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SUMMARY

The significance and contribution of bacterioplankton

activitiesin the geochemical dynamics were studied with special

reference to the eutrophication processin the mesotrophic bog

ecosystems．　The research was made on the bactlerioplankton

COmmunities in Matsumi－Ike Bog and Doh－HohqNuma Bogin Tsukuba

Science City．　The microbial rolein the dynamics of the bogs was

analyzed statistically with special reference to the important

environmental factors：i．e．，　　the concentration of dissolved

Organic carbon（DOC），　the population density of bacterioplankton

and the water temperature．

ln Matsumi－Ike Bog，　eVery eCOloglCal factor showed the

Steady－State OSCi11ation in a range near the eutrophic part of

the mesotrophic system．　In this bog，the population growth rate

Of bacterioplankton community was determined with the chernostat．

The growth rate was regulated by the DOC concentration as the

limiting factor．　The growth rate was also affected profoundly by

non－1imiting factors，　Primarily by the－population density of

bacterioplankton and secondly by the water temperature．　Through

a series of natural feed－backloops as inflllenced by these

environmental factors in the bog，　　the generation time of

bacterioplankton within the　95％　confidence interval was

maintained in the range bet☆een　5　and　20　hours　（growth rate

between O．03　to O．14／hr）．
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In the conventionally natural environment of Doh－Hoh－Numa

Bog，　the population growth rate of bacterioplankton l、raS also

regulated primarily by the DOC concentration as the limiting

factor in two different modes，　aS dividing the study yearinto

two distinguished periods：One period while phytoplankton was the

major DOC source，　and the other period while dead littoral

Vegetation in the bog sediment was responsible for supplying the

DOCinto the watercolumn．　The annual average of the growth rate

Of bacterioplankton was O．08／hr（generation time of　87　hours），

therewith the daily bacterial production rate was　63　pgC／1／day on

the annual average．

A new type of water purification system，　the　．．Bio－filter

SyStem．．，’has been introducedinto Doh－Hoh－Numa Bog in　1985．

Rapid oligotrophication by the Bio－filter system has changed the

ecosystem of Doh－Hoh－Numa Bog from a moderate mesotrophic system

to the oligotrophic end of the mesotrophic system．Since the Bio－

filter system startedits operation，　the population density〔7f

bacterioplankton and the concentration ofinorganic nitrogen have

decreased with statistical significance，　　Whereas the

COnCentrations of phosphate and DOC haveincreased significantly

for some months．　The DOC concentration was higher during the

Operation period than non－Operation period，　　althl）ugh

environmental factorS relevant to the autotrophic process were

Shifted to the directiけn，　Of oligotrophication．　　The

bacterioplankton in the bog were shown to modify their
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Physio10gical kinetics to maintain the growth rate at the optimal

level，　　eVen When they were exposed to the rapid

Oligotrophication．　The population growth rates thus showed no

Obvious increase or decrease with this rapid artificial

Oligotrophication within the mesl〕trOphic system，and continued to

be controlled primarily by the DOC concentration even after the

Bio－filter system operation was discontinued．

The・bacterioplankton activities are analyzed to response so

Well to any eutrophication process in the mesotrophic bog

environments that a stable steady－State equilibrium has been

attained between the biolOgical processes of microorganisms and

their physic0－Chemical environment．
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INTRODUCTION

1．Bacterioplanktonin Nature

The bacteria inhabit every placein the bioshpere：　Their

habitats range from the favourable conditions such as rumen or

SeWage，　tO less comfortable habitats such as Antarctic ice

（Sullivan a Palmisano，1984），Where other multicellular organisms

Can rarely live（Kushner，1978）．　They canlivein the very

Vicinity of deep－Sea hydrothermal vents（Karl，1987；　Jannasch，

1984），　　and survive even in an artificial Mars condition

（Imshenetskii et a1．，1984）．

In the biosphere，　eVery biological element passes through a

continuous◆cycle．　In this cycle，microorganisms have been shown

to be greatly responsible for the decomposition of organic

materials due to（e．g．，Seki，1982a）：

1）their omnipresence throughout the biosphere，

2）their versatile activity to decompose and utilize

almost all kinds of organic compounds，

3）their high ratesin metabolism and growth．

For example，　0Ver　90％　of the carbon dioxide productionin the

biosphere has been estimated to result from the heterotrophic

PrOCeSSeS Of microorganisms（e．g．，　Stanier et aL1．，1963）．　As

SuCh an estimation has only been made approximately for the

microbial community as a whol－e事　．eaCh process of a certain group

Of microorganisms in a certain natural habitat has not been
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determined systematically．

This particular study focuses on the growth rate of

heterotrophic bacterioplanktonin the aquatic environments．　This

is because the bacterioplankton may play major roles in the

heterotrophic processes among all kinds of microorganisms，　and

their growth rates can represent the physiological activity and

their contribution degree to the productionin the detritus food

Chains（e．g．，　Seki，1982a）．　The growth rate of　汀けCrOOrganisms

has been determined by various methods as reviewed by Brock

（1971），　Whereas it is also shown that the bacterial growth

reflects rapidly the changes of environmental conditions．　Thus

the bacterial growth in nature can be used as a promising

indicator to assess the environmental changes．In this case，the

methods for determining the growth have been well deve10Ped

accordingly to the bacterial status such as free－living or

attached（Brock，1971）．

Bacterial forms in the aquatic environments can be

Classified generally into two groups depending on the mode of

life with special reference to theliquid－SOlid phasesin natural

WaterS：i．C．，　bacterioplankton in the free－living form，　and

epibacteria　（attached bacteria）　on the　’solid surface．

Quantitative significance of each bacteriaLl form has not been

Clarified bothin the heterOtrOphic processesin the geochemical

cycles andin trophodynamics df・the food webs．　Some works show

theimportant contribution of bacterioplanktonin these processes

5



（e．g．，　Fuhrman　＆　Azam，1980；Jordan　＆　Likens，1980；　Wiebe　8

Pomeroy，1972；Zimmermann et a1．，1978），the others emphasize the

COntribution of epibacteria to the processes　（e．g．，　Goulder，

1977：　Harvey　＆　Young，1980；　Kirchman　＆　Mitchell，1982；Pedros－

Alio　＆　Brock，1982；　Seki，1972；　Wilson　＆　Stenvenson，1980）．

Their conclusions are manifold partly because of the different

aquatic environments for their studies and partly becausd of the

lack of suitable techniques．　Thelack of suitable techniques

CauSeS the greatest problemin counting the epibacteria，although

SOme devices have been deve10ped；　The slide－glass suspending

methods have usually been most successfully applied to determine

the growth rate of attached bacteria（e．g．，lerllSalimsky，1954）．

The capi’llary methods have been practically applied for

individual cell　（Perfil．ev　＆　Gabe，1969）．　Still the lack of

Suitable techniques becomes absolutely critical at the occasion

Of the quantitative estirnation for epibacteria inside the

aggregates in the natural waters．　Some aLggregateS aSlarge as

the size of　●一marlne SnOW●．　Can rarely be examined under

microscopic examination due to the problem of sampling size，

although these large particles with numerous epibacteria must

take part in、definitely significant fraction of particles in

natural waters（Hood，1970）．　Hence the eco10gical contribution

Of epibacteria to the aquatic ecosystems should be

underestimated，　　in spiteI．Of their possibly greatest

responsibility for most of the bil）Chemical changes that living
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things bring aboutin the aquatic environments due to favorable

effect of solid surface on the epibacterial metabolism　（ZoBell，

1943）．

On the other hand，　　the biomass and growth rates of

bacterioplankton can be quantified more precisely and easily with

the current microbiological techniques．　At present the study of

their population dynarnics is thus of great use for their

COntribution to the aquatic ecosystems．

Here the word　▼．bacteria一．（Singular，　bacterium）is derived

from Greek bakterion，　Whichis diminutive of　！）＿卑車tron meaning

Walking－Stick．　Thisis akin to Latin bacillum，Whichis composed

Of bac－　（軸，　＝　Walking－Stick）　and　－illum　（diminutive
Suffix）．　　Bacteria were regarded as animals from the first

Observationin17th century by Antony van Leeuwenhock at the time

Of　1841，　When F．　Dujardin placed theminto a kingdom Protista，

midway between the animal and plant．　　However，in　1859，　C．

Davaine showed their alliance with algae．　LaLter Louis Pasteur

Called the anaerobic bacteriallanimalcules infusoriesH in his

Paperin1861．　The terrn．IbacteriaH started to be used commonly

in the decade of1870　by Ferdinand Julius Cohn and Robert Koch．

Cohn classified bacteria in his papers　．．Untersuchungen uber

Bakterien’’（1872－1875）as．一…．　the smallest，　and at the same

time the simplest and lowest of all living forms，　We Call

Bacteria●一．

The word　一’planktonH was derived from Greek　旦i塁nk土旦蔓　（＝
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drifting），COmpOSed of pi塁n塾ニ（Variant of pi皇ngニ　Whichis stem of

plazesthai　＝　tO drift）and　一一一tOS．▼（Verbid suffix）．　　Plankton are

Classified into various sub一grOupS aCCOrding to species，　SIZeS，

and habi tats as follows：

Organism

bacterioplankton

Phytoplankton

ZOOplankton

Size

megaloplankton

macroplankton

mesoplankton

microplankton

nannoplankton

Picoplankton

ultraplankton

Habi tat

marine plankton

brackish plankton

freshwater plankton

neritic plankton

OCeanic plankton

limnoplankton

eulinnoplankton

heleoplankton

potamoplankton

（aeroplankton）

8

Depth

epiplankton

mesoplankton

bathyplankton

hypoplankton

LightIntensity

PantePlankton

Phaoplankton

knephoplankton

Skotoplankton

Period

hol0plankton

meroplankton

tychoplankton



2．Eutrophication

At different aquatic ecosystems with the common

Characteristics in relation to eutrophication，　the bacteria

therein play their role differentlyin recycling of biological

elements as regulated not only by thelimiting factor　（Liebig，

1840）　but also greatly by the different non－1imiting factors

（Kang　＆　Seki，1984；　Liu　＆　Seki，1987，in presg；Masaki　＆　Seki，

1984；Ohle，1965；Shiraishi et a1．，1985；Tsuchida et a1．，1984）．

As an extreme example，　Ohle（1980，1984）‘shows alsoFJthat aquatic

bacteria contribute to the Short Circuit Metabolism playing a

Critical role in the eutrophication processin lakes through

aLCtive mineralization of organic compounds．　Hence，the bacterial

contributi‘on to the biochemical processesin an aquatic ecosystem

Can become multiple by various combinations of environmental

factorsin the same trophic system．

The components and activities of bacterial populations seem

to be kept in particulaI、　StateS for each type of aquatic

ecosystem．　This is assumed from the studies that cornpared

natural aquatic ecosystems at various eutrophication levels

（e．g．，　Bell et a1．，1977，1982；Fuhrman　＆　Azam，1980；Kirchman　＆

Mitchell，1982；　Lovell　＆　Konopka，1985a，1985b，′1985C；Murray　＆

Hodson，1985；　Rheinheimer，1977；　Riemann　＆　Sondergaard，1984；

Seki，　1982a，　1982b；　Seki　＆　lwami，1984），　that explored

experimentally the artificia－1’・elltrOphication of inland waters

（e．g．，　Brock，1985；　LeBrasseur et a1．，1978；　Parsons et al・，
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1972a，1972b，1977；Schindler，1977；Seki et a1．，1980a，1980b；

