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Introduction

Reduction of point and non point source pollutants flowing into the lake is the essential
measure to improve lake water quality. It should be noted that various stake holders in the
watershed should have common understanding on the pollutants source : the distribution and
the course to flow into the lake, in order to build consensus among the people in the watershed
on the purpose, effect and importance of various pollutants reduction measures. Integrated
approach based on the cooperation between administrative organizations with the consensus
among the people in the watershed might be often time consuming, but would be a shorter
way to effectively achieve a goal for a better management of lake water quality.

The data and information concerning hydrological cycle in the watershed is distributed over a
wide range, which include 7(1) geographic data such as topography, geology, surface soil,
land use, administrative boundary and population? (2) meteorological data such as
precipitation, temperature, wind speed and sunshine (3) hydrological data such as river
discharge and water quality and (4) operational data related to man-made facilities such as
water resources development facilities, water supply facilities for municipal, agricultural and
industrial use and wastewater treatment facilities. There are many administrative
organizations in the national, prefectural and municipal level. For example, in Japan, in the
national government level, Ministry of Construction is in charge of geographical mapping
data and hydrological data, while Meteorological Agency is in meteorological data. Water
resources development facilities and waste water ireatment facilities are within jurisdiction of
the Ministry of Construction, while municipal, agricultural and industrial water supply
facilities are each within the jurisdiction of the Ministry of Health and Welfare, Ministry of
Agriculture and Ministry of International Trade and Industry.

For the integrated watershed management based on the understanding of watershed conditions
as a whole, it is often necessary to display and/or analyze the related data collected by the
different organizations. GIS data base would serve as an effective tool for compiling various
data related to watershed aquatic environment using location as index.

This paper is on the development and utilization of the GIS data base for Lake Kasumigaura
basin (lake area = 168km’, basin area = 2,157km?), which aims at applying for lake water
quality management.




GIS data base for Lake Kasumigaura watershed

GIS data base for Lake Kasumigaura basin has been developed, as a research project, aiming
at sharing data among related national, prefectural and municipal administrative
organizations. The system was designed so that users can retrieve various information
concerning quantity and quality of water by clicking the point on the map shown on the
monitor display, which would be useful for consensus building and/or decision making by
providing an overview of present watershed circumstances.

Mesh geographic data for a base map is based on the digital map prepared by Geographical
Survey Institute, which covers the area with 50 m mesh for elevation, 100 m for land use and
1 km for surface soil and geology. Point data such as hydrological data are input with location
of the observation point, while the areal data such as amount of municipal water supply in
each municipality are input with municipal area as location.

For constructing the framework of GIS data base, we adopted EXCEL (Microsoft) as a
popular and simple data base software and ArcView3 (ESRI) as a GIS software with rich
presentation function, both of which can be run on WINDOWS PC. The reason is that we
attached greater importance to easiness of operation and data updating rather than highly
advanced analyzing ability. In order for disseminating the contents of data base through
Internet Homepage, the data would be transformed into HTML format.

Example of application of GIS data base for lake watershed modeling

GIS data base for lake watershed can be applied for constructing and evaluating a model to
simulate water and pollutants movement in the watershed, which is to be a useful tool to
estimate the impact of land use change in the basin on lake water quality and to compare the
effects of various measures for reducing pollutants load from the basin.

The concept of a distributed parameter model for simulating rain water runoff and consequent
pollutant load runoff is as follows. Rainfall input for each mesh is first separated, through a
combination of conceptual tanks having several outlet, into 3 components including surface
flow, interflow and base flow, which is then flowing down along flow line based on the digital
elevation model and produces channel flow. The channel flow is to be routed by kinematic
wave method. In the process of identifying the model parameters, it was assumed that each
parameter is a function of land use, soil type and surface geology of each mesh, which are
stored in the GIS data base. Pollutants load model is based on the assumption that
accumulated load on the land surface would be washed away by rain water and flow down
through each component of runoff. The another assumption is that the pollutant load rate
exponentially increases with river discharge, which is expressed in LQ formula. The structure
of the model is shown in Fig. 1.
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Fig.1. Structure of the model
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in the future.
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Fig.2. Bird’s eye view of Upper Koise River basin
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Conclusion
Framework of GIS data base for Lake Kasumigaura basin was constructed aiming at
providing a tool for comprehensive lake water quality management. Various kinds of data
including geographic, meteorological, hydrological and administrative data were stored in the
data base, which would be disseminated to public through Internet in near future.

The GIS data base would contribute to build the consensus among various stake holders in the
watershed by providing a common information about the present situation and problems to be
solved. It also can be used for constructing/evaluating a distributed parameter watershed
model, which would serve as a tool to estimate the impact of land use change in the watershed
and of various measures for pollutant load reduction on lake water quality.
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Current Control System for Lake Water Quality Management

Akira TERAKAWA' and Takashi FUKUWATARI?

