
64 m? were investigated on tidal flats 0-4 km from the mouth of the Tama River estuary, cen-
tral Honshu, Japan in early June 2003. A total of 1,838 individuals, representing 2 families and 11
species, were collected during the study period. All fishes collected were less than 50 mm SL, be-
ing mostly gobiid juveniles and adults. Acanthogobius flavimanus was the most abundant spe-
cies, comprising 52.2% of the total individual number, followed by Pseudogobius masago (24.6%),
Gymnogobius macrognathos (12.7%), G. breunigii (7.0%), Mugil cephalus cephalus (1.0%), Fa-
vonigobius gymnauchen (0.9%), Mugilogobius abei (0.7%) and Eutaeniichthys gilli (0.5%). Of
these, six benthic gobies except for G. breunigii and M. cephalus cephalus occurred at different
densities in the lower, middle and upper estuarine areas. The canonical correspondence analysis
using densities of abundant species in each tidepool revealed that spatial variations in the fish as-
semblage structures were largely associated with environmental variables, including mud
shrimp-burrow density, median grain size, salinity, height above low tide level, water tempera-

ture, pool size and water depth.
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1. Introduction

Estuarine tidal flats in temperate regions play
important roles as nurseries and foraging
grounds for many fishes, including target species
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of local fisheries (KANOU ef al., 2000; MORRISON et
al., 2002; HAMPEL et al., 2003; KANOU et al., 2004b),
as well as providing essential habitat for various
species, including threatened gobies (OKAZAKI et
al., 2012; Inur and Kovawma, 2014; KoyAMA et al.,
2016; INUI et al., 2018). Movements of coastal and
estuarine fishes between subtidal and intertidal
zones in response to daily tidal rhythms have
been investigated in several coastal habitats (e.g.,
tidal flat, salt marsh and sandy beach), such
movements with rising tides being directly asso-
ciated with benefits such as foraging of intertidal
prey items and/or avoidance of potential preda-
tors (GIBSON et al, 1996; HAMPEL et al, 2003;
MORRISON et al., 2002; KANOU et al., 2005a, 2005b).
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Fig. 1 Map showing the sampling sites (solid circles) in the Tama River estuary, central Japan.

Dotted areas indicate tidal flats.

On the other hand, as extensive tidal flat areas
are exposed with ebbing tides, most fishes move
to the subtidal zone (MORRISON et al., 2002; KANOU
et al. 2005a), although some species stay in in-
vertebrate burrows, tidepools and small creeks
in the intertidal zone (MEAGER et al., 2005; UCHIDA
et al., 2008; OKAZAKI ef al., 2012; HERMOSILLA ef al.,
2012; Inur and Kovama, 2014). Recent studies
have demonstrated that the occurrence patterns
of fish species remaining in the intertidal zone on
tidal flats during low tide were partly related to
a variety of environmental factors, such as water
temperature, salinity, pool size, pool depth, eleva-
tion and sediment particle size, and the availabili-
ty of invertebrate burrows and cobbles (GIBSON
et al., 2002; MEAGER et al., 2005; UCHIDA et al., 2008;
KRUCK et al., 2009; OKAZAKI ef al., 2012; KUNISHIMA
et al., 2014; KOYAMA et al., 2016; INUI et al., 2018).

However, very little information is available on

the spatial variation of fish assemblages in rela-
tion to environmental gradients in soft-substrata
tidepools on estuarine tidal flats (MEAGER et al.,
2005).

The objectives of the present study were to
describe fish assemblage structures in soft-
substrata tidepools on selected tidal flats
throughout the Tama River estuary, central Ja-
pan, and to identify relationships between spatial
variations of fish assemblages and environmental

variables.

2. Materials and methods
Study site

The study was conducted in the Tama River
estuary (35°32'N, 139°46’E), located in western
Tokyo Bay, central Japan (Fig. 1) and charac-
terized by a relatively well conserved, typical es-
tuarine shoreline, despite the history of signifi-
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cant landfill in the bay. The estuary is subject to
semidiurnal tides (tidal range up to ca. 2 m) and
has long narrow tidal flats (0.95 km? along the
shoreline. Fish survey areas were established at
the lower (0-1 km from the river mouth), mid-
dle (1-25 km) and upper-parts (25-4.0 km) of
the estuary (hereafter referred to as lower, mid-
dle and upper estuary, respectively). The interti-
dal zones of the survey areas were about 55-105
m wide during spring tide. The high-tide zones
(> 50 cm above the low water level at ordinary
spring tide) of the tidal flats had numerous tide-
pools (about 50-350 pools ha™!), being naturally
occurring depressions due to tidal currents or
the result of burrowing activity by large crusta-
ceans (e.g, mud shrimp Upogebia major), forag-
ing behavior of elasmobranch rays or human dis-
turbance (including activities such as bait col-
lection and clam gathering). Numerous cobbles
(10-25 cm in diameter) were found in tidepools
in the middle estuary and burrow entrances of
the mud shrimp in the lower estuary. Rooted
macrophyte vegetation was absent in the survey
areas.

Fish sampling

Because greater species richness and abun-
dance of tidepool fishes in early summer had
been previously recorded on tidal flats in the
Tama River estuary and adjacent waters
(KaNou, 2003; UcHIDA et al., 2008), sampling was
conducted on four consecutive days during
spring tide in early June 2003. A total of 55 tide-
pools (0.6-64 m?) were randomly selected on ti-
dal flats in the lower (z = 17), middle (z = 25)
and upper (z = 13) estuaries. In each tidepool,
all visible fish were caught by dip net (15 cm
wide X 12 cm deep, mesh size 1 mm) at low tide
in daytime; the net was then used to sweep the
entire area of the pool until no more fish were
taken in three consecutive sweeps, as subse-

quently described by OKAZAKI ef al. (2012). All
samples were fixed in 10% formalin in the field.

Fishes were identified to species [see also
NAakABO (2013) and Oxivama (2014)], and cate-
gorized as juvenile or adult following examina-
tion of gonads or observation of body coloration
and genital papilla morphology. Juvenile gobiid
developmental stages followed KaNou et al.
(2004a). The standard length (SL) of each
specimen was measured to the nearest 0.1 mm
with digital calipers.

Environmental variables

Immediately after fish sampling, water tem-
perature in each pool was measured with a
standard mercury thermometer and salinity
with a salinity refractometer (S/Mill-E, Atago,
Tokyo, Japan). The surface area of each pool
(defined as pool size) was measured to the near-
est 0.1 m? with folding scales. Mean water depth
in each pool at low tide was estimated from five
random depth measurements. The height of
each pool above low tide level was determined
each day by measuring the water depth on a
pole placed vertically on the low tide line, when
the subsequent incoming tide reached each pool.
A sediment sample (7.5 cm diameter and 3 cm
depth) was collected with a cylindrical core
sampler from the point of maximum depth in
each pool. Dry sediment samples, except for or-
ganic material, were sieved through seven mesh
trays (1000, 500, 250, 180, 125, 63, 45 um) using a
vibratory sieve shaker (AS200 basic, Retsch Co.).
After the sediment retained in each sieve was
weighed to the nearest 0.001 g, median grain size
and mud content (%) (defined as proportion of
particles < 63 um of total weight of sediment)
were calculated. Because several fishes inhabit-
ing tidal flat pools may prefer the structural
complexity of cobbles or mud shrimp burrows
(OkAZAKI et al, 2012; INul and Kovama, 2014;
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Table 1. Mean values * standard deviation of environmental variables in tidal flat tide-
pools in the Tama River estuary

Environmental variables Lower estuary Middle estuary Upper estuary

Pool size (m?) 46 + 29° 16 = 08° 22 + 15°
Water depth (cm) 54 + 57 48 + 26 60 = 25

Height above low tide level (cm) 341 + 2470 898 + 49" 882 = 109°
Water temperature (°C) 278 + 1.3% 302 + 34%®> 315 + 28°
Salinity 183 = 2.2 139 = 1.7° 89 + 32°
Mud content (%) 91 + 6.2° 138 + 83° 39.3 = 12.1°
Median grain size (um) 2219 + 393* 1449 + 329> 782 + 229°
Cobble-cover rate (%) 18 £+ 6.1° 84 = 97° 08 = 19°
Mud shrimp-burrow density (/0.1 m? 7.9 = 4.8* 05 + 16" 00 * 0.0°

abe Gionificant differences found between groups with different superscripts at p < 0.05

by Scheffé or Steel-Dwass test.

HENMI et al., 2018; INUI et al., 2018), the area occu-
pied by cobbles relative to the surface area of
each pool was measured, and the entrances of
mud shrimp burrows within a quadrat (30 cm %
30 cm) in each pool were identified following the
described in

morphological characteristics

Kmostrra (2002) and counted.

Data analysis

A one-way analysis of variance (ANOVA)
was used to test whether total numbers of spe-
cies per pool, total number of individuals per
1 m? and environmental variables (water tem-
perature, salinity, pool size, water depth, height
above low tide level, median grain size and mud
content) differed among the survey areas. The
Scheffé test was used for a posteriori multiple
comparison. Before the analysis for total number
of individuals, homogeneity of variances was im-
proved by transformation of the data to logio
(x + 1) (Zar, 2010). Because the data variance
for density (number of individuals per 1 m?) of
each abundant species, cobble-cover rate and
mud shrimp-burrow density were heterogene-
ous (even for transformed data), the non-para-
metric Kruskal-Wallis test and Steel-Dwass post
hoc test were employed to detect differences

among the survey areas. To assess relationships
between abundant fish distributions and envi-
ronmental variables, a canonical correspondence
analysis (CCA) was performed using CANOCO
software (ter BRAAK and SMILAUER, 2002). Prior
to the CCA, mud content strongly correlated
(Pearson’s » = -0.91) to median grain size was
excluded from explanatory variables.