Stockner，1977；　Stockner　＆　Manzer，1978；Stockner a Shortreed，

1979），　and thatinvestigated the recovery of aquatic ecosystems

from eutrophication（e．g．，　Edmondson，1970；Edmondson　＆　Lehman，

1981；　Fiala　＆　Vasata，1982；　Haslauer et a1．，1984；Schindler，

1974）．

In Edmondson－s study at Lake Washington，　reCOVery WaS

accomplished after a decade of sewage diversion；　Whereas the

recoveryin most experimental lakes（e．g．，　Schindler’li1974）took

place within several years after experimental fertilization．

Even these shorter periods of oligotrophication must have an

extremely sluggish impact on the microbial population＋with the

time scal’e of their generation time，　because their generation

times are usuallyless than a few days．

Here，　the eutrophication is characterized as a natural or

artificial process of enrichmentininland waters and marine

environments　（Seki，　1983；　Seki　＆　Iwarni，1984）．　　The word

HeutrophicationHis derived from．．eutrophy．一　or　●．eutrophie．．　which

means　一．good nutrient．．．　The word．’eutrophy．．and its antonym

．．oligotrophyH　　（poor nutrient）　was originally aL terrn for

expressing the soil nutritional states．　These words were first

introduced tolimnology by Einar Naumann（1981－1934）；　the terms

Were agreed by a．一father oflimnology一’，　August Thienemann（1882－

1960）in the early　20th centuty．．、Then the word became of popular

use not only inlimnol′Ogical concern but also in a view of
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aquatic ecosystems．　The reverse process of eutrophication is

narned　一’01igotrophication．．，　Which is occasionally applied for

natural conditionsin such a case of artificial recovery of the

POlluted waters．

3．Bogs

Inland waters are divided commonlyinto running waters and

Still waters．　　Still waters are further categorized typically

intolakes，　pOnds，marShes，and bogs．　The availble termionoIogy

is quoted from Glossary of Environmental Terms（1968）：

Lake　－－－－　any Standing body ofinland water，　generally of

COnSiderable size．

Pond’……　a relatively small body of water，　uSually

SurrOunded on all sides byland．

Marsh　－…in general，　any area Of continuously saturated or

SPOngy grOund having poor drainage，　hence

SynOnymOuS With swanp．

Bog　－一一一一　a quagmire or morass；　an area Of wet，　Peaty，

SpOngy grOund，　uSually lacking in mineral

nutrients，　Often interspersed with pool＄　Of open

Water，Where any dense bodyislikely to sink．

Natural waters having the same limiting factor with

different non－limiting factors could be represented by bogs and

ponds in the watershed of Ldke Kasumigaura，　the Xanto Plain，

Japan．　The bogs and ponds are numerousin the watershed with the

11



magnitude of ponds having areasless than a few hectare．　The

depth of their water column are various，　uSuallyless than a few

metre．　Many of these bogs and ponds have been enriched by

agricultural drainages or domestic wastes．　Some are still free

from the directinfluence of these human perturbations．　Among

these natural waters，　Matsumi－Ⅰke Bog and Doh－Hoh－Numa Bog were

Selected aLS the study areas．
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MATERIALS AND METHODS

1．Sampling

l．1Period，Frequency and Time of the Day

Selection of the study period and the sampling frequency is

important in planning field researches．　　For a study on the

SeaSOnal variation of anylimnological environment，　atleast the

Study duration of one year with the frequency of weeklyinterval

has been assigned to be necessary among mostlimonologists．

Sampling houII Of the dayis another important problem

because of diel variations of the environment．　Morniくng sampling

WaS applied in this study because the water temperature around

lO：00　am is reported to represent the daily average Hwata，

1986），　ahd the autotmphic and heterotrophic processes in the

aquatic system arein the approximately balanced condition・

Therefore，in this study，　SamPling was made weekly at　9：00

am during the following periods of the study year at both

Matsumi－lke Bog and Doh－Hoh－Numa Bog as：

Matsum卜Ike Bog：for the study of the natural condition

from13　April1983　tolO Apri11984

Doh－Hoh－Numa Bog：for the study of the natural condition

At the main basin；

from13　Apri11984　to　29　March1985

▲
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Doh－Hoh－Numa Bog：effect of the Bio－filter system

At the main basin and the marginal basin；

PeriodI；During the system operation；

from　21June1985　to　23　0ctober1985

PeriodII：After the system discontinuance；

from l November1985　to14　June1986

1．2．Sampling Size

Sampling sizes was decided according to purpose and objects

Of this study．　For plankton stud主yes，　Haury（1986）立reviewed the

horizontal distribution of various zooplankton species at scales

ranging froml meter tolOO kilometers．　AIso for chlorophy11－a，

its spati畠l scales（length）have been reported to be　32　km on the

innner continental shelf and　84km on the puter shelf（Yoder et

a1．，1987）．　As bogs and ponds having the area of several hectare

and depth of one meter have neither marked stratified structure

nor regular horizontal current，　thelimnological characteristics

Can be represented approximately with one or two stations and

SeVera1－1iters of water．　Actually，areal survey of Doh－Hoh－Numa

Bog with the mesh－Size of　15m revealed the horizontal

heterogenities　　（patchness）　　of inorganic　　■nutrients and

Chlorophyll－a Without the concentration gradients of the order of

magnitude（Suzuki，1988）．

Hence，　at both bogs　‡n．　this study，　the sampling was

performed at one ol，tWO Stationsin each bog with the collection

14



Of several li tres of water．

1．3．Sampling Equipments

Sterilized Hyroht samplers（1，000　ml）for bacterioplankton

and polythene bags（5　tolOlitre）for chemical analyses were

used in this study　（Seki，　1976）．　Hyroht sampler is most

COnVenient for aseptical sampling of bacterioplanktonin shallow

WaterS．　Polythene bags washed withlN hydroch10ric acid　（HCl）

are desirable for water sampling without meta1－COntamination．

・　l

1．4．迅　Sii望　Procedures

SurfalCe Water temPerature WaS meaSured with alcohol

thermometers　巨20　tolOOOc）．　Dissolved oxygen in the water

SamPles collectedin glass bottles（Ca．100　ml）was determined

by the Winkler method（Strickland　＆　Parsons，1972）．　Samples for

the bacterioplankton population density were fixed with borax－

neutralized formalin（Sample：formalin　＝　20：l in volume）．

2．Chemical Analyses

2．1．Water Fil tration

Each sample water was slユCtion－filtered through glass－fiber

filters（Whatman GF／C）which were pre－COnbustioned at　4500c to

remove organic materials．　・The、SuCtion unit was composed of a

VaCuum pump，　a SuCtion bottle，　　a filter head and a funnel

15



（Figure l）．　The GF／C filter can collect particleslarger than

l um；　materials passing through the filter were regarded as

一一dissolved．．．　Particles collected on the filters were analyzed

for particulate organic carbon（POC）　and chlorophyll－a．　The

filtrate was used for chemical analyses of dissolved organic

Carbon（DOC）andinorganic nutrients．　Both the samples collected

on the filters and the sarnple filtrate were kept frozen at　－200c

for the chemical analyses．

2．2．Chemical Measurements

The concentrations of inorganic nutrients　　（nitrate－N，

nitrite－N，　ammOnium－N，　and phosphate－P）were coIorimetrically

determined by the methods of Golterman et al．（1978）．

The POC concentration was determined by combustion of the

Sample filter using Yanagimoto CHN Analyzer MT－2（Eyoto）．

The DOC concentration was determined by the dry－COmbustion

method with BeckmaLn TOC Analyzer　915B（Fullerton）；this methodis

gives higher DOC values than the wet－COmbustion method

（Strickland　＆　Parsons，1972）．

Chlorophy11－a COnCentration was spectrophotometrically

determined by the method of Strickland　＆　Parsons■（1972）．　There

have been many empirical equations for determining the chl－a

COnCentration，　and the one of the most popular equaLtionsis the

SCOR／UNESCO equation（1966）：　－▲

lChl－a】＝11・64A663－2・16A645＋0・10A630
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Where［Chl－a］isJlg Of chlorophyl卜ainl ml of　90％acetone and

each Ais the absorbance at the subscribed wavelength（nm）．　Each

A valueis blank－COrreCted with A750　Values・　However，the

fol10Wing equation of Jeffrey　＆　Hurnphrey（1975）was applied in

this study：

lCh卜a］＝11・85A664－1・54A647－0・08A630

because it gives more accurate values for mixed phytoplankton

POpulationsin the freshwater environments．

3．Counting of the Bacterioplankton Cells

The population densities of baLCterioplankton were determined

by epifluorescent microscopy with the acridine orange staining as

shownin Figure　2［original methodsin Hobbie et al．（1977）　and

Zimmermann et al．（1978）】：　A known volume of each sample water

WaS filtered through a Nuclepore filter（POre Size of O・2Jlm）

Pre－Stained with Sudan black（6　mg dissolvedinlOO ml of　50％

ethanol）．　The bacterioplankton cells collected on the filter

Were Stained with acridine orange　（0．01％in　6．6　mM phosphate

buffer，　PH　6．7）．　Then the stained bacterioplankton were counted

under an epifluorescent microscope　（Plates l and　2）　with

following components（Nikon，Tokyo）：

Light source High－PreSSure merCurylamp

Excitation fil ter B　（With a dicroic mirror）

Absorption filter　　　　　515W

Objectives Plan（X40，XlOO）

Eyepieces CFW L（Ⅹ10）

Or
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Light source

Fil ter casette

Objectives

Eyepieces

High－preSSure merCurylamp

Exci tation fil ter B2　（EX450－490）

Dicroic mirror DM510

Absorption filter BA520　（Ⅹ1．25）

Plan（Ⅹ40，Ⅹ100）

CFW　（Ⅹ8）

Details of the microscopy are describedin P10em　＆　Tanke（1987）．

In order to minimize the counting errors，　Cell counts per

rnicroscopic field were made with cell number between　40　and lOO

（OCCaSionally above lOO）．　This rangeis within the、limit of

reasonable counts suggested by Xirchman et al．（1982）．

4．Measurement of the Bacterioplankton Growth

The growthimpliesin two ways：1）theincreasein size and

VOlurne of individual cells and　2）the lnCreaSe in the cell

numbers．　These two are proportional when bacteria arein the

．．balanced growth●●；　these two do not necessarily have

direct relationship，　eSPeCially when bacteria are in

Hstarvation．．（Morita，　1982）．　　During the balanced growth，

lnCreaSe in protein，　ribonucleic acid，　deoxyribonucleic acid，

lipid，　Or Other macromoleculesis coincident with anincreasein

Cell rnass and cell numbers（Drew，1981）．Itis this growth state

that in practice is the only reproducible state of bacterial

Cells（Ingraham et a1．，1983）．　On the other hand，　there have

been three patterns observed for the・StarVation－SllrVivaLl of

aquatic bacteria：1）　an i・nitial lnCreaSe in viable cells

followed by a decrease until a constant number was reached，　2）
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anincreasesin viable cells until a constant number was reached，

