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Mesocosm studies on phytoplankton community succession
after inputs of the water-soluble fraction of Bunker A oil

Hideaki NoMURA™, Keita TOYODA?, Mihoko YAMADA?, Ken OKAMOTO',
Minoru WADA', Masahiko NISHIMURA', Akihiro YOSHIDA',
Akira SHIBATA', Hideshige TAKADA® and Kouichi OHWADA’

Abstract: We monitored the succession of a phytoplankton community for 10 days in an en-
closed meso-scale seawater tank (mesocosm) , into which the water-soluble fraction of Bunker
A oil was spiked, with or without a chemical dispersant. Diatoms such as Chaetoceros spp. and
Skeletonema costatum contributed more than 50% of the total phytoplankton abundance for the
first 3 days in all tanks. In the seawater tank that was devoid of the oil contamination,
phytoplankton abundance fluctuated greatly, but diatoms predominated until day 8. However,
in the oil-spiked tanks, autotrophic flagellates predominated over diatoms by day 5 after the oil
addition. Daily monitoring of sediment trap contents revealed that the oil-spiked seawater re-
sulted in a significantly reduced flux of diatom cells compared with the seawater tank. The de-
cline in the diatom contribution to total phytoplankton abundance in both seawater and trap
contents was more pronounced in the presence of the dispersant than in its absence. From these
results, the mesocosm experiments clearly demonstrated adverse effects of Bunker A oil compo-
nents on planktonic diatom assemblages under experimental conditions similar to those found
in natural coastal environments. A combination of careful observation of the succession within
the phytoplankton population in the water column and analysis of sediment trap samples have
provided insights into the possible impacts of low levels of oil contamination on grazing food

webs in natural marine environments.
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Introduction

Accidental oil spillage is one of the severe
problems facing marine ecosystems, because
the chemical components that diffuse from
spilled oil often show acute or chronic eco—tox-
icity to diverse types of plants and animals
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(ALBERS, 1995). Evaluation of the environ-
mental damage caused by such spilled oil has
been a substantial challenge because of the lack
of baseline information about the species pre-
sent at a site, and their interactions and
physiological states prior to the oil contamina-
tion. Although laboratory experiments on the
effects of oil contamination on particular spe-
cies of marine organisms are necessary, it is of-
ten difficult to apply the results of these
studies directly to predict population— or com-
munity-level impacts that would affect the
structure and function of the natural ecosys-
tem.

Field experiments in a meso—scale, controlled
ecosystem (mesocosm) have been conducted to
overcome such difficulties in evaluating the im-
pacts of pollutants on biological processes (LEE

and TAKAHASHI, 1977; OVIATT et al., 1982;
PARSONS et al., 1984; LINDEN et al., 1987). In
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contrast to a glass flask in a laboratory, a
mesocosm tank is designed to hold a water
mass large enough to allow a diverse array of
planktonic organisms at different trophic lev-
els to exist under conditions similar to the
natural environment in terms of temperature,
sunlight, wind, and rainfall (MENZzEL, 1977;
PARSONS et al., 1984). An enclosed marine
mesocosm near the mouth of Lake Hamana
(Hamana—ko), a seawater lake in Shizuoka
prefecture, Japan, has been used to study the
impacts of contamination from the water—solu-
ble fraction (WSF) of Bunker A oil on the mi-
crobial food web in seawater (OHWADA et al.,
2003; Toyopa et al., 2005; NISHIMURA et al.,
2006; YOsHIDA et al., 2006). One of the conclu-
sions from these studies was that even low lev-
els of oil contamination can disturb species
composition and trophic interactions in the mi-
crobial food web.

In the present paper, we report on the succes-
sion of the phytoplankton community in the
same mesocosm system, into which the WSF of
Bunker A oil was added, with or without a
chemical dispersant. We also describe the
phytoplankton composition in sediment trap
samples retrieved daily from the mesocosm.
From these results, we discuss the possible im-
pacts of low concentrations of the oil compo-
nents on the phytoplankton community and
grazing food web in natural marine environ-
ments.

Materials and methods

The mesocosm experiments were carried out
from 23 May to 2 June 2001 using three experi-
mental tanks. Each cylindrical tank has a 1.5—
m diameter, a 3.0-m depth, and a 5000-L capac-
ity (OHwADA et al., 2003). Surface water from
Hamana-ko was introduced into the two reser-
voirs for three tanks by using an electric sub-
mersible pump (OMORI and Jo, 1989), and then
distributed equally into the experimental
tanks. On 22 May, nutrients (KNO;, 100 zg N
L KH,PO, 10 £ g P L' Na,SiOs+9H:0, 10 ¢ g
SiL ") were added to each experimental tank to
maintain biological activity during the experi-
ment, and the tanks were stirred for 0.5 h using
stainless—steel blades (YOSHIDA et al., 2006).

We prepared a mixture of the WSF of

Bunker A oil and autoclaved seawater from
Hamana—ko (YAMADA et al., 2003). We also
prepared a mixture of the WSF and a chemical
dispersant (nonionic surfactant; Taiho Self
Mixing S-7, Taiho Industries, Tokyo, Japan).
Details of the procedure for the preparation
and handling of the WSF and the dispersant
were described in YAMADA et al. (2003) and
YosHIDA et al. (2006). After introducing water
into the experimental tanks, either the WSF or
the mixture of WSF and chemical dispersant
was added to the mesocosm tanks, which were
designated as the “OIL” tank or the “OD” tank,
respectively. The last tank was kept free of con-
tamination from both oil and dispersant as a
control and was designated as the “SEA” tank.

Oil concentration just after the addition of
the WSF in the OIL tank was estimated to be
224 p g L', as measured by fluorometric
analysis according to the method of Integrated
Global Ocean Services System (IGOSS, 1974;
referenced in: the Oceanographic Society of Ja-
pan, 1979). This oil concentration is compara-
ble to that found in the inner part of the port of
Tokyo Bay and is similar to that of MARL ex-
periments in the early 1980s (OVIATT et al.,
1982). Determination of the oil concentration
in the OD tank failed due to a poor extraction
efficiency caused by the dispersant used (M.
YAMADA, personal communication). Concen-
trations of four representative polyaromatic
hydrocarbon (PAH) compounds— naphthalene
(CyoHs), phenanthrene (Ci:Hi,), fluoranthene
(CiHu), and chrysen (CisHi:) —were determined
by gas chromatography—mass spectrometry
(YAMADA et al., 2003).

Before pouring the oil-water mixture into
the tanks, a sample of tank water was collected
and subjected to microscopic observation of
phytoplankton. For chemical analysis, another
water sample was collected just after the intro-
duction of the oil-water mixture. These are re-
ferred to as “day 0” samples. Water samples
were siphoned to collect periodically from day 0
through day 10 from a depth of 0.5 m, using
teflon tubing attached to the stainless—steel
pipe, carefully introduced into glass bottles,
and stored at appropriate temperature until
analysis. At the same time as water sampling,
a portable STD system (model 610-DM; YSI,
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Table 1. Changes of water temperature, salinity, and PAHs in the subsurface water during the mesocosm experi-

ments.
Time (days) 0 1 2 3 4 5 10
Temperature (°C) SEA 19.6 19.7 20.4 22.6 23.6 22.7 22.0
OIL 20.1 20.0 20.2 21.4 22.4 22.1 23.1
OD 20.1 20.0 20.2 21.4 22.3 22.0 22.8
Salinity SEA 31.63 31.54 31.44 31.40 30.92 31.42 31.43
OIL 31.54 31.21 30.92 31.18 31.13 31.20 31.22
OD 31.53 31.28 31.23 31.19 31.20 31.09 30.99
PAHs (ngL™
Naphthalene SEA 149.6 168.9 190.2 152.8
OIL 3771.1 3606.8 276.9 113.5 190.8 205.9
OD 5059.7 5613.0 349.1 159.6 146.1 158.9
Phenanthrene SEA 7.3 6.6 7.4 9.7
OIL 600.8 489.4 6.7 11.1 11.2 13.7
OD 999.6 1159.0 82.2 1.1 12.1 19.6
Fluoranthene SEA 3.6 3.4 4.6 3.6
OIL 14.5 13.2 6.9 6.4 8.0 3.0
OD 19.6 25.3 24.0 15.1 10.4 6.5
Chrysene SEA 0.3 0.2 0.3 0.3
OIL 2.9 2.6 2.7 2.5 2.3 1.5
OD 4.0 5.0 4.8 4.7 6.3 4.9

SEA:natural seawater without oil and/or chemical dispersant

OlL:seawater with oil alone
OD:seawater with oil plus chemical dispersant

Yellow Springs, OH, USA) was used to make a
depth profile of temperature, salinity, and dis-
solved oxygen. Water temperature and salinity
in all the experimental tanks ranged from 19.6
to 23.1 °C, and from 30.9 to 31.6, respectively,
during the 10 days of incubation (Table 1).
Water samples were fixed with formalin (fi-
nal concentration: 1%, v/v) and observed with
an inverted Nomarskytype microscope (model
TE300; Nikon, Tokyo, Japan) to taxonomically
identify and enumerate phytoplankton cells. A
25% glutaraldehyde solution (final concentra-
tion: 2%, v/v) was used to gently fix
autotrophic nanoflagellates (ANFs) in water
samples. The ANF cells were stained with FITC
and DAPI (SHERR and SHERR, 1983), filtered
onto a polycarbonate Nuclepore (Whatman,
Springfield Mill, UK) membrane (pore size, 0.8
«m), and counted under an epifluorescence mi-
croscope (type E800; Nikon) in a dark room.
ANF's were distinguished from heterotrophs by
the autofluorescence of photosynthetic pig-
ments observed under blue light excitation. To
minimize the masking effect of the protein—
binding dye FITC to the autofluorescence of

photosynthetic pigments (SHERR et al., 1993),
we empirically set the staining time (5 min-
utes) and the final concentration (3 xg ml ™).
To measure the concentration of chlorophyll
a (Chl), a 100-ml water sample was filtered
through a Whatman GF/F glass—fiber filter
(Whatman, Springfield Mill, UK), and the fil-
ters were soaked in N,N-dimethylformamide
(Suzukt and IsHIMARU, 1990). Filters were
stored in the dark at approximately —20 “Cfor
fewer than 10 days before Chl content was
measured with a fluorometer (type 10R;
Turner Designs, Sunnyvale, CA, USA). A cali-
bration curve was obtained using a Chl stan-
dard (Sigma, St. Louis, MO, USA). The
filtrate collected during Chl sample prepara-
tion was used to analyze for nitrogen (NO, +
NO, ) and phosphate (PO} ) concentrations
using an auto—analyzer (model AAACS;
BRAN+LUEBBE, Norderstedt, Germany).
Every day, four glass vials (120-mm height,
30-mm inner diameter, and 100-ml volume)
were suspended in the tanks using a thread at
a depth of 2.5 m to collect sinking particles. Vi-
als were gently retrieved after 1 day and used
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Fig. 1. Temporal variation of concentration of dissolved oxygen (DO) (A), transparency (B), nitrogen (N:
NO,-N + NO;-N) (C), phosphate (P: PO,-P) (D), and NP ratio (E) during the mesocosm run from 23rd of
May to 2nd of June in 2001. The arrow denotes the time of oil contamination. SEA: natural seawater in the
mesocosm tank, OIL: natural seawater with WSF mixture, OD: natural seawater with WSF-chemical

dispersant mixture.

for analysis of phytoplankton abundance and
Chl content. The phytoplankton trapped in the
vials were fixed immediately by formalin (final
concentration: 1%, v/v) and stored in the dark
at 4 °C until microscopic analysis. Identifica-
tion and enumeration were conducted in the
same way as described for the water samples.

We measured water transparency by using a
white ceramic disc 80 mm in diameter (smaller
than a standard Secchi disc, which is 200 or 300
mm in diameter). According to PREISENDORFER
(1986), transparencies measured with the
smaller disc and the standard ones are practi-
cally the same. The compensation depth (CD,
m) was calculated using transparency depth
(Ds, m) with the equation described in ARUGA
(1986) : CD = 2.67Ds.

Results and discussion
Changes in physico-chemical parameters

The highest concentrations of PAHs were
found in the tank to which seawater and the
WSF of Bunker A oil and a dispersant (OD)
were added (Table 1). Relatively lower molecu-
lar weight (LMW) PAHs, naphthalene and
phenanthrene, dramatically decreased to less
than 10% of the initial concentrations in the
first 2 days, whereas higher molecular weight
(HMW) PAHs, fluoranthene and chrysene, de-
creased more slowly. The rapid decrease in the
LMW-PAHs can be ascribed to microbial deg-
radation, and the slower removal of the HMW-
PAHs (and HMW-alkanes and hopanes; data
not shown), from the water column presuma-
bly results from settling or sedimentation
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(YAMADA et al., 2003).

Dissolved oxygen (DO) concentration in all
the tanks was initially 9.5 mg L, decreasing
by day 7 to 7.2 mg L ' in the OIL tank and to
3.8 mg L' in the OD tank (Fig. 1A). DO con-
centrations in the OIL tank became to initial
level by day 10, while those in the OD tank con-
tinued to decrease. In the control seawater
(SEA) tank, DO fluctuated greatly, but it re-
mained above 7.5 mg L' during the entire incu-
bation period. It is likely that bacterial
respiration during the degradation of hydro-
carbons in the WSF, the dispersant, or both,
substantially contributed to the decline in DO
(YOSHIDA et al., 2006).

Initial concentrations of inorganic nitrogen
(NO, + NO; ) and phosphate (PO}") in the
tanks ranged from 5 to 9 ¢ M and from 0.3 to
0.5 M, respectively (Fig. 1C, D). Although
both nitrogen and phosphate disappeared al-
most entirely by day 10, the patterns of disap-
pearance varied between the nutrients and
between the tanks. Nitrogen decreased more
slowly in both the OIL and the OD tanks com-
pared with that in the SEA tank. Phosphate
tended to disappear more rapidly than nitro-
gen, particularly in the OD tank during the
first 2 days. These differences in nutrient re-
moval from the tanks were reflected in the mo-
lar ratio of nitrogen to phosphorus (N:P ratio)
(Fig. 1E). The N:P ratio was about 14:1 in all of
the tanks at day 0 and decreased to less than 10
by day 5 in the SEA tank. In contrast, the N:P
ratios in the OIL and OD tanks remained above
the initial value through through day 7, with
larger fluctuations in the OD tank. Because the
N:P ratio of the natural phytoplankton com-
munity is 16:1 (REDFIELD et al., 1963), the SEA
tank was under N-limited conditions from day
9, whereas the OIL and OD tanks were under
P-limited conditions for almost the entire pe-
riod of the experiment.