3. Results and discussion

Mean values of each environmental variable
measured in tidal flat tidepools in the lower, mid-
dle and upper estuaries are shown in Table 1. Of
the 9 environmental variables, 8 (except water
depth) differed significantly among survey areas
(One way ANOVA: salinity, Fs 52 = 63.0, P <
0.001; median grain size, F5 52 = 69.9, P < 0.001;
mud content, Fy 50 = 46.4, P < 0.001; water tem-
perature, Fy 50 = 7.52, P < 0.002; height above
low tide level, F» 50 = 79.0, P < 0.001; pool size,
Fy 50 = 14.2, P < 0.001; water depth, Fy 52 = 042,
P = 0.66; Kruskal-Wallis test: cobbles-cover rate,
H =137, P < 0.002; mud shrimp-burrow density,
H = 43.2, P < 0.001). Water temperature and
mud content increased gradually, and salinity
and median grain size decreased gradually, from
the lower to upper estuary (Table 1). Pool size
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Table 2. Number of individuals, size ranges and developmental stages of fishes collected

by dip net in tidal flat tidepools in the Tama River estuary

Family and Species (abbreviation) Number of Ratio(%) SL(mm) Developmental
individuals stage
Mugilidae
Mugil cephalus cephalus (Mc) 19 1.0 27-40 ]
Gobiidae
Acanthogobius flavimanus (Af) 959 522 13-45 Js
A. lactipes 2 0.1 36-37 A
Eutaeniichthys gilli (Eg) 9 05 34-40 A
Favonigobius gymnauchen (Fg) 16 09 19-47 Js, A
Gymmnogobius breunigii (Gb) 129 7.0 19-29 B
G. macrognathos (Gm) 233 12.7 18-25 Iz
Luciogobius guttatus 2 0.1 19-22 Js
Mugilogobius abei (Ma) 13 0.7 22-35 A
Pseudogobius masago (Pm) 453 24.6 16-23 A
Tridentiger bifasciatus 3 0.2 32-37 A
Total 1838

Developmental stage: A, adult; ], juvenile; J3, juvenile with same pigmentation pattern as

adult.

and mud shrimp-burrow density were larger
and much more abundant in the lower estuary
than in the middle and upper estuaries, the oppo-
site being true for height above low tide level.
Cobble-cover rate was much higher in the mid-
dle estuary.

A total of 1,838 individuals (all < 50 mm SL,
including both juveniles and adults), represent-
ing 2 families and 11 species, were collected dur-
ing the study period (Table 2). Acanthogobius
flavimanus was the most abundant species, com-
prising 52.2% of the total individual number of
fishes, followed by Pseudogobius masago (24.6%),
Gymmnogobius macrognathos (12.7%), G. breuni-
gii (7.0%), Mugil cephalus cephalus (1.0%), Fa-
vonigobius gymnauchen (09%), Mugilogobius
abei (0.7%) and Eutaeniichthys gilli (05%)
(Table 2). With the exception of the marine fish
M. cephalus cephalus (all juveniles), all of the
abundant species were estuarine gobiids known
to remain on tidal flats during their juvenile and
adult stages (KaANOU et al, 2000). Similar gobiid

fish assemblages have been reported in other es-
tuarine soft-substrata tidepools and small tidal
creeks (MEAGER et al, 2005; NANjO et al., 2010;
HERMOSILLA et al., 2012).

Mean total numbers of species and individuals,
and mean density of each abundant species col-
lected in tidal flat tidepools in the lower, middle
and upper estuaries are shown in Table 3. Mean
total numbers of species and individuals differed
significantly among survey areas (One way AN-
OV A: total number of species, F5 52 = 5.06, P <
0.01; total number of individuals, Fy 52 = 5.79, P
< 0.01), the total number of species being higher
in the lower estuary than in the middle and up-
per estuaries, although the opposite was found
for total number of individuals (Table 3).
Marked changes for species and individual num-
bers with increasing distance from the estuarine
mouth have been reported in ichthyofaunal stud-
ies of other estuaries, possibly due in part to es-
tuarine or marine species occurring abundantly
within a particular area of each estuary (e.g.
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Table 3. Mean values * standard deviation of total number of species per pool, total

number of individuals and densities of the eight most abundant species per

1 m? in tidal flat tidepools in the Tama River estuary

Lower estuary

Middle estuary  Upper estuary

Total no. of species 329 =

Total no. of individuals 584 +

Density of abundant species
Acanthogobius flavimanus 218 =
FEutaeniichthys gilli 016 =
Favonigobius gymnauchen 021 =
Gymnogobius breunigii 0.09 =
G. macrognathos 302 =
Mugtlogobius abei 0.00 =
Pseudogobius masago 0.00 =
Mugil cephalus cephalus 0.18 =

1.21% 2.32 = 099° 231 = 095°
3522 1795 = 2096 2239 = 17.69"
1442 1033 = 1011° 1321 + 10.88"
0.262 0.00 £ 0.00° 0.00 = 0.00
0.27° 003 = 017" 0.00 = 0.00°
0.22 112 + 347 152 = 264

255 004 = 015" 0.00 = 0.00°
0.00? 032 + 057° 0.19 = 0.69*"
0.00? 591 = 10.04" 741 £ 849°
0.69 0.10 = 051 006 = 0.21

abe Gignificant differences found between groups with different superscripts at p
< 0.05 by Scheffé or Steel-Dwass test.

NEIRA et al., 1992; YOKOO et al., 2012).

Of the 8 most abundant species, the densities
of 6 benthic gobies (A. flavimanus, E. gilli, F.
gymnauchen, G. macrognathos, M. abeir and P.
masago) differed significantly among survey
areas (Kruskal-Wallis test: A. flavimanus, H =
192, P < 0.001; E. gilli, H = 14.7, P < 0.001; F.
gymnauchen, H = 157, P < 0.001; G. macrogna-
thos, H = 482, P < 0.001; M. abei, H = 645, P <
0.05; P. masago, H = 20.6, P < 0.001), although
no significant differences in densities of nektonic
Gymmogobius breunigii and Mugil cephalus ceph-
alus were found among the areas (G. breunigii,
H =395 P = 0.18; M. cephalus cephalus, H =
0.87, P = 0.65). Of the aforementioned six benth-
ic gobies, E. gilli, F. gymnauchen and G. macro-
gnathos were more abundant in the lower estu-
ary, whereas much greater abundances of A.
Slavimanus, P. masago and M. abei were found in
the middle and/or upper estuary.

The first two axes of the CCA ordination ex-
plained 42.5% of the variances of site- or species-
explanatory variable biplots (axis 1, 33.2%; axis
2,9.3%) (Fig. 2a, b). The vectors of mud shrimp-
burrow density, median grain size, salinity and

pool size with all of the lower estuary stations
were on the right (positive) side of axis 1,
whereas the vectors of other factors, including
height above low tide level, water temperature,
water depth and cobble-cover rate with almost
all of the middle and upper estuary stations were
on the left (negative) side of axis 1 (Fig. 2a).
Mud shrimp-burrow density (correlation coeffi-
cient, » = 0.94), median grain size (» = 0.71), sal-
inity (» = 0.61), height above low tide level (» =
-0.78), water temperature (» = -0.52) and pool
size (r = 052) were highly correlated with axis
1, whereas water depth (» = 0.87) was highly
correlated with axis 2. These results suggested
that spatial variations in the fish assemblage
structure in tidepools within the present survey
areas were largely associated with the seven en-
vironmental variables. MEAGER et al. (2005), who
investigated relationships between fish assem-
blage structure and environmental variables in
soft-substrata tidepools on tidal flats in Moreton
Bay, Australia, also indicated that the abundance
and/or species richness of fishes were partly af-
fected by pool size, water depth, vertical eleva-
tion in the intertidal zone and invertebrate bur-
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Fig. 2 Canonical correspondence analysis (CCA) ordination diagrams based on the densities of eight abun-
dant fish species in tidepools on tidal flats in the Tama River estuary: sites scores (a) and species scores (b).

CCA axis 1 and CCA axis 2 had eigenvalues of 0.464 and 0.130, respectively. Environmental variables repre-

sented by vectors. Open triangles, lower estuary stations (St. 1-17); solid circles, middle estuary stations (St.

18-42), open squares, upper estuary stations (St. 43-55). Species abbreviations given in Table 2.

rows.

The CCA also revealed relationships among
the eight most abundant fish species and envi-
ronmental variables (Fig. 2b). Of 3 benthic go-
bies occurring mainly in the lower estuary, G.
macrognathos was associated with higher mud
shrimp-burrow density, and E. gilli and F. gym-
nauchen with larger median grain size and high-
er salinity. Gymmnogobius macrognathos spawns
on the inner wall of mud shrimp burrows (HENMI
et al, 2018), and utilizes such burrows as an im-
portant microhabitat during benthic juvenile and
adult stages (Kanou, 2003; INUI et al., 2018). Al-
though similar spawning behavior and microha-
bitat usage is known in E. gilli (Dotu, 1955;
HenMI and ITaNg 2014), a strong relationship be-
tween this species and burrow abundance was
not apparent during the present study, probably

due to their low densities. Favonigobius gymnau-
chen were frequently observed buried in the
sandy bottom. Such behavior in several species
belonging to Favonigobius suggests a preference
for relatively coarser sediment (HORINOUCHI et al.,
2016).

Of the 3 benthic gobies occurring abundantly
in the middle and upper estuaries, the most
abundant species (A. flavimanus juveniles)
failed to show any clear environmental factor-
related tendency, probably because it inhabited
a broad range throughout the survey area. In
fact, the species utilizes a wide variety of shallow
estuarine habitats, including tidal flats (KANOU et
al., 2007), cobble areas (UCHIDA ef al, 2008) and
eelgrass (Zostera japonica) beds (FUlTA et al.,
2002), as nurseries. Mugilogobius abei was fre-
quently found in tidepools with a greater propor-
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tion of cobble cover, and P. masago in tidepools
of greater elevation above low tide level and
higher water temperature. OKAZAKI ef al. (2012)
also pointed out that M. abe: occurred mainly in
tidepools with cobbles, whereas P. masago al-
most evenly occurred in tidepools with and with-
out cobbles during spring and early summer.
The conspicuously-colored M. abe: may utilize
cobbles as both a refuge from predation and
hard substrata on which to lay their eggs
(KANABASHIRA et al., 1980; OKAZAKI et al., 2012). In
contrast, P. masago may rely on other forms of
predator avoidance, such as crypsis (OKAZAKI et
al, 2012) or burying in the bottom sediments
(KuNISHIMA et al, 2014). The spawning substra-
tum of this species has not been found to date
(Iron and MukAr 2007). In any case, the adapta-
tion of P. masago to tidepools of greater eleva-
tion above low tide level and higher water tem-
perature may be useful for temporally extended
access to intertidal food under reduced preda-
tion risk from larger fish, as mentioned for other
temperate tidal flat species (van der VEER and
BERGMAN, 1986; GIBSON et al, 2002; KRUCK et al,
2009).

Unlike the above benthic gobies, the two nek-
tonic species, G. breunigii and M. cephalus cepha-
lus, were strongly associated with deeper pools.
Juveniles of these species, moving frequently to
the intertidal zone with rising tides (KANOU et al.,
2005a), may become stranded in intertidal pools
with the ebbing tide. Such pools may require a
certain water depth to enable frequent swim-
ming during the low tide period.