and　　　3）a decrease in viable cells until a constant number was

reached（Amy　＆　Morita，1983）．　These starvation－SurVival patterns

frequently involve the decreasein size down to O．2　0r O．3

Jlm（Novitsky　＆　Morita，1976）・

In this study，　Hgrowth●一　refers only toincrease in cell

numbers　（POpulation growth），　nOt including the lnCreaSe in

biomass．

4．1．Mathematical Basis of the Bacterial Growth

The equation of bacterial growthis expressed asf：

dN／dt　＝JIN　　－一一一一”－”……　Equationl

Theintegrated form of Equationlis

N＝Noe山 一一一一一一一一一一一一一一一　Equation　2

Where Nis the cell number・Nois theinitial cell number，tis

time，　andJl repreSentS the specific growth rate or theintrins阜C

growth rate．In this thesis，Jlis simply termed the growth rate・

The growth rateJI Can be fundamentally measured byincrease in

Cell number，aS known by transforming Equation　2　as：

Jl＝（ln（N／No））／t　－－－－－＝－……Equation3

Bacterial growth by the binary fission can be expressed by

another equation as：

N＝No2t／q
一一一一－－－－一一－一一一　Equation　4

Where q is the generation tもmP．　From Equations　2　and　4，　the

relationship between the growth rate（Jl）and the generation time
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（q）is shown to be as：

q　＝（ln2）／J1　－－－－……－…－　Equation　5

The numerator of ln2（naturallogarithm of　2，　apprOXimately

O．693）is thus proved to be due to the mode of bacterial growth，

i．e．the binary fission．

4．2．Determination of the Bacterial Growth Rate

Among various methods established for determining the

growth rates of microorganisms　（Brock　1971），　the chemostat

Culture method was used preferentiallyin this study，　With the

batch culture method occasionally whenitis necessary．

Batch Cul ture

For determining the bacterioplankton growth rates，the batch

Culture method is the simplest aLPplication of Equations above；

the growth rateJI Can be determined by counting both the initial

Cell number and the cell number afterincubation during a known

Period．　This batch culture method has been successfully applied

for TTIarine species（e．g．，Carlucci　＆　Williams，1978），and similar

method was used for determining the growth of estuarine

bacterioplankton at various experimental salinities（Naganuma　＆

Seki，1988）．The batch culture method，however，Can be used only

With limited incubation time，　becauseitis a c10Sed cultllre

SyStem．　This closed systemg’is・Only applicable to simulate the

iEi Situ conditions before dilute nutrients are consumed up．
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Thereafter the physio10gical conditions of bacterioplankton

Change eveninto thelevel of starvation strategy with prolonged

incubation（Amy　＆　Morita，1983；　Morita，1982；Novitsky a Morita，

1976；Torrella　＆　Morita，1981）．

In this study，　the batch culture method was used for

determining the bacterioplankton growth rate at different

temperatures in MatsumiHke Bog and Doh－Hoh－Numa Bog（Figures　3

and　4）．　Eight quintuplets oflOml－Subsarnples wereincubated at

5，10，15，20，25，30，35　and400C，reSpeCtively．　Of a

quintuplet，　Subsamples were fixed with formaLlin one by one atl，

2，　3，　4　and　5　hours after the start．　　The growth，rate at a

temperature was calculated fromincreasein cell number during

the incub－ation．　Unlike other measurements，　this determination

WaS made biweekly or triweekly．

Chemostat Culture

Changingin the nutrient concentrationin the cultureliquid

never takes place by the chemostat culture（Figure　5）．　　During

the chemostat culture，　the nutrient concentration availJable for

bacterial cellsis kept constant，　With the appropriate rate of

nutrient sllpply（Malek　＆　Fencl，1966）．　The chemo．stat can closely

Simulate thein situ nutritional condition by using in　星出廷　Water

as the culture medium．

■
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4．3．Theory of the Chemostat Culture

The chemostat wasindependently designed by Monod（1950）and

Novic　＆　Szilard（1950）．　　The name of　●．chemostatH was given by

Novic　＆　Szilard，　While Monod gave theoretical bases and a less

popular name of’一bactogen’一．

The chemostat is a kind of continuous culture systems，　and

there are other systerns such as：．．turbidostatH maintaining the

population density of microorganisms at a constatnt turbidity

（Bryson　＆　Szybalski，1952）；　HphauxostatH employing the growth－

dependent pH change to control theinput rate of fresh medium．

For the growth ratein the chemostat culture，一　Equation l

Should be rewritten as：

・・　　　　　　　　　dN／dt　＝（P－D）N H一日…一一……　Equation　6

where Dis the dilution rate，i．e．，the flow rate（F）divided by

the culture volume　（Ⅴ）；　D　＝　F／V．　The chemostat system was

Originally for maintaining the population density of

microorganisms constant，i．e．，　dN／dt　＝　0．　The time－independence

Of densityis termed the steady－State；　the constant density is

the steady－State density．　In the steady－State，　the growth rate

must be equal to the dilution rate；Jl－D　＝　0・　Hence，thein situ

growth rate of bacterioplankton population must be determined

before the chemostat culture reaches the steady－State．　The

dilution rate　（D）rnust be within a certain range．　D above the

Critical dilution rate（Dd）・CauSed the mass washout of

microorganisms　（Herbert et a1．，1956）；　D below the10Werlimit
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CannOt SuppOrt the maintenance energy of microorganisms

（Stouthamer a Bettenhaussen，1973；Tempest　＆　Neijssel，1984）．

On the theoretical basis above，Jannasch　（1969）　applied

first the chemostat for determining the growth rate of marine

bacterial isolates．　The growth rate（u）can be calculated by

integral and transformation of Equation　6　as：

P－D＝（ln（N／No））／t　一日一一－－Equation7

WhereJl－Dis termed the washout rate（A）；the growth rate（Jl）can

be obtained from A＋D．　　The washout rate（A）can also be obtained

by semi－10g P10tting of the population density versus time．　That

is，　the washout rate（A）is thelinear slope calculated from the

plots by theleast square method．　　Linearity of every s10Pe muSt

be shown to be significant by the statistical F－teSt．

Later，Jannasch　（1974）　pointed out thatl）　the　土n　星i土望

environments are in the unsteady－State，　2）　the in situ

environments have no dilution rates，　and and　3）　mixed

bacterioplankton populations are under selective pressure and

Only single species can be selectedin the chemostat culture．

However，　natural environments arein the steady－State during a

short period，　While the growth rat占　can be determined as the

Steady－State before the population s・truCture reCeives the

dilution effect．　Moreover，　mixed populations of microorganisms

react as a single species wi上hin a short time scale　（e．g．，

Counotte a Prins，1979；　Hendricks，1972；　Meyer－Reil，1977）．
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Therefore，　the chemostat method at a certain condition can be

used for the assessment of microbial processin nature．

4．4．Chemostat Culturein This Study

In order to simulate the　迅　Bj＿iB COnditions，the iB　出　bog

Water WaS uSed as culture medium；the water was collected one day

before the sampling，　filtered through Whatman GF／F filters，　and

autoclaved．　The chemostat culture was madeimmediately after the

Sampling at i＿塑　呈上土建　ternPeraturein the dark，　With stirring at

200rpm．　At least　4　subsamples were collectedin course of the

Chemostat culture before the natural growth rate was‘modified in

the chemostat．　The washout rate　（A）was negative in most

measurements，i．e．　p－Dく0．The dilution rate（D）was set between

O．14　to O．16／hr according Seki（1976）：　the f10W rate（F）of　70

to　80ml／hr and the culture volume of　500ml．　　The chemostat

apparatus used for this study composed of a Mini Jerfermenter M－

100（Tokyo－Rika－Kikai，　Tokyo）and Micro Tube Pumps MP－3　0r MP－32

（Tokyo－Rika－Kikai，Tokyo）．

Within the first　5　to12　hours of the chemostat culture，the

POPulation density of bacterioIplankton decreased linearly

against the time（Figrue　6），　thereafterit reached the steady－

State（Figure　7）．　Another washout was，in another case，Observed

after　40　hours from theinitiation ofincubation（Figure　8）．This

WaShout recoveryis probably・dlle tO：1）the clurnp forTnation by

bacterioplankton and　2）the attachment and growth on the wall of
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Culture vessel．　This wall growth results from the　一．sticky．一