Differences in phytoplankton community
structure

A total of 62 species of phytoplankton, com-
prising 47 diatoms, 10 dinoflagellates, and 5
other species, was found in the mesocosm tanks
during the experiment (Table 2). While most of
them (59 species) were found in the SEA tank,

about half were found in the OIL and the OD
tanks, suggesting that phytoplankton species
richness was higher in the SEA tank.

During the initial phase of the incubation
(from day 0 to day 3), planktonic diatoms, in-
cluding some chain—forming species such as
Chaetoceros  seiracanthus, C. debilis, C.
dydimus, and S. costatum, contributed more
than 50% of the total phytoplankton abundance
in all of the tanks (Fig. 2). The rest of the
phytoplankton population during this period
was mainly composed of autotrophic flagel-
lates, such as Prorocentrum minimum, and
coccolithophorids.

After day 3, the relative contribution of dia-
toms to the total phytoplankton population be-
came less pronounced. Although diatoms
continued dominating total phytoplankton
abundance in the SEA tank until day 8,
autotrophic flagellates, namely P. minimum,
gradually increased after day 5 and finally be-
came dominant (75% of the total
phytoplankton population) by day 10. In addi-
tion to flagellates, coccolithophorids contrib-
uted about 20% of the total phytoplankton
population at day 10 in the SEA tank. A succes-
sion from diatoms to flagellates in a
phytoplankton population is a typical phe-
nomenon in an enclosure system devoid of wa-
ter turbulence (LEE and TakaHAsHI, 1977,
EGGE and AKSNES, 1992). In contrast,
autotrophic flagellates, particularly ANFs,
rapidly dominated the phytoplankton popula-
tions in the OIL and OD tanks after day 5. In
the oil-contaminated tanks (with and without
dispersant), coccolithophorids disappeared
from the water column by day 6.

Beneficial or adverse effects of petroleum
substances on phytoplankton should vary de-
pending on the phytoplankton species. Based
on previous studies certain autotrophic flagel-
lates appeared to be petroleum—insensitive
(PULICH et al., 1974; PARSONS et al., 1976; LEE
and TAKAHASHI, 1977; KARYDIS, 1981; MORALES
-Loo and Goutx, 1990; SIRON et al., 1991;
OKUMURA et al., 2003), although
coccolithophorids suffered severely under oil-
contaminated conditions. In another set of
mesocosm studies using the same tanks, we
confirmed by a vital FDA (fluorescein
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Table 2. List of phytoplankton species occurred from the water column of mesocosm tanks during experiments.
Water from the surface layer of the mouth part of Hamana-ko was directly brought into tanks via an
under-ground tubing water supply pump on May 22, 2001.

Tanks

Species SEA OIL oD

Division Dinophyta
Class Dinophyceae
Order Prorocentrales
Prorocentrum compressum
P. dentatum
P. micans
P. minimum
P. triestinum
Order Dinophysiales
Oxyphysis oxitoxoides — — +
Order Gymnodiniales
Gymnodinium sp. + — —
Order Gonyaulacales
Ceratium kofoidii — + —
Order Peridiniales
Peridinium quinquecorne + + +
Protoperidinium spp. + — +
Division Heterokontophyta
Class Chrysophyceae
Order Dictyochales
Ebria tripartita +
Dictyocha fibula + — —
Distephanus speculum +
Class Bacillariophyceae
Order Centrales
Actinoptychus senarius
Bacteriastrum delicatulum
Chaetoceros atlanticus
borealis
compressus
coronatus
curvisetus
debilis
decipens
densus
dydimus
lorenzianus
seiracanthus
simplex
Chaetoceros spp.
Coscinodiscus gigas
C. perforatus
Dactyliosolen bravyanus
D. Jfragilissimus
Detonula pumila
Dytilum brightwellii
Eucampia zodiacus
Guinardia delicatula
G. striata
Hemialus hauckii
Lauderia annulata
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++ I+ + [
| +
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Table 2. continued.

Species Tanks

SEA OIL OD
Leptocylindrus minimus + +
Neostreptotheca subindica ? + — —
Odontella longicruris + — —
Pseudosolenia calcar-avis + + —
Rhizosolenia hebetata f. hebetata + + +
R. setigera + + +
R. styliformis + — —
Skeletonema costatum + + +
Thalasstosira anguste-lineata + — —
T. hyalina + — —
T. rotula + + +
T. weissflogit + — —
Thalasstosira spp. + + +

Order Pennales
Astertonellopsis gracialis + + —
Cylindrotheca closterium + + +
Nitzschia longissima + + +
Nitzschia spp. + + —
Pleurosigma spp. ? + — —
Pseudo-nitzschia spp + + +
Thalassionema frauenfeldit + — +
T. nitzschioides + + +
Division Haptophyta
Class Coccosphaerales
unidentified species + + +
Division Euglenophyta
Class Euglenophyceae

unidentified species + + +

+: occurred, —: not occurred

diacetate) staining (BENTLEY-MOWAT, 1982)
that most autotrophic flagellates were active
even at the same levels of WSF of Bunker A oil
used in the present study (data not shown).

Phytoplankton in sediment trap samples
Daily monitoring of sediment trap samples
from the mesocosm tanks revealed that down-
ward fluxes of Chl in the SEA, OIL, and OD
tanks averaged 8.7 (1.0-19.3), 2.8 (0.4-5.6), and
1.7 (0.8-3.7) mg m *d !, respectively (Fig. 3).
The total phytoplankton and diatom fluxes in
the SEA tank averaged 2.3 X 10° and 2.2 X 10’
cellsm *d ', respectively, which were one order
of magnitude higher than those in the OIL and
OD tanks. Although Chaetoceros vegetative
cells mainly contributed to the fluxes in the
SEA tank during the entire incubation period,
their resting spores clearly increased in the lat-
ter half of the incubation period, exhibiting a
peak of more than 5x10" cells m *d ' on day 7.

In contrast, the number of the resting spore in
the trap samples from the OIL and OD tanks
was extremely low, fewer than 1x10° cells m *
d ' on average, whereas autotrophic flagellates
contributed more to the total phytoplankton
fluxes in the oil-contaminated tanks than in
the SEA tank.

Species of Chaetoceros produce resting spores
immediately following blooms (e.g., ODATE and
MATITA, 1990), and nitrogen depletion is one of
the essential factors inducing spore formation
in centric diatoms (FRENCH and HARGRAVES,
1980; KuwATA and TAKAHASHI, 1990; OKU and
KAMATANI, 1995, 1997; McQuoib and HOBSON,
1996). Our results are consistent with these ob-
servations; resting spore formation by
Chaetoceros in the SEA tank became intensive
after nitrogen was depleted from the seawater.
Besides nitrogen, phosphate depletion can be a
factor leading to resting spore formation in
diatoms (OkU and KAMATANI, 1995). However,
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Fig. 2. Temporal variation of concentrations of chlorophyll a concentration, phytoplankton cell density, diatom
species composition, cell density of autotrophic flagellate (AF) and autotrophic nanoflagellate (ANF) and
coccolithophorid during the mesocosm run from 23rd of May to 2nd of June in 2001. The arrows denote the
time of oil contamination. SEA: natural seawater in the mesocosm tank, OIL: natural seawater with WSF
mixture, OD: natural seawater with WSF-chemical dispersant mixture.

this probably did not occur in our mesocosm
tanks, because phosphate was depleted faster in
the OD tank than in the SEA tank (see Fig.
1D) and yet the OD tank had fewer spores than
the SEA tank (Fig. 3). Although the lower
numbers of resting spores in the OIL and OD
tanks may be partly explained by the relatively
slow depletion of nitrogen compared with the
SEA tank, it is more likely that chemical

components in the WSF of Bunker A oil were
responsible for limiting spore formation.
Because the spore formation by planktonic
diatoms in the SEA tank is adequately ex-
plained by nitrogen limitation alone, it is un-
likely that other elements such as silicon (Si)
were limiting for diatom growth and spore for-
mation in the present study. In support of this,
we did not observe any Si depletion in the
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Fig. 3. Temporal variation of downward flux, chlorophyll a, total phytoplankton cell, Chaetoceros cell, and
Chaetoceros resting spore, during the mesocosm run from 23rd of May to 2nd of June in 2001. SEA: natural
seawater in the mesocosm tank, OIL: natural seawater with WSF mixture, OD: natural seawater with WSF

—chemical dispersant mixture. ND: no data.

previous mesocosm study with the same ex-
perimental conditions. For instance, the Si:N
ratio in the seawater tank in the previous ex-
periment (autumn 2000) ranged from 0.9:1 to
1.2:1 (average = 1.1:1) during the initial 9 days
of incubation (data not shown). Actively grow-
ing diatom cells have a Si:N composition ratio
of 1.2:1 (BRzEZINSKI, 1985), so it is likely that
diatoms in the SEA tank did not face serious Si
depletion either in the present or in the previ-
ous experiments.

MORINAGA and ARAKAWA (2000) reported

that an oil slick on the sea surface attenuated
the photosynthetically available radiation
(PAR) below the sea surface. Such changes in
the optical environment can be detrimental to
autotrophic plankton, although the optimum
PAR may vary depending on the species.
PARSONS et al. (1984) reported depressed pri-
mary production in the mesocosm tank result-
ing from light attenuation after the input of
dispersed oil. In the present study, the trans-
parency of the OD tank immediately decreased
from 3 to 1.3 m after the addition of the
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mixture of the WSF of Bunker A oil and a
dispersant. It took 5 days to return to the
original level of transparency, whereas trans-
parency remained constant in the SEA tank
and the OIL tank (see Fig. 1B). Based on
ARUGA’s equation, the compensation depth of
the OD tank on day 2 was estimated to be 3.3
m. However, it was more than 7.7 m in the SEA
and OIL tanks. Because sunlight attenuates
drastically with depth, diatoms that cannot
maintain their vertical position at a depth of
optimum light conditions are likely to be
outcompeted by motile flagellates.

Spilled oil has both inhibitory and stimula-
tory impacts on phytoplankton, which vary
with the type of oil and concentrations of the
petroleum components (ALBERS, 1995). Results
of the present study suggest that the WSF of
Bunker A oil is detrimental to diatoms,
whereas it is less inhibitory to the flagellate
population. Consequently, flagellates gained
better access to the light and nutrients in the
water column. Dispersants increase the concen-
trations of oil components in the water,
thereby creating more harsh conditions for the
diatom population (PARSONS et al., 1984;
YAMANE et al., 1984; SIRON et al., 1996). In the
context of grazing food webs, the WSF of Bun-
ker A oil altered not only the community struc-
ture but also the functions of the primary
producers. The decreased flux of diatom cells
from the upper layer implies a reduced trans-
port of organic matter in the water column,
which could interrupt the plankton—benthos
coupling in natural environments (AMBROSE
and RENAUD, 1995).

The physical microturbulence in a water
mass is removed or weakened in an enclosed
mesocosm (LALLI and PARSONs, 1993), there-
fore, it might be difficult for planktonic dia-
toms to remain suspended in the water column
in mesocosm tanks such as those used in the
present study, which could complicate interpre-
tation of our results. Due to this intrinsic char-
acteristic of these tanks, they may only be
suitable for short—term observations of diatom
populations in the water column. Nonetheless,
the combination of careful observations of the
phytoplankton population in the water column
and in the sediment trap samples makes it

possible to determine with great sensitivity the
impacts of low levels of spilled oil on both the
phytoplankton community structure and the
trophic interactions in the grazing food webs in
aquatic environments.
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Role of tidal flat in material cycling in the coastal sea

Yumiko YARA™, Tetsuo YANAGT®, Shigeru MONTANI® and Kuninao TADA"

Abstract: A simple tidal flat model with pelagic and benthic ecosystems was developed in order
to analyze the nitrogen cycling in an inter-tidal flat of the Seto Inland Sea, Japan. After the
verification of calculation results with the observed results in water quality and benthic
biomasses, the role of this tidal flat in nitrogen cycling was evaluated from the viewpoint of
water quality purification capability. When there is no suspension feeder in the tidal flat, the
water quality purification capability of this tidal flat becomes lower because the outflow of or-
ganic nitrogen increases compared to the present case, and the red tides may be generated.

Keywords: tidal flat, ecosystem model, nitrogen cycling, water quality purification capability

1. Introduction

A tidal flat is known as the important place
for the biological production in the coastal sea.
Moreover a tidal flat is paid to attention be-
cause the removing function of bio—elements
such as nitrogen and phosphorus from the wa-
ter column is very high. NAKATA and HaTa
(1994) claims that the material cycling
(mineralization or organization of bio—ele-
ments) in the tidal flat determines the water
purification function there. Sasakr (2001)
qualitatively points out that bivalves in the
tidal flat play an important role in the water
purifying function in the coastal sea. It is nec-
essary to clarify the material cycling and
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budget quantitatively in order to understand
the ecosystem characteristics and the purifica-
tion function of the tidal flat. A numerical eco-
system model is a very useful tool to clarify
them.

For the ecosystem model of the tidal flat, the
Ems—Dollard ecosystem model (BARETTA and
RUARDLJ, 1988) is very famous. Their model is
constructed with pelagic, benthic and epi—
benthic sub—models and simulates the seasonal
variation in the tidal flat ecosystem, focusing
on the carbon cycling. In Japan, HATA et al.
(1995) produced a tidal flat ecosystem model
based on the Ems—Dollard ecosystem model.
Their model emphasizes the benthic ecosystem,
focusing on the nitrogen cycling. SOHMA et al.
(2000) produced a new numerical ecosystem
model for the tidal flat and simulated the eco—
dynamics over a short-time scale (< 24h).
However, these models are too complex to in-
terpret well the calculated results.

In this paper, a simple tidal flat ecosystem
model with pelagic and benthic ecosystems is
developed on the basis of a pelagic ecosystem
model of KAWAMIYA et al. (1995). We repro-
duce the seasonal variation of the observed ni-
trogen values in a tidal flat of the Seto Inland
Sea, Japan from January to December 2000 us-
ing the developed simple ecosystem model.
From this model results, we clarify the nitro-
gen cycling and budget in the tidal flat. The re-
lation between a decrease of the biomass of
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bivalve and the red tide occurrence is investi-
gated by using this model. Finally, the role of
this tidal flat is evaluated from the viewpoint
of water purifying function in the coastal envi-
ronment.