The present study demonstrated that spatial
variations in the tidepool fish assemblages on es-
tuarine tidal flats could be partly explained by
various environmental gradients related to
species-specific ecological characteristics. Similar
findings were reported by Kovama et al. (2016)
and INUT et al. (2018), who investigated relation-

ships between the distributions of threatened go-
by species and several environmental variables
(elevation, sediment particle size, salinity and
large crustacean burrows) on tidal flats in
southern Japanese estuaries. KoyaMma et al.(2016)
suggested that maintenance of various environ-
mental conditions, such as elevation, sediment
and salinity, on estuarine tidal flats are necessa-
ry for the conservation of threatened gobies,
such as E. gilli, G. macrognathos and P. masago.
Since the same species were collected during the
present study, a similar caution seems applicable
to tidepool fish assemblages. It is highly likely
that intertidal habitats, such as tidepools and
small tidal creeks with various environmental
gradients, normally available for intertidal fish
inhabitants, have been greatly reduced by exten-
sive reclamation and establishment of artificial
structures in the Tama River estuary and adja-
cent bay waters (KaNou and Komno, 2014;
MURASE ef al., 2014). Accordingly, deliberate re-
storation of tidal flats, including essential fish as-
semblage habitats, should be included in future
development plans (TAKEYAMA et al, 2013;
KaNou and KonvNo, 2014).
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Temporal change of eelgrass Zostera marina bed in
Matsukawa-ura Lagoon, Fukushima Prefecture
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Abstract: This study estimated the area of eelgrass beds in Matsukawa-ura Lagoon and investi-
gated spatiotemporal changes of the area using satellite images obtained after the 2011 off the
Pacific coast of Tohoku Earthquake. Furthermore, we examined the spatial distribution of mud
contents in the lagoon after the earthquake. In April 2012, the eelgrass beds were observed in
small area (0.013 km?) of the northern part of the lagoon. Almost all eelgrass was physically re-
moved by devastating tsunami waves. In September 2014, the bed area had increased sharply to
approximately 0.39 km? The spatial distribution also expanded from the northern to the central
lagoon. In November 2015, the rate of increase was only approximately 10% compared with the
previous year. No remarkable change was found in the spatial distribution. The mud content
was 0-79%, the eelgrass bed was observed in the area where the mud contents were less than
30%. The eelgrass bed area in 2015 was roughly twice that in 2010. Eelgrass beds had expanded
to the upper edge of the waterway after the earthquake. The subtidal zone, which is suitable for

eelgrass growth, expanded because of ground subsidence.

Keywords : Matsukawa-ura Lagoon, Zostera marina, Tsunami, Subsidence

1. Introduction

Matsukawa-ura Lagoon, a shallow brackish la-
goon located in northeastern Fukushima prefec-
ture, communicates with the Pacific Ocean at the
northern entrance of the lagoon (Fig. 1). Matsu-
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kawa-ura Lagoon has a 23-km circumference
and surface area of 5.9 km? Before the 2011 off
the Pacific coast of Tohoku Earthquake (herein-
after, the earthquake), approximately 70% of the
surface area (5.9 km? was dry at low tide,
forming a tidal flat (GEOSPATIAL INFORMATION
AUTHORITY OF JAPAN, 2011). Actually, Matsuka-
wa-ura Lagoon is a major fishing ground for
Manila clams (SATO et al, 2007). During 1910-
1970, artificial seeding of the edible red alga Por-
phyra tenera, made the area a major fishery that
supplied other “nori” seaweed production areas
throughout Japan (IWASAKI and MATSUDAIRA,
1954). Because of environmental changes occur-
ring from 1971 spurred by waterway dredging
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Fig. 1 Map of the study area in Matsukawa-ura Lagoon, Fukushima Prefecture:

a) Map of Tohoku, Japan; and b) Map of Matsukawa-ura Lagoon, Fukushima Prefecture and

60 stations of sediment sampling. *Sand-covered during 2012-2013.

operations from the entrance to the inside of the
lagoon (YANAI and Owabpa, 1976), Matsukawa-
ura fishery changed from artificial seeding of
Porphyra tenera to Monostroma nitidum culture
(ONO et al, 1972). In the northeastern part
of the lagoon, the eelgrass bed was formed
before the earthquake (GEOSPATIAL INFORMATION
AUTHORITY OF JAPAN, 2011). The eelgrass Zostera
marina stretches its rhizomes and roots to the
sandy bottom. The leaf length reaches 1 m or
more. These rhizomes or roots of the eelgrass
have sometimes disturbed the Manila clam fish-
ery. Therefore, the excess eelgrass near the fish-
ing ground was sometimes thinned out by fisher-
man before the earthquake. Nevertheless, the
eelgrass bed generally plays important ecologi-
cal roles by attaching diatoms as a primary pro-
ducer to their leaves (DUFFY et al, 2015). It is
widely known to be a nursery ground for vari-
ous juvenile fish including commercial fish spe-

cies (e.g., KikucHar and PERES, 1977). In addition, in
recent years, growth-inhibiting bacteria have
been found from eelgrass possessing strong ac-
tivity against the toxic dinoflagellate Alexandri-
um tamarense and red tide raphidophytes Chat-
tonella antiqua and Heterosigma akashiwo (ONISHI
et al., 2014; IMAI et al, 2016). The earthquake's
consequent tsunami temporarily removed many
eelgrass beds from Miyako Bay, Iwate Prefec-
ture and Matsushima Bay, Miyagi Prefecture,
not only Matsukawa-ura Lagoon (SAKAMAKI and
NISHIMURA, 2014; SAKAMAKI et al., 2016; OKADA and
FUurukAwA, 2013; SasA et al., 2012; KOMATSU et al.,
2015). After the tsunami, recovery trends were
observed for some eelgrass beds (SASAKI ef al,
2016; MURAOKA ef al, 2016). As in these eelgrass
beds, the recovery trend was also apparent in
the Matsukawa-ura Lagoon. In fact, the recovery
reportedly interfered with the Matsukawa-ura
fishery. Considering the fishery and ecosystem
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comprehensively, the eelgrass bed in Matsuka-
wa-ura Lagoon might exert a particularly useful
function. Nevertheless, no report describes a
study showing the spatial distribution of eelgrass
beds in the lagoon after the tsunami. Examina-
tion of the spatiotemporal changes of eelgrass
beds after the tsunami must therefore be con-
ducted. As described herein, we estimated the
eelgrass bed area and examined spatiotemporal
changes of the lagoon area using Google Earth
satellite images obtained after the earthquake.
Furthermore, we investigated factors determin-
ing the distribution of eelgrass beds in the la-

2oon.

2. Materials and methods
Estimation of area of eelgrass beds using satel-
lite imagery

For this study, we used Google Earth satellite
images showing Matsukawa-ura Lagoon taken in
April 2012, September 2014, and November 2015.
We used Google Earth Pro (Ver. 7.1.5.1557) to
identify eelgrass Zostera marina based on the
color tone of the imagery. Matsukawa-ura La-
goon was shallow (approximately 1.5 m) enough
that the edge of eelgrass bed (black) could be
distinguished from sandy bottom (light brown)
as well as Waquoit Bay, Massachusetts (SHORT
and BURDICK, 1996). The outer edge of the identi-
fied eelgrass was traced to ascertain its exact
latitude and longitude. Each eelgrass area was
estimated to 0.1 m? based on the latitude and lon-
gitude using R statistical software (Ver. 3.3.2, R
DEVELOPMENT CORE TEAM, 2016) and a geosphere
software package (ver 1.5-5, HiMANs, 2016). The
areas (km?) of all eelgrass beds were found ev-
ery year. In addition, we examined the temporal
change of the spatial distribution of the eelgrass
bed. Furthermore, we estimated the area of eel-
grass bed before the earthquake using GIS data
obtained from the acoustic and aircraft surveys

conducted in 2010 (GEOSPATIAL INFORMATION
AUTHORITY OF JAPAN, 2011). Thereby, we were
able to compare eelgrass areas before and after
the earthquake.

Sediment sampling and determination of mud
content

Using an Ekman-Birge sampler, we collected
surface sediment samples (approximately 3 cm)
from 60 sites around Matsukawa-ura Lagoon in
July every year from 2012 through 2015
(Fig. 1b). The particle-size distribution of sedi-
ments was measured using laser diffraction/
scattering particle-size analyzers (SALD-3100;
Shimadzu Corp.). The mud content was calculat-
ed from the percentage of the particle size less
than 0.063 mm in the particle-size distribution.
The spatial distribution of mud contents was ex-
amined using spline interpolation using statisti-
cal software R (Ver. 3.3.2, R DEVELOPMENT CORE
TEAM, 2016) and the akima package (ver 0.6-2,
AxmMA and GEBHARDT, 2016). The relation be-
tween the spatial distribution of mud content
and that of eelgrass was investigated. Further-
more, we compared the spatial distribution of
mud contents in our sediment samples after the
earthquake and that of distribution surveyed in
2010 (GEOSPATIAL INFORMATION AUTHORITY OF
JAPAN, 2011).

3. Results and discussion
Spatiotemporal distribution of eelgrass bed and
mud contents

In April 2012, the eelgrass bed was found in
the northern part of the Matsukawa-ura Lagoon.
Its area was as small as 0.013 km? (Fig. 2a). Ap-
proximately two years later in September 2014,
the area had increased sharply by approximate-
ly 30 times (0.39 km?). The spatial distribution
also expanded from the northern part to the cen-
ter of the lagoon (Fig. 2b). In November 2015,
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Fig. 2 Spatiotemporal change of eelgrass bed (km?) in Matsukawa-ura Lagoon during 2012-2015:

a) April 2012, b) Sep. 2014, and ¢) Nov. 2015.

