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Short-time scale phytoplankton variability and
ambient conditions in a highly dynamic marine basin

Wagdy LABIB*

Abstract : The variability of the phytoplankton standing crop, succession and biomass was as-
sessed at surface layer of a fixed sampling station in a highly dynamic marine basin, Mex Bay,
West of Alexandria (Egypt). The survey at this station was operated for 50 days between 26
May and 4 September 1992. The bay receives a daily injection of a heavy load of nutrients input
from land-based sources. Remarkable physical and chemical variability was observed with the
massive development of algal episodes, raising chlorophyll ¢ and oxygen content to abnormal
values. The causative phytoplankton species of the different blooms achieved their maximum
occurrence with different nutrient levels. A phytoplankton bloom is not necessary to accom-
pany or follow a period of enhanced nutrient concentrations. The phytoplankton progressed
differently and there was distinct succession in the dominance of the major species. The com-
munity structure can be shifted over a few days, another of different species can replace a dense

bloom.

Key words : short-term physical, chemical and phytoplankton variability

1. Introduction

Rounp (1971) discussed the role of “shock”
events associated with changes in daylength,
temperature and overturn conditions, in deter-
mining species succession and growth. If the
actual processes of phytoplankton changes to
be understood, short time scale sampling
proved to be advisable, instead of weekly or bi-
weekly intervals (WINTER et al., 1975). The
timescale variation in phytoplankton abun-
dance, composition and biomass can be cir-
cadian (SOURNIA, 1974), seasonal (HARRISON
and PLATT, 1980) or vary from a few days to
one year (HARRIS, 1980). HARRIS and PICCININ
(1980) found that changes in species composi-
tion / abundance tend to average environ-
mental variables over short scales. According
to COTE and PLATT (1983), physical transient
events can dramatically alter the species and
structural composition of phytoplankton com-
munity, conditions for growth and rate of pri-
mary production. RICHMOND (1986) reported
that phytoplankton require a time from a few

* National Institute of Oceanography and Fisher-
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hours to several days to adapt a new environ-
mental condition. Studies dealing with the
daily changes in plankton population are
rather limited (e.g. KLEIN and SOURNIA, 1987,
SOURNIA et al., 1987 ; ABI-SAAB, 1992).

Mex Bay, west to Alexandria (longitute 29°
50'E and latitude 31°10°'N) has an average
width of 3 km, total area of about 20 km* and
average depth of 10m (Fig.1). The bay re-
ceives directly from Lake Maryout, through
Umum Drain, a daily of 6-11.8 X 10°m® of agri-
cultural wastewater (SAID et al., 1991). It is also
affected by additional volume of wastewater
from industrial outfalls at its western part. The
discharge water in to the bay is largely the
cause of man-made eutrophication.

The previous investigations on the phyto-
plankton standing crop in Mex Bay stressed its
monthly variations in relation to physico-
chemical parameters (DORGHAM et al., 1987 ; EL-
SHERIF, 1989 ; ABDALLA et al. 1992 ; SAMAAN et
al., 1992).

The present study represents the first at-
tempt to document the importance of short-
time scale sampling to fully describe the
phytoplankton variability and ambient envi-
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Fig. 1. Study area and sampling station (*).

rommental conditions in a highly dynamic ma-
rine basin.

2. Masterials and methods

The sampling station with 5 m depth (Fig. 1)
was operated for 50 days between 26 May and
4 September 1992.

The measurements included the determina-
tion of the surface water temperature, salinity
(refrectometer, S/ Mill), oxygen (Winkler
method), chlorophyll ¢ and nutrient contents,
nitrate, nitrite, phosphate and silicate
(STRICKLAND and PARSONS, 1972). Water stabil-
ity calculated on the basis of temperature and
salinity data (WILLIAMS, 1962).

The phytoplankton samples were first exam-
ined for identification under a research micro-
scope, then preserved by the addition of
neutral formalin (4%), and a few drops of
Lugol’s acid solution and counted (UTERMOHL,
1958).

The correlation matrix and the multiple-
regression stepwise statistical model was com-
puted to understand the relation between the
numerical standing crop, chlorophyll a (de-
pendent variables) and the measured physico-
chemical parameters (independent variables).

3. Results
3-1 Physical conditions

Physical parameters during the period from
26 May to 4 September 1992 are shown in Fig. 2.
The most important factors driving the

processes that determine the modification of
surface temperature and salinity wvariations
seem to be the wide fluctuations of surface
heat fluxes (with respect to the limited height
of the water column) and the volume of the
discharge water (with respect to the whole vol-
ume of the basin).

Surface temperature range normally from
21 °C with the start to 30 °C in late August. Two
periods of remarkable temperature increase
were recorded during the first week of June
and in early July. Generally, temperature
shows a tendency to an increase as days went
by. Temperature is positively, insignificantly
correlated to the numerical standing crop and
chlorophyll a content (r=0.157 and 0.296, re-
spectively). The corresponding multiple-
regression equation is :

Chlorophyll a (ugl™) =1.029+0.436
X temperature (R2=0.09).

Salinity exhibited wide range of fluctuations.
Generally, salinity values are lower than that
assumed for the inner boundary of the Mediter-
ranean neritic waters of Alexandria (EL-
MAGHRABY and HAaLM, 1965 ; SAID et al., 1991).
Exceptionally, salinity can be high as 39%,, but
values between 209%, and 339%, are common.
Such high values suggest the lateral advection
of the marine water from the open basin. Salin-
ity is insignificantly correlated to the
phytoplankton counts and chlorophyll ¢ nega-
tively with the latter parameter (r=0.09 and
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Fig.2. Physical parameters during the period from 26 May to 4 September, 1992.,

0.10, respectively). The regression equation is : almost a mirror image of salinity fluctuations
Chlorophyll @ (zg 1) =15527—0.111 rathe'r than temperature (r=0.54 and 0.375, re-
x salinity (R*=0.01) spectively).

e Except for higher salinity at times, the water

Water density (Sigma ¢) fluctuations are was well stable with maximum (14.84-16.11%,
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during 8-14 August), associated with lower sa-
linity over the whole period (20). High values
of Sigma-¢ imply small values of water stability
and vice versa. The permanent stability caused
the insignificant correlation with the standing
crop and chlorophyll a (r=0.05 and 0.03, respec-
tively). The corresponding multiple-regression
equation is :

Chlorophyll a (1g1™") =7.453+0.586
X stability (R2=0.01).

However, chlorophyll ¢ variations seem de-
pending upon the temperature and stability
combination :

Chlorophyll a (1g1™") =0.656+0.307
X temperature +0.438 X stability (R?=0.14).

3-2 Nutrient conditions

Nutrient concentrations in Mex Bay are
mainly governed by their input from land-
based sources and the exhaustion by phyto-
plankton blooms at times (Fig. 3).

Nitrate varied dramatically throughout the
whole period. Lower concentrations (1.26-2.8
umol 1) were measured during 9-19 June, fol-
lowing a red tide bloom period (Scrippsiella
trochoidea, the causative organism), and ac-
companying a minor bloom (predominance of
microflagellate species). On the other hand, 3
major nitrate peaks were detected on 26 June
(12.78 yumol 1)), 12 August (14.79 xmol 1*), asso-
ciated with distinct drop in the standing crop
(around 0.013 X 10° cell1"!), as well as on 28
August (15.78 umol 1Y), with a moderate phyto-
plankton increase (0.77 X 10° cell I'!, Skeletonema
costatun, Gymnodinium catenatum and Nitzschia
closterium dominated).

Nitrite concentrations ranged between 0.35
and 39 ymol 1.

Phosphate concentrations, except for its
maximum on 1 September (7 yumol 1"}, with the
bloom of G. catenatum), were always low, ex-
hibiting a narrow range of variations.

Silicate concentrations show a wide range
(7.31-64.93 umol I'"), never fell down limiting
the phytoplankton growth. The diatom peaks
in July and August occurred with enhanced
silicate concentrations.

The high daily injection of the nutrients to

the bay leads to continuous replenishment of
nutrient elements. Subsequently, insignificant
correlation was found between their concentra-
tions and the numerical standing crop and
chlorophyll a content.

3-3 Phytoplankton variability

The phytoplankton standing crop, chloro-
phyll ¢ and oxygen contents admitted remark-
able variation (Fig.4). The physical and
chemical forcing in the bay was favorable to
create rich spectra for algal blooms. These
blooms resulted in abnormal biomass increase
and high surface dissolved oxygen.

The standing crop attained an average of
3.55x10° cell I'!, reflecting a clear sign of heavy
eutrophication, with a pronounced down shift
in the phytoplankton structure. The phyto-
plankton community was relatively poor (48
species). Diatoms (31 species) contributed an
average of 1.67X10° cell 1"}, 47% to the total, fol-
lowed by dinoflagelaltes (17 species, 26.2%).
The fresh-water forms are numerous, including
9 chlorophycean species (159, Ankistrodesmus
falcatus, Crucigenia quadrata, Scenedesmus
dimorphus and S. quadricauda were the major
species), 6 euglenophycean (8%, mainly,
FEuglena acus, E. caudata and E. granulata), and
6 cyanophycean (3.8%, Lyngbya, Merismopedia,
Oscillatoria and Spirulina spp).