2. Study area and Observed data

Our study area is a sandy tidal flat located in
the central part of the Seto Inland Sea, south-
western Japan (Fig. 1). The tidal flat covers an
area of about 148,000 m® and has an average
depth of 1 m with the average tidal range of
about 2 m. Station B4 is an observation point of
benthic biomass in the tidal flat. Stations U
and K are the observation points of water char-
acteristics above the tidal flat. Stations KA9
and KA10 are the observation points outside
the tidal flat. Station M is an observation
point of meteorological parameters by the
Takamatsu Meteorological Observatory. There
are river discharges into this tidal flat from the
Shin, Kasuga and Tsumeta Rivers (Fig. 1).

Samplings were conducted every month at
low tide from January to December 2000. At
Stn. B4, water temperature, Dissolved Inor-
ganic Nitrogen (DIN) and Chlorophyll. «
(Chl. @) concentrations at the surface (0.0-0.5
em) and sub—surface (0.5-2.0 cm) layers in the
pore water of tidal flat were observed. Nitrogen
concentration of microphytobenthos was esti-
mated using C:Chl. a ratio (C:Chl. a=33.7:1;
MONTANT et al., 2003) and C:N ratio (C:N=75.7:
10.1; MONTANI et al., 2003). The sampling of
macrozoobenthos (polychaeta and bivalve) was
carried out between 0 and 10 cm depth by a 10
X 10 em quadrat method at the same time.
Nitrogen concentrations of macrozoobenthos
were estimated using a linear empirical equa-
tion based on the field observations, that is, the
nitrogen concentration of polychaeta Ny (gN)
=0.45 X 0.17 X (0.2 X total wet weight (g)),
and that of bivalave Ni (mgN) =96.5 X (0.184
X (0.167 X total wet weight (g) +0.025) +
0.0005). We assume that the data at Stn. B4 are
representative throughout this tidal flat shown
in Fig. 1, that is, the observed data of surface
and sub-surface layers in the pore water are
assumed to be the data of Box 2 and Box 3
shown in Fig. 2, respectively. While, at Stns. U
(water depth was 20 cm in winter and 50 cm in

134°00E

T
Bisan-seto
| 34025'N

L]
KA10

Takamatsu

Seto Inland Sea

34°21'N —

|

Tsumeta River
|
Fig. 1. Study area and location of sampling stations.
Stn. B4: station for Box 2 and Box 3 in sediment,
Stn. U and Stn. K: stations for Box 1 in water
column, Stn. KA9 and Stn. KA10: stations for

Box 4 in Bisan-seto, M: Takamatsu Meteorologi-
cal Observatory.

N
Shin River

Kasuga River

| 0200 400m\ \
| = \

134‘;5'E

summer) and K (water depth was 20 cm in win-
ter and 50 cm in summer), water temperature,
salinity, DIN, Particulated Organic Nitrogen
(PON) and Chl. a concentrations in the surface
water were observed. Nitrogen concentration
of phytoplankton was estimated using C:Chl. a
ratio (C:Chl. a=30:1; PARSONS et al., 1984) and
Redfield ratio (C:N=106:16; REDFIELD et al.,
1963). The observations at Stns. U and K were
conducted within one hour before or after the
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Fig. 2. Horizontal and vertical divisions of the box
model. As for symbols, see the text in more de-
tail.

observation at Stn. B4. We can expect that the
water at Stn. U covers this tidal flat during the
flood tidal current and that at Stn. K during
the ebb tidal current, therefore the average
data at Stns. U and K represent the sea—water
characteristics above this tidal flat, that is, the
average observed data at Stns. U and K are the
data of Box 1 shown in Fig. 2.

At the same time, the observations of salin-
ity, DIN and Chl. a concentrations at Stns.
KA9 and KA10 in the Bisan—seto were carried
out every month from January to December
2000 by the Kagawa Prefectural Fisheries Ex-
perimental Station. We assume that the aver-
age data of Stns. KA9 and KA10 are the
boundary condition offshore, that is, the ob-
served average data at Stns. KA9 and KA10 are
the data of Box 4 shown in Fig. 2.

The load of Total Nitrogen (TN) from three
rivers is estimated based on the monthly aver-
aged values of river discharges from three riv-
ers and annually averaged values of TN
concentrations in three rivers. The annually
averaged river discharge from three rivers and
annually averaged TN concentration in three
rivers in 2000 are 0.63 m’s 'and 2.4 mg L ', re-
spectively. The monthly averaged river dis-
charge (R) was estimated from the monthly
averaged water levels in three rivers, which
were measured by Kagawa Prefecture. We as-
sumed that TN concentrations in three rivers
did not change seasonally in 2000 because there
was no data on the seasonal variations of TN
concentrations in three rivers.

The monthly averaged data of solar radia-
tion and wind speed in 2000 at the Takamatsu

Meteorological Observatory were quoted from
the Geophysical Review published by the Japan
Meteorological Agency.

3. Box model

Fig. 2 shows the box model of this tidal flat.
Box 1 is the pelagic ecosystem with 1 m water
depth, and Box 2 is the benthic ecosystem for
the benthic algae with 0 to 0.5 cm sediment
depth and that for the suspension and deposit
feeders with 0 to 10 em sediment depth. We con-
sider the pelagic ecosystem with 1 m depth
above the tidal flat because the average tidal
range at this tidal flat is about 2 m
(MONTANT et al., 2003) and we focus the annu-
ally averaged ecosystem there. The boundary
condition for Box 2 is given at Box 3, and the
boundary condition offshore of Box 1 is given
at Box 4 in the Bisan—seto.

The horizontal advection velocity (Ui.) and
the horizontal eddy diffusivity (Khu) required
for the ecosystem model calculation in this
study are decided by the physical box model.
The equation of water mass conservation is ex-
pressed by:

R=UuXAu (1)

where R (m® s™') is the river discharge from
three rivers (shown in Fig. 3 d), Uus (m s ™)) is
the horizontal advection velocity between Box 1
and Box 4, Ay (m? is the cross—sectional area
between Box 1 and Box 4 (shown in Table 1).

The equation of salt conservation is ex-
pressed by:
_[]MXSIXAMJ'_KhMX%XAM: 0 (2)

14

where S; and S, are salinity of Box 1 and Box 4,
respectively (shown in Fig. 3 ¢). Khu (m®s ™) is
the horizontal eddy diffusivity between Box 1
and Box 4, and L1, (m) is the length between
Box 1 and Box 4 (shown in Table 1). The tem-
poral variation term in salinity is assumed to
be zero because it is much smaller than the spa-
tial variation terms in Eq. (2). The advection
and mixing effects by tidal current is expressed
by this horizontal eddy diffusivity Kh. in this
analysis.

Uy: and Khis computed from equations (1)
and (2) using the observed data are shown in
Fig. 3 (g), (h) respectively.
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Table 1 Parameters used in the model and their references.
symbol definition value unit reference
At dt time step 100 s D
Vi, Ve, Ve |volume 148<10°, 0.74x10°, 14.8Xx10° L -
g Au e As Aulsectional area 148%10*, 530 m’ -
E Lis Las Ly |distance 50.25x10°*, 10°*, 3750 m -
Kuvp,, Kvs |eddy diffusivity 7.9%10°°, 6.8x10" (9.8x10°) m’s”'  |tuning (2))
DET, Wa sinking speed of detritus 1.0 md’ 2)
Vm, maximum photosynthetic speed 1.0 d 5)
Kn, half saturation constant for DIN 0.16 mgN L™ 4)
é ki temperature dependency of photosynthesis 0.063 T 5)
% Iopt, optimum light intensity for photosynthesis 50%x10° calm *d! -
E’ A2, ratio of extracellular excertion of DON 0.135 — 5)
B Mpo, mortality rate at 0°C 8.15 (2.0) L mgN 'd '|tuning (5))
Kmp, temperature coefficient for mortality 0.069 T 5)
ac maximum grazing speed at 0 °C 0.4 d 6)
A Ivlev’ s constant 99.9 (mgN L") 5)
- PHY* |threshold of grazing 6.02x10" mgN L' 5)
8
§= Ry temperature dependency of grazing 0.069 T 5)
]
= a excretion generation speed 0.4 - 5)
< B egestion generation speed 0.3 - 5)
Mzo, mortality rate at 0°C 4.15 LmgN'd! 5)
Kmz, temperature coefficient for mortality 0.069 T 5)
2 Vms maximum photosynthetic speed 1.68 d! 3)
?:} Kn, half saturation constant for DIN 0.16 mgN L™ 4)
:§ A2, ratio of extracellular excertion of DON 0.135 - 5)
% Mpo: mortality rate at 0°C 1.0x10°° LmgN'd"'|l tuning
EE Kmp: temperature coefficient for mortality 0.069 T 5)
5 A excretion generation speed 0.4 - 5)
E B egestion generation speed 0.3 - 5)
g Mzo.,  |mortality rate at 0°C 1.5x10° L mgN 'd tuning
= Kmz.  |temperature coefficient for mortality 0.069 T 5)
jg a5 excretion generation speed 0.4 — 5)
“g B egestion generation speed 0.3 - 5)
£ Mzo:, mortality rate at 0°C 1.43x10°* LmgN"'d"| tuning
% Kmaz., temperature coefficient for mortality 0.069 T 5)
Vnii o » |decomposition speed of detritus to DIN at 0°C 0.03 d 5)
B! Kuvni; . » |temperature dependency of decomposition of detritus to DIN 0.069 T 5)
i‘z Vno; . » |decomposition speed of detritus to DON at 0°C 0.03 d 5)
LS Kvno; .. » |temperature dependency of decomposition of detritus to DON| 0.069 T 5)
& Vdi; ., » | decomposition speed of DON to DIN at 0°C 0.03 d 5)
Kuvdi; » » |temperature dependency of decomposition of DON to DIN 0.069 T 5)

1) Onitsuka et al. (2002), 2) Hata et al. (1995), 3) Montani et al. (2003), 4) Nishijima et al. (1990), 5) Kawamiya et al. (1995), 6) Fujii et al. (2002)
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Fig. 4 Schematic diagram of nitrogen cycling in the numerical ecosystem model.

4. Ecosystem models

In the boxes of Box 1 and Box 2 (Fig. 2), a
physical, biological and chemical processes con-
cerning the nitrogen cycling shown in Fig. 4
are considered.

The compartments of Box 1 are Dissolved In-
organic Nitrogen (DIN;), Dissolved Organic
Nitrogen (DON)), phytoplankton (PHY ), zoo-
plankton (ZOO,) and detritus (DET,) within 1
m water column. The compartments of Box 2
are Dissolved Inorganic Nitrogen (DIN:), Dis-
solved Organic Nitrogen (DON.), micro-
phytobenthos (PHY.) and detritus (DET,)
within 0.5 c¢cm sediment depth, and deposit
feeder “polychaeta” (ZOO.,) and suspension
feeder “bivalve” (ZOO,,) within 10 cm sediment
depth. Reproduction of seasonal variations in
DIN,, PHY,, PON, (particulated organic nitro-

gen in Box 1=PHY,+ZOO, +DET,), DIN:,
PHY ., ZOO: and ZOO,, concentrations at Box 1
and Box 2 is tried in this numerical experiment.
The temporal variations in 9-compartemnt
concentrations at Box 1 and Box 2 are given by
the following equations, based on KAWAMIYA et
al. (1995).
dDIN,
Y dt
=Load from rivers (DINy,,)
—Photosynthesis (PHY )
+Excretion (ZOO,)
+Decomposition (DET,—DIN,)
+Decomposition (DET,—DON))
+Excretion (ZOO,)
—Vertical Diffusion (DIN,, DIN,)
—Horizontal Diffusion (DIN,, DIN,)
—Horizontal Advection (DIN,)

(3)
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dDON,

4 dt

=Load from rivers (DON4,)

+Extracellular excretion (PHY )
+Decomposition (DET,—DON,)
—Decomposition (DON,—DIN,)

—Vertical Diffusion (DON;, DON,)
—Horizontal Diffusion (DON,, DON,)
—Horizontal Advection (DON)) (4)

dPHY,
4 dt

=Photosynthesis (PHY )

—Extracellular excretion (PHY )
—Mortality (PHY )

—Grazing (PHY,—~Z00,)

—Grazing (PHY,—Z00.,)

—Horizontal Diffusion (PHY,, PHY.)
—Horizontal Advection (PHY))
+Suspension (PHY?) (5)

4700,
4 dt

=Grazing (PHY,—~Z0O0,)

—Excretion (ZOO))

—Egestion (ZOO,)

—Mortality (ZOO))

—Horizontal Diffusion (ZOO;, ZOO.,)
—Horizontal Advection (ZOO,) (6)

dDET,
4 dt

=Load from rivers (DETa1)

+Mortality (PHY))

+Egestion (ZOO,)

+Mortality (ZOO,)

—Decomposition (DET,—DIN,)
—Decomposition (DET,—DON,)
—Horizontal Diffusion (DET,, DET.)
—Horizontal Advection (DET))

—Sinking (DET))

+Suspension (PHY»)

+Suspension (DET:)

+Egestion (ZOOs.) D)

dDIN,
21 dt
= —Photosynthesis (PHY)
+Decomposition (DET;—DIN,)
+Decomposition (DON;—>DIN,)

+Excretion (ZOO,,)

—Vertical Diffusion (DIN,, DIN;)
—Horizontal Diffusion (DIN,, DIN,)
—Nitrification (DIN,)

dDON,

dt
=Extracellular excretion (PHY)
+Decomposition (DET,—~DON,)
—Decomposition (DON,—~DIN:)
—Vertical Diffusion (DON;, DON3)
—Vertical Diffusion (DON,, DON,)

Vo

" dP£Y2
=Photosynthesis (PHY:)
—Extracellular excretion (PHY)
—Mortality (PHY>)
—Suspension (PHY,)

—Grazing (PHY,—~Z00.)

4700,

Ca

=Grazing (PHY:—Z00:)
+Grazing (DET,—Z00.)
—Excretion (ZOO:.)
—Egestion (ZOOu)
—Mortality (ZO0:2)

A

=Grazing (PHY,—Z00.,)
+Grazing (PHY.—~Z0O,,)
—Excretion (ZOOs,)
—Egestion (ZOO..)
—Mortality (ZOO,.)