Character of the culture cells and their innate tendency t〔I

attach to glass surfaces（Dykhuizen　＆　Hartl，1983）．　This wall

growth is not serious within a short culture period．

Practically，　the wall growthis ofless concern with the common

POPulation densities of bacterioplanktonin the eutrophic and

mesotrophic waters，　Or atlow dilution rates of the chemostat．

This is because only smaLll fraction of the bacterial cells in

the liquid attaches ontr）　the chemostat wall during the

experirnent．

The growth rate was，　thus，　determined within the time of

first　一一日near decreaseH，　mOStly within the first　4　hours of the

Culture．　　As an example　（Figure　7），　the growth rate was

determined by regressing the p10tS betweenl and　4　hours．　The

O－hour plot was excluded because the population density of

bacterioplankton oftenincrease within the first O．5　and l hour

（Figure　9），　POSSibly due to the mechanical destruction of

detritus and bacterial aggregates．

During the chemostat culture forless than　5　hours with

Samples from Matsumi－lke Bog，　the washout modes were found to be

Classifiedinto four types（Figure　9）．Typel shows convex modes，

Where the growth rates are high during the first half an hour and

then reduce to constantlevels．　Type　2　shows concave modes，

Where the growth rates are berow the dilution rate at first，　bllt

become equal to or above the dilution rate．　Type　3　shows winding
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modes，　Where the growth rates fluctuate as being high at the

first stage，10W neXt，then equal to or above the dilution rate．

Type　4　shows sharp rising modes，　Where the growth rates rise

Sharply in the first half an hour，　and sharp decrease follows

during the next half an hour．　Thisinitial－high growthin Type　4

CannOt be responsible for their actual growth，　anditis caused

by mechanical destruction of bacterial aggregates，　due to

Vigorous stirringin the chemostat．　Adding to the foul、typeS Of

WaShout modes，　the environmental conditions of Matsumi一Ike Bog

Were Classified into twelve categories（Figure lO），　based on

threShoulds of various parameters；l・e・，　the DOC cPnCentrations

Of　3．9　and　5．1rngC／1，　the bacterioplankton population density of

5．9Ⅹ109　cells／1，and water temperature of6．50C at which the

master biochemical reactionin their growth alternates．　Between

the washout types and the environmental categories，　SOme

relationships were found as f0110WS：

WaShout type environmental category

1
　
2
　
3
　
4

0
　
1
　
2
　
5

1
　
　
　
　
1

1
　
　
　
　
　
　
　
　
　
1

except Categories　2　and　9，　Which were not foundin Matsumi－Ike

Bog during the study year．　・

These relationshipslead to some conclusions：　The Type　2
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WaShout reflects thelowi．n　星i上辿　grOWth rates which were caused

by the10Wer DOC concentr－ation，　the10Wer pOpulation density and

thelower temperature，　aS Characterized Categoryl．　The Type　3

WaShout is responsible for higher species diversity with higher

POPulation density at the conditions as Categories　4，　7，11and

12．　The Type　4　washout relates to the mechanical destruction of

bacterial aggregates，　and the aggregates are formed at the

COnditions with theintermediate DOC concentration，　the lower

POPulation density and thelower temperature，　aS Characterized

Category　5．　0n the other hand，the Typel washoutis not related

to any environmental category．　　Thisis possibly because the

growthis regulated equally by multiple environmental factors．

5．Measurement of the Bacterioplankton Production

The bacterial production（Cells／1／day）Can be estimated by

multiplying the population density（Cells／1）by the growth rate

（／day　＝　Ⅹ24／hr）．　When the bacterial biomass production　（e．g．，

Carbon g／l／day）is required，　the celトto－biomass conversion

factor（gC／cell）should be known．　The conversion factor can be

Obtained from bacteria variables as：1）　specific biovolume

（Pm3／cell）；2）buoyant density（g／cm3＝Ⅹ10－12／pm3）；3）ratio of

dry／wet weight（％）；and　4）ratio of carbon／dry weight（％）．

The specific biovolurne has been determinedin various waters

by various methods，ranging more thanlOO－fold between authors：
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pm3／cell Sample Reference

0．058（Winter）

0．076（Spring）

0．102　（Summer）

0．133（autumn）

0．13

0．061（rods）

0．036（COCCi）

0．14－0．39

0．100

（Jan－Feb）

0．160

（March－Dec）

0．053－0．10

0．145

0．81

0．08

0．0024－0こ79

（0．21）

0．009－0．09

（0．04）

0．032－0．048

0．018－0．130

0．015－0．022

0．023－0．073

0．66

′0．12

0．12

0．08

0．072－0．096

0．076－0．096

0．159

Howe Sound

Stream Sediments

Newport River Estuary

Cul ture

Lake Bysjon

Frying Pan Shoals，NC．

Scripps pier
COaStal California

Bothnian Sea

Sea of Japan

Barents Sea

Lake Plussee

Lake Plussee

lO lakes in FRG

Crane Neck，LongIs．

Lake Valencia

SapeloIsland，Ga．

Duplin River Estuary

Skidway River Estuary

Newport River Estuary

Gulf of Mexicp

Lake Mendota
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Albright a McCrae（1987）

Bott　＆　Kaplan（1985）

Bowden　（1977）

Bratbak（1985）

Conveney et al．（1977）

Ferguson et al．（1984）

Fuhrman（1981）

Hagstrom（1’984）

Kameneva　＆　Mishustina

（1985）

Mishustina　＆　Kameneva

（1981）

Krambeck（1984）

Ⅹrarnbeck et al．（1981）

Lee　＆　Fuhrman（1987）

Lewis et al．（1986）

Newell　＆　Christian

（1981）

Palumbo et al．（1984）

Pedros－Alio　＆　Brock

（1982）



0．131

0．120

0．149

0．357

0．04－0．24

0．19－0．27

0．16－0．22

0．08－0．11

0．028－0．104

（free－living）
0．048－0．350

（at tached）

0．06

Atlantic

forest stream

Elbe River

SeWage

Finnish lakes

Sargasso Sea（100m）

Narragansett Bay

Barber Pond，RI．

Lake Constance

Kiel Fjord

Kiel Bight

Rheinheimer（1985）

Sa10nen（1977）

Sieracki et al．（1985）

Simon（1987）

Zimmermann（1977）

In this study，the cellvolume was determined to be O・lJlm3／cell

for bacterioplanktersin Matsumi－Ike Bog and Doh－Hoh－Numa Bog by

epifluorescence microphotography・This biovt〕lume of O・lpm3is

reasonable when compared with the values above．

The buoyant density has been determined to be constant as

follows：

g／cm3　　　　　　　Reference

1．09　　　　　　　　　　　　　　Bakken　＆　01sen（1983）

1．09－1．13　　　　　　　　　　Bratbak　＆　Dundas（1984）

1．025　　　　　　　　　　　　　　Brock（1985）

Asl．O tol．1g／cm3is acceptedin general，the value ofl．0

g／cm3

Study．

is used as the buoyant－den＄ity of bacterioplanktonin this
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The ratio of dry／wet weightis obtained from the water

COntent Of bacterial cell，aS：

dry weight（％）＝100　－　Water COntent（％）

With the proposed water content aslisted below：

Water content　（％）　　　　　　Reference

70（67－88）

43－69

77

85

74

Generally accepted

（e．g．，Luria，1960）

Bakken a OIsen（1983）

Bratbak　＆　Dundas（1984）

Ferguson a Rublee（1976）

Kuznetsov　＆　Romanenko（1966）

Larsson　＆　Hagstrom（1982）

Thus in this study，　the value of　20％is used as the dry／Wet

Weight of ratio the bacterioplankton cells．　　　　　、J

The ratio of carbon／dry weight has been determined to be

approximately　50％　as the values recently measured：

Carbon content（％）　　　　Reference

34．4

9．79＊

Generally accepted

（e．g．，Luria，1960）

Ferguson　＆　Rublee（1976）

Pedros－Alio　＆　Brock（1982）

＊　Carbon／wet weight

Here the value of　50％is used・aS、the carbon／dry weight ratio of

the bacterioplankton cells．
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Thus the cell－tO－biomass conversion factor is obtained from：

（Pm3／cell）（Ⅹ10－12g／pm3）　　　　　　　　（Ⅹ10－14gc／cell）

Hence，lxl0－14gc／cell andlxl0－13gc／Jlm3are the appropriate

COnVerSion factor for bacterioplankters bothin Matsumi－Ike Bog

and Doh－Hoh－Numa Bog．　　These factors are reasonable when

compared with other values of O・94xl0－13gc／pm3（Pedros－AliD　＆

Brock，1982），1・06Ⅹ10－13gc／Jlm3（Nagata，1986），1・43Ⅹ10－13gc′Jlm3

（Larsson　＆　Hagstrom，1982）．　Using these conversion factors，the

bacterioplankton biomass production can be estimated as follows：

bacterioplankton population growth conversion

production density x rate x factor

（gC／1／day）　　　（Cells／1）　（Ⅹ24／hr）（Ⅹ10－13gc／cell）

6．Counting of the ZooplanktonIndividuals

Zooplankton in Matsum卜Ike Bog were collected by vertical

haul from bottom to water surface with a plankton net（NGG　54；

net diameter of　30　cm，　meSh size of　54　mesh／inch，Opening of　334

71m）・　　Sample zooplankton were fixed with borax－neutralized

・forrnalin　（final concentration of　5％）immediately after the

COllection，　and were counted under a stereoscopic microscope

（Olympus，Tokyo）．
■
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7．Statistical Analyses

The degrees of correlation were shown with r2，Where ris

the correlation coefficient（Sokal　＆　Rohlf，1973）．

The statistical significance of every correlation and

regression was examined by the F－teSt（Sokal　＆　Rohlf，1973）．

The statistical significance of difference between two

groups was also examined by the F－teSt．
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RESULTS AND DISCUSSION

1．Bacterioplankton Communityin Matsumi－Ike Bog

Limnological chracteristics of Matsumi－Ike Bog

Matsumi－Ike Bog（Figurell）islocatedin the campus of the

University of Tsukuba，Tsukuba Science City，Japan（140006．7・E，

36005・3●N）●　Total area of the bogisl．5hectare；Kam卜Ike has

O．7　hectare and Shim0－1ke O．8　hectare．　The maximum depthisless

than one metre．　Matsumi－Ike Bog has been artificially separated

in1976into these two basins ofIくami－Ike and Shimo－Ike．　The bog

Water Can flow fromIくami－Ike to Shimo－Ike through earthend pipes，

then flows outinto neighbouring the River Hanamuro一gaWa，　Which

f10WSinto Lake Kasurnigaura at Tsuchiura－iri Inlet．　Kami－Ike has

been embanked and surrounded by university buildings and lawns

Since　1976；　Shim0－1ke has been conserved as a natural bog．

Matsumi－Ike Bog receives waterinputs of rain－fall and rain

drainage．　No river or stream flowsinto the bog．

Sampling was made at two stations：　Stationl at the north－

WeSt Shore of Karni－Ike and StaLtion　2　at the head of Shim0－Ike

（Figure ll）．　　All eco10gical parameters were similar both at

Stations l and　2（Tablel），　thereby the results from Stations l

and　2　were dealt for the common statistical analyses．　At both

Stations，it was shown that every ecological parameterin the

Surface water of Matsumi－Ike Bog showed the steady－State
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OSCillationin a range near the eutrophic part of the mesotrophic