The phytoplankton progressed differently
during the investigated period. There was dis-
tinct succession in the dominance of the major
species (Fig.5 and Table 1).

The dinoflagelate, Scrippsiella trochoidea,
formed a red tide bloom period between 1-5
June. The centric diatom, Thalassiosira subtilis,
culminated its peak on 11 June. The dino-
flagelate, Gymnodinium catenatum, became
leading on 8 July. This was followed immedi-
ately by the predominance of the pennate dia-
tom, Nitzchia closterium. The dominance of
diatoms (Rhizosolenia delicatula, Nitzschia
closterium and Skeletonema costatun) extended
during July —early August. The euglenoid,
FEuglena granulata, shared the dominance to a
lesser degree. Again, the dinoflagellates re-
gained their important contribution in late
August (Prorocentrum triestinium), and in early
September (Gymnodinium catenatum).
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Fig.3. Chemical parameters during the period from 26 May to 4 September, 1992.

The multiple-regression equations of the +54.83 X NO;—99.87 X NO.+96.11 X PO,
major species are given as : +3.48%xSi0;s (R?*=0.062)
S. trochoidea (cell1") =89.8—11.54 X Temp T. subtilis (Cell1™") =42.45—14.9X Temp

—4.22XS5+342XSig.t—1.18 X Sta +36.81 XS—41.92 X Sig.t—0.05 X Sta.
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Fig.4. Dissolved oxygen, standing crop and chlorophyll a during the period from 26 May
to 4 September, 1992.

+18.19 X N03—56.65 X NO,;+42.12 X PO, —2.11X8Si0s (R?=0.14)

+0.23 X Si0, (R?=0.113) R. delicatula (cell 1) =3852.93+10.43 X Temp
S. costatum (cell 1) =148.64—16.31 X Temp —228.65XS+192.68 X Sig.t —83.6 X Sta.

+28.11 X S—31.35 X Sig.t +17.33 X Sta. +17.55XNO;3;—-87.69 X NO.—103.03 X PO,

—1.37XNO;+81.42XNO,—42.56 X PO, +0.62 X Si0. (R*=0.529)
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Table 1. Maximum density of the major species, chlorophyll a content, dissolved oxygen and ambient
environmental conditions during the investigated period.

— - ; ! ] ! ’ i
Peak | . Density |Chla| D.O. Temp,|Sal. | . | NO; NO, PO, Si0,
day | SPECIES | el1 1 x 10 (e 1')]Cmg 1] ) | (o) | > &3P ol 1) |(umol 17| Gumol 1| (umol 1)
3 June]S. trochoidea 5.1 22.83 | 514 | 26 |255|1594/10.38) 9.45 2.1 245 22.83

11 June|T. subtilis 0.76 674 | 534 | 246 |38 |26.14| 1.12 1.26 0.63 1.05 8.67

26 July |S. costatum 0.70 18.1 7.5 29 | 245 14.32}11.36 4.96 1.18 1.9 184

28 July |R. delicatula 4.3 35.7 6.9 30 | 255(14.78]11.33| 5.38 1.25 2.3 52.7

31 July |N. closterium 3.9 14.4 45 295 | 30 18.15‘ 7.82| 552 1.2 14 26.6

20 Augl|P. triestinum 3.2 334 6 306 | 26 [14.83(11.39| 8.64 1.78 2.1 25.35

21 Aug.|E. granulata 0.61 2089 | 5.1 29.8 | 27 |15.84(1031] 49 | 138 1.2 11.89
1 Sept|G. catenatum 0.73 23.2 7.2 29 |26 ’15.14 11.21) 343 \ 0.35 miw 11.95

N. closterium (cell 1) =133.46+47.82 X Temp
—107.32X S+ 108.79 X Sig.t —27.76 X Sta.
+10.42 X NO;+89.15 X NO,—97.06 X PO,
+5.89 X Si0s (R.=0.104)

P. triestinium (cell 1) =695+ 2547 X Temp
—4009.7 X S+ 3872 X Sig.t —1274.5 X Sta.
—4016.7 X NO;+10644.2 X No.+862.9 X PO,
+286.7x Si0. (R*=0.145)

E. granulata (cell.1) =15.784+7.04 X Temp
—20.52XS+22XSig.t—6.59 X Sta.
+15.78 X NO3+21.44 X NO,—36.6 X PO,
+1.3xSi0; (R?=0.218)

G. catenatum (cell 1) =17.95+14.89 X Temp
—45.6 XS+56.81 X Sig.t —4.23 X Sta.
—4.21 XNO:3;—16.1 X NO.+0.445 X PO,
40.65 % SiO. (R*=0.06)

Generally, chlorophyll ¢ runs in parallel with
the numerical standing crop (R?=0.29). Several
peaks were recorded (maximum of 389 ug 1" on
22 July). Deviations are mainly due to species
composition.

4. Discussion

The present data shows Mex Bay, subjected
to daily input of a huge volume of discharge
water, to be characterized by distinct physical,
chemical and biological structural properties.
The bay is highly eutrophicated with repeated
algal outbreaks, causing water discoloration at
times. These algal episodes raised chlorophyll a
content and oxygen to abnormal values.

The daily injection of the nutrients and the
permanent stability of the water seem to favor
the phytoplankton blooms. However, the data

shows that a bloom is not necessary to accom-
pany of follow a period of enhanced nutrient
concentrations and even intermediate values
are sufficient to trigger a phytoplankton peak.

The phytoplankton species seem to have dif-
ferent nutrientional requirements and it was
well documented that the pennate diatoms
(Rhizosolenia delicatula and Nitzschia closte-
rium, the causative species in July and August)
require low nutrients to dominate the commu-
nity (TURPPIN and HARRISON, 1979 ; ISHIZAKA et
al., 1983). The species, Nitzschia frigida domi-
nated under similar conditions in the Eastern
Harbour of Alexandria (LABIB, 1994 a). How-
ever, the present dinoflagellates achieved their
maximum occurrence under plenty of nutri-
ents. These species were previously recorded
red tide forms in the neritic waters of Alexan-
dria (LABIB, 1994, a, b, 1996, 1998 : LABIB and
HALIM, 1995).

The success of the pennate Rhizosolenia
delicatula to grow well under the dinoflagelate
bloom of G. catenatum agree with other obser-
vation in Alexandria waters (LABIB, 1994 a, b).

The community structure can be shifted
over a few days. A dense bloom can be replaced
by another of different species.

It is concluded that short-time scale sam-
pling in a system of wide fluctuations is advis-
able to describe its physical, chemical and
biological aspects.
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Research on providing habitable environment
for bivalves by use of artificial reefs

Hirokazu Sumi* and Akira WADA**

Abstract : In hope of developing technologies for providing habitable environment for bi-
valves (lamellibranchiata) by utilizing the wave attenuation function of artificial reefs, there
is necessity of controlling sea waves and nearshore currents appropriately for the creation of
such a favorable environment for shells. In this research, the effect of controlling the wave and
nearshore current fields by artificial reefs was studied by hydraulic model tests and numerical
calcuations.

In the hydraulic model tests, studies were made on how changes in the distance between
dikes (opening width) and the length of dikes would affect flow patterns when installing sev-
eral artificial reefs on the shore. These flow patterns were classified using the ratio of dike
length to openig width. Based on this flow pattern classification, a steady circulation current
was formed in nearshore current to allow inner water masses to catch larvae, making it conse-
quently possible to prevent the dissipation of larvae.

In the numerical calculations, the wave and nearshore current fields were simulated with re-
spect to Hamanaka Bay in Hokkaido, where five artificial reefs were installed with the aim of
stabilizing the habitat of shells. In the hinterland of the artificial reef, wave heights were found
about 309 less than those without artificial reef. Flow velocities wave weaker than those with-
out artificial reef, thus making it possible to prolong the retention time of larvae and promote
their implantation. Flow velocities at each calculation points were lower than the critical mi-
gration velocities of shells, enabling the artificial reef to prevent shells from being washed up

and proving the effectiveness of such mounds in stabilizing the habitat.

Key words : artificial reef, bivalve, hydraulic model test, numerical calculation

1. Introduction

As one of measures to promote the harmo-
nius coexistence of coastal-zone development
and environmental conservation, the construc-
tion of coastal structures leading to the in-
creased propagation of biological resources is
sought for, and at the same time expectations
are placed on the development of technologies
to provide bivalves with an ideal habitable en-
vironment by utilizing the wave attenuation or
sedimentation function of submerged mounds
or artificial reefs (submerged breakwaters with
wide crown).