228

=Mortality (PHY>)
—Decomposition (DET;—DIN3)
—Decomposition (DET,—~DON,)
—Suspension (DET5)
—Grazing (DET,—Z00.)
+Egestion (ZOO:)
+Mortality (ZOO.)
+Mortality (ZOOu)

+Sinking (DET))

—Sediment (DET:)

123

(8)

(9)

(10)

an

(12)

(13)
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Fig. 5. Seasonal variations in calculated (full line) and observed (dot) values of DIN,, PHY;, PON,, DIN,,
PHY., ZOO., and ZOO, in the tidal flat of the Seto Inland Sea.

The details of each term are described in Ap-
pendix.

Parameters used in this numerical experi-
ment are shown in Table 1. Almost all parame-
ters are the values referred from the references.
The major differences between our parameters
and those of references are 1) the vertical eddy
diffusivity between Box 2 and Box 3 (Kv:;=6.8
X10 *m*s 1), that is, vertical eddy diffusivity
for the pore water in our model is larger than
that of HATA et al. (1995) (9.8X10 “m?*s ™), 2)
the sinking speed of detritus and mortality of
phytoplankton at 0 °C are larger than those
from the references. Tuning 1) is necessary for
reproducing DIN, concentration and 2) for re-
producing PON; and PHY: concentrations.
While the mortalities of microphytobenthos
(PHY ), deposit feeder (ZOO,:) and suspension

feeder (ZOO,.) are tuned to reproduce their ob-
served concentrations because there is no refer-
ence on these parameters.

Figure 3 shows the input data and boundary
conditions for the model calculation. We as-
sume that Dissolved Organic Nitrogen in Box 3
(DON3), that in Box 4 (DON,), zooplankton in
Box 4 (ZOO,) and detritus in Box 4 (DET.)
concentrations are equal to DIN in Box 3
(DIN;), that in Box 4 (DIN,), 0.1 times
phytoplankton in Box 4 (PHY,) and DIN,, re-
spectively. The loads of DIN, DON and DET
from rivers are given as 45, 22 and 33 % of TN
load from three rivers, respectively, based on
the results of field observation (Dr. K. IcHIMI,
personal communication).

The initial conditions for model compart-
ments are given by setting the annually
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Fig. 6. (a) Correlation between observed and calculated values of nitrogen concentration. (b) Ratio of the annu-
ally averaged calculated value and the annually averaged observed value.

averaged values of observed data in the tidal
flat. The integration was carried out with a
time step of 100 seconds and quasi-steady sea-
sonal variations were obtained 3 years after the
start of the calculation. The seasonal varia-
tions in the fourth year were analyzed.

5. Results and Discussion
Verification of calculation

Figure 5 shows the seasonal variations in cal-
culated (full line) and observed (dot) DIN;,
PHY, PON,, DIN;, PHY:, ZOO, and ZOO., con-
centrations at the tidal flat. The observed DIN;
concentrations in February and November
were missing. The details of seasonal varia-
tions are not reproduced enough, but the annu-
ally averaged values and phases of seasonal
variations are roughly reproduced by our

model. Therefore we may consider that this
model results reproduce the annually averaged
situation of this tidal flat.

Figure 6 (a) shows a correlation between ob-
served and calculated values of nitrogen con-
centration. Only PHY. values are very high
because they are concentrated at the surface of
bottom mud of tidal flat. The correlation coef-
ficient and the root mean squared error are 0.93
and 15.9 mgNL ™!, respectively. Fig. 6 (b) shows
the ratio of the annually averaged calculated
value to the annually averaged observed value
of each compartment. We can understand that
the differences between the calculated and ob-
served values of each compartment are less
than 6.0 % from Fig. 6 (b). After this, our dis-
cussion will be focused on the annually aver-
aged values.
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Fig. 7. Annually averaged values of nitrogen standing stocks (KgN) and their fluxes (KgN d ') in the tidal flat

of the Seto Inland Sea.

Present case and the case where there is no
suspension feeder (bivalve)

Figure 7 shows the annually averaged values
of nitrogen standing stocks and their fluxes in
the present case with the suspension feeder (bi-
valve) at the tidal flat. The numbers in the
small box show the standing stocks with the
unit of KgN. The numbers on the arrow show
the fluxes with the unit of KgN d '. The main
pathway of the nitrogen cycling in the tidal
flat was nutrients in Box 1 (DIN,) —phytopla
nkton (PHY,) —suspension feeder (ZOO,.) —
nutrients in Box 1 (DIN,). The suspension
feeder plays an important role in the exchange
of nitrogen between the pelagic and benthic
ecosystems in the tidal flat.

In recent years, the standing stock of suspen-

Thick arrows show the main pathway.

sion feeder has dramatically decreased while
the number of red tide occurrence has increased
in Japanese coastal seas with tidal flats though
the nutrient load from the river has not in-
creased (e.g. TSUTUMI et al., 2003). We pay our
attention to the role of suspension feeder,
which is known to have the water quality puri-
fication capability by filtration of suspended
matter, and want to predict the phytoplankton
concentration in the case where there is no sus-
pension feeder.

Figure 8 shows the seasonal variations of cal-
culated values in the present case with the sus-
pension feeder (solid line) and in the case
where there is no suspension feeder (broken
line). When there is no suspension feeder
(ZO0s,) in the tidal flat, the nitrogen concen-
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Fig. 8. Seasonal variations of calculated values in the present case with the suspension feeder (solid line) and the
case where there is no suspension feeder (broken line) .
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trations of phytoplankton (PHY.), zooplank-
ton (ZOO,) and detritus (DET)) in Box 1, and
detritus (DET:) in Box 2 increase and the ni-
trogen concentration of nutrient in Box 1

@ [ Air]
0.%9
[ Offshore ] [ Land]

[ Tidal flat ]

T

260
[ Mud bottom ]

380- h 123

(DIN,) decreases.

The nitrogen concentration of phytoplank-
ton (PHY ) in Box 1 is about 2.3 times as high
as the present case because of the vanishing of

:Inorganic nitrogen

:Organic nitrogen

(suspended matter )
(b) [ Air]
0.1}9

[ Offshore ] [ Land ]
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7
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Fig. 10. Annually averaged values of nitrogen budget (a) and inorganic and organic nitrogen budgets (b) in the

present case with the suspension feeder.
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Fig. 11. Annually averaged values of nitrogen budget (a) and inorganic and organic nitrogen budgets (b) in the

case where there is no suspension feeder (bivalve) .
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grazing pressure and the red tide (PHY, con-
centration of 0.053 mgN L™' corresponds to 10
© gChl. @ L' which is the red tide concentra-
tion of diatom) may occur.

Figure 9 shows the annually averaged values
of nitrogen standing stocks and their fluxes in
the case where there is no suspension feeder at
the tidal flat. The main pathway of the nitro-
gen cycling becomes nutrients in Box 1 (DIN))
—phytoplankton (PHY,) —detritus in Box 1
(DET)) —detritus in Box 2 (DET.).

Water quality purification capability

There are various viewpoints about the puri-
fication capability in the coastal sea (e.g.
NAKATA and Hara, 1994; HATA et al., 1995;
1996; 2004; SUZUKI et al., 1997). In this paper,
we define the purification capability as follows.
One is the conversion from organic nitrogen to
inorganic nitrogen (that is, mineralization).
The other is the reduction of suspended matter
being transported offshore (that is, removal
capability of the suspended matter from the
water column). In order to evaluate the purifi-
cation capability of the tidal flat, we pay atten-
tion to the nitrogen budget in this tidal flat
(Fig. 10 (a) and Fig. 11 (a)), and divide their
budgets into inorganic nitrogen and organic
nitrogen in this tidal flat (Fig. 10 (b) and Fig.
11 (b)). Figures 10 and 11 are made from Fig.
7 and Fig. 9, and they show the annually aver-
aged values of nitrogen budget (a) and inor-
ganic and organic nitrogen budgets (b) in the
present case with the suspension feeder (Fig.
10) and the case where there is no suspension
feeder (Fig. 11) at the tidal flat, respectively.

From the comparison of Fig. 10 (a) with Fig.
11 (a), we can understand that, in the case
where there is no suspension feeder (Fig. 11
(a)), the nitrogen flux from the tidal flat to
the mud bottom is smaller than that in the pre-
sent case because the increase of detritus depo-
sition. The detritus which is deposited to the
mud bottom causes the degradation of the ma-
rine environment in this tidal flat.

To evaluate the water quality purification ca-
pability, we pay attention to the nitrogen
fluxes from the land to the tidal flat (inflow)
and from the tidal flat to the offshore (out-
flow) in Figs.10 and 11.

From the comparison of Fig. 10 (b) and Fig.
11 (b), the water quality purification capabil-
ity of the tidal flat in the case where there is no
suspension feeder is lower because the outflow
of organic nitrogen increases and that of inor-
ganic nitrogen decreases compared to those in
the present case.

6. Conclusion

A simple tidal flat model with pelagic and
benthic ecosystems was developed in order to
analyze the nitrogen cycling in an inter—tidal
flat of the Seto Inland Sea, Japan. The main
pathway of the nitrogen cycling in the present
tidal flat with the suspension feeder is nutri-
ents in the pelagic system —phytoplankton —
suspension feeder (bivalve) —nutrients in the
pelagic system. When there is no suspension
feeder in the tidal flat, the main pathway of the
nitrogen cycling in the tidal flat changes into
nutrients in the pelagic system —phytoplankt
on —detritus in the pelagic system —detritus
in the benthic system, and the concentration of
phytoplankton is about 2.3 times as high as
that in the present case with the suspension
feeder. It results in the occurrence of red tide in
the tidal flat. From the view point of the water
quality purification capability of tidal flat, the
water quality purification capability of the
tidal flat becomes lower in the case without the
suspension feeder in the tidal flat because the
outflow of organic nitrogen increases com-
pared to that in the present case.

The material cycling in the tidal flat is
greatly changed by the change of benthic com-
munities there and at the same time, the water
purification capability of the tidal flat will be
changed. The suspension feeder plays a very
important role in the water purification capa-
bility of tidal flat.

Appendix

The seasonal variations in 9-component con-
centrations (mgN L' except g L' of ZOO:*
and ZOO.* which are a soft-body dry weight)
at Box 1 and Box 2 are given by the following
equations. Governing equations and ecosystem
processes are based on KAWAMIYA et al. (1995).
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dDIN,
4 dt
=Load from rivers (DIN.4;)
—Photosynthesis (PHY )
+Excretion (ZOO,)
+Decomposition (DET,— DIN,)
+Decomposition (DET,— DON))
+Excretion (ZOO.)
—Vertical Diffusion (DIN, , DIN,)
—Horizontal Diffusion (DIN,, DIN,)
—Horizontal Advection (DIN))
= DINia
+V, (—Al, PHY,+ B2, ZOO,
-+ (1, DET,+D1, DON))
+ Vs B2se ZO0Oq
— 4. K% (DIN,~DINY)
L 12
—Au Khy (DIN,—DIN,)
L 14

_AM Ul4 DINI (Al)

dDON,

4 dt

=Load from rivers (DON.1)
+Extracellular excretion (PHY )
+Decomposition (DET,— DON,)
—Decomposition (DON,— DIN,)
—Vertical Diffusion (DON;, DON,)
—Horizontal Diffusion (DON,, DON,)
—Horizontal Advection (DON))

:DONLAI

+V: (A1, A2, PHY,

+ (2, DET,— D1, DON))

A (hON,— DONY)
LIZ

—Ay Khyy (DON;—DON,)
Ly,

_AMUM DONI (Az)

dPHY,
4 dt
=Photosynthesis (PHY)
—Extracellular excretion (PHY))
—Mortality (PHY )
—Grazing (PHY,—~ ZOO))
—Grazing (PHY,— Z0O,.)
—Horizontal Diffusion (PHY,, PHY.)
—Horizontal Advection (PHY )
+Suspension (PHY»)
=V, (A1, PHY,— A1, A2, PHY,— A3, PHY/?

—Bl1, Z0O0,)
— Vi Blay ZOO,
fAHIih” (PHY,—PHY))
14
— Ay Uy PHY,
+bX ¢X Vy A4, PHY, (A3)

4700,
i dt
=Grazing (PHY,— ZOO,)
—Excretion (ZOO,)
—Egestion (ZOO,)
—Mortality (ZOO,)
—Horizontal Diffusion (ZOO, , ZOO.)
—Horizontal Advection (ZOO,)
=V, (Bl, ZOO,— B2, Z0OO,— B3, Z0O0O;
— B4, 700
Khy,

7A14 L (ZOO17ZOO4)
14
7A14 UM ZOOl (A4)
dDET,
Y dt

=Load from rivers (DET¢a1)
+Mortality (PHY )
+Egestion (ZOO,)
+Mortality (ZOO))
—Decomposition (DET,— DIN))
—Decomposition (DET,— DON,)
—Horizontal Diffusion (DET,, DET))
—Horizontal Advection (DET),)
—Sinking (DET.)
+Suspension (PHY?)
-+Suspension (DET))
+Egestion (ZOO,,)

=DETxn
+V, (A3, PHY *+ B3, ZOO,
+ B4, Z00.*— C1, DET,— C2; DET))
—aAMe (pET, - DET)

Ly,

—Au Uy DET,
_A12 Wa DET1
+ (1—b) X eX V, A4, PHY,
+ Vau A4, DET,
+ Vi B3ss ZOOs, (A5)

dDIN

I/21 dz, :

=Photosynthesis (PHY:)
+Decomposition (DET:;— DIN.,)
+Decomposition (DON,— DIN.)
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+Excretion (ZOO,)
—Vertical Diffusion (DIN,, DIN;)
—Horizontal Diffusion (DIN,,DIN,)
—Nitrification (DIN,)

= VZI (_Alz PHY2+ Clz DET2+D12 DONZ)
+ V22 (B22(1 ZOOZd )

— A, BV (N, pIN)
Ly,

— AV (pIN, - DIND)
LlZ

— Ay, E1, DIN, (A6)

dDON,
dat

=Extracellular excretion (PHY)
+Decomposition (DET;— DON,)
—Decomposition (DON;— DIN3)
—Vertical Diffusion (DON,, DON3)
—Vertical Diffusion (DON,, DON))

=Vu (A1, A2, PHY.+ C2, DET:— D1, DON,)
— A% (DON.—DON)