SyStem（Figures12　and13）．

Surface water temperature of the bog showed a typical

fluctuation in the ternperate zone（Figure12）．　The highest and

the10WeSt Surface temperature at　9：00am were　29．20c on12

August1983　and　3．00c on27January1984，reSpeCtively；the

average was15．00C．　The temperature fluctuation was regressed

into an annual sine－CurVe With statistically high significance as：

t　＝　9．8sinl（W－4）7U26】＋15．0　……　Equation　8

（F＝259，Fo．01＝6・9）

where tis temperature（Oc）and wis the number of weeks elapsed

Since lO Apri11983．　The bog water suI，face was frozen at each

Sarnpling time from　28　December1983　until lO February1984．

The dissoIved oxygen（DO）concentration at the surface of

the bog was between4and15mg02／l throughout the year（Figure

13）．　The DO fluctuationin this rangelittle affects on aquatic

bacterial metabolisms in the bog，　because the critical DO

COnCentration for bacterial respiration was estimated to be as

low as O・43mg02／l for natural bacterial community（Pamatmat・

1971；　Seki et a1．，1984）as well as for a pure strain of marine

bacterium（ZoBell，1940）．　It has been also suggested that the

multiplication and respiraLtion oflake bacteria are independent

Of DO throughout the range from O・30to36mg02／1（ZoBell，1946）・

The average DO concentrationlVa亭10・1mg02／1；10・5　mg02／l at

Stationl and9・6mg02／1（Tablel）・　Annual fluctuation had a
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Pattern Of summer－10W and winter－high．　The highest DO

COnCentration was15・7rngO2／l on13January1984at Stationl，

and thelowest was4・O rngO2／l on5August1983at Station2・

The concentration ofinorganic nitrogen（total of NO3－N，

NO2－N and NH4－N）increasedits fluCtuation range at the beginning

Of summer by reaching the annual maximun at Station　2　from　69．4

Pg－at／10n　5　August1983　to　4．9Jlg－at／l on　26　August1983（Figure

13）．　The fluctuation became progressively smaller toward the

beginning of spring・　The average concentration was17・671g－at／l；

15・lJlg－at／l at Stationl，　and　20・O pg－at／l at Station　2　（Table

l）・　NO3rN and NH4－N showed alternative dominancein the

COnCentration；NO3－N contribution was53・7％ofinorganic nitrogen

COnCentrat‘ion，and NH4－N was42・3％，On the annual average・

The concentration of inorganic phosphorus　（phosphate－

Phosphorus）increased drastically at the beginning of August and

maintained higher level until its concentration reasched the

annual rnaximum of　7・6　pg－at／l on18　November1983　at Station　2

（Figure12）．　Thereafter the concentration drastically decreased

Within half a month down to a moderatelevel．　The moderatelevel

WaS maintained throughout the winter until beginning of the

Spring bloom of phytoplankton．　Through this f・luctuation，　the

average concentration was l．3　pg－at／1；1．271g－at／l at Stationl，

andl．4　pg－at／l at Station　2（Tablel）．

The concentration of dis－solved organic carbon（DOC）　showed

annual fluctuation with less obviouS pattern Of high
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COnCentration inlate spring andlowinlate winter（Figure13）．

The highest concentration was　8．6　mgC／10n lO June　1983　at

Station　2，　and the lowest was O．5　mgC／l on　2　March　1984　at

Station　2．　The annual average was　4．6　mgC／1；　4．7　mgC／l at

Stationl and　4．5　mgC／l at Station　2（Tablel）．

The concentration of particulate organic carbon　（POC）　was

the greatest during the spring bloom of phytoplankton，thereaftell

the POC concentration becamelower progressively toward the end

Of winter　（Figure　13）．　　Thus the primary constituents of

Particles were possiblyliving phytoplankton and phytodetritus

（Brdwn　＆　Parsons，1972）．　Actually，eaCh POC pulse corresponded

to a phytoplankton pulse that was formed during the natural

Selection．of predominant phytoplankton species．　The maximurn POC

Pulse formed on12　August1983，　for example，　WaSidentical with

the phytoplankton pulse predominantly composed of Nitzschi＿＿a

SPeCies（Shiraishi et a1．，1985）．　This maximum POC concentration

WaS　7．6　mgC／l at Stationl．　The annual average was　2．O mgC／l；

2．1mgC／l at Stationl andl．9　mgC／l at Station　2（Tablel）．

The concentration of chlorophyl卜a showed sev，eral pulses

throughout the year（Figure13）．　On12　August1983　at Stationl，

the maximum pulse that was the annual highest pe・ak of124・gJlg／l

WaS Observed．　This maximum pulse was due to the phytoplankton

bloom of diatom species Nit乙＄＿＿巨魁　as described above．　Other

pulses occurredinJune，July・rand August，　With the pulse height

Of　50　tolOOJlg／1・　On the other hand，10W Chlorophyl卜a values
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（be10W lOllg／1）　were observedin winter，　and the lowest was

3・2　pg／1　0n　27　January　1984　　at Station l．　　The average

Chlorophy11－a COnCentration was　20．9Jlg／1；23．OJlg／l at Stationl

and18．971g／l at Station　2（Tablel）．

Zooplanktonin Matsumi－Ike Bog

Zooplankton collected by the net sampling were largely

dividedinto two groups：　COPePOds and cladocerans．　They formed

Sharp pulses，　aCCOmPanying pulses of the bacterioplankton

population density and the chlor．ophyl卜a concentration　（Figure

14）．　　Assuming that ch10rOPhyll－a COnCentration indicates

Phytoplankton biomass，　quantitative aspects of biomass flow in

the bog fdod web can be reasonably explained throughout the year：

The grazing food chain was major processesin the bog food webin

Spring and summer，　When the prey－predator relationship was

apparent among Lthe abundance of phytoplankton and zooplankton．

During this period，the predominant zooplankton were cladocerans；

theselarger herbivores prefer to eatlarger particles as living

Phytoplankters in their selective choice of fooditems．　On the

Other hand，　the bog food websin autumn and winter Was composed

mainly of the detI、itus food chains，　Where the prey－predator

relationships were quantitatively apparent between fine detrital

Particles or bacterioplankters and small bodied copepods．

■
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Bacterioplanktonin Matsumi一Ike Bog

i）Population Density

The population density of bacterioplankton was fluctuated

With a pattern of auturnn－high and spring－low，　ranging from the

magnitude oflO8cells／l tolOlO cells／1（Figure15）．　Drastic

increase was observed on14　0ctober1983，　reaChing each annual

maximum ofl．7Ⅹ1010cells／l at Stationl and2．0Ⅹ1010cells／1at

Station　2．　　0n the other hand，　thelowest values were found in

spring；2．9Ⅹ109cells／l on15April1983at Stationl，and

5．OxlO8　cells／10n6May1983at Station2．　The annual average

density was8．9Ⅹ109cells／l；9．2xlO9cells／l at Stationl and

8．6Ⅹ109cells／l at Station2．

ii）Population Growth Rate

The population growth rate showed two patterns of

fluctuation：1）　the annual fluctuation showed a pattern as high

in summer andlowin winter，　and　2）week－tO－Week fluctuation was

largerin winter but smallerin other seasons（Figure　15）．　The

highest growth rate was O．33／hr（generation time of　2．1hours）on

29　July　1983　at Station　2，　While the10WeSt WaS O．02／hr　（350

hours）　on13January1984　at Stationl．　The annual average was

0．12／hr（5．8　hollrS）at both stations．

iii）Production Rate　　　．

The fluctuation pattern of bacterioplankton production was
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more related to rather that of the growth rate than that of the

population density（Figure15）．　The annual maxiTnum WaS prOminent

asl，055JlgC／1／day at Station　2　0n　29July1983，When the annual

maximum of growth rates and the high peak of population density

Were found．　On the other hand，　Smaller production was found

during winter and just at after the spring peak，　With the annual

minimum oflOJlgC／1／day on　6　May1983　at Station　2．　The annual

average was　238JlgC／1／day；　251JlgC／l／day at Station l，　and

225　pgC／1／day at Station　2．

iv）DOC　－　Growth Relationship

The effect of nutrient concentrations on bacterial growth

rates（FlD】）Can be shown theoretically by modifying the kinetic

models of Monod（1949），　Who proposed the following equation

expressing a relationship between bacterial growth rates and

Substarate concentrations：

pm【Sコ

Ⅸ　　＋［S】

WhereJl and pm represent the growth rates and the maximum growth

rates，　reSPeCtively．　lS］is the concentration of a limiting

Substrate，and Ksis the half－Saturation constant・This equation

is dynamically identical to the Michaelis－Menten equation of

enzyme reactions．　When the effects of excessive concentration

are taken account，the Monod oq！lationis modified as fol10WS：

P＝AJlm【S］exp（1－A【S】）
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Where Ais a constant．　Steele（1962），　for example，aPplied this

modified equation to the effects ofinhibitioninintense light

in order to analyze the photosynthesis－light relation．　　The same

modification was possible for the Monod modelin relation to the

DOC effect on the population growth rates of bacterioplankton，

and the modelin Matsumi－Ike Bog could be expressed as a highly

Significant regression（Figure16）：

FlD］＝　0．17（D－3．9）exp（1－　0．84（D－3．9））　一一一一　Equation　9

（F＝144，Fo．005＝8・5）

Where Dis the DOC concentration（mgC／l）in the bog water．　From

this mathematical model，it was shown that major constitllentS Of

the natural bacterioplankton community can start their

multiplicdtion at the DOC concentration of　3．9　mgC／lin the bog

environrnent．　The inhibitory effect of higher DOC concentration

WaS Obviously sh。Wn by this model．　Moreover，　the optimuTT）　DOC

COnCentration of　5．1mgC／l was given by this model．　The the

Shortest generation times of the bacterial populationin the bog

WaS thus shown theoretically to be several hours．　　This

generation time is the threshold at the boundary between the

mesotrophic and eutrophic systems．

V）Density　－　Growth Relationship

The bacterial growth is affected significantly by the

bacterial population densityi・eSpeCially when the density is

maintained at maximal levelsin a certain aquatic ecosystem．
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This effect in MatsumiqIke Bog must be great because the

bacterioplankton population density in the bog water was in

highest levels of the rnesotrophic system　（levels ln VarlOuS

SyStemS，　See Seki　＆　Nakano，1981）．　The effect of the population

density on the growth rate can be analysed by the model of

Allee－s principle．　According to Allee－S principle，the degree of

aggregation of metazoans varies not only with the lack of

aggregation but also the excessive aggregation　（Odum，1971）．

As common characteristics among microorganisms，　an aggregated

group must have better growth and survival properties than

individuals，　While the size of the groupis within a certain

limit．　The formation of microcoloniesis an adaptation based on

mutual protection or assistance within the population；　eVen

motile bacteria having capability of moving away from the colony

remain as aggregates within a certainlimit（Atlas，1986）．　The

effect of the bacterioplankton population density on their growth

rate　（F【P】）in Matsumi」ke Bog could be shown as a highly

Significant regression（Figure17）：

FlP］＝　0．02　P exp（1－　0．17　P）　－－一一一…－－一一一　EquationlO

（F＝130，Fo．005＝8・5）

where Pis the population density（Ⅹ109cells／．1）in the bog

Water．　From this mathematical model，it was shown that the

interaction of bacterioplankton cellsis the most favourable for

their growth at the density・・Qf，．5・9Ⅹ109cells／l・Below this

OPtimum population density，　　dominant L bacterioplankters were
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mostly rods having an average cell size with　2　umin diameter and