In addition to the conventional coastal pro-

* Department of Civil Engineering, Nagoya Univer-
sity, Chikusa-ku, Nagoya, 464-8603
** College of Industrial Technology, Nihon Univer-
sity, Izumi, 1-2-1, Narashino, Chiba, 275-8575

tection, the functions desired of these technolo-
gies include (1) promoting the implantation
(agglomeration function) of bivalves plank-
tonic larvae and (2) securing a tranquil sea
area and sandy-silt zone where postimplan-
tation bivalves can live (habitat protection
function). The artificial reef causes wave
breaking on the crest and makes waves in the
hinterland of the dike tranquil, so that the or-
bital velocity in the vicinity of the sea bottom
due to a wave motion can be reduced and the
overturn or exposure of shells can be pre-
vented. Moreover, as the nearshore current is
controllable, the diffusion prevention of
planktonic larvae due to the current and the
promotion of their implantation to sediments
can be expected. It will be advantageous if the
installation of such a artificial reef can
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consequently stabilize the habitat suitable for
the growth of bivalves.

In this research, therefore, taking into consid-
eration that the creation of a favorable habitat
for bivalves requires appropriate control of sea
waves, nearshore current and littoral drift,
which are the principal elements dominating
the habitat environment, studies are made on
the hydraulic characteristics that can be con-
trolled by installing the artificial reef on the
coast, from both aspects of hydraulic test and
numerical simulation. Firstly, a movable bed
test is conducted to obtain basic information
on what kind of effect the changes in the
length of a dike and the length of an opening
will have on the flow pattern of a nearshore
current or the formation of a circulation cur-
rent and the stabilization of a shore when sev-
eral artificial reefs are installed on the coast.
Next, a numerical simulation is carried out
with respect to Hamanaka Bay in Hokkaido
where five submerged mounds are installed on
the sandy beach, in order to study the effect of
control in a wave field and nearshore current
field by a group of submerged mounds.

Ourline of horizontal water tank(unit: m)

2. Plane movable bed test on flow and littoral

drift around the artificial reef

When installing several artificial reefs on the
coast, a general practice is to install an opening
between dike bodies. At this time, changing the
dike length of the artificial reef and the length
of the opening generates a characteristic near-
shore current owing to changes in the height of
transmitted waves which pass through above
the dike and the opening, thereby causing the
coastal topography to change, as is known by
various kinds of past research (for example,
Upa and KoMATA, 1987). However, it is hard to
say that sufficient explanations have been
made on hydraulic characteristics concerning
the relation between flow patterns and shore
changes when the dike length and opening
width are changed. In this chapter, therefore,
studies are carried out to determine what kind
of effect the dike length and opening width
will have on the flow pattern, the formation of
a circulation current and the stability of a
shore when several artificial reefs are installed.

2.1. Test method
The test was conducted using a horizontal
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Table 1. Test cases and flow patterns

Dike Opening Offshore

C;se length width distance Flow pattern Illustration
" Lr(m) W(m) Y (m)
On-offshore .
1 2.0 0.3 1.8 current Fig.3 (a)
9 920 08 18 Ste?ble circula-
tion current
Unstable circu- ...
3 10 0.22 18 lation current Fig3 (&)
Stable circula- .
4 1.0 0.8 1.8 tion current Fig.3 (¢)
5 10 13 1 Stable circula-

tion current

W: Opening witdh W: Opening witdh
£< —— L Dike lcngthj%‘

Artificial reef

Y: Offshore distance

Fig. 2 Plane parameters of artificial reef.

wave-making tank (measuring 13.0 m long, 7.6
m deep and 0.5 m high) (see Fig. 1). Froude si-
militude was used as a law of similarity. The
scale of a non-distorted model is 1/50, and the
shore model is an artificial reef model installed
as a rubble mound using silica sand of d,,=0.19
mm in median grain size with crushed stone
weighing 3 to 4 g placed on the initial gradient
of i=1/15. The dike has the following section
parameters : s=1/3 in inclination of slope,
B=1.0 m in crown width, d=14.0 cm in body
height, R=6.0 m in submerged depth of crown.
Plane parameters consist of dike length Lr,
opening width W and offshore distance Y as
shown in Fig. 2, and these were combined as
shown in Table 1. As working wave conditions,
H;=6.0 m in incident wave height, T=1.13 s in
period and 0° in wave direction (perpendicu-
lar to the shoreline) were applied for 5 hours.

Y (on-offshore direction)

Y (on-offshore direction)
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Fig. 3 Nearshore current aronund the artificial
reef, (a) dike length : 2.0m, opening widht: 0.3
m, Case 1, (d) dike length: 1.0m, openingwidht:
0.22m, Case 3 and (c) dike length: 1.0m, openig
width: 0.75m, Case 4.
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The flow pattern of a nearshore current, the to-
pography of a shore and the distribution of
wave heights were measured. To determine the
flow pattern of the nearshore current, as shown
in Fig. 1, the velocity of flow was measured
using an electromagnetic current meter at
about 350 points around the artificial reef in
the square grid divided at intervals of 30 cm
from the offshore side to the toe of slope and at
intervals of 15 cm at the back of the dike. At
the same time, observations were made of flow
patterns by means of floats and recorded with
an 8 mm video camera from top of the water
tank. The topography of the shore and the dis-
tribution of wave heights were measured at in-
tervals of 20 cm in the on-offshore direction by
installing a measuring line in the direction per-
pendicular to the shoreline against the combi-
nation of each test plane.

2.2. Test results and considerations
2.2.1. Nearshore current around the artificial
reef

To carry out studies on the nearshore cur-
rent around the artificial reef, an attempt here
is made to identify the correlation between
each test case concerning flow patterns which
vary according to the setting of dike length
and opening width, Figures 3(a), (b) and (c)
indicate respectively the velocity distributions
of (1) on-offshore current (Case 1), (2) unsta-
ble circulation current (Case 3) and (3) stable
circulation current in the hinterland of the dike
(Case 4).

In Cases 1 and 2 where the opening width
was changes as W=0.3 m and 0.75 m with the
same dike length (Lr=2.0 m), the current was
flowing in the offshore direction in both the
offshore side of the dike and the opening. In the
hinterland, in Case 1 with a narrow opening
width, the current flowing in the on-offshore
direction was recognized, while in Case 2 with
a large opening width two circulation currents
were found generated. In Cases 3, 4 and 5 where
the opening width was changed as W=0.22 m,
0.75 m and 1.25 m with the same dike length
(Lr=1.0 m), the current flowing in the offshore
direction was generated in the offshore side of
the dike and the opening. In the hinterland, in
Case 3 with a narrow opening, the onshore

current and rip current were irregularly recog-
nized and an indistinct circulation current was
found generated, while in Case 4 whose open-
ing width is between Case 3 and Case 5, one cir-
culation current was found formed at the back
of the dike. Also, in Case 5 with the largest
opening width, two circulation currents were
found generated.

Thus, it is evident that if the dike length is
constant, the larger the opening width is the
more likely the circulation current is gener-
ated. It is also evident that in the offshore side
of the dike and the opening, the flow pattern is
in the offshore direction irrespective of dike
length and opening width, while in the onshore
side of the dike the flow pattern of a nearshore
current varies with the setting of dike length
and opening width. In addition, to promote the
implantation of planktonic larvae and the re-
duction of diffusion through the use of the arti-
ficial reef, the generation of a stable circulation
current in the habitat is desired and at the
same time, it is necessary to establish a crite-
rion for setting the dike length and opening
width.

Figure 4 shows the relation between Lr/W
and Lr/Y, in comparison with the past research
results. The marks (O,2,¥,[J) indicate the
test results obtained by UDpA et al. (1987), while
those shown in black are the test results ob-
tained in this research. The case in which the
circulation current is generated and the case in
which the on-offshore current is predominant
indicate results almost similar to the past re-
search, and it can be considered that the flow
pattern around the artificial reef is governed
by Lr and W. Accordingly, from the test results
obtained in this research and the research re-
sults obtained by UDA et al. (1987), it can be as-
sumed that the flow-pattern in the hinterland
of the dike consists of three conditions, i. e., 0
< Lr/W <4 as a domain in which a stable circu-
lation current is generated, 4<Lr/W <6 as a
domain in which an unstable circulation cur-
rent is generated, and 6<Lr/W as a domain in
which no circulation curent is generated. Using
this flow-pattern, a steady circulation current
is allowed to be formed in the nearshore cur-
rent, with planktonic larvae trapped in its
inner water mass so that the dissipation of
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larvae can be prevented.

2.2.2. Wave height distribution

Figure 5 shows the comparison of changes in
wave height between the case where the on-
offshore current is generated and the case
where the circulation current is generated. The
longitudinal axis in the figure indicates the
plot of H/Ho’ in the on-offshore direction. H is
wave height obtained from the test, Ho’ is wave
heigth due to offshore diffraction or refraction.
Figure 5(a) shows changes in wave height in
the case where no circulation current is gener-
ated, while Figure 5(b) shows those in the case
where one circulation current is generated in
the hinterland. The wave height on the reef in
the hinterland of the dike is showing an at-
tenuation of about 50% in Fig. 5(a) and about
40% in Fig. 5(b). On the other hand, the wave
height in the opening is attenuating in Fig.

LT T T T Openine )
1.0 —e -On the reef

0.8
o /G\A
0.6 BT
0'4~ Wavé breaking point
T T e
0.2 At
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Fig.5 Wave height distribution in the on-
offshore direction of artificial reef, (a)
dike length: 2.0m, opening width: 0.3m
and (b) dike length: 1.0m, opening wid-
th: 0.75m.