L23

Kvy,

Ly,

dPHY,
21 dt
=Photosynthesis (PHY)
—Extracellular excretion (PHY)
—Mortality (PHY)
—Suspension (PHY»)
—Grazing (PHY,—> ZOO:,)
=V (A1, PHY.—Al, A2, PHY,— A3, PHY/
— A4, PHY,)
— Vi (Bly1 ZOOs) (A8)

=Grazing (PHY;—~ ZOO:)
+Grazing (DET,— ZOO.)
—Excretion (ZOO,)
—Egestion (ZO0:)
—Mortality (ZOO.)
= Vzg (Ble—l ZOOZA*+Blzd—2 ZOO‘M*
— B234 ZOOu* — B33 ZOOu* — Blzy ZO0x")
(A9)

Vo

_AIZ

(DON,—DON)) (AT

4700,

V;Z dt -

=Grazing (PHY ,— ZOO.,)
+Grazing (PHY,—> ZOO.,)
—Excretion (ZOO.,)

—Egestion (ZOO,.)
—Mortality (ZOO.,)

= Vi (Bls 1 ZOOuw*+ Bls, s ZOOs* — B2y Z00s*
— B3y, ZO0:.* — B4y, 2002 (A10)

1D

=Mortality (PHY)
—Decomposition (DET,— DIN,)
—Decomposition (DET;— DON,)
—Suspension (DETS)
—Grazing (DET,— ZOO.)
+Egestion (ZOO.)
+Mortality (ZOO.)
+Mortality (ZOO,,)
+Sinking (DET))
—Sediment (DET,)

=Vy (ASg PHYzz_ C1, DET,

— (2, DET,—0.5 A4, DET,)

+ Vi (—Bla—y ZOOs~+ B3y ZO0sy

+ Bdyy Z0OO,*+ B4y, 700,

+ A, ws DET,

— Ay Si DET: (A1D

Here dt is the time step in second. V' is the vol-
ume in liter, subscript 1, 21 and 22 denote 0 to
1 m water depth in Box 1, 0 to 0.5 cm sediment
depth in Box 2 and 0 to 10 cm sediment depth in
Box 2, respectively. A is the sectional area in
m® L is the distance in meter, U is the current
velocity in m s ', Kh is the horizontal eddy
diffusivity in m* s ', Kv is the vertical eddy
diffusivity in m* s™', subscript 12 denotes be-
tween Box 1 and Box 2, subscript 23 denotes be-
tween Box 2 and Box 3, subscript 14 denotes
between Box 1 and Box 4. w, is the sinking
speed of detritus in m s ', s is the sedimenta-
tion speed of detritus in m s~'. Subscript LA1
denotes the load from rivers.

Al is photosynthesis by primary producer
and is represented by the following equation:

B DIN,
Al,= Vm1< DIN]+KH] > ><exp (lel)
I 5
>< —_
lopt, oxp <1 lopt, > (A12)
B DIN, (0.081 % T,+1.48)
AL= V’”2< DIN, + K, > * 383
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0.0785— 1,
(7.85—TANH( 785 )

X S8 (A13)

where subscripts 1 and 2 denote Box 1 (or
phytoplankton in Box 1) and Box 2 (or
microphytobenthos in Box 2), respectively. The
function of temperature and light in the photo-
synthesis equation by microphytobenthos
(that is, the second and third term in right—
hand side of Eq. (A13)) is experimental equa-
tion of MONTANTI et al. (2003). Vm (d7) is the
maximum photosynthesis speed of primary
producer, Kn (mgN L ') is a half saturation
constant for DIN, k, (C ") is the temperature
dependency of photosynthesis, 7' (°C) is water
temperature, [ is the average light intensity
and Jopt, (cal m *d ") is optimum light inten-
sity for photosynthesis. I; (converted into cal
m’d’1Jdm*d'=1/4.1868 cal m *d ') and
L (converted into tEm *d 1 MJm *d!
=452Em *d ") are the average light intensity
reaching the Box 1 and Box 2, respectively.
They were calculated using the following equa-
tion:

Li=1Xd (A14)
IzZIUXer (A15)

where [, (MJ m *d ") is the total surface radia-
tion observed at the Takamatsu Meteorological
Observatory. d is the percentage of irradiance
reduction through the water column and is cal-
culated using the following exponential equa-
tion (MONTANT et al., 2003) :

9

i,
_ 52 (—0.143Z,)
d= {10 vdz, (Al6)

where H, (m) is the water depth. r is the per-
centage of light reduction through the sedi-
ments and is calculated using the following
exponential equation (MONTANI et al., 2003) :

H

2
_ 100 J‘lo(—l.wlz) a7z, (A17)
0

H,

r

where H, (mm) is the sediment depth.

A2 is the ratio of extracellular excertion of
DON accompanying photosynthesis and is
given by the constant value (Table 1).

Subscripts 1 and 2 denote phytoplankton in
Box 1 and microphytobenthos in Box 2, respec-
tively.

A3 is the mortality of primary producer and
is represented by the following equation:

A3,=Mpo, exp (kmp: T\) (A18)
A3,=Mpo, exp (kmp, Tb) (A19)

where subscripts 1 and 2 denote Box 1 (or
phytoplankton in Box 1) and Box 2 (or
microphytobenthos in Box 2), respectively.
Mpo (. mgN"'d™") is the mortality rate of pri-
mary producer at 0°C, kmp ("C™") is tempera-
ture coefficient for mortality.

A4 is the suspension speed of microphyto-
benthos and detritus caused by wind waves and
is represented by the following equation:

Ad=aX W (A20)

where a is coefficient, W (m s ') is the wind
speed. b and ¢ are a coefficient about suspen-
sion of microphytobenthos (PHY:). The sus-
pended PHY: is assumed as follows. All of the
suspended PHY, becomes a target as food of
suspension feeder ZOQO,,, however, the sus-
pended PHY: not eaten by suspension feeder
700, becomes PHY, (b percent) and DET, (1-b
percent). cis a coefficient and is represented by
the following equation:

05XV, CRy, ZOO,,

c=1 v

(A2D)

Bl is the grazing by secondary producer.
Bl is the grazing PHY: by zooplankton and is
represented by the following equation:

Bl,= aG{1—exp(z(PHY*—PHm)}exp (BT

(A22)
where subscript 1 denote Box 1 (or zooplankton
in Box 1). a¢ (d") is the maximum grazing
speed at 0 °C, 2 ((mgN L™ 9 is Ivlev’s con-
stant, PHY* (mgN L ') is the threshold of
grazing (that is, when the concentration of
phytoplankton is lower than PHY™, the graz-
ing by zooplankton becomes zero). k, (\C™") de-
notes the temperature dependency of grazing.
The PHY: and DET; grazing by deposit feeder
are based on the grazing by suspension feeder
(NAKAMURA, 2004) and are represented by the
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following equation, respectively:

Blzd—|:0.5>< CdeX PHYQ (A23>
Bly 2=0.5X CRyuX DET, (A24)

where subscripts 2, 2d, 2d-1 and 2d-2 denote
Box 2, deposit feeder in Box 2, the PHY, graz-
ing by deposit feeder in Box 2, the DET. graz-
ing by deposit feeder in Box 2, respectively. CR
20 1s the clearance rate by deposit feeder and is
represented by the following equation:

CRy=2.41X wuw "X f (T

—0.0549 X T2 +2.67X T,—11.2
18.9

(A25)

f(Tz) = (A26)
where wsy (g ind.™") is soft-body dry weight of
deposit feeder, fis the function of temperature.
The PHY, and PHY,' grazing by suspension
feeder are represented by the following equa-
tion (NAKAMURA, 2004), respectively:

Bly,1=0.5X CRx;X PHY, (A27)
Bl,, »,=0.5X CR,X PHY," (A28)
PHYZT :M (A29)

14
where subscripts 2s, 2s—1 and 2s—2 denote sus-
pension feeder in Box 2, the PHY, and PHY,'
grazing by suspension feeder in Box 2, respec-
tively. PHY," is the suspended PHY. in Box 1.
CR. is the clearance rate by suspension feeder
and is represented by the following equation:

CR.=2.41X wy,**X f(T)  (A30)

—0.0549X T2 +2.67X T,—11.2
189

f () = (A3D)
where w,q is soft-body dry weight of suspen-
sion feeder, fis the function of temperature.

B2 is the excretion generation speed of secon-
dary producer and is represented by the follow-
ing equation:

BZI = a IBL (A32>

B2y= (Blzd—1+Blzs—2> (A33)

BZZS: a o (Blzq 1+B125 2) (A34)

where subscripts 1, 2d and 2s denote

zooplankton in Box 1, deposit feeder in Box 2
and suspension feeder in Box 2, respectively.
a is assumed to be proportional to the grazing
B1.

B3 is the egestion generation speed of

secondary producer and is represented by the
following equation:

B31: B 1Bl1 (A35)
B3:= ,82d (Blzd 1+ Bl z) (A36)
B3,.= BZS (Bl2s—| +Blzs—2) (A37)
where subscripts 1, 2d and 2s denote

zooplankton in Box 1, deposit feeder in Box 2
and suspension feeder in Box 2, respectively.
B is assumed to be proportional to the grazing
Bl.

B4 is the mortality speed of secondary pro-
ducer at 0°C and is represented by the following
equation:

B4, =Mzo, exp (kmz Tv) (A38)
B4si=Mz0: exp (kaZd Tz) (A39)
Bly.=Mzos. (8.5—exp (kmz. T1)) (A40)

where subscripts 1, 2d and 2s denote zoo-
plankton in Box 1, deposit feeder in Box 2 and
suspension feeder in Box 2, respectively. Mzo
(L mgN 'd ") is the mortality of secondary
producer at 0°C, kmz (°C ") is the temperature
dependency of mortality of secondary pro-
ducer.

Cl and C2 are decomposition of detritus to
give DIN and DON, respectively. C1 and C2 are
represented by the following equation:

ClLi=Vni, exp (koni TV (A41)
Cl,= Vni, exp (kvniy T (A42)
C2,=Vno, exp (kun01 Tl) (A43)
C2,= Vno, exp (kvnoy Tb) (A44)

where subscripts 1 and 2 denote Box 1 and Box
2. Vni (d°") is decomposition speed of detritus
to DIN at 0°C, Vno (d ") is decomposition speed
of detritus to DON at 0°C, kuvni (°C ") is tem-
perature dependency of decomposition of detri-
tus to DIN, kvno is temperature dependency of
decomposition of detritus to DON.

D1 is decomposition of DON to DIN and is
represented by the following equation:

D1,=Vdi, exp (kl)dh T1)
D1,= Vdi, exp (kl)dlz Tz)

(A45)
(A46)

where subscripts 1 and 2 denote Box 1 and Box
2. Vdi (d") is decomposition speed of DON to
DIN at 0°C, kvdi (°C ") is temperature depend-
ency of decomposition of DON to DIN.

E1 is denitrification speed from Box 2 and is
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represented by the following equation, based
on KoIkg (1991) :

E1=Vde, exp (kUdez T1) (A47)

where Vde, (d ") is denitrification speed, kvde:
(°C~') is temperature dependency of deni-
trification.
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Growth and reproduction of the pilumnid crab Benthopanope
indica (Decapoda: Brachyura) in Tateyama Bay, Japan

Wataru Do1, Masashi YOKOTA and Seiichi WATANABE

Abstract: The growth and reproduction of the pilumnid crab, Benthopanope indica, were exam-
ined from April 2001 to March 2002 in Tateyama Bay, central Japan. Ovigerous females were
mainly observed from June to August, whereas small juveniles were recruited from August to
January. After settlement, juveniles (carapace width, CW, of less than 2 mm) grew to and ex-
ceeded the mature size (CW 5.80 mm in males and 4.54 mm in females) by the following April.
Although large males had considerably larger major chelipeds, their relative growth did not
correspond to sexual maturity. The relative growth rate of the male abdominal width decreased
at the puberty molt. Enlargement of the abdomen occurred in the mature females, but it was
difficult to distinguish postpubertal females from prepubertal females on the basis of abdomi-
nal width only, because some females had intermediate abdominal widths, between those of pre
—and postpubertal females. Brood size correlated positively with CW, ranging from 120 to 1,700
eggs. After the reproductive season, many large individuals died of senescence, with a longevity
of almost one year. However, from size frequency distributions and growth rate analysis, it is

likely that some individuals survived until the next reproductive season.

Keywords: Benthopanope indica, Pilumnidae, growth, reproduction

1. Introduction

The pilumnid crab Benthopanope indica
(Decapoda, Brachyura) is a small species that
attains a carapace width (CW) of approxi-
mately 11 mm. It inhabits the branches or
roots of the brown alga Sargassum thunbergii
and under calcareous algae in the intertidal
zone. It has been recorded from the temperate
to subtropical region of the Indo-West Pacific
Ocean (SAKAI, 1976; MIYAKE, 1998). DAVIE
(1989) transferred this species from the genus
Pilumnopeus (SAKAI, 1976; MIYAKE, 1998) to
the new genus Benthopanope established by
him. Benthopanope is distinguished from other
genera by its postlarval morphological charac-
teristics. Ko (1995) described the complete lar-
val development of B. indica and confirmed
DAVIE’s classification. The crab of this genus
recorded in Japan is B. indica only (DAVIE,
1989).

Faculty of Marine Science, Tokyo University of Ma-
rine Science and Technology
4-5-7 Konan, Minato—ku, Tokyo 108-8477, Japan

The growth and reproduction of Xanthoidea
have frequently been investigated, especially
those of Menippidae (e.g., TWEEDALE et al.,
1993), Xanthidae (e.g., KNUDSEN, 1960),
Panopeidae (e.g., McDONALD, 1982), and
Eriphiidae (e.g., TOMIKAWA and WATANABE,
1992). No such studies of the Pilumnidae have
been performed until recently, although there
are 400 pilumnid species all over the world (NG
and HUANG, 2002). The limited references to
the Pilumnidae include reports of their embry-
onic and postembryonic development (WEAR,
1967; CLARK and Ng, 2004), agonistic behavior
(LINDBERG and FRYDENBERG, 1980), fecundity
(ALMACA, 1987), size at sexual maturity
(KUHLMANN and WALKER 1I, 1999), feeding
(KyoMo, 1999), reproductive behavior (KyoMmo,
2001), reproductive cycle (Kyomo, 2002; LiTULO,
2005a), and population structure (LITULO,
20052, b).