Abstract

In order to prevent excessive algae growth due to eutrophication in relatively deep
dam reservoir, current control system was developed, which consists of two types of aeration
systems : a circulating flow control facility and a deep layer DO improvement facility. The
system creates a thick circulating mixed layer with a constant temperature to a depth of 15 —
20 m below the surface, which introduces nutrient rich river water during a small to medium
flood to deeper zone to prevent the nutrient supply to floating algae in the.surface layer.
The system also aims at increasing DO in the deep layer near the bottom ‘of the lake to
decrease the leaching of nutrient from the bed mud. The system was installed in the actual
dam reservoir and the current in the lake due to aeration was measured using Acoustic
Doppler Current Profiler (ADCP), fixed in the reservoir. The observation showed that the
circulating layer with a thickness of about 16m formed by the bubbling aeration successtully
introduced the inflow river water to the deeper part of the reservoir, which might be effective
for preventing excessive algae growth.

Introduction

A drastic increase of nutrients flowing into the lake due to river basin
development activates biological production and increases the standing stock of algae,
which causes serious environmental problems, such as discoloration of reservoir surface
water caused by flesh water red tides, foul odor, foul taste and harmfu! intluences on
water purification plants for drinking water.

The basic principle of countermeasures against eutiophication is to remove the
factors that cause eutrophication. ~Specifically, the ibnormal outbreak of algae can be
hampered by removing at least one of the factors that causes algae propagation, such as
nutrients flowing into and accumulated in reservoirs, environmental conditions
including sunshine and water temperature necessary for photosynthesis, and sufficient
residence time.

The key countermeasure against eutrophication is to restrain the inflow of
nutrients.  To achieve this, efforts must be made to promote countermeasures in the
basin for reducing the inflowing nutrient load in close cooperation with relevant
institutions. ~ Composting of livestock excretions and improvement of sewage
treatment are effective ways of reducing the nutrient load originating from animal
husbandry wastewater and gray water in the basins. If the facility is designed
adequately to meet the local conditions, land treatment of wastewater, with which the
absorption and purification capacity of the surface layer soil is utilized positively, may

' Member of ASCE, Head, Environmental Planning Division, Public Works Research Institute, 1
Asahi Tsukuba, JAPAN 305-0804

? Research Engineer, Environmental Planning Division, Public Works Research Institute, 1 Asahi
Tsukuba, JAPAN 305-0804




also be an effective way to remove nutrients, particularly phosphorus. (Hydrology
Division of PWRI, 1988) In addition, prevention of surface soil erosion from farmland,
which contains a huge amount of nutrients, is important to counteract both prolonged
water turbidity and eutrophication.

On the other hand, countermeasures for river basins require a long period, as well
as huge investment, since the source of the target load is distributed in a wide area.
Thus, immediate measures in river channels and/or reservoirs are sometimes necessary
in parallel with countermeasures in the basins.

Countermeasures against eutrophication in dam reservoirs can roughly be
classified into physical, biological and chemical methods. Since the chemical method
is usually costly, a combination of physical and biological methods should be used for
large water bodies such as dam reservoirs. Current control system, developed by
Public Works Research Institute, is to use bubbling aeration facility for cutting off the
supply of nutrients to the surface layer and for hampering elution of nutrients from the
bottom sludge by increasing the dissolved oxygen in the bottom layer.

Principle of Current Control System

A shallow-layer aerator, which is the major constituent of the current control
system, forms a circulating layer of 15 to 20 m in thickness on the surface of a dam
reservoir. This epilimnion, in which temperature is almost constant, is maintained
even during small- and middle-scale floods, by which the supply of nutrients and
sunlight to blue-green algae that live in the surface layer is restricted, thus hampering

the abnormal outbreak of blue-green algae. Figure 1 shows a conceptual drawing of
the current control system.

Primary
Secondary . A Secondary
Circulation Clrgl‘:vhon Circulation

Flow

Flow

Selective inflow

Medium/small

b Flood Water
‘.____ Circulation Flow

Aecration facility for
circulating upper layer

Selective discharge

Facility to provide
oxygen in deep layer

Fig. 1 Schematic diagram of the current control system




In general, the distribution of water temperature in summertime under natural
conditions forms a so-called thermocline, i.e., the temperature is highest at the water
surface and decreases with depth. The hydrosphere becomes quite stable when the
thermocline is formed, since the water at the surface layer hardly moves vertically
exceeding the metalimnion.  This creates a suitable environment for blue-green algae
to propagate, or to multiply explosively from time to time, because the river water,
which contains abundant nutrients, flows into an area several meters below the water
surface and supplies nutrients to the surface layer with sufficient sunlight.

When aeration by the bubbling aeration method is conducted at a water depth of
15 to 20 m, the water above the aerator is stirred and mixed and a circulating epilimnion
with stable water temperature is formed. In this epilimnion, the surface water in the
secondary circulating current is drawn toward the aerator, then is circulated back to the
intermediate layer in several days where the sunlight does not reach. Due to this
circulation, the floating algae which had started to propagate in the surface layer are
drawn to the intermediate layer, and their growth is restricted. In addition, floating
algae cannot propagate steadily even when the surface water is being drawn by the
aerator, since the water tends to be mixed in the vertical direction on the surface of the
circulating epilimnion, where the temperature is almost constant, as the temperature of
the water surface lowers due to a sharp decrease of air temperature usually at night.