5(a), while in Fig. 5(b) the incident wave
reaches the onshore side without undergoing
attenuation and the wave-height difference on
the reef and in the opening is increasing as
compared with Fig. 5(a). Thus, assuming that
the difference of wave height on the reef and in
the opening is related to the generation of the
circulation current, Fugure 6 shows the rela-
tion between W/Lr and nondimensional wave-
height difference (Hm-Ht) /Ho’ obtained by
making the difference between wave height
Hm in the opening and transmitted wave
height Ht in the hinterland dimensionless by
Ho’. From this fugure, it is evident that the
larger W/Lr and the smaller Lr/Y the larger
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becomes the difference in wave height on the
dike and in the opening and the more likely the
circulation current is generated.

2.2.3. Topographic change

It can be considered that the phenomenon of
littoral drift around the artificial reef is related
to a nearshore current. To grasp the migration
of sand caused by the nearshore current, there-
fore, the horizontal distribution of coastal topo-
graphic changes from the initial slope were
obtained from the coastal topography 5 hours
after starting wave generation, as shown in
Figs.7 and 8. Although similarity laws were not
sufficiently established in the test on littoral
drift, topographic changes around structures
due to currents were studied qualitatively and
the Froude similitude was followed because of
placing emphasis on the fluid motion.

Figure 7 shows topographic changes without
artificial reef. From the neighborhood of the
shoreline up to Y=125 mm, sand erosion takes
place and a trough is generated. Up to Y=150
to 250cm, bar-type seabed topography with
sand deposition and growth of a longshore bar
is recognized.

Figure 8(a) shows topographic changes in
Case 1 where a current in the on-offshore direc-
tion is generated. In the hinterland, an on-
offshore sediment movement occurs due to the
onshore current and rip current generated at
the back of the dike, causing erosion from the
shoreline up to Y=100 cm. The sand deposition
is found on the foreshore. Fugure 8(b) shows
topographic changes in Case 3 where an unsta-
ble current is generated. Up to X=0 to 50 cm,
sand deposition is recognized from the back of
the dike to the shoreline, while sand erosion is
recognized up to X=500 to 350 cm. It can be
considered that this complicated beach con-
figuration is related to the generation of an ir-
regular onshore current and rip current at the
back of the dike. Also, eroded sand is deposited
near the toe of slope and on the foreshore. Fig-
ure 8(c) shows topographic changes in Case 4
where a stable circulation current is generated.
Sedimentation is recognized near the toe of
slope and on the foreshore, and erosion is found
from Y=80 cm to the shoreline. Considering
the balance of sand, it seems that
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Fig.6 Relation between wave height differ-
ence and generation of circulation cur-
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Fig. 7 Topographical changes without arti-
ficial reef.

sedimentation near the toe of slope was trans-
ported owing to the circulation current, indica-
ting that the dike prevented the runoff of sand
to the offing. The shoreline was advancing
about 40 cm greater than that without artificial
reef, the growth of steps was recognized and
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the foreshore was found extended, thus con-
spicuously indicating the effect of littoral drift
control by the artificial reef.

The stabilization of sediments becomes an
important problem when we try to reduce wear
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Fig. 8 Topographical changes around the
artificial reef, (a) dike length: 2.0m,
opening width: 0.3m, Case 1, (b) dike
length: 1.0m, opening width: 0.22m, Case
3 and (c) dike length: 1.0m, oprning
width: 0.75m, Case 4.

due to the overturn and exposure of bivalves.
Topographic changes in the case where artifi-
cial reefs are installed on the beach vary with
the flow pattern of a nearshore current. In the
case where the on-offshore flow is predomi-
nant, sand deposition takes place on the fore-
shore only. In the case where a circulation
current is generated, sand deposition takes
place near the toe of slope and on the foreshore.
Also, the shoreline advances greater than that
without artificial reef, and the inshore erosion
zone becomes smaller. Thus, the artificial reef
minimizes topographic changes in the hinter-
land and promotes the stabilization of sedi-
ments, thereby possibly contributing to redu-
cing the on-the-sand exposure and swash of
shellfish larvae and adult shells.

3. Numerical simulations on wave field and

nearshore-current field

In Hamanaka Bay which is located in the
eastern part of Hokkaido as shown in Fig. 9,
five artificial reefs are installed along the sand
coast for the purpose of stabilizing the habitat
of bivalves. The mouth of Hamanaka Bay is
opening eastward and has a width of about 6
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km. The depth of water in the bay is less than
20 m, with a gentle gradient (1/280). According
to Mimura et al. (1996), bivalves are the major
fishery resources in this bay, though the num-
ber of bivalves living in the bay is on the de-
crease and there is concern about the upkeep of
these resources.

To develop technologies relating to the crea-
tion of bivalve fish grounds, it is pointed out
that sea waves and nearshore currents are im-
portant elements in the formation of a habitat

(Itosu, 1985). In the field survey carried out in
the summer of 1996, however, wave and cur-
rent observations were conducted only at three
points in the bay, which was insufficient to
grasp in detail the condition of waves and
flows in the vicinity of artificial reefs. In this
report, therefore, a description is made on the
numerical simulations which are conducted on
the wave field and nearshore current field
around the artificial reefs, and comparisons are
made with on-site observed values, to examine
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the effect of controlling the sea waves and
nearshore current by a group of artificial reefs.

3.1. Numerical simulation on the wave field

The calculation of a plane wave field may be
broadly classified into two methods, depending
on how waves are dealt with. That is to say,
one method deals with waves as the equation
of energy and another method deals with
waves as the equation of motion (HoNnMA and
HoRIKAWA, 1985). A typical wave model of the
former is the energy balance equation (herein-
after called EBE), while that of the latter is the
time-dependent mild slope equation (TDMSE).
EBE is a wave model which can simultaneously
solve the refraction of multidirection random
waves and the wave shoaling. Howaver, the
field of progressive waves whose single direc-
tion can be defined at each calculation point is
a precondition for this model, thereby making
it difficult to apply the model to the analysis of
a field in which waves are superimposed owing
to reflection or diffraction. TDMSE is a model
that can comprehensively evaluate the princi-
pal deformations of waves in the shallow sea, i.
e., shoaling, refraction, diffraction, reflection
and breaking, though its handling is limited to
regular waves.

The wave models have their own character-
istics, and it is therefore necessary to determine
the scope of application appropriately accord-
ing to purposes. For example, in the case that
(1) offshore waves suffer only refraction or
shoaling owing to the effect of seabottom to-
pography or (2) waves suffer attenuation in
height simultaneously owing to diffraction, re-
flection or breaking caused by the effect of
coastal structures built near the shoreline in
the shallow sea, it is necessary to use a wave
model which can appropriately evaluate the
deformation of waves in the respective sea
areas.

Then, to estimate the plane wave field
around the artificial reefs built in the coastal
area of Hamanaka Bay, interconnection calcu-
lations are carried out on the two wave models,
EBE and TDMSE. That is to say, in the offing
where waves are not affected by structures,
EBE is used, while in the sea area where waves
are affected by structures, TDMSE is used to

estimate the wave field in the sea area con-
cerned.

3.2. Basic equations
EBE, to which the wave-breaking attenua-
tion term is added, is given by equation (1).

i(SCg cos 8) -?—fa* (SC,sin 6) +

0

O s sin 0%~ cos 0500} = e

(D

Where, S : Direction spectrum, C, : Group ve-
locity, C : Wave velocity, 6 : Wave direction,
&» : Wave-breaking attenuation term.

Also, TDMSE, to which the wave-breaking at-
tenuation term is added, is given by equations
(2a, 2b) and equation (3).

0% 2% 0.~ 0 (22)
Qva z??,, _

Lt C g Sy = 0 (2b)
O 1 (0nQ.  OnQy\ _ )
aﬁn( o ayy> 0 @)

Where, Q., @, : Line flow rate, { : Water-sur-
face fluctuation, n : Ratio of wave velocity to
group velocity, f» : Wave-breaking attenua-
tion.

The actual numerical calculations are carried
out by converting these basic equations into
finite-defference equations against the array of
calculation points for various parameters on
the grid mesh and giving boundary conditions
as necessary.

3.3. Wave-field calculation results

At first, in order to examine the effect of arti-
ficial reefs on the wave field, the distribution of
wave heights in Hamanaka Bay was calculated
by applying TDMSE to the seabottom topogra-
phy before and after installing the artificial
reefs in the wave-field calculation area (with
and without hatch) shown in Fig. 9. In this cal-
culation area, it is necessary to pay attention to
the range of effects the artificial reefs or
coastal topography have on sea waves, so con-
ditions were established in such a way that the
diffraction effect of waves from Kiritappu
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Fig. 10 Results of wave field calculations be-
fore installing artificial reefs (TDMSE).