the increase of the area was only approximately
10% compared with that of the previous year. No
remarkable change was found in the spatial dis-
tribution (Fig. 2¢). In the lagoon as well as other
coastal areas (personal communication), the leaf
length and shoot density of eelgrass were high-
est in summer and lowest in winter. Moreover,
other types of seaweed grow in winter. There-
fore, to minimize underestimation and overesti-
mation, we specifically examined September and
November (2014 and 2015, respectively) in this
study, when the eelgrass grew and when no oth-
er algae were observed. The eelgrass bed area
before the earthquake was estimated as approxi-
mately 0.22 km? from the survey conducted by
Geospatial Information Authority of Japan in
2010. The area after the earthquake (in 2012)
was estimated as approximately 0.013 km?
which was remarkably lower than the area be-
fore the earthquake. The devastating tsunami
following the earthquake destroyed the sandbar
facing the Pacific Ocean in the eastern part of
the lagoon (NisHI ef al., 2012). From the eelgrass
area in April 2012, almost all eelgrass beds had
been physically removed by the devastating tsu-

nami. Some effects such as construction activity
might have been used to restore the sandbar. In
other coastal areas, it had been reported that
much of the eelgrass beds had been removed
from the bottom by tsunami wave action
(WHANPETCH et al., 2010; MURAOKA et al, 2016;
NAKAOKA et al, 2017). Although it was suggested
that almost all the eelgrass plants in Matsuka-
wa-ura Lagoon had been removed from the bot-
tom by the tsunami, a few eelgrass plants had re-
mained in the northern part of the lagoon in 2012
(Fig. 2a). The little remaining eelgrass was also
observed visually in another study (ABE et al,
2017). In that study, the area of eelgrass bed re-
portedly expanded to roughly twice its area of
2010 during the subsequent three years. In addi-
tion, the northern and central part of the lagoon
into which the eelgrass bed had expanded are
major fishing grounds for Manila clams (SATO et
al, 2007). Therefore, some concern arose that
the rhizomes or roots of the eelgrass might dis-
turb the Manila clam fishery. However, ABE et al.
(2017) reported that the little remaining eel-
grass might serve as refuges for the clams be-
cause of their function as a natural barrier resist-
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Fig. 3 Temporal change of spatial distribution of mud content (%) in Matsuka-
wa-ura Lagoon during 2012-2015 and sediment distribution in 2010:
a) July 2012, b) July 2014, ¢) July 2015, and d) 2010.

ing the tsunami waves. Therefore, the possibility
exists that the eelgrass was beneficial for the re-
covery of clams and the entire ecosystem in the
lagoon after the tsunami. Although eelgrass beds
in other prefectures that had reportedly disap-
peared because of the tsunami had also started
to recover (MURAOKA et al, 2016), no report of
any other study describes eelgrass beds that had

increased beyond the pre-tsunami area.

The spatial distribution and the temporal
change of mud contents are depicted in Fig. 3. In
July 2012, the mud content was low (0-17.1%) in
the northern and the central parts of the lagoon.
However, the mud contents were high (76.4%)
in the southern area of the lagoon (Fig. 3a).
During 2014-2015, the spatial distribution of high
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mud contents was shifted from the south to the
west of the lagoon (Figs. 3b, 3c). In 2015, maxi-
mum mud contents (79.0%) were observed in
the western part of the lagoon (Fig. 3c). Low
mud contents (less than 30%) were observed in
the central part of the lagoon in all years. Com-
parison showed that the spatial distribution of
high and low mud contents in the south and
west of the lagoon in 2012 differed from that in
2010 (Figs. 3a and 3d, GEOSPATIAL INFORMATION
AUTHORITY OF JAPAN, 2011). Nevertheless, no
clear difference was apparent between the spa-
tial distribution, which was high in the western
lagoon in 2015 and that in 2010 (Figs. 3¢ and 3d,
GEOSPATIAL INFORMATION AUTHORITY OF JAPAN,
2011): The high and low mud contents observed
in the southern and western areas of the lagoon
in 2012 might be attributable to the tsunami. Af-
ter the tsunami, the supply of particles of differ-
ent particle sizes from Koizumi-gawa River, Uda-
gawa River, and Ume-kawa River (ARITA et al,
2014) suggest that the spatial distribution of
mud contents might have returned to the state
that prevailed in 2010, before the tsunami.

Factors controlling the eelgrass bed distribu-
tion

Comparison between the eelgrass bed distri-
bution in 2015 (Fig. 2c¢) and that of mud con-
tents the same year (Fig. 3c) shows that the
eelgrass bed was observed in the northern and
central parts of the lagoon, where the mud con-
tents were less than 30%. Four important factors
control eelgrass growth (Table 1). Generally,
previous reports demonstrate that mud contents
of less than 30% are suitable for eelgrass bed for-
mation (Table 1, FISHERIES AGENCY OF JAPAN and
MARINO-ForuM 21, 2007). Therefore, the current
distribution of the eelgrass bed in the lagoon was
apparently also regulated by mud contents in
our study. As described in the previous section,

Table 1. Eelgrass growth conditions®

Threshold value

Environmental
condition

(1) Mud content
(2) Water velocity
(3) Shields parameter  less than 0.2

(4) Depth 1-2 m (not dried out)

(* MorrTA and TAKESHITA, 2003; FISHERIES AGENCY OF
JAPAN and MARINO-ForuM 21, 2007)

less than 30%
less than 0.6 m/s.

although the spatial distribution of mud contents
had reverted to that in 2010 (Fig. 3d), the eel-
grass bed area had expanded to roughly twice
that of 2010 in the following three years (Figs. 2,
4). In other words, the spatial distribution of the
eelgrass bed before the earthquake would be
regulated by some factor different from the mud
contents. The change in the spatial distribution
of eelgrass bed after the earthquake is portrayed
in Fig. 4. Apparently, the eelgrass bed after the
earthquake had expanded to shallow areas such
as the upper edge of waterway which dried out
at low tide before the earthquake, with no ex-
pansion to the center of the waterway (Figs. 4b
and 4d). Yanar and Owapa (1976) observed
bottom water velocity with consideration of the
waterway topography. Reportedly, the water ve-
locity increased from the shallow area (upper
edge) to the deepest area (center) of the wa-
terway (Fig. 4a), where it exceeded 0.6 m/s
(YaNal and OwaDa, 1976). Generally, earlier re-
ports describe that water velocity of less than 0.6
m/s is suitable for eelgrass bed formation (Ta-
ble 1, Morrta and TAKESHITA, 2003). Accordingly,
the center of the waterway was thought to be
unsuitable for the eelgrass bed formation. Al-
though the water velocity in upper edge of the
waterway is slow (YANAI and OwADA, 1976), the
eelgrass bed formation might be inhibited be-
cause of drying at low tide in these shallow areas
(intertidal zone) before the earthquake (Fig. 4c,
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Sand covered

:

Fig. 4 Schematic diagram of the change in the spatial distribution of eelgrass bed (areas

filled in gray) caused by land subsidence after the earthquake in Matsukawa-ura Lagoon:

a) vertical and c¢) horizontal distributions of eelgrass before the earthquake (2010);

b) vertical and d) horizontal distributions of eelgrass after land subsidence caused by

the earthquake.

Table 1, GEOSPATIAL INFORMATION AUTHORITY OF
JAPAN, 2011). However, the eelgrass bed expand-
ed to these shallow areas after the earthquake
(Fig. 4d). Change from intertidal to subtidal
zone because of subsidence in these shallow
areas might be regarded as a main factor of the
eelgrass bed expansion in the lagoon. Ground
subsidence on the Oshika Peninsula in Miyagi
Prefecture and Ofunato Bay in Iwate Prefecture
were reported to be approximately 100 cm and
75 cm respectively; with other remarkable re-
sults also on the Sanriku coast (GEOSPATIAL
INFORMATION AUTHORITY OF JAPAN, 2017). In addi-
tion, subsidence of approximately 30 cm was re-

ported in Soma City, Fukushima Prefecture
(GEOSPATIAL INFORMATION AUTHORITY OF JAPAN,
2017), where the lagoon depth also became sev-
eral tens of centimeters deeper in 2011 (HIDAKA
et al, 2012). However, dredging operations were
conducted during 2012-2013 in the waterway,
where sand had been deposited by the tsunami.
The dredged sand covered an area that had
been part of the clam fishery ground before the
tsunami (Fig. 1b). These areas dried out at low
tide after the sand coverage, and eelgrass did
not grow (Figs. 2b, 2¢). As explained above, the
relief of growth inhibition with the increase of
water depth because of subsidence might have
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contributed to the rapid eelgrass bed expansion
in the shallow area which sand had not covered.

4. Implications for the future eelgrass bed dis-
tribution
Much of the eelgrass bed in the Andaman Sea
coast of Thailand was affected heavily by the
tsunami in 2004
(WHANPETCH ef al, 2010). In Mangoku-ura Bay,

following the earthquake

located approximately 80 km north-northeast of
Matsukawa-ura Lagoon, although the eelgrass
bed was not heavily affected by the tsunami fol-
lowing the 2011 off the Pacific coast of Tohoku
Earthquake, the eelgrass bed decreased in later
years (MURAOKA et al., 2016; NAKAOKA et al., 2017;
Snojt and MorMOTO, 2016). As negative effects of
approximately 0.8 m of subsidence and low wa-
ter transparency, the decrease mentioned above
might derive from the low light penetration
(NAKAOKA ef al., 2017; Suojt and MormvoTo, 2016).
In contrast to other coastal areas including
Mangoku-ura Bay, the eelgrass bed expansion
observed in our study was thought to be the re-
sult of the positive effect of the increase in water
depth associated with the subsidence. However,
the subsided ground has been returning gradual-
ly around the lagoon as well as in other coastal
of Sanriku (GEOSPATIAL INFORMATION
AUTHORITY OF JAPAN, 2017). In the future, if the

areas

ground and water depth in the lagoon were to
return to their levels before the earthquake,
then the growth inhibition of eelgrass attributa-
ble to the drying would occur again (Table 1-4).
In other words, the area of eelgrass bed and the
distribution would be reduced to the pre-
earthquake scale. Given the fact that the eel-
grass bed had not increased substantially during
2014-2015 (Fig. 2) and the fact that the spatial
distribution of mud content had returned to that
in 2010 (Fig. 3), the eelgrass bed in the lagoon
would not expand further in the future.

In the coastal ecosystem, eelgrass is a funda-
mentally important species that provides impor-
tant ecosystem services. However, coastal devel-
opment and climate change cause the global loss
of eelgrass beds; protection and management ap-
proaches are necessary to protect them from
further losses (WAYCOTT et al, 2009). Although
eelgrass restoration programs have been launch-
ed in many countries (ORTH et al., 2006), restora-
tion success with recovery of nursery function of
eelgrass is less than 30% (VAN KATWIK et al.,
2015). Results of the present study show that the
expansion of upper edge of subtidal zone might
be crucially important for eelgrass bed expan-
sion in the lagoon, although we did not clarify
the recovery of the above nursery function of
eelgrass beds in this study. In addition, current
eelgrass beds in the lagoon are likely to decrease
in the future. Accordingly, it is necessary to
monitor the eelgrass beds and their growth con-
ditions in Matsukawa-ura Lagoon continuously.
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Individual-level variability in the behavioral responses of
female Oithona davisae (Copepoda: Cyclopoida) to
hydromechanical stimuli

Baobo Liv", Tatsuro Axmia® *, José Maria LanpeRAY and Yuji TaNAKAY

Abstract: Planktonic copepods can detect potential preys and predators through mechanorecep-
tion. Sensing a certain level of deformation rate of ambient water, they escape from the source of
stimulus. Quantification of the deformation rates that evoke the escape behavior of copepods
may thus help understand their living strategies. The term “zooplankton” generally refers to as-
semblages of individual zooplankters, and “zooplankton” has been usually studied by ignoring
inter-individual differences. We here observed and quantified individually the behaviors of fe-
male Oithona davisae under spatially changing deformation rates produced with a suction flow
system. Female O. davisae typically escaped after being drawn to areas with deformation rates
ranging 0.1-1.9 (054 £ 045) s. To escape, they jumped towards lower-deformation conditions
with higher speed and longer distance than without stimulus, showing that they can detect not
only the strength but also the directional information of flow fields. Moreover, significant inter-
individual differences in the behavior were observed, indicating that copepods are a group of or-
ganisms with different individual characteristics. Our results also suggest that female O. davisae
prefers to stay in a quiescent environment where local deformation rate is smaller than 0.1 s™.
Because female O. davisae ambushes prey by detecting weak hydromechanical signals, staying
in environments with lower deformation rates may be beneficial to detect prey.