When a circulating epilimnion with a thickness of 15 to 20 m is formed, the
inflow water due to small to medium scale floods, which contains abundant nutrients, is
introduced to the thermocline in the lower part of the circulating epilimnion. This
decreases the nutrients that mix into the surface layer where blue-green algae are living,
thus preventing the abnormal outbreak of blue-green algae. This also helps to
counteract prolonged water turbidity, i.e., clear water on the surface is not disturbed
because the highly turbid water during small to medium scale floods is going through
the middle layer and is discharged downstream.

The effects of the current control system are shown by analysis using a numerical
simulation model combining a hydraulic model of lake water flow and a biological
model of zooplanktons and phytoplanktons. (Niwa et. al., 1996; Fukuwatari et. al. ,
1997).

Results of Field Observation 165

The current control system 160 f
has been experimentally introduced s \/[%
in several dam reservoirs and field %
observation was made for
evaluating purpose.

Figure 2 shows the time- o
series variations of the vertical ] gl fo
distribution of water temperature  '# >
near the aerator during the shallow- I %///’//
layer aeration conducted at Yabakei 140 TEE— — % ”
Dam Reservoir.  This figure shows Water Temperature ('C)
that a clear circulating epilimnion is

formed in about one month after the  Fig. 2 Formation of circulating mixed layer
(observed at Yabakei Dam)
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(at Miharu Dam , Aug 27)




shallow-layer aeration was commenced on July 5.

Figure 3 shows the results of continuous monitoring of the vertical distribution of
horizontal velocity using an Acoustic Doppler Current Profiler (ADCP), which was
fixed upward on a frame installed on the bottom of the reservoir about 130 m away
from the aerator, during the operation of the shallow-layer aeration facility at Miharu
Dam. The ADCP used was a 1200 kHz-type, and the results of three-dimensional
current velocity measurement, which was conducted in the surface layer at intervals of
50 cm in the vertical direction at a measurement frequency of once every 3.5 seconds,
are recorded as the mean average of 85 pulses for every 5 minutes. The nominal
measurement error declared by the maker is *#0.5 cm/s. In this figure, the data
obtained between August 26 and 27, 1997, when a small flood took place, were
averaged for every 30 minutes, which show that the river water flows into an area at a
water depth of about 17 m with the '
maximum current velocity of 8 .
cm/s. Figure 4 shows the time- N
series variations of current velocity
components in the horizontal
direction obtained by the same
ADCP (the direction going away
from the aerator is eastward and
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positive). Due to the rainfall of 2 .
about 20 mm in total during 3 3 ¥ forBesmeen
hours from 17:00 p.m. on August s ' ‘

26, a peak discharge of about 4.3

m’/s was observed at around 1:00 18
a.m. on August 27, and the
westward current velocity (heading
downstream of the dam) increased
at the observation point of current Fig. 4 Vertical distribution of horizontal velocity
velocity with a delay of about 6 to observed by ADCP
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the amount of discharge from the D(e;ﬂ)lo s ©
dam and the amount of increase of 5o
reservoir water obtained from the ;;;
water level wvariations in the 10 3’:“"
reservoir.  Figure S shows the °°°,°
vertical  distribution of water 15
?}r}nperature at 9:00 a.m. of th.1s day. 202
e temperature of the inflow —
water at the heel upstream of the 25
reservoir was about 23°C at the Y
peak of rainfall (at 19:00 p.m. on 30o’ 5 10 15 20 25 30
August 26) and about 20.9°C at the Temperature(°C)

peak of discharge (0:00 a.m. on

- August 27).  As shown in Figure 5, Fig 5 Vertical distribution of water temperature
the water depth corresponding to at 9 am, Aug 27




the water temperature of 23°C and 20.9°C are about 18 m and 20 m, respectively,
which roughly conform with the water depth of 16 to 18 m measured when an increase
of current velocity was observed from 6:00 a.m. to 6:00 p.m. on August 27. Thus, the
circulating epilimnion with a thickness of sbout 16 m formed by the shallow-layer
aerator was proven to be successtully guiding the inflow river water to the deeper part
of the reservoir.

Along with the shallow-layer aeration circulation facility discussed so far, a deep-
layer aerator for improving the deep-layer DO (dissolved oxygen) is an optional device
of the current control system. The deep-layer aeration system has an umbrella-shaped
structure with a radius of about 3 m above the aerator, which is installed at a point
deeper than the outlet of the shallow-layer aerator to prevent drawing the bottom layer
water toward the shallow zone.