Peninsula could be considered, including all
groups of 5 artificial reefs. The boundary condi-
tion was established as an incident boundary
which gives a significant wave parameter in
the offshore boundary. The boundary on the
side of Kiritappu Peninsula was assumed to be
a closed boundary without input of line flow
rate. The boundary on the open-sea side and
the boundary on the shore side were assumed
to be open boundaries. Each artificial reef has
the following parameters : 200 m in dike length
(Lr), 100m in opening width (W) and 800m in
offshore distance (Y), which are similar to
those on the site. Working wave conditions are
as follows : offshore wave height Ho=87cm,
period T=8.4 s and wave direction SE, accord-
ing to typical wave parameters from on-site ob-
servations.

Under these conditions, calculations were
made on the plane wave field by applying TD-
MSE to the seabottom topography before and
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Fig. 11 Results of wave field calculations
after installing artificial reefs(TDMSE).

after installing the artificial reefs, and their re-
sults are shown in Figs. 10 and 11, respectively.
Looking at the wave field before installing the
artificial reefs, the waves entering from the di-
rection of SE are affected by diffraction from
Kiritappu Peninsula which is located in the
south of the bay, and the wave height is small
in the vicinity of the peninsula. The wave
height in the on-offshore direction in the area
near Y =1500m underwent a change in refrac-
tion due to offshore seabottom topography,
thereby causing shoaling toward the coast.
After growing into about 140cm, the wave
height faces the breaking point, attenuates and
reaches the shoreline. Looking at the wave field
after installing the artificial reefs, reflected
waves are produces in the front part of the
breakwater, while in the hinterland the wave
height is attenuating about 309 as compared
with that before installing the artificial reefs.
Thus, the wave control effect of artificial reefs
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Fig. 12 Main wave direction spectrum.

is evidently seen, possibly providings a favor-
able place for bivalves to live in.

Next, the sea area (with hatch) around the
artificial reefs shown in Fig. 9 was considered
as a study area, and interconnection calcula-
tions were carried out to estimate the wave
field by applying EBE in the sea off the study
area and using TDMSE in the sea within the
study area. When interconnecting the two
wave models, significant wave parameters
were obtained from the results of EBE direc-
tion spectrum calculations as input conditions
to TDMSE.

The boundary condition in the EBE calcula-
tion area (without hatch + with hatch) was es-
tablished as the incident boundary which gives
a direction spectrum so that the irregularity of
waves can be considered by on-site observa-
tions. The open-sea boundary and coastal
boundary are assumed to be open boundaries,
with the same spectrum in and outside the cal-
culation area. The boundary on the side of
Kiritappu Peninsula is assumed to be a closed
boundary, with no energy input.

The results of direction spectrum calcula-
tions by EBE under the conditions mentioned
above are as follows. Figure 12 shows the main
wave direction spectrum between the offshore
boundary and the interconnection boundary,

Y (longshore direction)

s oo (6

o | ; ‘ , .
1500 1700 1900 21002300 2500 2700
X (on-offshore direction) (I

Fig. 13 Results of interconnection calcula-
tions of the wave field.

with the energy of waves concentrated in the
neighborhood of f=0.11 Hz. The total energy of
waves is obtained from the direction spectrum,
which is the converted into significant wave
height Hi/;. Consequently, Hy/s is about 78 cm.
The distribution of wave heights in the inter-
connection calculation with this significant
wave height given to TDMSE as input condi-
tion in the interconnection boundary, is shown
in Fig. 13. The distribution shows that in the
front part of the artificial reefs, reflected waves
are produced ; in the hinterland, the wave
height attenuates and after that, waves are re-
produced causing the wave height to increase
again. Comparing the wave height distribu-
tions shown in Figs.13 and 11, the tendency of
the wave height to reach about 100cm in the
coastal direction over X=2400~2500m is ap-
pearing in both, though difference is recog-
nized in the distribution of wave heights in the
coastal direction near X=2100m. This is due to
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Fig. 14 Comparison of calculated values
and on-site observed values.

the effect of difference in the wave height dis-
tribution in the neighborhood of the intercon-
nection boundary. That is to say, in Fig. 11, a
sign wave is given in the offshore boundary,
and a solution by TDMSE is calculated, hence
the wave-height fluctuation in the entire calcu-
lation area becomes conspicuous due to the
phase interaction of waves. On the other hand,
EBE solves the energy transport status of ir-
regular waves, thereby obtaining a solution to
more smoothened wave-height distribution
than TDMSE. In Fig. 18, this smoothened wave-
height distribution is input in the interconnec-
tion boundary, possibly causing a difference
from Fig. 11. In Fig. 14, changes in wave height
with and without artificial reefs at Y=1390m
shown in Figs.10 an 13 are plotted in the on-
offshore direction to make comparison with
the on-site observed values. The wave height
with artificial reefs in the hinterland is smaller
than that without artificial reefs, and in the
neighborhood of X=2000m, the wave height is
showing a sudden decrease owing to forced
breaking by the artificial reefs. It seems that
such a decline in the wave height reduces the
bottom orbital velocity which is in proportion
to the wave height, making it possible to con-
tribute to the increased stability of the habitat.
Also, the calculated values are almost similar
to the observed values at St. 9.

When the identification of a wave phenome-
non that can be controlled by coastal struc-
tures for the habitat stabilization of bivalves
becomes an important problem, as in Hama-

naka Bay, it will be more effective to apply
TDMSE which can comprehensively evaluate
all wave deformations around the artificial
reefs and apply EBE in the sea area where
waves waves are not affected by the artificial
reefs. As one of the advantages to make such
interconnection calculations, shorter computa-
tion time is pointed out, with the CPU occupa-
tion time for interconnection calculations
being about 1/4 of TDMSE only.

3.4. Numerical simulation on the nearshore

current field

When an attempt is made to control the dissi-
pation of bivalves’ planktonic larvae or pro-
mote their implantation, a possible method is
to weaken the velocity of flow or change the
flow patten by installing artificial reefs. In this
section, therefore, numerical simulation is car-
ried out on the nearshore current filed to exam-
ine the effect of the artificial reefs installed in
Hamanaka Bay on the flows in the surrounding
sea areas.

3.5. Basic equation

The flow near the coastal zone, which occurs
due to sea waves, is generated owing to the
gradients of radiation stresses in the on-
offshore direction and coastal direction. The or-
thogonal coordinates are taken within the
horizontal plane and defines the on-offshore
axis in the x direction and the longsshore axis
in the v direction. The equation of continuity is
as described below with each component of the
mean flow assumed to be U and V and the
mean sea level, {.

08 oUh+E) | ,0V(ht+E) _
o orx v oy N

0 (5)
Also, the equation of motion containing the ra-
diation stress is given by the following :

oUh+E)  0Uh+E)  ,0V(R+E)
ot ox oy

_ 0
= g(h+f)ax

8 [ oUR+TE, 8 [ oU+E
+ ox {8“7 ox }+ oy {gy oy }
1 084 1 0Sy
p ax ,0 Gy Tox (63)
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Where, the fourth and fifth terms in the right
side are radiation stress terms which are
difined as the excess momentum flux of waves,
while the sixth in the right side is a seabottom
friction term.

Eddy viscosity coefficients &. and &, are ex-
pressed by the equation (7) according to the
hypothesis of LONGUET-HIGGINS (1970).

y=Neyg(h+5) <)

Where, N : Non-dimensional constant in the
order of 0.01, ¢ : Offshore distance Numerical
calculations are perfomed by converting equa-
tion (5) and equations (6a, 6b) into the finite
difference equation against calculation points
for various parameters defined on the grid
mesh. Meanwhile, the radiation stress of pro-
gressive waves which become a nearshore-
current driving force was calculated using the
wave energy and wave direction from the re-
sults of wave-field calculations and was given
to the equation of motion.

3.6. Results of nearshore-current field calcula-

tions

The nearshore-current study area was estab-
lished by paying attention to that the range of
effects by a group of artificial reefs should be
included as shown in Fig. 9, the depth contour
changes gently in the longshore direction, etc.

Figure 15 shows the results of calculations
on the nearshore current field before installing
the artificial reefs. The circulation flow center-
ing around X=2400m, Y =1250m and X=2500m
and Y=1500m is recognized. These positions
correspond to a portion in which the wave
height declines from maximum 140cm to about
60~80cm in the longshore direction, according
to the results of wave-field calculations shown
in Fig. 10. If the wave-height distribution is not
uniform in the longshore direction, the sea-
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Fig. 15 Results of calculations on the near-
shore current before installing artificial
reef.

water accumulated near the shore under equi-
librium condition must be returned to the off-
ing, thereby generating such an offshore
current (trip current). As a current that com-
pensates the rip current, the longshore current
develops in the almost same direction as the in-
cident angle of waves, producing a large veloc-
ity value. Harris (1969) assumes that the
frequency of causing such an assymetric-cell
nearshore current is about 50% of the near-
shore current system in the case where waves
enter obliquely in the natural coast.