Keywords : Oithona davisae, behavioral response, hydromechanical stimulus, inter-individual

difference
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Introduction

Planktonic copepods can locate potential
preys, predators, and mates remotely through
mechanoreception (YEN et al, 1992; FIELDS ef al.,
2002). Armed with mechanoreceptory setae on
many of their appendages (especially the first
antennae), they can detect low hydromechanical
stimuli, and respond rapidly in the aquatic envi-
ronment (KIorRBOE and VISSER, 1999; LENZ and
HARTLINE, 1999; Visser 2001; FIELDS ef al, 2012).

Therefore, the characterization and quantifica-
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tion of the behavioral responses of copepods to
hydromechanical stimuli allow us to understand
better their foraging, predator avoidance, and re-
production strategies (JIANG and OSBORN, 2004).

A velocity gradient in the ambient water can
bend the setae of copepods, and subsequently
triggers their behavioral responses (STRICKLER
and BarL, 1973). Among all components of veloci-
ty gradients, copepods respond specifically to
the deformation (i.e. rate of strain) (FIELDS and
YEN, 1997; KIORBOE et al., 1999). To quantify the
deformation rates that trigger copepods to es-
cape, the responses of copepods have been ex-
amined in suction flows generated by gravity-
forced draining of water (FIELDS and YEN, 1997;
KIORBOE et al., 1999; WAGGETT and BUSKEY, 2007)
or peristaltic pumps (BURDICK et al., 2007). Due to
the mechanism of rotor, suction flow generated
by peristaltic pumps sometimes fluctuates. How-
ever, gravity-forced draining of water through a
submerged suction tube can ideally generate a
stable flow field with spatially changing deforma-
tion rates in the experimental vessel (KIORBOE et
al, 1999; JAKOBSEN, 2001). The deformation rate
can be determined by the distance to the suction
mouth. Therefore, we used this technique to
study copepods’ behavioral responses against
hydromechanical stimuli quantitatively (KIORBOE
et al., 1999; WAGGETT and BUSkEy, 2007; FIELDS et
al, 2012).

Previous studies have quantified the hydrome-
chanical stimuli required to evoke copepods’ es-
cape behavior. Deformation rates on the order of
1-10 s trigger escape behaviors in a large varie-
ty of copepods (KIgrBOE, 2013; WOODSON ef al,
2014; VAN SOMMEREN GREVE et al., 2017). Thresh-
olds of deformation rates have been used to com-
pare the hydromechanical signal levels that trig-
ger the escapes of various copepods (FIELDS and
YEN, 1997; KIgrRBOE et al., 1999; BURDICK et al,
2007). In the present study, we aim to quantify

the hydromechanical signal that evokes escape
behavior of a small-sized cyclopoid copepod, O:-
thona davisae. This species is one of the most
dominant zooplankton organisms in coastal and
estuarine environments (UYE and Sano, 1995;
CeBALLOS and KIgrRBOE, 2011), and plays an impor-
tant trophic role linking primary producers to
higher levels of the food web (FERRARI and ORSL
1984; UYE and SANO, 1995; SA1z et al, 2003). In
these environments, adult males of O. davisae
are outnumbered by females (UYE and SANo,
1995).

Zooplankton generally refers to assemblages
of individual zooplankters, and their behaviors
are commonly treated as ecologically equivalent
among conspecific individuals, and are quantified
at species level through combining the data of
many individuals together, regardless of the indi-
vidual (KIORBOE et al., 1999; FIELDS, 2000; BURDICK
et al., 2007). Thus, behavioral responses of cope-
pods have been traditionally observed with a
number of individuals together in a wvessel
(KI10RBOE et al., 1999; FIELDS, 2000; BURDICK et al.,
2007). However, it is unclear whether copepods
of the same species and similar size exhibit simi-
lar behavioral responses. In this sense, the swim-
ming behaviors of copepods were observed at in-
dividual level.

Through the behavioral observation of the
same individual, the present study investigates
how female O. davisae responds to hydrome-
chanical stimulus. At first, we observed free
swimming behaviors of female O. davisae in still
water. Successively, we generated a spatially-
changing suction flow field, and observed its es-
cape behaviors. To observe inter-individual var-
iation in behavioral responses, only one individu-
al was introduced into an experimental vessel.
The swimming characteristics both with and
without hydromechanical stimuli were quanti-
fied from the video sequences.
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Materials and methods
Copepod collection, identification, and mainte-
nance

Oithona davisae were collected with a plank-
ton net of 100 um mesh at the pier of the Shina-
gawa Campus of Tokyo University of Marine
Science and Technology (innermost part of To-
kyo Bay). Female adults were isolated from the
samples and kept in a 3 L container (salinity of
24) and maintained at 20 C with Tetraselmis
tetrathele (Prasinophyceae, density of 4 x 10°
cells mL?Y) as prey. Both culture temperature
and water salinity were the same as the condi-
tions in sampling area. Before each observation,
an active and undamaged individual was picked
out under a stereomicroscope (Olympus SZX7)
and photographed with a 5-mega pixel digital
color camera (Olympus DP25) (Fig. 1). Size of
each copepod was measured using Image] soft-
ware (http://rsb.info.nih.gov/ij/). The copepod
was then introduced in the experimental vessel
for 1 h of acclimation. We observed in total 8 in-
dividuals of similar size (total body length of 410
+ 30 um, mean = SD), and without egg sacs.

Experimental setup

An experimental setup was developed to gen-
erate a stable flow field where the deformation
rate can be estimated accurately (Fig. 2). The
flow field was generated by gravity-forced drain-
ing of seawater from a glass pipe (inner diame-
ter of 0.9 mm, outer diameter of 1.1 mm) mount-
ed 20 mm above the bottom of a cubic acrylic
vessel (Fig. 2, vessel 1, 70 x 70 x 70 mm). The
vessel was filled with 300 mL of filtered seawa-
ter (0.7 um sieve). Salinity of the seawater was
24, and the temperature was 20 C (density of
1.02 g mLY). A volume flow rate of 3.2 mL min™
was set by adjusting the height of the tube out-
let. To keep the suction flow rate constant, water
flowing out through the pipe was returned to an-

Fig. 1 Female O. davisae armed with well-devel-

oped mechanoreceptory setae on the first anten-
nae.

other vessel (Fig. 2, vessel 2, 70 X 70 x 70 mm)
at a same flow rate via a peristaltic pump (Mas-
terFlex 7523-30). Two vessels were connected
by a U-shape tube (inner diameter of 12.5 mm,
outer diameter of 15 mm), which maintained a
constant water level and head pressure over the
suction mouth. Owning to the large cross-
section area of the U-shape tube, flow speed
(mm s) of the returning flow was kept only
0.5% of that at suction mouth. Both vessels were
covered with a piece of aluminum foil to prevent
water evaporation during a long observation.

Flow field

The spatial pattern of the flow field was deter-
mined by observing the movements of neutrally
buoyant ion exchange resin particles (Diaion SP
20ss, diameter of 40-70 um, density of 1.01 g
mL™) entrained into the suction flow. Two per-
pendicularly mounted high-speed cameras (Pho-
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Fig. 2 Experimental setup. A stable suction flow was generated by gravity-forced draining of

seawater from a glass pipe (0.9 mm inner-diameter) mounted 20 mm above the bottom of a

cubic vessel. The volume flow rate was adjusted to 3.2 mL min™ by changing the height of

the outlet. Seawater out of the pipe was returned to another vessel at a same flow rate via a

peristaltic pump. Two vessels are connected by a U-shape tube to maintain a constant head

pressure over the tube. Swimming behaviors of copepod were observed three-dimensionally

with two orthogonally arranged video recorders.

tron 1024PCI, 1000 frames s) equipped with a
lens (Nikon Micro-Nikkor, 105 mm) were used
to record the particle trajectories three-dimen-
sionally. Trajectories of about 60 particles were
recorded to analyze the flow field.

When the flow rate is quite slow, and diameter
of a suction tube is much smaller than the dis-
tance from the copepod to the suction mouth,
water motion towards the suction mouth is con-
sidered as point-symmetrical potential flow. Con-
tinuity demands that the flux through concentric
spherical surfaces of various radii (, mm), with
the suction mouth as the center, must be equal
to each other, and equal to the volume flow rate
(Q, mm®s!). The radially directed flow speed (,
mm s) thus equals volume flow rate divided by
the surface area of a sphere:

_®
R ).
The deformation (4, s') along flow can be
quantified as:

dv _ @

A= dr  2mr®

2).

Within the suction flow, trajectories of parti-
cles were radially symmetrical and approximate-
ly linear in a range of 1 to 5 mm to the center of
the suction mouth (Fig. 3a). Via high-speed
imaging, it was observed that the particles were
entrained smoothly without any fluctuation (Fig.
3a). And the volume flow rate varied less than
0.1% in 5 hours. We thus confirmed the suction
flow to be stable both in short- and long-time.
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Fig. 3 Flow field above the suction mouth. a. Three-dimensional pathlines of particles above
the suction mouth (horizontal distance =/x*+y?; vertical distance = z). To show the trajec-
tories clearly, tracking data of half of the particles were plotted in the figure. Each dot line

represents the trajectory of one particle over time. The dots indicate the positions of the par-

ticles at time interval of 20 ms. b. Flow speed values (mm s™) as a function of distance to the

center of suction mouth. The data were selected at equal distance interval of 0.1 mm.

The observed flow speed (v, mm s') varied al-
most inversely with the square of distance to the
suction mouth (Fig. 3b). The speed and direc-
tion both were in small callibration errors (7%
and 3.5% respectively) with an ideal condition.
Symmetricity was also confirmed in the correla-
tion between flow speed and distance to suction
mouth. The deformation rate at any position is
thus determined by the relative distance to suc-

tion mouth:
A=22 g.45p -2 (3).