The vertical distribution of both DO and ORP (oxidation-reduction potential) at a
location about 390 m from the aerator during the operation of the deep-layer aerator was
observed at Miharu Dam in August, 1997. Although DO is remained to be zero in the
deep layer (where the oxygen demand is great), ORP keeps positive value, which shows
that the aerator might work successfully to prevent the elution of nutrients from the
bottom sludge.

Conclusion

Current Control System, combination of bubbling aeration facilities, is to
create a thick circulating mixed layer with constant temperature to a depth of 15-20 m
below the surface of a dam reservoir, which is expected to prevent excessive algae
growtrh by reducing the nutrient supply to the surface layer. The system was
introduced to actual dam reservoirs and the expected function of the system was
confirmed through the field observation as follows.
(1) A thick circulating mixed layer was formed in about one month after commencement
of shallow layer aerations.
(2) Based on the tlow observation using ADCP, thick circulating mixed layer effectively
guide the intflowing water at a time of small flood to the deeper zone of the reservoir.
(3) Deep layer aerator contributed to keep the ORP of bottom layer positive, which
would prevent the elusion of nutrients from the bottom sludge.
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ANALYSIS OF AUTUMN UPWELLING OF ANOXIC BOTTOM WATER,
DESTRATIFICATION, AND VERTICAL CIRCULATION INDUCED BY
WIND IN TOKYO BAY

Masataka WATANABE, Kunihiko AMANO, Yuji ISHIKAWA
and Kunio KOHATA

The mechanism which causes upwelling of anoxic bottom water (Awoshiwo), often occurs in the
north-eastern coast of Tokyo bay during summer and early spring is analyzed by using a three
dimensional circulation model (Blumberg and Goodrich Model). We showed that northern wind
generates a flow directing to south-west at the surface and one directing to north-east at the bottom of
the bay inducing upwelling at the north-eastern coast of Tokyo bay. We also demonstrated that northern
wind accelerates the vertical mixing by cooling sea surface which enhances instability.
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MODELING COMPETITION AND . SUCCESSION BETWEEN RED-TIDE-CAUSING CHATTONELLA AND
DIATOMS
— ROLE OF VERTICAL MIXING AND NUTRICLINE DEPTH

By
Kunihiko Amano
Public Works Research Institute, Tsukuba 305-0804, Japan
and
Masataka Watanabe

National Institute for Environmental Studies, Tsukuba 305-0053, Japan

SYNOPSIS

We have constructed a mathematical model for describing the succession
and competition between two phytoplankton species, Chattonella antiqua
(Raphidophyceae) and Skeletonema costatum (diatom), to assess conditions
leading to the outbreak of C. antiqua red tides. These two species have
different characteristics but both can be the dominant species in summer
depending on meteorological conditions: C. antiqua is a motile phytoplankton
capable of diel vertical migration and nocturnal nutrient uptake. S. costatum,
on the other hand, is non-motile and settles when mixing is suppressed. It
does, however, have a higher growth rate than C. antiqua when placed under
favorable conditions.

These characteristics are explicitly formulated in the model based on
some experimental evidences presented by the existing studies. An evaluation
was made of the effect of vertical mixing and nutricline depth on the two
species. Simulation results showed that absence of mixing was necessary in
order for C. antiqua to be dominant. Our model shows the potential to simulate
plankton species succession under the influence of vertical mixing and
nutricline depth.

INTRODUCTION

Chattonella antiqua (Raphidophyceae) red tides have often been observed
since the 1960s in the Seto Inland Sea, Japan, following eutrophication there.
It is known that the formation of a stable shallow (5 - 7 m) nutricline is
characteristic when a C. antiqua red tide occurs. It is also known that a C.
antiqua red tide often appears after several sunny and calm days in summer
when vertical mixing is very weak.

When these environmental conditions prevail, C. antiqua, which is motile,
is capable of diel vertical migration (DVM) and nocturnal nutrient uptake
(16),, They have an advantage over diatoms, which are not motile and tend to
settle. Even if nutrients are depleted at the surface of the water where the
light necessary for photosynthesis is available, C. antiqua can take up
nutrients in a deep layer when the nutricline is shallow enough for them to
access. C. antiqua can therefore obtain both the 1light and nutrients needed
for growth even if they are available at the surface and at the bottom,
respectively. C. antiqua is thought to be able to multiply sufficiently to
form a red tide by exploiting this advantage (Fig. 1).

Watanabe et al. (17) have succeeded in making an artificial C. antiqua
red tide by imposing a stable shallow nutricline in an in-situ enclosure




deployed in the Seto Inland Sea. Amano et al. (1) developed an ecological
model for C. antiqua and quantitatively determined the necessary conditions
for the C. antiqua red tide in a bay of the Seto Inland Sea.
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Fig. 1 Schematic figure of C. antiqua growth mechanism

In this paper, we present a new ecological model describing the
competition between C. antiqua and Skeletonema costatum, which is a dominant
diatom in the Seto Inland Sea. We examine the role of surface mixing and
nutricline depth in the occurrence of the C. antiqua red tide in the presence
of a competitor by using the model simulating different nutricline depths and
mixing.