Figure 16 shows the results of calculations
on the nearshore current field after installing
the artificial reefs. For radiation stress, the val-
ues obtained from the results of wave-field cal-
culations shown in Fig. 13 were used. The
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Fig. 16 Results of calculations on the near-
shore current after installing artificial
reef.

greater part of the flow near the shore is head-
ing from the upper part toward the lower part,
and the flow direction in the vicinity of X
=2500m, Y =900m where the flow velocity be-
comes weak is changed toward the offshore
side, forming a large circulation flow in the hin-
terland zone. Also, part of it heads from the
lower part toward the upper part, which is con-
trary to the incident direction, and overlaps the
current which flows downward from the upper
part, forming a small counterclockwise circula-
tion flow. If waves enter obliquely against a
group of artificial reefs, a bilaterally assymetric
circulation flow is generated in the hinterland
zone, and its velocity is weakened near the
shore as compared with the case where there is
no artificial reef. The velocity obtained by on-
site observations at St.9 was about 4 cm sec™

and the velosity at the calculation point corre-
sponding to St.9 was 4.2 cm sec ', hence it can
be said that the observed value agreed almost
with the calculated value.

The nearshore current mainly affects the
migration of shells, the diffusion of egge and
larvae and the promotion of implantation.
WATANABE (1982) reports that the critical ve-
locities for migration of bivalves (specific gra
vity : 1.32) whose shell lengths are 1, 3 and 5
cm are about 29, 40 and 50 cm sec™', respec-
tively, in the case where there are sand ripples
on the seabottom. In the nearshore-current cal-
culation in the case where artificial reefs were
installed, the maximum velocity is estimated at
about 12.6 cm sec™, which is lower than the
critical velocity for the migration of shells, and
it can therefore be considered possible to pre-
vent the runup of shells exposed from the bot-
tom surface. Also, in the water area behind the
mound, the velocity with artificial reefs was
found weaker than that without artificial reefs,
thus the retention time of larvae within the
water area becomes longer, possibly promoting
their implantation.

4. Conclusions

With the habitat stabilization of bivalves in
mind, plane movable bed tests on the nearshore
current and littoral drift phenomena around
the artificial reef and numerical simulations on
the wave field and nearshore current field
around a group of artificial reefs installed in
Hamanaka Bay were carried out, and hydraulic
characteristics were examined. As a result, the
following conclusions were drawn up :
(1) The peculiar nearshore current which is
generated around the artificial reef depends on
changes in the length of the dike and the
length of the opening width, and the longer the
opening width the more likely the circulation
flows occurs. If the classification of circulation
flow occurrence patterns is indicated according
to the dike length and opening width, it may be
broadly classified into the following three zon
es : Zone in which a stable circulation flow is
generated with 0 < Lr/W <4, zone in which an
unstable circulation flow is generated with 4 <C
Lr/W <6, and zone in which an on-offshore
flow is generated with 6 < Lr/W. Using this
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flow pattern classification, a steady circulation
flow is formed in the nearshore current and
planktonic larvae are trapped in the water
mass in it, so that the dissipation of larvae can
be controlled.

(2) The wave height in the case where a group
of artificial reefs were installed in Hamanaka
Bay was found about 30% lower than that
without artificial reefs. The nearshore current
field generated a stable circulation flow by in-
stalling the artificial reefs, and the velocity of
flow near the shore was found weakened. It can
be considered that the control of sea waves and
flows using these artificial reefs will mitigate
the outflow of bivalves’ planktonic larvae and
promote their implantation, possibly leading to
the creation of an ideal habitat.

Although this research is confined to a study
on the control of waves and flows by the artifi-
cial reef, it will provide useful information in
the foundamental stage to identify the hydrau-
lic characteristics these structures give to the
habitat.
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Original Achievements Leading Inductively Towards
Quantitative Evaluation of Detritus Food Chains in
the Marine Food Web

Humitake SEK1*

Abstract : Representative studies conducted originally to the reasonable assessment on signifi-
cance of detritus food chains in the marine food web for the stability of marine ecosystems
have been reviewed from the point of views of both(1)the feeding types of animals comprising
the food web, and(2)the energy flow among marine communities in the world oceans.

The former view is evident from the fact that many marine animal species do not conform
to specific trophic levels, and the ability of a given species to utilize alternative foods has a
great buffering action which tends to stabilize population sizes in the complex marine ecosys-

tem communities.

The latter can be evaluated by comparing the potential solar energy available for primary
production in the world oceans, the actual primary productivity measured in the world oceans,
and the possible productivity calculated from the commercial fish catch.

Carbon Budget of the Marine Ecosystem As-
suming Predominance of the Grazing Food
Chains

As in any ecosystem of the Biosphere, the
food chains in the marine ecosystem have been
shown to be of two basic types; (1) the grazing
food chain, which starts from a plant base to
grazing herbivores, and on to carnivores, and
(2) the detritus food chain, which goes from
dead organic matter to heterotrophic microor-
ganisms, and then to detritivores and their
predators.

Even at present, most textbooks and encyclo-
pedias describe the grazing food chains as
being predominant in the marine ecosystem in
contrast with the predominance of detritus
food chains in terrestrial ecosystems. The grea-
test symbolic illustration of this concept goes
back to a famous picture of the marine food
web in “The nature of oceanic life” by ISAACS in
Scientific American (1969). With this conven-
tional agreement that the grazing food chains

* Institute of Biological Sciences, University of
Tsukuba, Tsukuba, Ibaraki 305-006, Japan

are predominant in the marine ecosystem,
many sophisticated efforts have been made
among the greatest authorities to estimate the
solar energy available to the marine commu-
nity in the world oceans (OPPENHEIMER ed.
1968).

Here, based on the solar energy available for
photosynthesis in the world oceans, the theo-
retically maximum productivity of the oceans
is calculated as 1.6 X 10'! tons of carbon per
year.

Next, this theoretically maximum productiv-
ity of the oceans is examined by comparing it
with the actual primary productivity measured
in the marine ecosystem. As referred to pri-
mary production measured actually at differ-
ent regions of seas and oceans, the annual
productivity measured in the world oceans
should be summarized as 5.3X10" tons of car-
bon; that is roughly one third of the theoretical
maximum productivity of the world oceans.

Finally, the theoretically maximum produc-
tivity of the oceans is examined also by com-
paring with the primary productivity
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calculated from the commercial fish catch in
the world oceans, based on the transfer of food
energy with repeated eating and being eaten
through a series of prey—predator relationships
leading back to the energy source of primary
producers in the marine ecosystem.

For this calculation, the amount of commer-
cial fish catch in 1961 was from FAO Fisheries
Statistics, by assuming three links in the food
chain, with a 5% ecological transfer efficiency.
The efficiency is one of the minimal estima-
tions (STEELE ed., 1970), but it must be appro-
priate in this calculations because there is
much energy consumption for the seeking and
chasing of a prey by a predator in such an
oligotrophic environment as most parts of the
oceans. Thus the annual productivity is evalu-
ated as 5.8X10'° tons of carbon, that is pretty
close to the annual productivity measured in
the world oceans.

The conclusion was made at the symposium
(OPPENHEIMER ed., 1968) that the annual pri-
mary productivity is getting to be within an
order of magnitude of the maximum productiv-
ity possible, and that the actual harvest of fish-
ery products from the world oceans is getting
very close to what is being put into the world
oceans. However, we must realize that the esti-
mation by the actual measurement of primary
productivity is based only on the phytoplank-
ton, from which transformation of the grazing
food chains starts. We must recall also that the
actual harvest of fisheries products from the
world oceans in 1961 was half of that in the
1980s (FAO, 1991). The cybernetic system of
biological productivity in the oceans should
not be so inefficient in the utilization of solar
energy to be as low as one third of the theoreti-
cal maximum productivity!

Carbon Budget of the Marine Ecosystem With
Both Grazing and Detritus Food Chains

The conventional agreement that the graz-
ing food chains could be predominant in the
marine ecosystem is definitely inadequate be-
cause phytoplankters are shown not to be har-
vested efficiently by grazing zooplankters
(PORTER, 1973). Chains of diatoms are broken
while they are grasped by zooplankton, and a
part of diatoms is damaged and lost. Rough

estimates of the grazing efficiency of phyto-
plankton by zooplankton under natural con-
ditions vary from 90% to 50%. Zooplankters
graze an over—abundance of phytoplankton
food, far in excess of their needs, and excrete
half or more as faecal pellets. This semi—di-
gested phytoplankton detritus has been re-
ported to often form a significant fraction of
particulate organic materials in coastal waters
(STRICKLAND, 1965).

Virus infection has been shown recently as
another important factor to make phyto-
plankton flow directly into the ocean debris
(e.g., SUTTLE et al., 1991), since a high abun-
dance of viruses were found in aquatic envi-
ronments by BERGH et al. (1989).