Behavioral observations

The behavior of female O. davisae was ob-
served three-dimensionally with two orthogonal-
ly arranged video recorders (HDR-SR12, 30
frames s, 1440 x 1080 pixels), each equipped
with a lens (Marumi, 49 mm, MC + 3). The re-
corders were started simultaneously via a re-
mote controller. The observation volume was 75

mL (50 x 50 X 30 mm) around the pipe mouth
with an image resolution of 35 um pixel™. All ex-
periments were conducted under dark condition
to avoid any photic effect on copepods. Two
near-infrared light-emitting diodes (LEDs, wave-
length of 730 nm) were employed as illumina-
tion because copepods are insensitive to near-
infrared light (BUSKEY et al, 1989). LEDs were
placed in the opposite directions of 2 lenses,
emitting collimated light beams through the ves-
sels into each camera.

The swimming behavior of female O. davisae
was firstly observed without any stimulus as a
control, and subsequently under a stable hydro-
mechanical stimulus. To avoid potential foraging
behavioral responses, no food was added into the
vessel. To follow the same individual for a long
time and test inter-individual variation in behav-
ior, we introduced only one individual into the
vessel. Swimming behavior in still water was
firstly observed for 50 s, and later, a stable suc-
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tion flow was generated. The behavior under hy-
dromechanical stimulus of each replicate was re-
corded for a long time (5 h). All recorded video
data were decoded into image sequences by a
video editing software (Grass Valley EDIUS),
and the behavioral responses against suction
flow were picked out for tracking. We analyzed
tracks for 50 s after copepods were placed in the
suction flow area.

Image processing and behavioral analysis

Instantaneous coordinates of copepods were
digitized with the image processing software
(Swallow Series image processing system, Digi-
Mo) of Particle Tracking Velocimetry (PTV).
The center of suction mouth was set as the ori-
gin in X, y, z coordinates. By combing the posi-
tion data from both cameras, copepods swim-
ming trajectories were measured three-dimen-
sionally.

The jump behavior was characterized using
the intensity and direction of jump. Jump dis-
tance was the total distance travelled along the
jump trajectory (time interval of 33.3 ms). Jump
speed was the average swimming speed within a
jump. The peak acceleration rate was the maxi-
mum acceleration rate calculated at a time inter-
val of 33.3 ms. Jump direction in still water was
represented as the angle between jump trajecto-
ry and gravity direction, while the escape direc-
tion was quantified as the angle between jump
trajectory and flow direction at initial escape lo-
cation.

Statistical analysis

Jump without hydromechanical stimulus was
defined as a normal jump, while the jump
against suction flow was defined as an escape
jump. The data for jump characteristics (both
normal and escape jump) and deformation rates
required to trigger escapes were not normally

distributed (Shapiro-Wilk test, p < 0.05). Be-
cause of the non-normal distribution and unequal
variances, the inter-individual differences were
analyzed using the nonparametric test Kruskal-
Wallis ANOVA, whereas the intra-individual dif-
ferences between “still water” and “suction flow”
conditions were tested with the non-parametric
Mann-Whitney ranked sum test. Then, parame-
ters of jump distance, duration, speed, peak ac-
celeration, and direction of both normal and es-
cape jumps, as well as the deformation rate to
trigger escape jumps (extracted from 50 s of re-
cording) were compared. Using Kruskal-Wallis
ANOVA, the equality of medians of each jump
parameter among 8 individuals was tested. The
Mann-Whitney ranked sum test was done to
evaluate whether normal and escape jump pa-
rameters of the same individual were different to

each other.

Results
Swimming patterns

In absence of hydromechanical stimuli, female
O. davisae exhibited characteristic sink-jump be-
havior (Fig. 4a). For 90-98% (94.9 + 1.6%) of
time, female O. davisae sank slowly at speed of
0.25-0.54 (0.37 = 0.10) mm s'. The sinking
speed varied significantly between individuals
(-30% to + 50%). Intermittently, it repositioned
its body through short spontaneous jumps at a
frequency of 0.3-0.9 (0.5 + 0.2) times s. The
jump frequency also showed high inter-individu-
al differences (up to 3 times). In comparison
with still water conditions, all individuals per-
formed different behavioral responses against
suction flow (Fig. 4b). After the suction flow
was started, copepods were sucked towards the
mouth of the pipe for the first time. At certain
distances to the suction mouth, female O. davisae
escaped to locate itself far from the suction
mouth. The copepod was sucked again when the
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Fig. 4 Two-dimensional swimming trajectories of one individual under “still water” (a) and

“suction flow” (b) conditions. Time lengths of the trajectories were all 50 s. Time interval

between consequent dots was 33.3 ms. The origin in figure b represents the center of suction

mouth.

escape jump finished, and it would initiate anoth-
er jump.

Hydromechanical signal levels to trigger escape
jumps

Jumps were, in all cases, distinguished by rap-
id changes in swimming speed over time. From
the distance between escape position and the
center of suction mouth (reaction distance), the
deformation rate that triggered escape jumps of
female O. davisae was calculated with equation
3. They initiated escape jumps at distances of
1.2-5.7 mm to suction mouth where deformation
rates ranged from 0.05 to 5.91 s*'. Therefore, fe-
male O. davisae can respond to a certain range
of hydromechanical stimuli. Typically, 90% of es-
cape jumps were triggered at deformation rates
of 0.1-1.9 (054 = 045) s. Moreover, significant
inter-individual differences (p < 0.01) in the de-
formation rates that trigger escape jumps were
observed (Fig. 5). Compared with the mean val-
ue for all individuals (0.88 s™), the average de-

formation rate to trigger escapes of each individ-
ual varied from -70% to + 95%.

Jump kinematics

The parameters that characterize the swim-
ming behavior were measured in still water and
under suction flow (Fig. 6). Overall, in absence
of hydromechanical stimuli, adult female O. davi-
sae jumped 0.17-0.44 (029 += 0.10) mm in 0.07-
027 (0.11 = 0.05) s, with average speeds of 2.0~
31 (24 = 04) mm s*, and peak accelerations of
70-130 (100 + 25) mm s In still water, the dif-
ferences in the parameters jump distance and
speed were not statistically significant between
individuals (p > 0.05), while jump duration and
peak acceleration rate varied significantly (p <
0.01). Compared with the mean values obtained
by combining all individuals together, the aver-
age jump duration and peak acceleration of each
individual varied from -20% to + 40% and -30% to
+ 30%, respectively.

Under “suction flow” conditions, female O. da-
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Fig. 5 Distributions of deformation rates that triggered escape jumps of differ-
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jumps, the total number of escape jumps was modified to be the same (7 =
58) for all individuals. Mean deformation rate for all individuals was 0.88 s™.
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visae jumped longer distances of 0.46-1.24 (0.82
* (0.26) mm in 0.07-0.27 (0.13 = 0.04) s, with
speed values of 3.8-7.7 (5.8 = 1.5) mm s, and
peak accelerations of 200-390 (280 + 70) mm s>
Against suction flow, all jump parameters were
significantly different (p < 0.01) between indi-
viduals. Compared with the mean values for all
individuals, the average jump distance, duration,
speed, and peak acceleration of each individual
varied from -40% to + 50%, -20% to + 20%, -40%
to + 30%, and -30% to + 40%, respectively. Ac-
cording to these results, jump characteristics
were analyzed individually. By sensing hydrome-
chanical stimuli, female O. davisae jumped signif-
icantly longer and faster than without stimulus
(» <0.01).

Jump direction

We quantified the jump directions of female O.
davisae against the suction flow and in still water
(Fig. 7). In still water, the jump directions
showed a random pattern (Fig. 7a). In the suc-
tion flow condition, they escaped in directions
with angles of 82-178° (139 + 21°) from flow
directions, and 97% of escape jumps were orient-
ed in the opposite direction of the suction flow
(Fig. 7b). Thus, female O. davisae jumps direc-
tionally towards lower-deformation conditions. In
addition, jump directions of female O. davisae
varied significantly between individuals both in
“still water” and “suction flow” conditions (p <
0.001). Compared with the mean jump angle for
all individuals, the average jump direction of
each individual varied from -60% to + 80% in

still water (mean = 80°) and * 10% against
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suction flow (mean = 140°), respectively.

Discussions
Behavioral quantification

We studied the behavioral responses of indi-
vidual female O. davisae under a stable “suction
flow” condition. Although the hydromechanical
stimulus in our study is not the same as flow pat-
terns generated by real predators (which usual-
ly change spatio-temporally), we observed that
female O. davisae initiated escape jumps under
certain range of deformation rates. The ob-
their
evolved escape abilities in nature. By combining

served behavioral responses reflect
those quantified escape abilities with real hydro-
mechanical stimuli generated by potential preda-
tors, we can evaluate the potential survival rates

of female O. davisae when encountering a given

predator. Therefore, the quantification of the hy-
dromechanical detection ability and swimming
ability of copepods may offer important data to
explore predator-prey interactions in marine
ecosystems (FIELDS and YEN, 1997).

Hydromechanical signal level

Copepods can sense fluid mechanical signals in
a wide range (STRICKLER and BAL, 1973; FIELDS et
al, 2012). Female O. davisae typically escaped at
positions where deformation rates ranged from
0.1 to 1.9 s* (0.54 + 0.45 s'), which partially
(01-1sY) falls out of the empirical range report-
ed in proceeding works (an order of 1-10 s?)
(K1orBOE, 2013). Compared with other copepods
studied by suction flow, female O. davisae jump-
ed at relatively lower deformation rates (Fig. 8).
This result is consistent with previous observa-
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(p > 0.05). Open symbols: active feeders that forage with feeding current or during cruising;

Solid symbols: passive feeders that perform ambush feeding. The solid star represents female

O. davisae in the present study.

tions in which O. davisae appears to be much
more sensitive to turbulence than other cope-
pods (SA1z et al, 2003). The long antennae (about
one body length) and setae may enable female O.
davisae to detect weak deformation of flow
(FIELDS, 2014).

Female O. davisae, as a strict ambush-feeding
copepod (SA1Z et al., 2014), escaped at relatively
weaker hydromechanical signals in contrast to
almost all active-feeders (feeding-current or
cruising feeder) reported in literatures (Fig. 8).
Several larger ambush-feeding copepods (e. g.
Acartia tonsa, Calanus finmarchicus, and Torta-
nus discaudatus) can initiate escapes at even
lower signal levels than female O. davisae. In
general, ambush-feeding copepods perform es-
capes at relatively lower signal levels than
active-feeders with similar sizes (Fig. 8). This
may explain partially why the predation risks

for ambush-feeding copepods are up to one order
of magnitude lower than active-feeding copepods
(EIANE and OHMAN, 2004; THOR et al., 2008; VAN
SOMMEREN GREVE et al., 2017).