DERIVATIONS

The competitive success of C. antiqua seems to depend on its ability to
exploit the situation in which 1light and nutrients are available at the
surface and-.at the bottom, respectively. Since this situation is formed by the
presence of the nutricline, which was caused by effects such as vertical
surface mixing and settling of organic matter, it is essential that the model
can describe variations in the vertical profiles of physicochemical parameters
such as temperature and nutrient concentrations. Thus, we adopted a vertically
one-dimensional model to focus on the effect of the depth of nutricline and
the intensity of surface mixing on the competition between C. antigqua and S.
costatum.

To describe the growth kinetics of C. antiqua in a bay, the model should
include ecological components which deal with DVM and nocturnal nutrient
uptake by C. antiqua, in addition to physicochemical components which
calculate the surface mixing and the nutricline depth. Since C. antiqua is
motile, it is of great importance that the model accounts for the DVM when
simulating growth of the species.

There have, been several studies on a model for motile plankton. Yamazaki
and Kamykowski (18) used a Lagrangian approach to follow the trajectories of
the cells and estimated the time history of Photosynthetically Active
Radiation exposure of motile phytoplankton in the surface mixing layer.
However, the number of phytoplankton cells must be limited in this approach
for computational reasons, and it is difficult to apply to our study.
Therefore, we adopted an Eulerian approach to describe the concentration
variation of C. antiqua cells.

Kishi et al. (6) used an Eulerian approach for a vertically one-




dimensional model to calculate the growth of C. antiqua in a bay. Their model
included parameters such as nutrients (orthophosphate, nitrate, inorganic
iron), phytoplankton (C. antiqua and Skeletonema costatum) and zooplankton
(Paracalanus parvus). Although their results showed that C. antiqua was
depleted in three days even with DVM, their model of C. antiqua drowth was
different from that obtained in incubation experiments.

Since sites where (. antiqua red tides break out are characterized by
stable stratification of salinity, temperature and nutrients in summer, the
nutrient concentration which C. antiqua encounters varies markedly during the
DVM process. In such cases, growth and nutrient uptake are unrelated (9).

It is therefore not appropriate to describe the specific growth rate by a
function of the extracellular nutrient concentration. Our model employed a
quota type formulation (4) to describe growth and a Michaelis-Menten model to
describe nutrient uptake kineties. This €. antiqua dgrowth model is
incorporated into a vertically one-dimensional diffusion model to estimate the
effects of temperature, irradiance and nutrient concentrations on the growth
of C. antiqua. The incorporation of the DVM model and the employment of a
quota type formulation as the growth function make our model unique and
capable of describing the ecological features of C. antiqua with its
capability for DVM and nocturnal nutrient uptake. The DVM of C. antiqua is
represented by a migration speed of 0.8 (m/h) when ascending from 0400 to 1700
h and descending from 1700 to 0400 h, based on field observations by Watanabe
et al. (17).

Calculated variables include PO,*", NO,”, NH,*, C. antiqua and S. costatum
cell concentrations, and P and N cell quota of C. antiqua and S. costatum.
Base model representing the mass balance among calculated variables is shown
by Eq. 1. Changes in the phytoplankton cell concentration, intracellular
nutrient <concentration from nutrient uptake and cell division, and
extracellular nutrient concentration are calculated in the formula account for
changes in the activity of phytoplankton. Submodels for this term will be
discussed in the following sections.

% = '% %(Qv 'Ci)+_:_z(VM, .'A'Ci)+£;(ws, 'A'Ci)+%(A'E %)]

Terms for : Vertical advection DVM Settling Dispersion

}+ u,-c’ _U,-G
A A

biological production horizontal advection (1)

+ {change by the activity of phytoplankton

where
O, = vertical flowrate

=j: [U,.(z,l)-Uo(z,t)}lz;
U,=horizontal inflow velocity;

U,=horizontal outflow velocity;

A,=horizontal cross-sectional area of control volume;

Cf =concentration of component i (inflow);
E =vertical dispersion coefficient;
Vy =DVM velocity (C. antiqua only)

=+4+0.8 (m/h); upward during day

=-0.8 (m/h); downward during night; and
W, =settling velocity.

Growth model of C. antiqua

The growth rate for C. antiqua can be represented by a function of
temperature, irradiation, and intracellular nutrient concentration before cell
division. Functions to represent these relations are shown in Egs. 2-8.




Detailed explanations for these equations were provided by Amano et al. (1)

(Growth function (3))

N =N, 04:00 =1 < 04:00 + 1 day
N =N, =N exp(p) 04:00+1 duy < t <0400 + 2 days
(2)
where p=specific drowth rate;
N,=cell concentration before division; and
N,=cell concentration after division.

w=f(T L Q% Q%) (3)
= fi(T): £,() f,(Q",Q7)

(Temperature function (7))

n

-1 ) T-7" .

opt opl -

T-T,, \"
(D) =1~ —F— T,sTsT,,
'llnu - lopl

(4)

It

where T* threshold temperature for growth;
Tope = optimum temperature for growth;
Toax = mMaximum temperature for growth; and
n, my = dimensionless parameters characteristic for algal species.