Ever since the first aggressive claim with sci-
entific evidences by STRICKLAND (RILEY ed.
1963) to make conservative ecologists realize
that the greater fraction of organic material in
the oceans is comprised of non-living debris,
marine macrophytes have received attention as
a major potential source of the particulate and
dissolved organic matter in sea water, because
less than 5% of macrophytes production has
been determined to enter the marine food web
by direct grazing, in spite of the fact that the
macrophytic communities and mangroves of
coastal regions tend to develop to be highly
productive (e.g., up to 2,000 gC m~? per year).
The evidence that marine macrophytes gener-
ate debris rather than enter the grazing food
chains has thus been recognized in many spe-
cies of kelps, sea grasses, rockweeds, marsh
grasses and mangrove (MANN, 1972). With a
careful assessment of annual primary produc-
tion of these major marine macrophyte sys-
tems, the production range have been esti-
mated from 50 to 2,000 gC per square meter,
and certain kelp beds are more productive than
the most productive land, such as an inten-
sively managed alfalfa field! MANN (1972) con-
cluded that the macrophyte fringe of the
oceans has an intensity of production which is
up to 40 times the intensity of phytoplankton
production. Assuming that the area of macro-
phyte fringe occupies the coastal region above
10 m deep, the fringe dominates 1.0% of the
world oceans, i.e., based on 7.6% area of conti-
nental shelf in the oceans (KOsSINNA, 1921) and
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A continuous culture system for the culture of bacteria, protozoa and brine shripms.

Bacteria and protozoa were isolated from the sea water of Aburatsubo Inlet, Japan (modi-

fied from SEex1, 1966)

the hypsometric curve of surface of the earth
(WYLLIE, 1976). By comparing the production
intensities and distribution areas, the primary
production by macrophytes is evaluated as
much as up to 40% of that by phytoplankton in
the marine ecosystem. In addition to this
evaluation, the primary production by floating
seaweeds such as Sargassum in the surface of
open oceans must be taken into account as
macrophyte production of the world, because

its production is considerable in such conver-
gence areas as in Shiome(current rip)and the
Sargasso Sea.

The process of detritus production from liv-
ing macrophytes is continuous; i.e., as they
grow, leaves or leaf tips die and start to disinte-
grate. Most grazers on macrophytes are known
to be very inefficient, wasting more than they
consume and thus contributing to the detritus
supply. Once these macrophytes die, the dead
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chain in the experimental system in Fig. 1

plant materials are covered by bacterial colo-
nies, which support populations of protozoa
and other micro—detritivores. Whole microbial
communities on a dead macrophyte piece are
ingested by fishes and macro—invertebrates as
described in DARNELL(1961). These macro-—
detritivores have been shown to digest only
micro—detritivores and bacteria, because their
faecal pellets consist almost exclusively of
dead macrophytal material (MANN, 1972; SEKI1,
1982a). The faecal pellets are recolonized by mi-
crobial populations, and the same process is re-
peated. With every cycle, the particle size of
the dead macrophyte piece is reduced. While
processes of the detritus food chains proceed, a
part of macrophyte production enters into the
stock of ocean debris as a dissolved form.

The energy transfer in an experimental

system of the detritus food chain (Figs. 1 and
2) was determined firstly by Sex1 (1964, 1965,
1966b). Thereafter, efficient bacterial utiliza-
tion of these abundant organic materials, both
from dead phytoplankton and macrophyte, as
the production at the primary trophic level of
detritus food chains has been shown with both
experimental and field studies by many
authors (e.g., PARSONS and SEKI, 1970; SEKI, 1969;
1971; 1972; SEKI et al., 1968; 1969; 1972; 1974a; SEKI
& YOKOHAMA, 1978).

Difficulty in Classification of The Real Tro-
phic Level of A Species in the Marine Ecologi-
cal Pyramid

The mythology of the grazing food chains
being predominant at the marine ecosystem
was also doubted in 1961, since DARNELL (1961)
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showed that many animal species do not con-
form to specific trophic levels, based on the re-
sults of a series of detailed investigations
obtained in a large estuary of the Louisiana
coast.

There are only a few typical carnivorous fish
species, such as longnose gar, crevalle jack, bull
shark and southern flounder. The really abun-
dant fish and invertebrate species comprise 2
groups: The first includes those omnivorous
species which have a rather wide range of food
tolerance, such as sea catfish, bay anchovy,
spot, Atlantic croaker and blue crab. The sec-
ond includes those detritivorous species which
feed largely upon organic detritus, such as
rangia clam, striped mullet, largescale menha-
den, white shrimp and hogchoker.

The ontogenetic progression of food habits
within a given species frequently involves suc-
cessive specialization upon different types of
foods. This is evidently shown in case of the
Atlantic croaker; i.e., the successive shift or its
prey proceeds from zooplankton to small
benthic animals, then to detritus, and finally to
larger crustaceans and fishes.

Hence the study by DARNELL (1961) shows
that the ability of a given species to utilize al-
ternative foods has a great buffering action
which tends to stabilize population sizes in the
complex communities of the marine ecosystem.
It was also shown that most of the marine con-
sumer species ingest large quantities of organic
debris and some of them are largely dependent
upon this material. These conclusions evi-
dently lead also to the importance of the detri-
tus food chains from the predator side of the
marine ecosystem.

Stability of the Marine Ecological Pyramid
With the Backup System of the Detritus Food
Chains

The difficulty of classifying a marine species
into a particular trophic level in the marine
ecological pyramid is not only seen in the case
of predator but also for prey. As has been re-
cently realized(e.g., SIEBURTH ef al., 1988), many
flagellate species play roles as detritivores as
well asprimary producers. Their grazing
mechanism has been clarified, especially for
species in the haptophyta. Food capture and

transport during phagocytosis of these flagel-
lates has been shown clearly using video im-
ages for a species Chrysochromulina hirta
(KawacHl et al., 1991). Existence of these mix-
otrophs can stabilize the biomass within the
first trophic level of the marine food web to-
wards a very steady state, by efficiently col-
lecting bacterioplankton and the detritus
which is released mainly from dead macro-
phytes and the broken phytoplankton from
zooplankton grazing, natural death and virus
infection. Thus, constituent members in the
first trophic level of marine ecological pyramid
comprise these primary producers in the graz-
ing food chains and the detritus food chains;
both producers acting as replenishing agents
against the loss of organic materials to make
the organic debris loss as small as possible. Al-
ready by a purely theoretical approach, PAR-
soNs and Kessi.er (1986) have predicted this
important role of zooflagellates in maintaining
an adequate food supply for zooplankton when
the phytoplankton has run out of nutrients and
collapses.

The major constituent member in the first
trophic level of detritus food chains are bacte-
ria which are not only dependent on detrital
particles but also on dissolved organic materi-
als. An early study of bacterial production
through this process was initiated by PARSONS
and STRICKLAND (1962) in order to determine
the significant part of photosynthestic produc-
tion flows via bacteria through the detritus
food chains in the marine ecological pyramid.
An analysis which greatly contributed to the
reliable understanding of the distribution of
the organic debris was made by DUURSMA
(1960), who determined its approximate
biomass as 1 mgC per liter of sea water in the
bulk of the ocean. Each organic compound is
maintained in a steady-state equilibrium in the
order of ug per liter, down to a threshold in the
order of ng per liter by bacterial nutrient as-
similation in some oligotrophic waters. As
much as 5 to 10 times of this concentration oc-
curs within surface waters and throughout the
coastal waters, and it is rarely less than 0.5 mgC
per liter in deep ocean waters (e.g., SEKI et al.,
1974b; 1981a; 1981b). This minimum concentra-
tion is the apparent threshold bulk of most
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Table 1
Primary production divided into the grazing and
detritus food chains in the world oceans

PHYTOPLANKTON: 71%
used for grazing by zooplankton ;
used for generating debris ;

MACROPHYTES: 29%

used for grazing by benthos;
used for generating debris;

13% ~ 23%
48% ~ 58%

< 15%
27% ~ 28%

* Qverall energy of the primary production to be used for

(1) the grazing food chain is between 14% and 24%
(13%~23% used for grazing by zooplankton, and
< 1.5% used for grazing by benthos)

and

(2) the detritus food chain is between 75% and 86%.
(489%~58% used for generating debris, and
27%~28% used for generating debris)

organic compound; more than 0.5 mgC per liter
of organic debris are susceptible to dynamic
cycling by the bacterial action (Seki, 1992).

The bacterioplankton production through
debris utilization in the world oceans seems to
be insignificant because the aquatic humus
comprises the major fraction of total organic
debris. The annual flux corresponds to 0.20 X
10° tons of carbon in the world oceans, assum-
ing that the total debris amount of 1.3 X 10*
tons of carbon(SKOPINTSEV, 1966) then the resi-
dent time of 3740 years (WILLIAMS ef al., 1969)
is determined be converting 30% into bacterial
cells. This amounts to only 0.02% of the maxi-
mum primary productivity.

However, when the process is specified
within the productive layer of oceans, assum-
ing a value of roughly 0.1 mgC per square
meter for the standing crop of bacterio-
plankton which can utilize highly nutritional
organic solute excreted from both living plants
and animals (ParsoNs and SEeki, 1970; SEkI,
1966a; 1970a; 1970b; SEKI and ZoBELL, 1967), the
bacterioplankton production there is as much
as 0.5 to 1% of the phytoplankton production
(PARSONS and STRICKLAND, 1962). This moder-
ate transfer efficiency is due to rapid cycling of
easily metabolizable solutes (e.g., organic acids,

monosaccharides and amino acids) with their
resident time as short as several tens of days
(SEk1, 1992). This contribution of bacterio-
plankton is still extremely small, when com-
pared with that of attached bacteria on the
dead macrophytes and the faecal pellets of
dead phytoplankton (SEki, 1970a; SEKI et al.,
1972; HonJo, 1978).