Response strategy

Jumps against hydromechanical signals were
faster and longer than those in still water. All
jumps triggered by hydromechanical signals
were clearly directed towards lower-deforma-
tion regions. Therefore, it is likely that female O.
davisae wants to leave environments with defor-
mation rate exceeding a certain level (0.1 s*).
Compared with other copepod species using the
parameter “jump distance scaled by body length
(BL),” female O. davisae jumped shorter distan-
ces (around 2 BL) (BURDICK et al., 2007; WAGGETT
and BUskEy, 2007). However, with these highly
directional jumps against hydromechanical stim-
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uli, female O. davisae can reach regions of rela-
tively calmer conditions. It reflects that female
O. davisae can discriminate not only the
strength but also the directional information of
flow fields. This finding is consistent with field
observations, showing that Oithona copepods
tend to avoid high-turbulence layers (SA1Z et al,
2003). High-turbulence conditions increase the
rate (GILBERT and
BUSKEY, 2005), which will result in higher vulner-
ability, as has been observed in A. tonsa with
blenny fish (CLARKE et al, 2005) and blue mussel
(JONSSON et al., 2009) as predators. Therefore, to

seek a refuge less accessible to predators may be

predator-prey encounter

an effective way to decrease the predation risks
for small and rather slow copepods like O. davi-
sae (PASTERNAK et al., 2006).

Because copepods have less chances to sur-
vive short distance attacks from relatively large
predators, encounter prevention becomes a bet-
ter strategy than active attempts to escape
(PASTERNAK et al, 2006). Female O. davisae
spends most of time (90-98%) in sinking, which
is usually thought to reduce self-generated sig-
nals, and consequently minimize the detection
probability by mechanoreceptive predators
(K1orBOE and VISSER, 1999; TITELMAN, 2001; JIANG
and PAFFENHOFER, 2004; BRADLEY et al., 2013). Be-
cause the Reynolds numbers generated during
swimming were low (0.15 during sinking and
1.03 during jump), the self-generated signals
(4! sY) in front of female O. davisae can be
evaluated by assuming the copepod as a Stokes’
sphere (KIORBOE and VISSER, 1999):

RZ_ 2
ZSUC(ZR4 c? @),

A !
where U (mm s7) is the moving speed, ¢ (mm)
is the radius of copepod, and R (mm) is the dis-
tance to the center of copepod. According to our
calculation, the deformation rate generated by
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Fig. 9 Deformation rates generated in front of fe-
male O. davisae during its sinking and jump proc-
esses. The copepod was assumed to be a Stokes’
sphere with diameter of 0.41 mm. The sinking
and jump speeds were 0.37 mm s’ and 251 mm
s’ respectively. The Reynolds number was 0.15
during sinking and 1.03 during jump.

sinking accounts for only 15% of that by jump
(Fig. 9). Therefore, female O. davisae can effec-
tively suppress self-generated signals during
sinking. It can help reduce the detection proba-
bility by mechanoreceptive predators, and at the
same time, decrease interferences to its own
predator detection.

Less self-generated “noise” can also decrease
interference to the detection of motile prey. We
calculated the hydromechanical signal level for
prey detection of O. davisae by referring to its
foraging experiment (with equation 4). It was
reported that O. davisae can detect T. tetrathele
(radius of 6 um, moving speed of 0.2 mm s?) at
0.12 = 0.05 mm in front of the first antennae
(CHENG et al., 2014). According to our calculation,
the hydromechanical stimulus generated by 7.
tetrathele to trigger foraging behavior of female
O. davisae was 0.06-0.31 (0.11 * 0.05) s™. Under
the given deformation threshold (0.11 s?) for
prey detection, prey perception of female O. da-
visae can be interfered by its own jump to as far
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as 6 BL from body surface; however, the interfer-
ence during sinking was limited to less than 2
BL. Therefore, a long sinking time (around 95%)
may be an ideal strategy for O. davisae that is
hydromechanically-sensitive (PAFFENHOFER and
Mazzocc, 2002).

Individual-level variability

We found that swimming behaviors of female
O. davisae varied significantly between individu-
als under both “still water” and “suction flow”
conditions. Despite the little knowledge of indi-
vidual specialization in copepods, the inter-
individual variability in behavior can be even
higher in nature because of the differences in
gender, age, and size, as well the existence of dif-
ferent preys, predators or mates (SEURONT et al.,
2004). Such a big variation may also result from
the fact that, in constantly changing marine envi-
ronment, even individuals of the same copepod
species may encounter different hydromechani-
cal stimuli (derived from background turbu-
lence or swimming organisms). A high intra-
and inter-individual variability in escape behav-
lor may raise the difficulties for predators to
learn and develop an advanced strategy to for-
age on a specific species of copepods.

Conclusions

The behavioral responses of individual female
O. davisae to hydromechanical stimuli were
studied quantitatively. In absence of hydrome-
chanical stimulus, female O. davisae normally
jumps 0.3 mm (0.7 BL) at speed of 2.4 mm s’
(6 BL s1); however, when the deformation rate
exceeds 0.1 s, it can escape over 0.8 mm (2 BL)
with speed of 59 mm s? (15 BL s!). We assume
that female O. daivsae escapes with higher jump
speed and longer jump distance under high-
deformation conditions because the normal jump
may not be enough to survive potential preda-

tion risks.

The deformation rate that triggers female O.
davisae to escape ranges widely (0.1-1.9 s1). In
response to hydromechanical stimulus, female O.
davisae jumps towards lower-deformation condi-
tions most of time. It infers that female O. davi-
sae can discriminate not only the strength but al-
so the directional information of flow fields. Our
results also suggest that female O. davisae pre-
fers a calm environment where the local defor-
mation rate is smaller than 0.1 s™. In relation to
the low deformation level for prey detection,
adult female O. davisae is easily interfered by
turbulence (KIorBOE and SA1z, 1995; SAIZ et al.,
2003); and therefore, a quiescent environment
with low turbulence intensity can be beneficial
to detect prey.

The observation of single copepods facilitated
the characterization of a high intra- and inter-
individual variability in behavioral responses. It
reveals that copepods are a group of organisms
with a variety of individual characteristics (even
for the same species and similar size). Since hy-
dromechanical signals of flow fields are used in
many tasks (e. g. foraging, mating, predator
avoidance) of the life history of copepods, the
individual-level variability in the behavioral re-
sponses may have important consequences not
only for the copepod population dynamics but al-
so for the entire ecosystem functioning.
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Leaf litter consumption by the sesarmid crab Parasesarma bidens in a mangrove
forest on Iriomote Island, southern Japan
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Abstract: The amounts of leaf litterfall and leaf litter removal by the feeding of a numerically
abundant sesarmid crab Parasesarma bidens were examined in a subtropical mangrove forest,
dominated by the red mangrove Rhizophora stylosa, on Iriomote Island, southern Japan, in 2016.
Field observations and stable isotope analyses showed that P. bidens consumed and assimilated
leaf litter rather than other primary food sources such as macroalgae and microphytobenthos.
Measurements of the leaf litterfall amount were conducted using litter traps for four weeks in
May and June. The weekly and estimated annual litterfall amounts were 35 g/0.25 m? and 730
g/m? (dry weight), respectively. Leaf litter consumption by P. bidens, determined using a field
cage experiment in August, indicated that a single crab consumed 1.5 g/week (dry weight), the
estimated annual consumption under natural crab density (8 individuals/m?) being 626 g/m?
(86% of total litterfall amount). We conclude that leaf litter feeding by P. bidens significantly
contributes to the organic matter cycling within the mangrove ecosystem.

Keywords: cage experiment, mangrove forest, Parasesarma bidens, stable isotope analysis

DI SRWNE YN U AR g R R 2 N A

2)

Department of Ecosystem Studies,

3) WA IHE IR TE v 8 —

FHIL T907-1541  PRBIR \TE AR & 0T 1 )5 870-277
T113-8657 HECESCEIX AR 1-1-1 Okinawa Regional Research Center, Tokai Uni-

Graduate

versity, Uehara, Taketomi, Okinawa 907-1541, Ja-

School of Agricultural and Life Sciences, The Uni-

pan

versity of Tokyo, Yayoi, Bunkyo-ku, Tokyo 113-  4) BUFFr : BMKFTAF 27—ty ¥ —
8657, Japan T690-8504  EARIEANYL T PG ) I1E T 1060
HHUR SR AT S8 Estuary Research Center, Shimane University,

T277-8564 TEEEMMOZE 5-1-5
Atmosphere and Ocean Research Institute, The
University of Tokyo, Kashiwanoha, Kashiwa, Chi-
ba 277-8564, Japan

Nishikawatsu, Matsue, Shimane 690-8504, Japan

*HAGE IR

T690-8504 SRR PG ) I1EEIT 1060
BRKSEIZAF 27 ) =%t v ¥ —
E-mail : kawaida@soc.shimane-u.ac.jp



38 La mer 56, 2018

1. FLoIc

< v U= 73 - IO 2 D
AT T A EE O Y (FICARASH)
DITH 5 (SPALDING et al., 2010) o TS IET
DFZR RTINS 7 L BEA U, Ml 2 B9 (L
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AoNs (B - HHE, 1998).

v rru—7HhEERICHEET S TE (LT,
Ty ru—7HE LR I, BEEICBWT K
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(LEE, 2008) o 4512, WHET7 V7R A=A IV T
O ruU—THRICBWTEBEETELT S
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1998 ; fh5Etl, 2006), F 7z, HEit S 7-3Eix Mo
NYFADf LR oTWHEEDNTWA (LR,
2014)

FHELIIINT T, WHEGNEREDOY Y 7 u—
THIZ BT ZHOREME RN, N A
H=FD T &IN5 7 I = Parasesarma bidens 7%
Ry 7a—THRHNICESLTHATAI L2
M2 L7z (KAWAIDA et al., 2017) 0 ST ¥ N5 27
H oA, MORY 4 RIS EERZ EA
THIENRMLENTWS (PooN et al, 2010), L
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OMEI D, TREATERIZEDROERZE
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IAMERWSPIT LT WRIZ, =¥ 7 a—7h b1
MENBEHERERZV -7y TICLDFRE L
LB, =Y v IR E RGN ERICLD,
W75\ h 7 H=DEEREL (2)FTOEEIZL-
THEERPEORERD T L2002 HL 2L
725

2. ABEHE
2.1 BAEHOBE

PRI PRI S 25 O LRI AL 3 A P11
N0~y 7u—77Tii>7 (Fig. 1. MiHNINIZ
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VEIRIRE 1369 54 kmP 12T B0 RO IIRD
M2, ¥ ¥~ V¥ Rhizophora stylosa,
* © V¥ Bruguiera gymnorrhiza, * V¥ Kan-
delia obovata, ¥ VX ¥ < ¥ Avicennia marina 73
ElZE o THRENIMPIEZEL TS, F72,
ARG RO L AN Sm D Y, FITv Yy
RENVENS LD NNHEOD KB L~
7 —=TREEMRDBIEA 5> TWb, RIFFETIE,
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REOWEDL L I EER AT 720

22 &K*F - BRRERNMALLITROT > TIL
FRE & BTALTE

2016 4E 5 H o Kl Tiksic, Scifto Bk,
I, TFRIBOMRMNICEEE L&A A Ic B
T, FIND I H XTI VFOEELR
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xS0, v v ru—ToERORICEER
2D LTOWAEREEENY FY 7)) v 7 L,
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Urauchi

ORRC

123 40'E 123"50’ ( j ’\\
!