(Irradiation function for C. antiqua (2) )

ifi,

TR

where i = I - I*;
iy = I, - I¥;
I* threshold irradiation for growth;
Ix = irradiance at which growth rate reaches a maximum; and

m, = dimensionless parameter characteristic for algal species.

(5)

(Specific growth rate (3) )

By =ty 1-q 1QY) (Nitrogen limitation) (6)
Bp = up (1-q,57Q" (Phosphorus limitation) (7)
where py = specific growth rate under nitrogen limitation;
Me = specific growth rate under phosphorus limitation;
q,"= minimum nitrogen cell quota;
go’= minimum phosphorus cell quota;
HWy*= maximum growth rate obtained by making cell quota of nitrogen (QY)
infinite; and
Hp*= maximum growth rate obtained by making cell quota of phosphorus
(0f)infinite.

(Multiple nutrient limitation (14) )

When limiting factor switches, we have to consider the limiting effect of
both nitrogen and phosphorus. Rhee (14) proposed Eq. 8 to take such situations
into account. Since it is shown that the Droop type equation is not applicable
to non-limiting factors (5), we adopted Eq. 8 to deal with such situations.

f3=min[.“m AuP] (8)




(Uptake rate for phosphorus (11), (10), (12))

N
Vr'—‘vro.:vx:&—kg_o—‘:_%;‘— (9)
where V% = maximum phosphate uptake rate;
K = half saturation concentration for phosphate uptake; and
Seo, = ambient phosphate concentration.

(Uptake rate for nitrogen (10), (12), (13) )

Sy, . 1 Vo, Swo, (10)

=y
o K;m‘ +SNII‘ 1+M_ o K;{ol +SN0,
I
where VML yN. = paximum uptake rates of NH," and NO;”, respectively;
K, K} = half saturation concentrations for NH,’and NO,;”,respectively;
K, = inhibition constant; and
Sau,s Sno, = ambient concentrations of NH,” and NO,”, respectively.

Growth model of S. costatum

The growth of S. costatum is also represented by a quota type formulation
(Egs. 6 and 7). Nutrient uptake kinetics are described by a Michaelis-Menten-
type formula (Egs. 9 and 10). However, the nutrient uptake formula for S.
costatum does not consider how ammonium interferes with the uptake of nitrate
as the formula for C. antigua does. S. costatum has a higher specific growth
rate than C. antiqua but it is not capable of DVM. All other functions
representing the growth and nutrient uptake are the same for S. costatum and
C. antiqua except for irradiation. Eq. 11 describes the irradiation function
for S. costatum.

f(D=1-exp(-1/1)
(11)
By combining two ecologically different phytoplankton models, we can
assess the competition and succession under the influence of changing
environmental conditions. Parameter values are summarized in Table 1.

Table 1 Summary of the parameter values

P N
G K Vi Maa @ K Vou Mo
(pmolfcell) (M) (pmol/cell-h) (1/d) (pmolcell) (uM) (pmol/celi-h) (1/d)
S. costatum 0002 0.1 0.003 1.752 004 15 0.02 1752
C. antiqua 0.62 1.76 0.14 0.93 78 281 091 0.78 (NO,)
219 2.02 (NH,)

From Nakamura (10), (12), (13) and Lehman et al. (8)
Eq. 12 calculates the irradiation in a water column. Since only C.

antiqua accumulates at the surface, we are only concerned with the cell
concentration of C. antiqua when calculating the attenuation parameter.

I(z) = 1~ exp(— kz) (12)
where
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I, = Irradiance at the surface;

k =k, +ax47x107 x N(z);

«a =5.0;

N(z)= C.antiqua cell concentration;

k, = attenuation constant of sea water; and
2z = depth (m).

Calibration Results

We have applied our model to C. antiqua red tide-forming experiments (3
cases) carried out using a large axenic culture tank at the National Institute
for Environmental Studies (NIES). Experiments were done following a procedure
in which the medium was well mixed by bubbling air for the first several days
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Fig. 2. C. antiqua cell concentration under nutrient stratification in
the axenic tank.