The mouth of Tokyo Bay is by the side of the
Kuroshio Current and many aquatic organisms
exist in this coastal area. Various crab species
including warm—water species, also live on the



136

La mer 45, 2007

10 km

Boso
Peninsula

Tateyama Bay /

35°N

L2
Pacific Ocean  140°E

c

N
N S0m
Tateyama Bay
Tateyama Marine Station
@ Sampling site

Fig. 1. Maps showing sampling site in Tateyama Bay. (A) — (C) show the site in increasing detail. Sampling
of Benthopanope indica was carried out on the intertidal rock along the shoreline shown in (C).

reef. Therefore, basic ecological studies of these
crabs have been undertaken: the majids
Tiarinia cornigera (TSUCHIDA and WATANABE,
1991) and Pugettia quadridens quadridens
(FusEvA and WATANABE, 1993; FUSEYA et al.,
2001), the xanthid Leptodius exaratus
(WATANABE et al., 1990), the eriphiid Eriphia
smithii (TOMIKAWA and WATANABE, 1992), the
plagusiid Plagusia dentipes (TSUCHIDA and
WATANABE, 1997; SAMSON et al., 2007), the
hymenosomatid Rhynchoplax coralicola (GAO
et al., 1994), the portunids Thalamita sima
(NORMAN, 1996) and Thalamita pelsarti (as T.
prymna; NORMAN et al., 1997). Although B.
indica is one of the dominant crabs in this area
(personal observation), its life history has not
yet been investigated.

In this study, monthly sampling over one
year and the morphometric analysis of several
body parts of the collected samples were used to
clarify the patterns of growth and reproduc-
tion and size at sexual maturity. The life his-
tory of B. indica was inferred from the data.

2. Materials and Methods

Samples were collected monthly between
April 2001 and March 2002 at upper intertidal
zone on the rocky shore near the Tateyama
Marine Station, Field Science Center of Tokyo
University of Marine Science and Technology,
located near the tip of Boso Peninsula, Chiba
Prefecture, Japan (Fig. 1). Crabs attached to

the roots of the brown alga S. thunbergii or
hidden below the calcareous algae were col-
lected by hand and forceps during the day
(April-October) or at night (November—
March) during low tide. Sampling was per-
formed in those algae associations randomly
selected until up to about one hundred individu-
als were collected but the sample size could not
reach the purpose in April and May in 2001.
The specimens were preserved in 10% formalde-
hyde—sea water. The crabs were sexed based on
the form of the pleopods and the location of the
gonopores. The females were checked for the
presence or absence of attached eggs in the
pleopods. Ovigerous females were separated
into  those bearing early  developing
(nonpigmented—eyed) eggs and those with pig-
mented-eyed eggs. Carapace width (CW) to the
nearest 0.01 mm was measured with digital
calipers in all specimens and CW frequency dis-
tributions by sex for 1 mm intervals were con-
structed for each month.

Carapace width and the following body parts
were measured to the nearest 0.01 mm with
digital calipers and under a stereomicroscope
using a micrometer: propodus length (PL) and
height (PH) of the major chelipeds and the
width of the fifth abdominal segment (AW).
Cheliped handedness was determined by the
size and dentition of the cheliped.

To detect quantitative morphological
changes, the growth of some body parts
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Fig. 2. Monthly changes in the size frequency distribution of Benthopanope indica from April 2001 to March
2002. Figures at the right side of each box indicate the number of individuals in each category.
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relative to the CW was analyzed with regres-
sion lines. If a morphological change in a body
part does not occur during growth, the rela-
tionship between the body part and CW is usu-
ally described by a single regression line.
Conversely, when a morphological change oc-
curs in a body part, two or more regression
lines are possible. If the ranges of CW of the
two regression lines do not overlap, we can esti-
mate the parameter of the regression lines by
searching statistically for the inflection point.
We used the Akaike’s information criterion
(AIC) method (AKAIKE, 1973) as the criterion
for detecting the best—fit inflection point be-
tween two regression lines (see Dol et al.,
2007). The inflection point was estimated by
the stepwise calculation of each 0.10 mm. In the
case of overlapping CW ranges in the regres-
sion lines, we tried to distinguish them using
the body part/CW ratio.

The total numbers of external eggs (NE) at-
tached to the pleopods of all ovigerous females
were counted under a stereomicroscope. To
evaluate the relationship between CW and NE,
a power function was fitted by the nonlinear
least square methods using Solver, a nonlinear
optimization tool in Excel 2003 (Microsoft, To-
kyo, Japan). To estimate mean egg diameter,
the longest and shortest diameters closest to
0.025 mm were measured using a micrometer
under a binocular microscope.

3. Results
Growth

The total number of crabs sampled was 1,128,
consisting of 572 males, 548 females, eight
small individuals of unidentified sex, and two
intersex individuals. The CW ranged from 1.29
to 11.32 mm for males and from 1.32 to 9.51 mm
for females. The CW frequencies were relative
uniformly distributed over the entire size range
from April to July (Fig. 2). The size frequency
distribution showed that the population was
composed of two size groups larger and smaller
than ca 7.00 mm CW in June and July. The
small crabs (CW<7.00 mm) grew during this
period. Whereas those adults comprised the
main group in August, they almost disap-
peared and juveniles (CW<4.00 mm) became
the main group in September. The recruits

began to occur in August and comprised most
of the population from September to March.
Although alteration of the cohorts (year class)
was clearly observed between August and Sep-
tember, few larger crabs of the previous cohort
were observed to have survived.

Reproduction

A total of 44 ovigerous females were collected
during the study and their sizes ranged from
4.54 t0 9.51 mm CW (mean £ SD, 6.37 = 1.26)
(Fig. 2). Ovigerous females were found from
June to September. Their frequency was low in
June (7.6%), but increased abruptly to > 30% in
July (32.8%) and August (47.6%). Only one
specimen was sampled in September (2.1%). Fe-
males bearing eyed eggs were collected except
in June and their frequencies were 12.1% and
14.3% in July and August, respectively. The
mean CW (£ SD) of ovigerous females in those
months were 8.30 = 0.93 mm, 6.82 £ 1.23 mm,
and 5.63 £ 0.50 mm in June, July, and August,
respectively, and the CW of one ovigerous fe-
male in September was 5.06 mm.

Relative growth

AIC analysis of two relative size relations
(PL to CW, PH to CW) produced two regres-
sion lines in males (Fig. 3, Table 1). The inflec-
tion points of PL and PH were at CW values of
7.50 mm and 7.60 mm, respectively. The secon-
dary sexual characteristic, elongation of the
cheliped, was more clearly observed in the PL
value. The relative growth of AW in males was
divided into two lines at the CW value of 5.80
mm (Fig. 4; Table 1). The gradient of the upper
line was smaller than that of the lower line.

There was no marked increase of the cheliped
in females. The increase in both PL and PH
relative to CW was fitted to a single straight
line (Table 1). The female abdominal segment
showed considerable enlargement by the pu-
berty molt (Fig. 5). An overlap of the mature,
immature, and transition groups was observed
from CW larger than 3.00 mm. Therefore, a
single straight line representing the growth of
AW relative to CW was fitted only for
ovigerous females (Fig. 5, Table 1).

The minimum AW /CW value in ovigerous fe-
males was 0.293. Assuming this value to be the
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Fig. 3. Growth of propodus length relative to carapace width in male Benthopanope indica.

Table 1. Regression lines y = a + bx for the morphometric analysis of Benthopanope indica. Asterisk indicates
that the slope (b) is significant (¢ test; * P<0.001). Dagger indicates that the slope () is significantly dif-
ferent between sexes (ANCOVA; 1 P<0.001). AIC, Akaike’s information criterion; AW, fifth abdominal
segment width; CW, carapace width; IP, inflection point; NA, not applicable; PH, propodus height of the ma-
jor cheliped; PL, propodus length of the major cheliped.

Depend- No. re- 1P cw Parameter Significance
Sex ent vari- gression AIC (mm, Inter-  Slope N R Between
ables  lines CW) TANEC  ept (@ (D) sexes
Male PL 1 036 NA 1.47-11.32 —1.150  1.057 480 0.979 NA i
2 442 750 1.47-7.47 —0.675  0.939 431 0.970 NA i
7.50-11.32 —2.372  1.247 49 0.879 NA T
PH 1 —o4 NA 1.47-11.32 —0.541 0.573 480 0.979 NA i
2 —113 7.60 1.47-7.57 —0.363  0.529 435 0.967 NA i
7.61-11.32 —0.432  0.580 45 0.846 NA T
AW 1 —1374 NA 1.29-11.32  0.094 0.181 570 0.980 NA i
2 —1447  5.80 1.29-5.79 0.004  0.205 421 0.965 NA i
5.81-11.32  0.205 0.165 149 0.933 NA T
Female PL 1 NA NA 132941 —0.232 0.803 459 0.973 * NA
PH 1 NA NA 1.32-9.41 —0.124 0.459 460 0.970 * NA
AW 1 NA NA 454-9.51 —0.270  0.367 44 0.975 * NA

puberty point, we distinguished nonovigerous
females at two stages: postpuberty > 0.293 and
prepuberty <0.293 (Fig. 6). There were not
only postpubertal females with broad abdo-
mens, but also those with extremely narrow
abdomens between June and September. Al-
though the change of generations occurred af-
ter the main reproductive season (June to

August), postpubertal and mature-sized fe-
males were found with a mean CW that was
greater than that of ovigerous females (6.37
mm CW). Whereas the postpubertal females
were included in the group with large CW in
most months, females at the postpuberty that
were smaller than the smallest ovigerous fe-
male (4.54 mm CW) were found in December,
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Fig. 7. Relationship between carapace width and number of eggs in the pleopods of Benthopanope indica females.
Open and closed circles indicate noneyed and eyed eggs, respectively.

March, and especially in April. Sexual dimor-
phism in growth rates relative to CW was
found for all parameters evaluated (Table 1).

Brood size and egg size

The numbers of eggs of the 44 ovigerous fe-
males (4.54-9.51 mm CW) ranged from 120 to
1,739. Egg number increased with CW (Fig. 7),
and large females had large numbers of eggs.
The relationship between brood size (number
of eggs, NE) and CW is described as follows:
NE = 2.003CW *¢ (N = 44, R* = 0.895, P<0.05).
The mean diameter of noneyed eggs was 0.38
£ 0.03 mm (N = 300, 10 broods), and was sig-
nificantly smaller than that of eyed eggs, with
a mean diameter of 0.42 * 0.03 mm (V= 360, 12
broods) (t test, P<0.01).

4. Discussion

Newly settled crabs (CW<2.00 mm) were
found from August, and the smallest males and
females (CW 1.32 mm and CW 1.29 mm, respec-
tively) were collected in September. From these
results, we infer that the beginning of recruit-
ment of the small crabs occurred in August or

early September. Ko (1995) reported that the
period from the first zoea to the first juvenile
crab of B. indica was at least 24-28 days (20-25
°C) and that the size of the megalopa was 0.87
mm. QUINTANA (1986) showed that the CWs of
the megalopa and the first—, second—, and third
—stage crabs in the related pilumnid,
Parapilumnus trispinosus, were 0.83, 1.28, 1.58,
and 1.77 mm, respectively. Therefore, these
small crabs of B. indica might constitute the
first postlarval stage one month after hatch-
ing, and the earliest hatching females might be
from the preceding June or early July. This
corresponds to the earliest month (June) in
which we collected ovigerous females (Fig. 2).

It is difficult to estimate the final reproduc-
tive season from our current data because of in-
consistencies in the results. Ovigerous females
were collected until September, whereas several
crabs of the small size group were sampled in
January (Fig. 2). If the period from hatching
to recruitment was also one month in the final
reproductive season, the small crabs of the fi-
nal season would have been born around De-
cember or late November. However, it was only
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three months before we collected the final
ovigerous females. This inconsistency is re-
markable. There are three possible explana-
tions of this discrepancy. First, the recruits
could be transported from the southern popula-
tions with the longer reproductive season
through the warm oceanic current. For in-
stance, the tropical and sub—tropical hermit
crabs, Calcinus spp., could be collected in this
area (MURATA et al., 1991). The larval trans-
portation through the oceanic current would
play an important role in the source of the re-
cruits of B. incica in this area. Second, the ac-
tual pelagic larval period could be longer
because the described period was measured in
the warmer season. Further research into the
relationship between larval development and
environmental conditions should clarify this.
Third, samples of ovigerous females would not
have been caught later in the reproductive sea-
son because the main reproductive season had
already finished. As we will explain in a later
section, this species has two forms of life his-
tory. Thus, several mature or mature-like fe-
males do not die out, but live beyond the main
reproductive season. Occasionally, the surviv-
ing females produce eggs until the end of
autumn. These results lead us to hypothesize
that the reproductive season of this species ex-
tends at least from June to September (three
months), or slightly longer, until October or
November in this area. This seasonality and
the duration of the reproductive period are
similar to those of the xanthid crab Leptodius
exaratus (WATANABE et al., 1990), the eriphiid
crab  Eriphia  smithii  (TOMIKAWA and
WATANABE, 1992), the majid crab Tiarinia
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cornigera (TsucHIDA and WATANABE, 1991),
the portunid crab Thalamita pelsarti (NORMAN
et al., 1997), and the hymenosomatid crab
Rhynchoplax coralicola (GAO et al., 1994) in
the same study area. B. indica and these five
species are warm—water species and the present
study area is the northern limit in their distri-
butions except for R. coralicola (SAKAI, 1976;
MiIYAKE, 1998). The reproductive season of all
warm-water species are limited in about three
warmer months in this area. In contrast, other
temperate species with the northward distribu-
tion have longer reproductive period and/or
different seasonality in this area: February-—
August in the majid crab Pugettia quadridens
quadridens (FUSEYA and WATANABE, 1993),
October-December in the plagusiid crab
Plagusia dentipes (TsucHIDA and WATANABE,
1997). These patterns of reproductive seasons
are possibly related to physiological difference
between warmer and temperate species.