5　urnin length．　On the other hand，　above the optimum density，

the inhibitory effect of higher population densities on their

growth was evident；the cell size of the bacterioplankters became

drastically smaller，　and many changed from rods to cocci of

approximately O．5　umin diameter．

Vi）Temperature　－　Growth Relationship

There is a certain range of temperature where the

temperature一grOWth relation of a bacterium follows the Arrhenius

equation（Johnson et a1．，1954）：

r　＝　S exp（－E／RT）

Where r‘is the rate of reaction，　Sis a constant，　E is the

activation energy，　Ris the gas c〔＝nStant，　and Tis the absolute

temperature．Taking the10garithm，anOther forn can be obtained：

lnlr］＝（－E／R）／T　＋　COnStant

If this type of plot（frequently termed aLn Arrhenius plot）is

rnade for bacterial growth rate，　a different response from

Chemical reactions can be seen．The Arrhenius plots for bacterial

growth rates havelimitedlinear r．ange，above and below which the

growth rates decline rapidly．　Ratkowsky et al．・（1982）ft〕und the

linear relationship between the square root of growth rate and

temperature（Oc）．Ⅰngraham et al．（1983）stated：．．Although this

relationship has no theoretical．basis and fails by extrapolation

to predict accurately the minimum ternperature of growth，it
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Should be proved usefulin predictingintermediate growth rates

fromlirnited data．．．　Thelinear range could become wider for a

natural community composed of different bacterial groupsin their

response to temperature．　　This is because the best master

reaction of each therrnally optimum group controIs alternately an

OVerall process of the community growth over a wider temperature

range．　This was evident for the population growth of natural

bacterioplankton in Matsumi－Ike Bog（Figl】re　18），　Where the

thermal effect on the growth rates（F【T】）was highly significant

following the Arrhenius equation：

log F【T］＝　－1970／Ⅹ　＋　5．09　……－－－一一…一－一一P Equationll

（F＝77，Fo．005＝8・5）

Where Kis absolute temperature of the bog water．

Microbiological Profile of Matsumi－Ike Bog

There have been various classifications for trophic states

Of lakes．　　The most popular classificationis based on the

COnCentrations of inorganic nutrients，　aSitis dealt at the

SeCtion　　▼一Limnological Characteristics of Matsumi－Ike Bog．’．

Another is biological，　based on chlorophyll－a COnCentration

（Jlg／l）　aslisted below・　According to any classification belc・W，

Matsumi一Ike Bog having the average chlorophylトa concentration

of　20．9Jユg／l can beidentified As●eutrophic throughout the year：
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Rast　＆　Lee（1978）

Sakamoto（1966）

Carlson（1977）

Forsberg　＆　Ryding（1980）

Nat．Acad．Sci．（1972）

Dobson et al．（1974）

USEPA（1974）

However，　these classification can be applied strictly forlakes，

not for bogs，　because there are two types of eutrophication

process（Odum，1971）：

Depth Nutrient concentration

Low High

Shallow Morphometric一一一一　　→．Eutroph．ic

Deep

Eut芦　　†
Oligotrophic Morphometric

Oligrotrophy

Here Matumi－Ike Bogisin the state of morphometric eutrophy，　Or

in an essential definition，　meSOtrOphy．　Thus the mesotrophic

range should be wider than those classifications above．

The population growth rates of natural bacterioplankton in

the Matsumi－Ike Bog were measured with the chemostat，　and the

average growth rate was O．12／hr，　a generation ti．me of　5．8　hotlrS．

The highest rate was O．33／hr；　SuCh a high growth as the

generation time of　2．1hours was rarely measuredin Matsumi－Ike

Bog．　This extraordinary high・・grQ＿Wth activityin the mesotr叩hic

environment was due possibly to that eutrophic microenvironments
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exist sporadically in the mesotrophic macroenvironment．　The

generation times of bacterioplankton within the　95％　confidence

interval were statisticaly determinedin the range from　5　to　20

hours．　　The growth rates were thus maintainedin this range by a

Series of natural negative feedbackloops asinfluenced by a

number of environmental factorsin the bog（Seki，1982a；　Seki　＆

Iwami，1984）．

The bacterioplankters must multiply at the expense t〕f

dissloved organic mattersin Matsumi－Ike Bog．Then they should be

eaten by detritivores through the detritus food chains　（Seki，

1972）．　For exarnple，　　the production of bacterioplanktonin the

bog was determined on　14　0ctober1983　by the chemostat to be as

high as・415JlgC／1／day・　Thisis equivalent to the primary

PrOduction at the ccIaStal area on the continental shelf

（e．g．，　Whittaker，　1970）．　When referred to the following

decrease of bacterioplankton population density，　　the

bacterioplankton biomass was then eaten by detritivorous copepods

With the grazing rate of　433　pgC／l／day．　Such an eHicient

biological production through the detritus food chains was alomst

COmParable to significance of the grazing food chains during

blooms of phytoplankton，　and could be the commqn phenomenon in

natural bogsin the watershed of Lake Kasumigaura．

The DOC concentration wa＄　Shown to be the limiting factor

regulating the population growth rates of bacterioplankton in
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Matsumi－Ike Bog．　However，　Only very few of bacterioplankton

ultramicrocells were detectedin the bog at any season of the

Study year，　　although some inefficint bacteI、ial species in

exploiting nutrients were reported（e．g．，Jannasch，1967）．They

fallinto the starvation－SurVival phases due to the shortage of

availability of dissolved organic materials（Morita，1982）．　Many

bacterioplankton in the bog reduced their cell sizes down to

O．5　um．　　This size islarger than the bacterial ultramicrocells

at the real starvation－SurVival phases（Novitsky　＆　Morita，1976；

Torrella　＆　Morita，1981）．

Historically，meSOphiles and psychrophiles have been earlier

Pr。POSed・Physiologically to be distinguished by the temperature

Characteristic，i．e．，Ein the following Arrhenius equation，than

their ecological characterizatiOn（1ngraharn，1958）：

lnlgrowth rate】＝（－E／R）／K

Where Ris the gas constant and Kis absolute temperature．　This

COnCePt WaSlater challenged by Hanus　＆　Morita（1968），　Who found

no significant correlatiion between the temperature

Characteristics of psychrophiles，　pSyChrotrophs and mesophiles．

Then the cardinal temperatures（minimal，　Optirnal and maximal

growth temperatures）　have become to be used for distingllishing

them．　Thus，　at PreSent，　Obligate psychrophiles are defined as

organisms having an optimal ternperature for growth at about　40C，

a maximal temperature for growth at aboutlOOc，and a rninimal
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temperature for growth at OOc or be10W　（Morita，1975）．

Facultative psychrophiles　（Or PSyChrotrophs）　are defined as

organisms able to grow at OOc but also able to grow at

temperatures of　25　to　300C（Brock et a1．，1984）．In the

temperature range of this bog，dominant bacteria are obligate and

facultative psychrophiles．　　The effect of temperature on the

POpulation growth ratesin Matsumi－Ike Bog was expressed highly

Significantly thrcIughout the year，　　fo110Wing the Arrhenius

equation．　Moreover，　there was obviously a sharp breakin this

over－all process at about　6．50C．This could be attributed to the

two major master reactions of the facultatively and obligately

PSyChrophilic bacterioplanktersinhabitingin Matsumi－lke Bog．
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2．Bacterioplankton Communityin Main Basin of Doh－Hoh－Numa Bog

－－　Before theIntroduction of the Bio－filter System

Limnological Characteristics of Main Basin of Doh－Hoh－Numa Bog

Doh－Hoh－Numa Bogislocatedin Tsukuba Science City of Japan

（1400　07．6・E，　360　03．5．N），and is one of the bogs in the

WaterShed of Lake Kasumigaura（Figure19）．　　Doh－Hoh－Numa Bog was

OnCe COnneCted to the River On0－gaWa Which flows into Lake

Kasumigaura at Edosaki，Iri Inlet．　The bog with area of　3．4

hectare is consis ted of two basins：　a main basin（3．2　　hectare）

and a marginal basin（0．2　hectare）．　A sampling station（Station

l）was selected at the deepest sitein the main basin．

Along the east coast of the main basin，　thereis a we11－

developed reed community consisted of E比重g四艮旦星　and　王Ypb塁．

Water shield（Brasenia chreberi）occupied the south－eaStern half

and sollthern coastal zt）ne Of the main basinin May．　lnstead，

2旦土塁担旦g塁上旦n distinctus flourishesin sumrner．

Doh－Hoh－Numa Bog receives water－inputs of rain－fall，　raln－

drainage，　pumPed underground water，　andlesser amount of the

effluent from a swimming pool into the marginal basin．　No river

f10WS in and out Doh－Hoh－Nllma Bog．　The depthisless than one

metre．Ⅰn an extreme case，apprOXimately　50％　of the bog area was

dried up duringlate sumrner and autumn of1984　because of high

temperature andlittle precipi’tation．　However，the bog was ncver

dried up in surnrner and autumn of1985．　The bog stlrface was
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frozen at sampling times occasionally from　28　December　1984

until　15　February1985，　and fromlO December1985　unti17　March

1986．

Sampling was made at Stationl（Figure19），　Where the bog

WaS the deepest．　Sampling and other measurementsin the field

Were made on a boat，　taking good care not to stir up the bottom

mud into the water COlumn．

Every trophic parameterin the surface water of Doh－Hoh－Numa

Bog showed seasonal fluctuation near the oligotrophic partin a

range of the mesotrophic system（Figures　20　and　21）．

The annual fluctuation of water temperature of the bog was

typical in the temperate zone，　and was expressed as a highly

Significant regression curve as fol10WS（Figure　20）：

t　＝12．8　sin（（W－5）7U26）＋14．9　－－－－－－－－－－－　Equation12

（F＝141，Fo．01＝7・2）

where tis temperature（Oc）and wis the number of weeks elapsed

since13　April1984．　From this eqaution，the average temperature

was found to be14．90C（Table　2）．The highest temperature at the

sarnpling hour of the day was32・00c on17August1984；thelowest

was o．30c on15　February1985．

The DO cOnCentration at the surface・Water annually

fluctuated aslowin summer and highin winter，　ranging from　4．4

mg02／l on21September1984to14・5mg02／l on28　December1984

（Figure　20）．　This DO miniuふ’・in－this bogis still far above the

minimurnlevel required by bog fishes，and then the surnmer－killin
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fishes（Welch，1952）has never taken placein Doh－Hoh－Numa BcIg．