Observed values are from the surface/daytime((O ), surface/night(@®),
bottom/daytime(A ), bottom/night(A ), and the middle([d]). Calculated
values are for the surface( — ), bottom(- -), and middle( - ).
A. C. antiqua cell concentration under N stratification. B. Same for
under P stratification. €. Same for under N+P stratification. (Light
and dark periods are indicated above day number.)




to allow C. antiqua to multiply, and then stopping the mixing. After the
bubbling had been shut down, 100 liters of water were withdrawn from the
bottom of the column and replaced with nutrient-rich water. Newly replaced
water also has higher salinity and cooler temperature (A5=2.8%,AT=2°C) (16).
Thus, a nutricline was formed on the day of the experiment. During
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Fig. 3. Nutrient concentration change at the surface and the bottom
in the axenic tank. Observed values are from the surface( ®) and

bottom(A). Calculated values are for the surface(—) and bottom(- -).
A. NO,” concentration under N stratification. B. PO~ concentration
under P stratification. C. NO,~ concentration - under N+P

stratification. D. PO,*" concentration under N+P. stratification.
(Light and dark periods are indicated above day number.)
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experiments, vertical profiles of C. antiqua cell concentration, nitrate,
phosphate, particulate nitrogen and particulate phosphorus were measured to
observe possible changes from C. antiqua activity. A detailed description of
these experiments is given in Watanabe et al. (16). Model calculations have
been done according to the conditions of the experiments.
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Fig. 4. Intracellular nutrient concentration change in the axenic
tank experiments. Observed values are from the surface/daytime(A) and
bottom/night( A ). Calculated values are for the surface/daytime (QO)
and bottom/night(@® ). A. N cell quota under N stratification. B. P
cell quota wunder P stratification. C. N cell quota under N+P
stratification. D. P cell quota under N+P stratification. (Light and
dark periods are indicated above day number.)




The calculated C. antiqua concentration change is compared with the one
measured in Fig. 2. We assumed that cell division occurs once a day based on
the experiment, and this assumption seems reasonable from the comparison.
Since the column was well mixed due to bubbling for the first several days of
the experiment, we compared the values measured at the middle depth with the
calculated values. The mixing effect was represented by averaging the
calculated results vertically throughout the column at each time step of the
calculation ( A t=0.02h). During the mixing period the calculated results
agreed well with the measured ones. After the bubbling had been terminated, C.
antiqua cells began DVM. Because of this, the vertical profile of C. antiqua
cells varied depending on the DVM phase. Therefore, we compared the observed
and calculated results for 1300 and 2300 h at the surface and at the bottom
(Fig. 2). €. antiqua cells began to migrate upwards a few hours ahead of the
light period and formed a bloom at the surface (1300 h)(16). They began to
migrate downwards one to two hours before the 1light was turned off, and
reached the bottom since the column was only 1.5 m high (2300 h)(16). The
calculated results agreed well with the observed diel pattern.

Experimental and simulated values of nitrogen cell quota at 1300 h at the
surface and at 2300 h at the bottom are compared in Figs. 3(A) and 3(C). The
cell quota was obtained by dividing particulate nutrient concentrations by the
cell concentration. The nitrogen cell quota decreased to almost half due to
cell division and increased thereafter by nutrient uptake. Simulated results
reflected this pattern quite well. Although nitrate was depleted at the
surface after it was no longer being mixed (Figs. 4(A) and 4(C)), the nitrogen
cell quota level continued to increase after cell division because of the
nocturnal nutrient uptake at the bottom. Simulated results showed this feature
even after nitrogen depleted at the surface, indicating that the model of
nitrogen uptake was appropriate after cells began DVM. The measured and
simulated results for phosphorus cell quota variation also agreed well (Figs.
3(B), 3(DP)). Thus, the nutrient uptake kinetics for both nitrogen and
phosphorus were shown to be reasonable in comparison with the experiment
results.

The calculated bottom nitrate concentration of the medium was lower than
the one measured after day 13 of N+P stratification case; however, the pattern
of variation agreed well (Fig. 4(C)). calculated and measured phosphorus
concentration profiles of the medium also agreed well (Figs. 4(B), 4(D)).

These results prove that the C. antiqua ecological model is capable of
representing unique ecological features. The DVM model was proved to be
reasonable by comparison with the experiment results obtained by Watanabe et
al (17)(1).

Simulation results and discussion

Phe simulation was conducted to analyze the effects of surface mixing and
nutricline depth on the growth of Chattonella antiqua, taking into account its
competition with Skeletonema costatum. In a 20 m deep bay, initial conditions
provided C. antiqua concentration of 5 cells/ml for the bottom l-m layer and 5
cells/ml of S. costatum throughout the water column. We conducted 4
simulations varying the nutricline depth and the surface mixing intensity.
Nutricline was set at depths of 10 m and 6 m. We conducted two simulations for
each nutricline depth. The intensity of the surface mixing varied: thoroughly
mixed within the 5-m surface layer, no additional mixing to the diffusive
effect by dispersion coefficient. Initial nutrient concentrations were set as
follows:

Surface POS” = 0.04 uM, NO,” = 0.2 uM, NH' = 0.4 uM;

Bottom POS” = 0.3 uM, NO;” = 4.0 puM, NHS = 2.0 pM.