In September 2001, a considerable number of
small crabs appeared and grew. In the same
month, the number of large crabs decreased, al-
though they had comprised the major propor-
tion of the population in previous months.
Most individuals that have completed their re-
productive activity probably die from senes-
cence. Therefore, their longevity is almost one
year. However, some crabs might live for more
than one year. From September onwards, a few
large crabs were distinguishable from the juve-
niles recruited in August. To confirm the age
of those large crabs, we analyzed their growth
rates as follows. We assumed that all the crabs
settled on September 1 and calculated the
growth rate (ACW),

Table 2. Growth rate (A CW) analysis based on the assumption that all crabs were recruited on September 1,

2001, in Benthopanope indica. A CW,, was calculated as follows, ACW, =
CW,. are the growth rate and carapace width of individual i in month ¢, respectively.

CWi— CW.-,, where ACW, and
CW.-; is the mean

carapace width in month ¢—1. Individuals with — A CW;, were excluded from the analysis because they

hatched after September 1, 2001.

Male ACW; (> 0)

Female ACW, (> 0)

Month Mean Range N Mean Range N
Oct. 1.61 0.04—5.70 47 1.88 0.19—5.40 26
Nov. 1.35 0.01—4.79 14 1.69 0.07—4.74 21
Dec. 1.57 0.01—5.43 43 1.73 0.02—4.60 24
Jan. 1.25 0.06—4.22 19 1.29 0.13—3.36 19
Feb. 1.50 0.13—5.03 28 1.17 0.06—3.34 25
Mar. 1.25 0.19—3.98 28 1.37 0.056—4.31 23
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ACWi=CW.—CW,

where A CW; and CW, are the growth rate and
CW of individual i in month t. CW, ; is the
mean CW in month t-1. A CW;, values that
were<(0 were excluded from the analysis be-
cause those individuals had hatched after Sep-
tember 1, 2001. Although the mean A CW
ranged from 1.17 to 1.88, the maximum A CW
showed a considerably higher value (3.34-5.70)
in each month (Table 2). Individuals with ex-
tremely high A CW could have been members
of the previous year class that had survived af-
ter the reproductive season. However, their size
frequency distributions were unclear because
the sample size was small. The presence of two
longevity forms is similar to those of the majid
crabs T. cornigera (TSUCHIDA and WATANABE,
1991) and P. quadridens quadridens (FUSEYA
and WATANABE, 1993) in the same study area.

The relative growth rates of male PL. and PH
increased at the inflection points of 7.50 mm
and 7.60 mm CW, respectively. Although both
inflection points were close, it is doubtful that
these changes reflect physiological maturity.
The growth of Brachyura displays two pat-
terns relative to the timing of the puberty
molt: one in which the puberty molt is the ter-
minal molt and the other in which molts occur
more than once after the puberty molt
(HARTNOLL, 1985). In the former type, consid-
erable changes in relative growth were ob-
served at the puberty molt, but in the latter
type, these changes are not clear.
Benthopanope indica is the latter type, like
most xanthoid crabs (HARTNOLL, 1985), be-
cause the ovigerous females molt after larval
hatching in captivity.

In panopeid crabs such as the male Panopeus
austrobesus, the growth of the cheliped dimen-
sions relative to CW provides a much higher es-
timate of the mature sizes than that calculated
with gonad analysis. The measurement of the
length of the first gonopod is consistent with
gonad development (NEGREIROS-FRANSOZO and
FrANSOzO, 2003). Moreover, the pattern of
relative growth of the first gonopod length cor-
responds to the relative increase in AW
(HARTNOLL, 1974). Therefore, the inflection
point for the male AW (5.80 mm CW) probably

indicates the size at physiological maturity in
B. indica males.

For the relative growth of female AW, a
straight line could only be fitted to data from
ovigerous females. It was difficult to rigidly di-
vide nonovigerous females into immature and
mature groups because many females had a
transitional AW.

Morphologically mature females with broad
abdomens were found throughout the year.
However, our limited data do not show whether
the females that survived into the second repro-
ductive season had already spawned in the first
reproductive season. We did not examine their
ovaries because their body size was small. In
future studies, histological observation will be
required to confirm their reproductive cycle.
Females with narrow abdomens were observed,
which exceeded the mean CW of ovigerous fe-
males during and after the reproductive sea-
son. These females may not have attained
sexual maturity. A parasitic epicaridean
isopod, Xanthion spadix, causes the narrowing
of the abdomen of female L. exaratus and in-
hibits their reproductive ability (MI1zOGUCHI et
al., 2002). It must be confirmed in a future
study whether B. indica females with narrow
abdomens are parasitized by epicaridean
isopods. Some small females with broad abdo-
mens were found in December, March, and
April, indicating that the puberty molt also oc-
curs during winter and spring, before the re-
productive season in females.

Our study area is located at the extreme
northern limit of the distribution of B. indica
(Sakar, 1976; Mivake, 1998). In female
Panopeus herbstii, the size at sexual maturity,
the mean size of the mature crabs, and the pro-
portion of large crabs were less in the northern
part of its distribution than in southern areas
(HiNEs, 1989). HINES (1989) attributed this to
the cessation of the molt during the cold sea-
son. This interpretation may explain why there
are two longevity forms and so much variation
in size at maturity in B. indica .

Brood size was positively related to body
size. The relationship between the number of
the eggs per brood and CW in crabs that have
the same reproductive season as B. indica at
Banda are as follows: 610-10,110 (11.80-26.20
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to spawn and incubate their eggs. After the reproductive season, most individuals die. Part of the population
survives until the next reproductive season. (* Ko (1995))

mm) in L. exaratus (WATANABE et al., 1990),
5,293-73,501 (25.10-52.60 mm) in E. smithii
(ToMIKAWA and WATANABE, 1992), 1,000-2,000
(17.00-25.00 mm) in 7. cornigera (TSUCHIDA
and WATANABE, 1991), and 23-230 (2.65-3.90
mm) in R. coralicola (GAO et al., 1994), respec-
tively. The mean number of eggs of B. indica is
relatively smaller than that of these species be-
cause its body size is smaller (HINES, 1982; REID
and COREY, 1991). B. indica and the latter two
species with the relative smaller brood size in-
habit in colonies of the algae, while the former
two species occur under cobbles and inside crev-
ices. The habitat stability (FUKUI and WADA,
1986) and complexity (LOHRER et al., 2000) are

related to the different reproductive effort of
the brachyurans and opportunistic species
adapt unstable and low complex habitats
(Fuxul and WaDA, 1986; LOHRER et al., 2000).
The habitat characteristic of the colonies of the
algae is still unknown, but they may contribute
to the low mortality of crabs inhabiting them.
It is necessary to investigate the survival rates
of such crabs living in the algae. The accurate
number of spawnings per female in the annual
reproductive season is still unknown, and must
be clarified before the reproductive efforts of
these species can be compared. B. indica has
relative small brood size and restricted spawn-
ing season in this area. Further studies are
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needed to clarify that how degree do the popu-
lation of Tateyama Bay and that of the south-
ern area contribute to the maintenance of the
population of this area.

The life history of B. indica can be deduced
from previously published data and the results
of this study (Fig. 8). In August-January, the
juveniles appear after the larval stage in the
colony of brown algae and under calcareous al-
gae. Juveniles with CWs of around 3 mm reach
the size of morphological maturity for males
(CW 5.80 mm) and the minimum size of
ovigerous females (CW 4.54 mm) by the follow-
ing April. During the reproductive season,
from June to early September, the mature fe-
males spawn 127-1,739 eggs at a time. Thereaf-
ter, most individuals die out, but a few survive
into the second year after recruitment and re-
produce.
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Distribution of the density ratio in the North Pacific

Keishi SHIMADA*, Masao NEMOTO and Jiro YOSHIDA

Abstract: We estimated the spatial distribution of the density ratio (R,) in the upper 1000 db
of the North Pacific from the WOCE data set. The mode value of R, was equivalent to those re-
ported in former studies (3~4), meaning that the double diffusive convection is moderate or
weak; however, the “hot spots” of double diffusive convection were found off eastern Hokkaido
and at the formation region of the ESTMW (Eastern Subtropical Mode Water). The vertical
eddy double diffusive flux of the density there is up—gradient, where the eddy diffusivity was
negative: —(9~8) X10 °m’/s in the area off eastern Hokkaido and— (8~4) X 10 °m®/s in the
ESTMW region. This result means the importance of double diffusive convection to the water
mass formation in certain regions. While lower R, of the ESTMW region is related to the lat-
eral mixed layer density ratio (R;) estimated in the former studies, the mechanism maintain-
ing large R, in other regions still remains to be a topic of future study.

Keywords: Density ratio, Mode Water, Vertical eddy diffusivity, Water mass structure

1. Introduction

World ocean density ratio distributions were
first investigated by INGHAM (1966). Here, the
density ratio is defined as R, =a6,/BS,, where
0, and S, are mean vertical gradients of poten-
tial temperature and salinity, respectively.
a :%g% and S :%g% are the thermal
expansion and the haline contraction coeffi-
cients, respectively. The TURNER angle (Tu) is
defined as a function of R,, i.e., Tu=tan '
<#";§ t} > (RUDDICK, 1983). When R, is larger

o

than 1 (Tu ranges between 45° and 90°), the
salt finger convection occurs, and when R,
ranges between 1 and 0 (Tu ranges between
—45° and —90°), the diffusive convection occurs.
The activity of both type of convection is inten-
sified as R, becomes closer to unity. Especially
when R, ranges between 1 and 2, the salt finger
convection is so active that salt and heat are ef-
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ficiently transported downwards and that for
R, ranging between 0.5 and 1, the diffusive con-
vection is active to transport heat and salt up-
ward.

INGHAM (1966) showed that R, is constant
(= 2) in the main thermocline of the Central
Waters in world ocean subtropical gyres.
ScHMITT (1981, 1990) explained that salt finger
convection is a major mechanism of the forma-
tion of the Atlantic Central Water maintaining
such a constant value. Later on, mapping of
R, in the world ocean has been tried by
FiGUEROA (1996) and You (2002) using the
Levitus data set. FIGUEROA (1996) then pointed
out that R, in the main thermocline is less than
2 in most of the ocean except in the Central Wa-
ters in the North Pacific where R, is larger
than 3~4.

The double diffusive convection occurs when
relatively warm and salty water overlies cooler
and fresher water, or vice versa. Such areas are
generally found in various oceans; if a certain
oceanic area has such lower values of R,
around unity, it should be called as a “hot
spot” of double diffusive convection, where ef-
fective vertical mixing should take place.

It has been suggested that enhanced vertical
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Atlantic Oceans estimated from the WOCE data set.

mixing can produce significant effects on vari-
ous large scale features of the ocean, and such
effects have driven active studies and re-
searches on this subject. BRYAN (1987) investi-
gated the sensitivity of meridional overturning
(MOT) and associated meridional heat flux by
using a coarse resolution basin—scale model to
Ky (the vertical eddy diffusivity of density). By
varying Ky from 1 X107° to 5 X10 ‘m®/s, he
reported that the magnitude of meridional
mass transport in the model increased by an
order of 4-fold. If, however, “hot spot” of dou-
ble diffusive convection is ubiquitous in the
world ocean, the effect of associated differen-
tial flux of heat and salt and negative flux of
density may not be negligible. GARGETT and
HoLLowAY (1992) used the same model domain
and forcing used by BrRYAN (1987), but taking
such a differential flux into account, with heat
(7) and salinity (S) as separate fields having
different diffusivities. By varying the ratio of
diffusivity of Sand 7T defined as d=Ks/Kr, they
showed that the magnitude and the direction of
MOT and the mean steady state distribution of
T and S are sensitive to this parameter d.
Recent observations, however, revealed the
enhanced vertical diffusivities over rough to-
pography (e.g., POLZIN et al., 1997) due to the
tidal effects near the boundary regions. If tur-
bulent diffusivities are indeed enhanced in the
deep ocean, such boundary mixing processes

might affect the modification of water masses
and the circulation pattern of world oceans
(SAENKO and MERRYFIELD, 2005), and the rela-
tive importance of double diffusive convection
will be smaller, given that R, in the deep ocean
are not significantly smaller than those in the
upper ocean (You, 2002). The result of these
observations may limit the effect of double dif-
fusive convection in the deep ocean, but the
double diffusive convection still remains impor-
tant in the upper ocean where turbulent
diffusivities are only of the order of 10 "m®/s
and the diffusivities of T and S differ signifi-
cantly (St. LAURENT and ScHMITT, 1998).
Recently, the concept of lateral mixed layer
density ratio (hereafter referred to as R.=
aAT,/BAS,, where AT, and AS, are the
horizontal temperature and salinity differences
between the successive mixed layers several
tens of kilometers apart) is introduced to ex-
plain the mechanism maintaining the main
thermocline R, value through the salt finger
convection. These studies are motivated by the
regulator theory proposed by STOMMEL (1993)
and STOMMEL and Younag (1993). They found
R. over the basin scale is close to 2 in the tem-
perature range between 7 and 17 °C and as-
sumed a certain process, such as a random
rainfall at sea surface controls the temperature
and salinity field in the mixed layer to main-
tain this particular temperature and salinity
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Fig. 2. Horizontal distributions of mode value of R, in 10 degree boxes between the pressure surfaces. Open cir-

cles indicate the hot spots.

relation. Subsequently, CHEN (1995) used the
Levitus climatological data set to show R in
the same temperature range is less than 2
which supports the STOMMEL's idea (STOMMEL,
1993). RUDNICK and FERRARI (1999) investi-
gated this lateral changes of temperature and

salinity in the mixed layer in more detail in the
Northeast Pacific, and obtained a surprising
result that lateral changes in temperature and
salinity are compensated in density at scales
less than O (100 km), and a resulting R, is
close to unity. FERRARI and Younag (1997)
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explained this low R. by the slumping of
slightly dense water in a surface layer of less
dense water, and in the course of this slumping,
horizontal density differences are easily disap-
peared to have R, close to unity. This model,
however, cannot explain the large scale R, hav-
ing the value of 2, and the R, value also having
2 in the main thermocline. Recent idea of ex-
plaining this contradiction 1is given by
ScHMITT (1999) that such density compensat-
ing temperature—salinity anomaly called as
"spice" is consumed by the salt finger convec-
tion while the upper layer water being
subducted, and the R, is kept 2 in the main
thermocline.