Mangrove forest

/ 7 100 m

/

Fig. 1 Location of the Urauchi River estuary, Iriomote Island, Ryukyu Is-
lands, southern Japan. Solid circles: sampling points of crabs, leaf litter
and macroalgae for stable isotope analysis. Square with dashed line: the
area where litterfall collections and cage experiments were conducted.
ORRC indicate Okinawa Regional Research Center, Tokai University.

MBI L 720 & 518, APFEITIE, HFEDH oo RBIEHD ST 20 g BRILL 72
D—WHEHEZ L LTY Y VFORREAIH EHE L REREORIUL 1 #iailco & 3 HH#k 1 &
HLTWDLRBBER (FISELEE D Bostrychia LTATo 720 B, #Fo)KLFRmIIZ—RAE
spp.) DHEENTWAB72% (NANJO ef al, 2014), FER DA AT L T2y, Thb
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EHERNT 22 L3 TE LD o7,

PRI 727 5 231 7 97 = DB ER D & s ALK
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W U Tk - ||RLE MR AT Rk & L7z
I & O RBEERNI AT X i L%, 60T
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Fisher Scientific, Flash 2000-ConFlo IV) 24
L 72 E AR 2 A~ 27 bV #HiEE (Ther-
mo Fisher Scientific, DELTA V) % v Cilll &
L7z MIEF—% OfIEICIE, 27U v > (61BC=
—338 = 02%, 60N =13 = 02%) &M\,
F72, REB L OERZENMRLOELEYEIC
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W 7ze WHIE L72Y > 7V ORE s & e 2
Ofizd &1z, X (1) IS jRHE - EREERNM
RILE R L7,

013C, 6N (%) = (R»»n/Rwme) * 1000

......................................................... 1)
R:R#EDL L ZEHEoRMkL (Bc/2c, PN/M
N)

AP TR T & 2o 2 JEAEMAIEEEIC O W
TlE, THFETEGY - BEGTO~ ¥ 70— 780
S S N7z F - BFRRERAMEL (4C T
1 -187 205 —17.3%, 0N Tid 12 2*5 3.1%)
ZHTICHI V72 (BOUILLON et al., 2002; KoN et al.,
2007; AL-MASLAMANI et al., 2013) o

24 ZEEOWHBEDIE
YIYTEVFOHFREROUEIZIE, 50 cm X
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(1997) % MFILINGE et al. (2005) 7= &% Z#I21L
7z Figure 1 IR L72EBRTY) 7BV, L

Fig. 2 A litter trap.
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LEM L.
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512, ZoREAEES LI, 1B 0T

WkxEhEs () 2,0 Q) o8l

25 BHNT—IEE
REETIE, (1) WIMIBIFLT79Nh 7 7=
DFEFEHAEB LV (2) AREMHTICBIT 2 %%
DWWV EEWSDICTH72012, r—Y v 7Tk
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(a)
50cm
SEAN
£ . <+—>
.I:|>10mI:|->10m.|:| .3m
Cage with Untreated
L crabs area
Block 1 Block 2 Block 3 S

Fig. 3 Design of the cage experiment. (a) arrangement of two treatment plots and

three blocks in the experimental area, (b) an experimental cage, (c) leaves teth-

ered using twine in a cage, and (d) leaves in an untreated area.

EHOIEEER AT 72, £9, FEBRTY TIC
ENFN1I0mULELT3207uy 7 2 HE
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AX =Ry Y2 ZHME 10 mm oK) =F L v #
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=%, WO ZE S 57O FERFG
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H2»o 22 HEFTo 1 EMIT-72. EBi% 8 HI
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LGB, WA R EDOREIC X 5 EERE DM
Pix, TEBEVWY BB TIZIIZEAEELR
W E DI XN TS (ROBERTSON, 1986) =
D72, KWFFETIL, FEBRBIHE T O 5 HIx%
f'gl/&‘ﬁ‘o 720

FERTHWZEZEL, =) 7 OB, 5%

WML 7-FFHEEMOEBOOIEL L, FHEBEXIC
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MdH7z) o PEEERER (11g, M 4845 ;32
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(Figs. 3¢, d)o 2015 4 8 H 24T o 7= F A O 4%
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. : Parasesarma bidens
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Fig. 4 Dual isotope plots of mean 6 *C and & '°N values of Parasesarma

bidens and primary food sources (leaf litter, macroalgae and microphy-

tobenthos) in May 2016. The values of microphytobenthos are taken
from BOUILLON et al. (2002), KoN et al. (2007) and AL-MASLAMANI et al.
(2013). Bars indicate standard deviation (z = 9 for P. bidens, leaf litter

and macroalgae).
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CHENTW/z (Figl, Table 1)o F72, 7837
I H=D NI 28% Th Y, 3L KINHEHO

LD b 3.0—35% 5 <, EAMMEEL DA
0375+ 16%THh o7z

32 EEOHMEEHNT—IRE

4 AMOMBICBNT, FEOIZERIT 1 MM
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BIIWERE T30 = 01 g RUHXIZBIT5EE
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Table 1. 6 °C and 6 ®N values of Parasesarma bidens and primary food
sources in May 2016.

Samples n 0BC +=SD (%) BN = SD (%)
Parasesarma bidens 9 —-251 £ 10 28 = 04
Primary food sources
Leaf litter 9 -299 = 08 =07 = 05
Macroalgae 9 -324 = 0.3 =01 =02
Microphytobenthos® - -187 to — 173 12to 31

SD, standard deviation
@ Taken from BOUILLON et al. (2002), KON et al. (2007) and AL-MASLAMANI
et al. (2013)

Table 2. Weekly mean leaf litter production of Rhizophora stylosa in
May and June 2016.

Dry weight Estimated
Week n (mean *= SD, wet weight®
2/0.25 m?) (g/0.25 m?)
1 3 08 = 07 25
2 3 30 =05 9.3
3 3 72 =35 224
4 3 32 13 99
Mean 12 35 =23 11

SD, standard deviation
2 The mean reduction rate of dry weight/wet weight = 68% (# = 5)
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Fig. 5 Mean reduction amount and rate of leaf litter in two treatment
plots of the field cage experiment during a week in August 2016. The
initial dry weight of deployed leaf litter was 3.5 g (see Table 2). Bars
indicate standard deviation (7 = 3).
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Fig. 6 Parasesarma bidens feeding on leaf litter.
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Production Sales and Painting Works of the environment-friendly

“Physical Marine-growth Prevention Paint ”

SAFETY PRO SERIES

Already in use as the environmental protection materials for anti-marine growth of the marine biological production systems and equipments in aqua cultural fields.
Company : Saikai Laboratory of Aquaculture and Technology Co.,TLd
Address : 8-8 Torika-gou , Seihi-cho, Saikai City , Nagasaki 851-3406 Japan
Contact : Department : Research Laboratory
:URL : http://aquasafty.com
: E-mail : Msaikaiken@eco.ocn.ne.jp @kkitaha@lily.ocn.ne.jp
Product Introduction
“SAFETY PRO,the physical marine-growth-prevention Paint ”
:Environment-friendly anti-marine-growth paint based on the physical repellent effect of silicone,
with total absence of chemically repellent substance like medicine or heavy metals.
Making the painted surface highly lubricous, the biological surface depositing strength of the marine
growth decreases.
Thus, the painted surface provides highly peelable base for long sustained marine growth prevention

effect.

Specifications

Product Target Working Content Product Items
15kg| TC-D-M-15

Mesh 1-Lquid type Final-coat Dipping
3kg| TC-D-M-3
15kg| TC-D-B-15 F
SAFETY-PRO Top-coat
i o 3kg| TC-D-B-3
Boxes 2-Lquid type Spray p
15kg| UC-D-B-15
Under coat
3kg| UC-D-B-3
. ] o 15kg| TC-D-M-15S
SAFETY-PRO S Mesh 1-Lquid type Final-coat Dipping

3kg| TC-D-M-38
15kg| TC-D-B-15F

3kg| TC-D-B-3F
15kg| UC-D-B-15F

3kg| UC-D-B-3F
15kg| TC-B-T-15

3kg| TC-B-T-3
15kg| UC-B-T-15

3kg| UC-B-T-3
16L| D-S8S-16

4L | D-Ss4

2-Lquid type Top-coat
SAFETY-PROF Boxes Dipping
2-Lquid type Under coat

2-Lquid type Top-coat
SAFETY-PROHB Water Tanks Brush painting
2-Lquid type Under coat

SAFETY-PRO Thinner for dilution

Product sales Performance .
(incorporated Foundation) JICE : “Feasibility Study related with the Recovery of Natural Pearl and

Natural Pearl Industry in the Bahrain Kingdom for the year 2013”, Ministry of Economy,
Trade, and Industry (METI)

“Study on Advanced Method of single Seed Oyster Culture”, Advanced Agriculture-Commerce-
Engineering Joint Study Project for the year 2011.

(incorporated administrative agency) The Fisheries Research Agency (FRA); National Research
Institute of Aquaculture ; National Research Institute of Fisheries Engineering (NRIFE) ; Saikai National
Fisheries Research Institute ; Chuuou National Fisheries Research Institute ; Setonaikai National Fisheries
Research Institute ; National Research Institute of Fisheries Science ;

(Local independent administrative corporations) Hokkiado Prefectural Research Institute ; Coast Wide
area Promotion Bureau, Iwate Prefecture ; Agriculture, Forestry and Fisheries Department. Miyagi
Prefecture ; Hirosima Prefectural Institute of Technology; Kyoto Prefectural Agriculture, Forestry and
Fisheries Technology Center ; Kagawa Prefectural Fisheries Experiment Station; Kumamoto Prefectural
Fisheries Reserch Center; fukuoka Prefectural Fisheries Marine Technology Center
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