The annual average DO concentration was8・8mg02／l（Table2）・

The concentration ofinorganic nitrogen（NO3－N，NO2－N and

NH4－N）annually fluctuated as fo110WS（Figure20）：It began to

increase progressively from May by reachingits annual maximum of

34・2ノ1g－at／10n　23　November1984・　Thenit was alrnost constant

throughout the winter．　At the beginning of springin1985，it

WaS almost at the samelevel as that at the beginning of spring

in　1984．　Thusits annual cycle was completed without r）bvious

Changes・　The annual average was　6・971g－at／l・Thelarge fr’aCtion

Of the concentration was occupiedin the form of NH4（ammonjum－

nitrogen）　　thllOughout the year　（Table　　2）；　　the highest

COnCentration of NH4－N was28・2ノ1g－at／10n　23　November1984・

Which was approximately　80％　of the total inorganic nitrogen

COnCentration・　Throughout the year，NO3－N（nitrate－nitrogen）

COnCentration fluctuated within a range from O up to　5　ノユg－at／1，

Whereas NO2－N（nitrite－nitrogen）was dissolvedin only trace

amounts from O・l to O・9　71g－at／l・

The concentration of P04－P（phosphate－phosphorus）also

fluctuated within the rnesotrophic range throughout the year

（Figure　20）．　The concentrationincreased rapidlyin June，　and

then stayedin a steady－State OSCillation during the　＄uTnmer and

early autumn．　Then the concentrationincreased rapidly up to the

annua】maximum of l．811g－at／．l o－n　23　November　1984，When the

inorganic nitrogen concentration also reachedits annual maxirnum．
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This simultaneous outbreak of the annual maxima showed a good

Periodical agreement with breakdown of the autumn bloom of

Phytoplankton　（Liu　＆　Seki，1987）．　On the other hand，10WeSt

levels were foundin spring・　The annual average was O・471g－at／1

（Table　2）．

The DOC concentrationincreasedin summer，　reaChing its

annual maxmum of ll．5　mgC／l on17　　August　1984，　When water

temperature was the highest and the chlorophyll－a COnCentration

WaS at the summer－peak（Figure　21）．　In the other seasons，　the

DOC concentration fluctuated within a steady range．　Thelowest

DOC concentration was O．4　mgC／10n　27　April　1984．　The annual

average was　3．8　mgC／1（Table　2）．

The POC concentration had the spring and autumn maxima，eaCh

Of which was cornposed of several pulses（Figure　21）．・The maximum

Pulse was as high as16．5　mgC／l on　20　April1984．　Because each

Of these pulses corresponded to each pulse of chlorophyl卜a in

the bog water，　the particulate organic matters consisted

PrirnaI、ily of phytoplankters and phytodetritus．　Thelowest POC

concentration wasl．l mgC／l on　29　March1985．　The average POC

concentration was　5．O mgC／l（Table　2）．

The concentration of chlorophy11－a fluctuated with each

pulse corresponding to a POC pulse（Figure　21）．　The highest peak

WaS OflOl・5Tlg／l on13　0ctober1984・　Other marked peaks were

foundinJune，August，September，January and February・　Dominant

phytoplankton geneI、a Were Melosira and Er皇gii重工i墨　Of diatom in
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June；坦i＿⊆工旦⊆Ⅹ旦土i星　and Merismop皇旦i量　Of blue一green algaein August；

E工員gii重工i塁in September and October；⊆bi墨担Ydomonas of green algae

in January；　Navicula and Melosira of diatomin February（Liu　＆

Selti，1987）．　The annual average was　22．O pg／1（Table　2）．

Bacterioplanktonin Main Basin of Doh－Hoh－Numa Bog

i）Population Density

The population densities of bacterioplankton　．increased

progressively from the annual minimum ofl．lX109cells／l on　2O

Apri11984to the annual maximum of6．2xlO9cells／l on2November

1984（Figure　22）．　　Sharp decrease，however，WaS found justl after

the maximum，down to half of the maximumlevel，i．e．，3．1xlO9

Cells／1．　Then the density fluctuated within a rather steady

range．The annual average was3．1Ⅹ109cells／1（Table2）．

ii）Population Growth Rate

The population growth rates fluctuated within a steady range

throughout the year（Figure　22）．　As a whole，　the growth rates

Were arOund the average of O．08／hr（Table　2），　being higher in

′Surnmer and　10Wer in winter．　　Actually the highest rates of

O．18／hr was found on　27July1984，thelowest rate of O．00／hr was

found on18January1985．
▲
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iii）Production Rate

The production rate of bacterioplankton was within a range

Of O to165pgC／1／day（Figure　22）・　The srnallest production of

OJlgC／1／day on18January1985　was due to the zero growth rate on

that day・　The greatest production was　16511gC／1／day on　28

September when the population density and the gI、OWth rate of

bacterioplankton attained the pulse peaks．　A comparable peak of

16011gC／1／day was found on19　0ctober1984，　and numerous smaller

peaks were found in almost every month．　The annual average

PrOduction was　6371gC／l／day（Table　2）・

iv）DOC　－　Growth RelaLtionship

The　■DOC concentration primarily affected on the population

growth rates of bacterioplankton，　When analyzed by the modified

kinetic model of Monod（1949）．　For the natural populations of

bacterioplanktonin Matsumi－Ike Bog，　this model was proved to be

more praLCtical when a threshold concentration for the bacterial

growth－initiation is assumed．　　This has to be applied also for

the DOC一grOWth analysisin Doh－Hoh－Numa Bl）g（Figure・23）．　Then

two distinguished regressions were obtainedin relation to the

DOC concentration with the greatest statistical significance

aTnOng enVironmental factors as fol10WS：

（1）the DOC concentration bel，OW　3．O mgC／1；

F【D】＝　0．06　D exp（1－，．0，68　D）　一一一－－－－－－一一一　Equation13

（F＝6・1，Fo．05＝4・6）
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（2）the DOC concentration above　3．O mgC／1；

F【D］＝　0．05（D－3．0）exp（1－0．37（D－3．0））　－－一一一　Equation14

（F＝34・2，Fo．01＝7・6）

Where D repI、esentS the DOC concentration（mgC／l）．　From these

regression，it is suggested that the natural bacterioplankton

COmmunity in Doh－Hoh－Numa Bog was consisted mainly of two groups

With different efficiency on nutrient assimilation；　One lS an

Oligotrophic group at the DOC concentrations below　3．0　mgC／1，and

another is mesotrophic group at the DOC concentrations above

3．0　mgC／1．　Then the optimum DOC concentration was calculated

to bel．5　mgC／l for the oligotrophic group and　5．7　mgC／l for

the mesotrophic group．　The oligotrophic bacteria was shown to

deve10P i’n natural reservoirs where concentrations of dissolved

Organic substances do not exceed several miligrames per liter

（Kuznetsov et a1．，1979）．　As the clligotrophic bacteria，】n SOme

CaSeS，　do not growin the nutrient－rich media，　Kuznetsov et al．

（1979）　described．†Whyinhibition of the oligotroph growth occurS

On the rich nutrient substrateis not clear at present．　One

reason may be the action of toxic products of metabolism，in

particular，　Of hydrogen peroxide，　Which forrnsin a number of

metabolic reactions．▼．　　Although the trophic nature of bacteria

may change relating to their physiological states and the ambient

COnditions（Kuznetsov et a1．，1979），those two groupsin DtI｝h－Hqh

Numa Bog may be distinguished，、aS have been shown in other

environments（M。aledj　8　0verbeck，1980；　Witzel et a1．，1982）．
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The highest growth rate obtained from Equations13　and　14　was

O・13／hr（i・e・　generation time of　5．3　hours）．　The annual aveI・age

DOC concentraLtion was　3．8　mgC／1，　at Which the growth rate was

61％　of the highest rate at the optimum DOC concentration．

Ⅴ）Temperature　－　Growth Relationship

Population growth rates of bacterioplankton followed an

Arrhenius equation throughout the year，　OVer a thermal range of

32Oc・　The．thermal function（FlT】）On the growth rates was

Statistically evident as the second most profound function among

environmental factors based on the F－Value，　and could be

expressed as a highly significant regression（Figure　24）：

’log FlT］＝　－939／Ⅹ　＋　2．13　……－”－””－”　Equation15

（F＝11・8，Fo．01＝7・2）

Where Kis the absolute ternperature of bog water．

Vi）Density　－　Growth Relationship

Bacterial growth has been shown to be affected also by their

OWn pOpulation density．　This density effect　（F【P】）　On the

POPulation growth rates was statistically（F analysis）the third

most profound among environmental functions，．　and could be

expressed as a highly sgnificant regression（Figure　25）：

FlP】＝　0．02　P exp（1－　0．25　P）　－－－－－－－－－－－－　Equation16

（F＝9・9・Fo．dl・＝14・1）

Where P represents the population density of bacterioplankton

55



（Ⅹ109cells／1）．From this mathematical model of Equation16，the

population density of4．0Ⅹ109cells／l was shown to be the optimum

for the bacterioplankton growthin Doh－Hoh－Numa Bog．　The annual

average density was3．1xlO9ce11S／1，at Which the growth rate was

expected to be　97％　of that at the opotimum density．

Mesotrophy of Main Basin of Doh－Hoh－Numa Bog

In classifying the oligotrophy，　meSOtrOPhy and eutrophy of

bogs（See Section of Matsumi－Ike Bog），　　the trophic state of a

Water body is regulated not only by the nutrient concentration

（Or biological factor）concentration but also by the depth．　　As

it is a shallow bog，　the trophic state of Doh－Hoh－Numa Bog is

just the same as that of Matsumi－Ike Bog；　both bogs are with

Sirnilar topography with water depth around one metre，　although

the eutrophication degree of Doh－Hoh－Numa Bog was slightly lower

than that of Matsumi－Ike Bog（Tables l and　2）．

Two DOC Sources：Two Energy Flows

A major ultimate source of the dissolved organic materials

is known to be photosynthetic products of phytoplankton．　Sharp

（1977）interrogates HExcretion of organic mdtter by marine

Phytoplankton：Do healty cells doit？●．　Through this question，it

WaS SuggeSted that the phytoplankton excretion are mostly due to

artifacts．　　Here there is ev‘idence of extensive excretion by

healthy populations of phytoplankton（Fogg，1977，1983）：　With
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many algae，　glycollic acid was mostly the single excreted