As mentioned before, the grazing efficiency
of phytoplankton by zooplankton in the oceans
varies from 50 to 90% even if there is an ideal
prey-predator relationship without the grazing
loss. As such an ideal period for grazing has
been observed to be only less than 3 months a
year in the world oceans (HEINRICH, 1962), less
than 25% of the annual primary production
can be used for the grazing food chains of ma-
rine ecological pyramid. The approximate cal-
culations, thus, lead to the definite conclusion
that the detritus food chains are dominant over
the grazing food chains in the marine ecosys-
tem, just the same as in the terrestrial ecosys-
tems (Table 1).

Approximately equal concentrations of or-
ganisms have shown to occur at every particle
size group within the range from phyto-
plankton to whales in Antarctic waters or from
phytoplankton to tuna in the equatorial Pacific
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dian estuaries (b) (reproduced from Sgxi, 1992)

Ocean (SHELDON et al., 1972). The same biomass
structure is kept even with the addition of the
bacterial size group into the scheme (SEKI,
1982a). In the structure, some decrease of
standing stock actually determined in the
oceans may occur as particle size increases, so
the pyramid of biomass has a slightly upright
shape. However, concentrations in the bacterial
and phytoplankton size ranges should be re-
duced by a factor of at least two to eliminate
living organisms only. The zooplankton con-
centrations are approximately correct, as it is
unlikely that many nonliving particles are pre-
sent in that size range. The estimated concent-
rations of tuna and whales represent mini-
mums for particles of these sizes due to tech-

nical problems in estimation. When these corre-
ctions are performed to estimate standing
stocks of living particles, the constant concen-
trations represent the possible spectrum of liv-
ing particles in the Antarctic and equatorial
Pacific Oceans. The pattern of standing stocks
are similar in each of the two oceans, although
the absolute values differ by approximately a
factor of ten. This could be reasonably ex-
pected because of differences in the productiv-
ity of each region.

The arithmetic distribution of biomass in
any ocean must be a column shape. Then the
pattern of this standing stock can be main-
tained only if the rate of production varies in-
versely with particle size, in order that the
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pyramid of energy can reasonably take a true
upright pyramid shape. This is evident in Fig-
ure 4 which shows the relationship between
production rates and particie sizes of all groups
of marine organisms including bacteria. A
striking characteristic of bacteria and other
nanoplankters is their rapid rates of reproduc-
tion, accomplished by vegetative cell division.
Their biomass formation can be extremely
rapid since the increase is by geometric pro-
gression. The rate of bacterial division is as fre-
quent as once every few hours in the
production layer, where bacterioplankton acts
as a replenishing agent against the loss of or-
ganic materials from phytoplankton to make
the organic debris losses from the marine eco-
logical pyramid as minimal as possible. The
growth rate and size of a multi-cellular organ-
ism vary significantly during its life-time,
whereas a single—celled microbe is less variable.
Growth rate of marine microorganisms varies
greatly with temperature and other environ-
mental factors in usual laboratory experi-
ments, but this effect has been determined to
be relatively small with prompt biological

reactions such as the species succession and
other phenomena in the natural environment
of oceans (SEKI, 1982b).

When organisms in both grazing food chains
and detritus food chains at each trophic level
of the marine ecological pyramid are related as
whole (size ranges; 107! to 102um for the first
trophic level, 10* to 10*um for the second tro-
phic level, 10¢ to 10°um for the third trophic
level), production rates between prey and
predators vary by roughly one order of magni-
tude (Fig. 5). Although experimental results
represent higher efficiencies almost exclu-
sively due to the predator’s assimilation, those
efficiencies in Nature must include also energy
loss of finding and accessing the prey by preda-
tor. Therefore, some experimental results have
shown that the energy transferred from one
trophic level to another can be more efficient
than 309 (STEELE ed., 1970), but the standing
stocks of every trophic level is kept similar
with the ecological efficiency of about 10% in
the oceans.

Finally, the bacterial production processes
are less susceptible to seasonal and other
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Fig. 5. Pyramid of energy in the marine ecosystem, based on the marine food web with the
grazing food chains and the detritus food chains

variable factors of the marine ecosystem. This
characteristic has a favourable function for the
constant supply of biomass to the second
trophic level of the ecological pyramid, by
backing up the unstable supply of phyto-
plankton, and eventually contributing to the
stability of marine ecosystem.
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Interannual variations of coastal sea levels and
annual tides spectra neighbor Kuroshio flow

Shigehisa NAKAMURA*

Abstract : This work concerns the interannal variations of the sea levels on the coast fac-
ing an ocean. Interannual variations of the sea levels and of annual tides on the coast are
studied referring to amplitude spectra reduced after applying fast Fourier transform
(FFT) method. Special reference is that in an local area covering Kuroshio flow off the
south of the Honshu in the Japanese Islands, and in an specific area just as a part of seis-
mic and tectonic active zone. Specific pattern of the apmlitude spectra of the annual tides
at the local tide stations are analyzed and studied.

Key words : monthly mean sea level, annual tides, internal variations, Kuroshio
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Fig.1 Coastal configulation of the interested
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the Kuroshio flow axis off Kushimoto.
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Fig. 3. Mean sea level (A,) and energies related to the annual tides (Enu =A% and Es=A,?), at
Wakayama for the period of 1976 to 1988 and at Shirahama for the period of 1973 to 1988, where
the notations Ao, Ag Ay and Ay are for the zeroth, nineth, tenth and eleventh order of spectral

components in Fig. 2.
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(8 ) Microscale processes in the ocean: why are they so important for ecosystem functioning?
~~~~~~ Laurent SEURONT (Tokyo Univ. Fish.)

Turbulence has widely been regarded as being a homogeneous process. Turbulence effects on ecosystem
fluxes have thus been estimated using mean values of turbulent kinetic energy dissipation rates. However, tur-
bulent processes are highly intermittent, a framework inconsistent with an average representation of turbu-
lence. The intermittent nature of microscale turbulence, modeled in the speciffic theoretical framework related
to multifractals, leads to (i) an increase in the rate of nutrient fluxes around non-motile phytoplankton cells
(6-62%), (i) a decrease in the physical coagulation of phytoplankton cells (25-48%)and in the subsequent
phytoplankton aggregate volumes (22-41%), and (iii) a decrease of the turbulence contribution to predator-prey
encounter rates (25-50%).

(9) Numerical Simulation of Density Current in Tokyo Bay----- Ivonne M. RApiAWANE, Y. KiTADE and M.
Matsuyama (Tokyo Univ. Fish.)

A numerical experiment was conducted to study the circulation of the low-salinity water in Tokyo Bay by a
three-dimensional baroclinic model (POM). The fresh water discharged from the rivers was mixed round the sea
surface water of the bay around the mouth of the rivers and the formation of low-salinity water was confirmed
there. The main rivers are located at the western coast of the bay and at bay head, i. e, Edo River, Ara River,
Tama River and Tsurumi River. The total volume transport from the rivers to the bay is about 130 m*/s in sum-
mer.

The experiment was made under the initial and boundary condition for the summer of 1995. The salinity water
slowly runs toward the bay mouth along the western coast and the characteristics of its behavior is similar to
the density current in the baroclinic fiedl in rotation gluid. The salinity distributions obtained by the numerical
experiments were compared with the observational one by Japan Hydrographic Agenecy. The results show that
the numerical model is possible to apply to the behavior and structure of the low salinity water in the bay. The
detailed results will appear in this journal.

(10) Variability of Low Saline Water flowed out from Tokyo Bay into Sagami Bay----- I Wayan NURJAYA,
Masaji MaTsuyama and Yujiro Kitape (Tokyo Univ. Fish.)

In coastal water of the world, low saline water (LSW) discharged from rivers are well known to be often af-
fected by a rotation of the earth, i.e., Coriolis’ force. LSW behaves as a density current in a rotating fluid, that is,
LSW tends to flow with the narrow width along the coast.

We have examined to verify the structure and behavior of LSW near the mouth of Tokyo Bay by the detailed
CTD observations. In addition, dynamics of LSW is also investigated through the distribution of salinity, tem-
perature, density and current. The 17 observations were made along two observational lines, southward and
westward lines from the tip of Miura Peninsula, located at the mouth of Tokyo Bay, from 1997 to 2000.

The observational results are as follows.

(1) Every observation indicates the coastal trapping structure of LSW along Miura Peninsula.

(2) The distributions of LSW are variable, and do not show the remarked seasonal variation except winter when
the river discharged water is extremely small.

(3) The width of LSW is estimated 3-6 km by the salinity distribution. This width almost agrees with the
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internal radius of deformation, i.e, the width of the density current obtained by theoretical resuit.

(4) The current speed estimated by the thermal wind relation is 5-20 cm/s in the southern line.

(5) The fresh water volume is also estimated by the fraction of salinity and current speed by the thermal wind
relatin. The volume is range between 113 and 867 m?®/s, and is tha same order of the river volume transport
into Tokyo Bay.
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