The problem raised here is the difference in
the mode of R, values between the North Pa-
cific and the other oceans. The examples are
shown in Fig. 1 for the WOCE data set (WOCE
Global Data Ver.3, 2002, upper 1000 db) in the
North Pacific (Fig. 1a) and in the North Atlan-
tic (Fig. 1b). The mode in the North Atlantic is
close to 2, while that in the North Pacific is
larger than 3. This means that the salt finger
convection is not so active in the North Pacific.
Is this right? Are there no "hot spots" of double
diffusive convection in the North Pacific? This
higher value of R, is usually explained by the
fact that average salinity near a surface layer
in the North Pacific is lower than that in the
North Atlantic caused by strong evaporation
over the entire Atlantic. However, this higher
value of R, could not be maintained by the
mechanisms explained by the theories above.
To solve this problem, we must know the basic
water mass structures in the North Pacific
through observing the detailed R, distribution
pattern. In the present study, the activity of
double diffusive convection in the North Pacific
is investigated through the R, distribution in
the upper 1000 db WOCE data set because, be-
low this level, the stratification is usually
highly stable.

2. Data processing

Before calculating R, and Tu, all the WOCE
CTD casts underwent several processes.
Firstly, potential temperature (8 ) and salin-
ity were calculated and linearly interpolated at
1 db intervals. The CTD data sets stored at

more than 2 db interval were removed for con-
sistency of the quality of data. Secondly, tem-
perature and salinity were vertically smoothed
by 11 points (10 db) running mean. Lastly, ver-
tical gradients were calculated by a 10 db least
square fit. The a and B were calculated by dif-
ferentiating equation of state (UNESCO, 1981)
by temperature and salinity respectively. The
occurrence frequencies of R, values are esti-
mated at each pressure interval (e.g., 0~100
db) or at each designated sigma-theta (hereaf-
ter 0,) interval (e.g., 21.0~21.50,) and the
peak values of the R, are plotted at each 10 de-
gree box in latitude and longitude to analyze
the most favorable mode of double diffusive
convection.

3. The horizontal distribution at the constant
pressure and density surfaces

Shown in Fig. 2 are the horizontal distribu-
tions of R, on pressure surfaces. In higher lati-
tude region beyond 40°N, most fluid columns
are stably stratified. In lower latitude region
between the equator and 20°N in the layer from
the surface to 800 db, the mode values exceed 4,
suggesting the salt finger convection is not so
active. On the other hand, in the mid-latitude
(Subtropical Gyre) between 200 and 500 db, the
mode values were between 2 and 4, suggesting
the existence of weak salt finger convection.
This is in contrast to the North Atlantic where
the mode of R, is less than 2.

Looking at the mode value distributions
more precisely, we can see that the salt finger
convection is active (R,<2) in the shallower
layer between 100 and 300 db in the area off
eastern Hokkaido (40~50°N, 140~150°E) and
in the eastern sub-tropical North Pacific
(20~30°N, 150~130°W). These regions corre-
spond to the region where the North Pacific In-
termediate Water (NPIW) and the Eastern
Subtropical Mode Water (ESTMW) are
formed, respectively. The NPIW is defined as a
thick salinity minimum around 26.7~26.9 g4in
the western North Pacific (e.g., QiU and JOYCE,
1992). The ESTMW is defined as a pycnostad
(a minimum of potential vorticity) water
around 24.0~25.4 04in the eastern North Pa-
cific (e.g., HANAWA and TALLEY, 2001). Strong
modification/formation of water masses are



154 La mer 45, 2007
The area off eastern Hokkaido (40°N, 147E) The ESTMW region (24'N, 130'W)
Turner angle (deg Turner angle (deg
20 45 0 45 90 90 45 0 45 90
100
200
~ 300 - -
T 400 - =
- 500 “
= 600 - E
2 700 | F
= 800 - L
=¥ -9
200
1000 - 1000 - ¢ =]
(] L 10 15 b ] Is [ ] L] s bl ] 39
Potential temperature Pelemtial temperatere *
o R T TR T R T v IE e . E I B
Salinity Salinity
MM MM M S B n ”
Sigma-theta Sigma-theta
The area off eastern Hokkaido The ESTMW region
(40-50'N, 140-150°E, 100-300 db) (20-30°N, 130-150"W, 100-200 db)
a5 12 N5 38
Sl g
8 TP “1 | meagl P8
038 2 y ¥ i 035 %
TUBES / / ¥
023 24 / 02gE
o .| 2F & = Eis
4 EHENS N o ;o
o0 a8
00 = / / 00 £
90 45 0 45 90 E'is.o 33.5 340 345 35.0-90 -45 0 45 90 E’:Ps.s 340 3.2 350 355 360

Turner angle (deg.) Salinity

Turner angle (deg.) Salinity
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anticipated in these regions; then, these regions
should be "hot spots" of salt finger convection,
which should have an important role in the
modification formation of these waters. In the
area off eastern Hokkaido, weak diffusive con-
vection is expected to occur in the layer below
300 db to 900 db.

R, distributions on g, surfaces (Fig. 3) show
slight changes in the mode distribution from
Fig. 2. In the shallower layers with 0, being
less than 24.0, fluid layers are almost statically
stable; however, the layers where o, ranges be-
tween 25.0 and 26.5 in the sub—tropical gyre (2<
R,<4) suggest existence of weak salt finger
convection. On the other hand, in the deeper
layers in the high latitude, weak diffusive con-
vection is anticipated.

Hot spots found in Fig. 2 are also found in
density layers with ¢, ranging between 24.5
and 25.0 in the eastern sub-tropical North Pa-
cific, but as for in the area off eastern Hok-
kaido, hot spots become rather ambiguous and
undetectable in presented density surfaces. The
reason for this phenomenon will be discussed in
the next section.

4. Hot spots

To see the vertical profile of R, together with
0 and Sin the area off eastern Hokkaido (Fig.
4, top—left), in the layer between 100 and 300 db
(at the top of thermocline), R, is close to unity
(Tu is close to 90°) suggesting the existence of
strong salt fingering. However, in the layers
deeper than 300 db, salt fingering and diffusive



Fig.

Distribution of density ratio in the North Pacific 155

Central Mode Water (CMW)

0.12 - ' o g // #
1 i bt ﬂ/ // & 2 o _a’f
2 010 p2F 7 /;/ A
g S YR VS
2 008 - Em///@‘, //«.:,
£ & [ i /@A
= 0.06 - g v/ / WS
A
0.04 |- % y j/// / /// / 3
0.02 F .gé L/ / /////
0-00 E L | ] 1 2
90 45 0 45 90 A< 330 335 340 345 350
Turner angle (deg.) Salinity
Sub-Tropical Mode Water (STMW)
014 L i i 2
R =~3.9. e
012 A = 20
P 5 : Fd
@ 010 s -
E_ 0.08 |- g
= 0.06 - £ 16
= I e
0.04 |- -
— E=B ¥
0.02 s
; : <
0.00 L i <
-90 -45 0 45 90 34.0 345 35.0 355 36.0
Turner angle (deg.) Salinity

Eastern Sub-Tropical Mode Water (ESTMW)

—— T
0.14 - ! ! : . S V
' : : 1 o
0.12 | | : E . g
] R ~15 | « o2
g o0 - 5 | g 2P o
g - - E
Z g
S 008 - . £ 20
4 ] =9
& 006 | f 3
4 W
18
0.04 - . =
£
0.02 - g 16
£ . f
=90 -45 0 45 20 34.0 345 35.0 35.5 36.0
Turner angle (deg.) Salinity

5. Histograms of TURNER angle and 0 -S relationship for Central Mode Water (33~40° N, 170~150° W), for
Subtropical Mode Water (20~35° N, 120~180° E) and for Eastern Subtropical Mode Water (20~40° N, 120
~160° W). All of these Mode Waters are specified by core temperatures, salinities, and by potential vorticity
(<2.0X10 "m's M.



156

La mer 45, 2007

= T T IR
/"‘\60 /l-.i-il_ﬂ-kf:‘-/éfl_f—’ TTTT] $..;,?f?hu_ 7 5 =
i “mm ) i _':,.J'f"- 3 i 23
S50 wdesedas il dad Bz
31 3 3 3 1 (3% 25
340 j%;] IIII‘IIIE ||||dlléllll_‘|||[_ll I—Enzﬁ.
530 A W i e e e
qzo |]_'||; ||||:|||]: -llllzi‘:l'li_ |||[: -|Ifllx'-]lo‘.,!_..|-‘m!s r
10 o -”.”;'““':I-l“;"-”“:'l“””I‘l;”“;““:””:“”:““:““;“”:] i
0120 140 160 180 160 140 120 100 80

(E)

Longitude

(W)
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convection layers are piled up alternatively
suggesting the intrusive features possibly cre-
ated by double diffusive convection (e.g.,
RuDpDICK and TURNER, 1979). Contrary to this,
in the ESTMW region (Fig. 4, right), the salt
finger convection favorable layer is found only
in the layer between 100 and 200 db (at the top
of thermocline), and in the deeper layers, the
entire fluid column is stably stratified.

The occurrence frequency of R, and 6-S re-
lations in the area off eastern Hokkaido (Fig.
4, bottom— left) shows a sharp pointed peak in
the salt finger convection regime (45°<Tu<90°,
R,=1.3). The 6-S relations aligned along an
isopycnal line (26.70,) also supports this low
R, value and it is showing that favorable lay-
ers of salt finger convection are confined to a
narrow band in the density coordinate (around
26.6~26.7 0y) than in the pressure coordinate
(100~300 db). It is, thus reasonable that hot
spots found in pressure surfaces were rather
ambiguous in density surfaces taking interval
of 0.50s. A relatively small peak is found in the
diffusive regime. This should be caused by the
temperature inversions commonly observed in
this region. As for in the ESTMW region (Fig.
4, bottom-right), a peak value of R,is about
1.7, and this also suggests the occurrence of
strong salt finger convection; however, the
peak is not clearly defined but shows a flat

distribution. The 8-S relations show a compli-
cated structure contaminated by a certain sur-
face process.

5. Mode Waters in the North Pacific

Two hot spots for double diffusive convection
in the North Pacific show different features.
Especially at the formation region of ESTMW,
the 6 —S relationship showed a complicated
structure. It is thus worth comparing this re-
gion with other typical Mode Waters in the
North Pacific, such as the Central Mode Water
(CMW) and the Subtropical Mode Water
(STMW), and discussing the processes to
maintain the thermocline in the North Pacific
in this section. The CMW is characterized as a
pycnostad (minimum of potential vorticity)
water centered at 26.2 0, surface found at the
western coast of the Kuril Islands to 150°W and
between the Kuroshio Extension Front
(approx. 33°N) and the Kuroshio Bifurcation
Front (approx. 40°N) (Suca et al., 1997). The
STMW is also a pycnostad water centered at
25.2 04 surface found in the Kuroshio region to
the International Date Line and is limited be-
tween 20°N and 40°N. As shown in Fig. 5, the
mode values of R, are 3.4 for the CMW and 3.9
for the STMW, respectively, suggesting the
salt finger convection is not active. However, in
the ESTMW region, the mode value is less than
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2 (=1.5). This suggests that the mechanism
proposed by ScHMITT (1999) works here indi-
cating the importance of salt finger convection
to form the ESTMW. This point is noted by
FERRARI and RuUDNICK (2000) at the same ob-
servation site, however, the mechanism of
maintaining such large R, in the other Mode
Waters in the North Pacific is unclear. The salt
finger convection is too weak in these locations
to maintain large scale constant R, values
larger than 2 in the thermocline (FIGUEROA,
1996 also pointed out this).

6. Vertical diffusivity of density deduced by
the formulation by ZHANG et al. (1998)
The important effect of double diffusive con-

vection is the effective downward transport of

density. In both types of convection, density
gradient is intensified, that is, the sign of eddy
diffusivity becomes negative. ZHANG et al.

(1998) investigated this effect through

parameterizing eddy diffusivities by R,, and

pointed out that meridional overturning cell
was weakened and deeper temperature and sa-
linity increased in the presence of double diffu-
sive  convection. Here, we use their
parameterization, and show the horizontal dis-

tribution of vertical eddy diffusivity in Fig. 6.

Profiles shown here are the averages of vertical

diffusivity of density within each ¢, surface

(Kv) in respective boxes. "Hot spots" can be

found in the o, layer around 26.7 in the area

off eastern Hokkaido and between in the

ESTMW area, respectively. Kv was estimated

as (9~8) X 10 *m®/s in the area off eastern

Hokkaido and — (8~4) X 10 °m®/s in the

ESTMW area. These magnitudes are larger

than the typical Ky value 1 X10 °m’/s in the

thermocline (ST. LAURENT and ScHMITT, 1998)

by about an order, showing the importance of

double diffusive convection to the water mass
formation in respective region.

7. Summary and discussion

We investigated the water mass structure
and detailed R, distribution in the upper 1000
db of the North Pacific by using the WOCE
data set. The “hot spots” of double diffusive
convection were found in the area off eastern
Hokkaido and in the Eastern North Pacific

where the NPIW and the ESTMW are formed.
Mode values of R, in these regions are 1.3 and
1.7, respectively. The salt finger convection
must be an important process for water mass
madification formation in these regions. Al-
though the favorable condition for the onset of
salt finger convection was satisfied in most of
the mid-latitude (the subtropical gyre) be-
tween 200~500 db or between 25.0~26.50, in-
cluding the CMW and the STMW, the modes of
R, in these regions lie between 3 and 4, sug-
gesting salt finger convection is not so active.
The mechanism of maintaining large value of
R, in these regions is still unclear. This higher
value of density ratio is usually explained by
the fact that the average salinity near the sur-
face layer in the North Pacific is lower than
that in the Atlantic where the evaporation is so
strong.

The subduction process causing inflow to the
main thermocline occurs in winter when the
surface mixed layers deepened through surface
cooling. In this case, R, estimated from the
Levitus annual mean could not have direct con-
nection with thermocline R,, and the explana-
tion presented by SCHMITT’s idea of “spice”
holds true for the Atlantic, but not for the
North Pacific except for ESTMW region as was
shown in the present study. The observation
field in the ESTMW region by RUDNICK and
FERRARI (1999) was too limited to discuss the
whole basin of the North Pacific; however,
RupNICK and MARTIN (2002) extended their
analysis including the Indian and the Atlantic
Oceans and concluded that this low value of R,
(= 1) is a common feature of all the oceans at
the scales about O (3~4km) where the mixed
layer depth exceeds about 75 m. Therefore, in
order to clarify the maintenance mechanism of
thermocline R, in the North Pacific, we must
investigate winter time distribution of R; more
precisely in relation to the mixed layer depth.
This problem will remain to be a topic of the fu-
ture work.
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