simulation results were compared using the vertical profiles of two
plankton species at 1400 h on day 30 from the beginning of the calculation.
When the nutricline was formed at a depth of 10 m and no mixing was assumed at
the surface, S. costatum almost disappeared because the cells sank. The C.
antiqua concentration was minimal, because the cells were unable to reach the
nutrient-rich bottom water. On the other hand, when we completely mixed the 5-




m surface layer, S. costatum cells were sustained and able to stay at the
surface long enough to compensate for the loss from sinking. Since S. costatum
was able to take up nutrients at the surface in this case, C. antiqua growth
was further suppressed (Fig. 5). '

When the nutricline was formed at a depth of 6 m and no mixing was
assumed at the surface, C. antiqua was able to migrate deeper than the
nutricline during the night, and nutrients were available for cells by
nocturnal nutrient uptake. Thus, C. antiqua was able to grow, in spite of the
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Fig. 5. Vertical profile for C. antiqua and S. costatum depending on
the mixing intensity (Nutricline depth = 10 m)
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A. 5m surface mixing condition

B. No mixing condition

nutrient depletion at the surface, to the level required to form a red tide.
However, mixing suppressed the growth of . antiqua by hindering their
migration and increasing the nutrient uptake by S. costatum (Fig. 6).

These results seem consistent with field observations, where factors such
as surface mixing and nutricline depth determine the dominant phytoplankton
species. Diatoms 1like S. costatum, which are not motile, favor mixed
conditions and will become dominant because of their fast specific growth
rate. On the other hand, C. antiqua, which cannot grow as fast as S. costatum,
is favored when stratification is stable and nutricline is shallow on account
of its ability for DVM.

Each phytoplankton species has its own strategy to survive in the face of
competition. DVM and nocturnal nutrient uptake, which are unique ecological
features of C. antiqua, enable the species to become dominant when surface
mixing is suppressed and a shallow nutricline is formed. S. costatum, which is
not motile, has a rapid specific growth rate and has adapted ecologically to
counter sinking. The sinking rate of a particle can be represented by Stokes’
law as follows, |
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where ¢, is a shape coefficient.

The density of a §. costatum cell was determined according to the
experiment done by Watanabe (15). Although S. costatum cells are denser than
ordinary seawater, the species reduces its sinking rate by increasing its
shape coefficient by connecting cells like a chain. Since we did not consider
this effect in the present study, we may have overestimated the sinking rate
of S. costatum. Future research aimed at evaluating such an effect and the
relationship between surface mixing and sinking rate will refine the model
further.
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Fig. 6. Vertical profile for C. antiqua and S. costatum depending on
the mixing intensity (Nutricline depth = 6 m)
C. antiqua (@), S. costatum (QO)
A. 5m surface mixing condition
B. No mixing condition
Conclusion

We have developed an ecological model for two phytoplankton species (C.
antiqua and S. costatum) to assess the effects that physicochemical marine
features, such as surface mixing and the nutricline depth, have on the
competition and succession of these two species. Simulation results showed
that the above factors determine which species will be dominant. Since our
model reflects the outcome of the ecologically unique features of these
species, it can be used to explain the causes leading to the dominance of one
species. oOur model shows that the requirements for a C. antiqua red tide
outbreak are a shallow nutricline and suppressed surface mixing.
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APPENDIX - NOTATION

The following symbols are used in this paper:




vNH,

max

v N0

max

VPO

max

horizontal cross-sectional area of control volume;
concentration of component i;

concentration of component i (inflow);

vertical dispersion coefficient;

gravitational acceleration;

irradiance;

irradiance at the surface;

irradiance at which growth rate reaches a maximum;
threshold irradiation for growth;

attenuation constant of sea water;

half saturation concentration for ammonia uptake;

half saturation concentration for nitrate uptake;

\
inhibition constant;
half saturation concentration for phosphate uptake;
\
|
dimensionless parameter characteristic for algal species;
dimensionless parameter characteristic for algal species;

dimensionless parameter characteristic for algal species;

-cell concentration before division;

cell concentration after division;
minimum nitrogen cell quota;
minimum phosphorus cell quota;
cell quota of nitrogen; .

cell quota of phosphorus;

vertical flowrate;

radius of a particle;

ambient ammonia concentration;
ambient nitrate concentration;
ambient phosphate concentration;

maximum temperature for growth;
optimum temperature for growth;
threshold temperature for growth;
horizontal inflow velocity;
horizontal outflow velocity;
sinking rate of a particle;

DVM velocity;

maximum ammonia uptake rate;
maximum nitrate uptake rate;

maximum phosphate uptake rate;

nitrogen uptake rate;
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nitrate uptake rate;

ammonia uptake rate;

phosphorus uptake rate;

phosphate uptake rate;

settling velocity;

depth;

specific growth rate;

specific growth rate under nitrogen limitation;

specific growth rate under phosphorus limitation;
maximum growth rate obtained by making cell
of nitrogen (Q%) infinite;
maximum growth rate obtained by making cell
of phosphorus (Q%)infinite;

kinematic viscosity;

density of ambient water;

density of a particle; and

shape coefficient.

quota

quota

(Received February 27, 1998; revised May 6, 1998)
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