Substance．　The mechanism of the excretion was thought to be as

一’0Verf10W’．　of carbon when photosynthesis takes place rapidly．

The　●●passive diffusion．’hypothesis was also proposed　（Bjornsen，

1988），　Where the calculated passive diffusion could be

responsible for all of the observed excretion of low－mOlecular－

Weight compounds from healthy phytoplankton oflOJlm in size・

These excreted organic materials are rapidly utilized by bacteria

（Bel1，1980，1983；　Chrost　＆　Faust，1983；　Cole et a1．，1982；

Conveney　1982；　Jordan　＆　Likens，1980；　Kato　＆　Stable，1984；

Larsson a Hagstrom，1979，1982；　Mague et a1．，1980）．　　The

Phytoplankton excretionis comrnonly estimated to be around　5％　of

total carもOn fixation through the photosynthesis in eutrophic

WaterS，　and about　40％in oligotrophic waters．　The bacterial

utilizationis rapidimmediately after the excretion．

In the Main Basin of Doh－Hoh－Numa Bt〕g，the DOC concentration

WaS Shown to have a statistically significant relationship with

the concentration of chlorophyll－ain the bog water during the

period from13　April1984　to　2　Novernber1984（Figure　26）；　this

periodis designated the Period P（phytoplankton－relating）．　The

relatif〕nShip was expressed as：

［DOC】＝　0．83　＋　0．16【chlqrOPhy11－a］　－…－…　Equation17

（mgC／l）　　　　　　　　　　　　叫g／1）
（F＝10・14・Fげ．・01．＝7・19）

It is thus suggested that during the Period P，　　SeaSOnal
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fluctuation of the DOC concentration was regulated primarily by

the formation and destruction of phytoplankt〔）n blooms．

On the other hand，the negative relationship between DOC and

Chlorophyll－a WaS Shown during the period from　9　November1984　to

29　March　1985（Figure　26）；　this periodis designated Period N

（not phytoplankton－relating）．　　　The regression of this

relationship was：

lDOC】＝　3．51－　0．03〔chlorophy11－a］　－－－－－－　Equation18

（mgC／1）　　　　　　　　　　　　　叫g／1）
（F＝3・24，Fo．1＝2・99）

During Period N，　the organic materials from reeds and other

littoral vegetations were accumulated on the bog bottom．　　This

accllmulation of slightly refractory substances provided the major

SOurCe Of　γthe DOC concentration．

The DOC fluctuation andits DOC－Chlorophyll relationship

Showed different profiles during Period P and Period N　（Figllre

27）．　The threshold DOC concentration of these two profiles was　3

mgC／1．　Each fluctuatiI〕n Can be regressd as a high significant

Sine－CurVe aS follows：

Period P（from13　Apri11984　to　2　November1984）；

【DOC】＝　2．81sin（（W－11）プロ／20）＋　3．99　……－－　Equationlg

（mgC／1）

（F＝　48・90，Fo．005＝9・28）

Period N（from　9　November1984　to　29　March1985）；

lDOC］＝　0．65　sin（（W－33）7打6）＋　2．95　…一一…－　Equation　2（〕

（mgC／1）

（F＝6・70，Fo．025＝5・92）
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Where w is the number of weeks elapsed since　13　Apri11984．

Differentials of Equations19　and　20　show the oscillation ratein

the DOC concentration as f0110WS：

Period P；

dlDOC］／dw　＝　0．44　cos（（W－11）JC／20）　……　Equation　21

Period N；

d［DOC】／dw　＝　0．34　cos（（W－33）7t／6）　……－　Equation　22

The fluctuation of the population density of

bacterioplankton（Ⅹ109　cells／1）Shows an obvious break at the

Same time when the DOC concentration had the break in i ts

OSCillation（Figure　27）：

Period P；

lDensityコ　＝1．55　sin（（W－15）7V28〉　＋　3．16　……　Equation　23

Period N；

lDensity】＝　0．50　sin（（W－33）花／12〉　＋　3．00　……　Equation　24

Where wis the number of weeks elapsed since13　April1984．　The

OSCillation rates of the population density can be calculated by

the differential of Equations　23　and　24：

Period P；

dlDensity］／dw　＝　0．17　cos（（W－15）7T／28）　‥…－　Equation　25

Period N；

dlDensity］／dw　＝　0．13　cos（（W－33）7U12）　……P Equation　26

Thus the DOC excreted fromlittoral vegetations was consurned by

bacterioplankton not too slqwly，　aS has been observed on the

fluctuation rate of the bacterioplankton population density upon
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the decomposition of macrophytesin the marsh environment　（e．g．，

Murray S Hodson，1986）．

＼

■　l
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3．Bacterioplankton Communityin Main Basin of Doh－Hoh－Numa Bog

－－　After theIntroduction of the Bio－filter System

Bio－filter System

The eutrophication and pollution oflakes and ponds has

adverse effects on water use and poses serious social problem

threatening f）urliving environment．　TheI，eCentincreasein water

demand，　COuPled with theincessantincrease’in the amount of

pollution，makes the matter worse．

ln spite of the extension of sewage systems，　the efforts to

expand quality controI of waste water，　the campaign for

prohibiting the use of detergents，and other efforts to impr’OVe

Water quality，　the increasein the artificiatl pollution　10ad

cannot be chebked，　and in fact the degree of pollution has

exceeded the self－Purification ability of the ecosystem．

The self－purificati Hn SyStem Of the natural worldis a very

COmPlex mechanism incorporating not only the primary and

SeCOndary but also tertiary water treating processes，　thrf）ugh

Which substances arein constant circulaLtion．lf this p1－0CeSSing

mechanism can be realizedin a mechanical system，it would be

possible to purify the waterin a moreideal form．

A purification system utilizing aquatic plants，．．Bio－fi）ter

System一一，　have been devised，　taking note of the tertiary water

treating mechanism of the natural world．　By making the most of

atquatic plants thaLt have an ability to grow rapidly，　and by

61



artifi（Tially cr、eating a　日ving environment suitable for tlけir

gI、OWth，　a Purificati。n rate higher　＝lan that of natul、al plants

alHne Can be expected．

This systemis a mechanical〔Inein which aqtlatic plnntsJlre

grownin particular aLreaS Of alake or a p〔nd or ainnerlake nr

WaterWay in order to absorb and remr〕Ve nutritive salts，　and in

Which the natural aquatic plants are collected and effectiv一つly

utilizcd as feed，　SOlid fuel，　CCImPOSt，　Or rnethane gas．　The

SyStem is expected tcI Pl、OmOte the natural purification through a

ncw mechanically ratiOnalized circulation system　　　＝lat

inc。rP〔rateS humanlife．

A demonstration test plant was constructedin Doh－Hoh－Nllma

BlTg．　One section of the water area of the bog（i．e．　the nOrth－

WeStern part）isr designated for cultllring aquatic plants；　mainly

WateI、　hyacinth　（璽iebhQr旦i＿旦　CraSSir）eS），　and water cl’eSS

（蝉哩　　qqH＿i叫や）in minor scale．　Into this cultivation

aLrea，　POlluted　（raw）　water is pumped through a subnerged

pipeIine．　The water is pumped at a flow rate of　300　to

800m3／day thI，Ough such a route，SO that the BOD（bincheTnical

OXygen demand；　anindicator of water polllltion）of the raw water

is first reduced by the flow－type Catalytic oxidation waterway．

Next，the nutritive salts are absorbed and removedin the aquatic

plant area．　FinaHy，the purified wateris returned to the main

bog．　The matured aquatic plants that have grown by absorbing the

nutritive salts are removed by a recovery system and driedin a
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SOlar drying system．　The dried aqllatic plants are convellted jnto

COmPOSt，　feed Or SOlid ftlelin　亡Irder to be reuSed as userul

lleSnullCeS．

As a prcliminary reslllt，　this Bio－filter System redlJCed the

nutrientsin the bog fn二Im a mOderately mesotrophiclevcl to alow

mesr1trOPhic level wHhin a few weeks　（Engineering Advancement

Assnciation of Japan，1986）．　Such rapid oligotrrIPhica＝on shr川ld

dirccl，ly affect microbial communities within thc time scalp nf

〔＝1e generati〔＝1．

Surface water was cりllected at Statinnl，　near Which a r川mp

WaS Set　（Figure　28）．　　Setting of this pllmP reSHIted in

ShallrIWneSS all。und Statinnl，　and boats weIle unable tn be llSed

f〔汀　SamPling．　Hence the surface sampHng waLS mad（、　With a

poly＝lCne bottld holded at the tip nf a pole（2　to　3　metrelong）．

Two Ecologically Different Periods of the Study Year

The stlldy year was the period of post－intr。dllCtil〕n Of the

Bio－fiHeII SyStem，　and was sepatratedinto tw。perinds according

tn opf？1、ation of the Bio－filter system．　And the study ycar was

SeParatCd between October and November，　because the wこlter

temper－ature became l帥er than150c below which vater hyacinth，

having the tropica10rigin，　CannOt maintain active gllt）Wth and

incnllpt‾汀atiOn Of nl】tIlitive salts：

Perit）dl　…　the operation period

from　21June1985　to the end of October］985
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Ppriod TI　－　the n〔7n－（二IPCllation pelliod

from l Nnvember　1985　t〔11－1June198rミ

Correspt二）nding perindsin the previous stl】dy yeal、（1984－1985）

Were nls〔I divided in to Perinds I．and II●：

Period I●　一一　from　22．June1984　to the end of October198▲j

PcriodII一　一　the rest priod

The r・eSlH ts dllr・ing PerilI）dsI and H were compared wi＝1　日川Se

during PeriodI▼　andIl．，　reSpeCtively，　and differpnccs l、’ere

examined hy the statistical F－teSt（Sokal a Rt〕hlf，1973）．

Limnological Characteristics of Main Basin of Doh－Hoh－Numa Bog

The watcr temperature fluctlユated with almost the Fiame

PrOfiles as that befrre the〔lPerati亡Ⅷ　Of the Bio－fiHer system，

and cr川Id be cxr5ressed as a highly significant regression：

t　＝13．O sinくくW＋7）花／26）＋15．2　－……………　Fqlation　27

（F＝572・6，Fn．㈹l＝12・3）

where tis surface water temperature（Oc）and wis the nurnber of

Weeks elapsed since　21Jllne1985（Figure　29）．

The dissolved oxygen（DO）concentrationin the sllr▼face water

Showed fluctllat・ions of beh腔en5and7mg02／l dtlring summel・，and

betweenlO and14mg02／1during winter after th－e nperatinn of the

Bio－fH ter system（Figure　29）．

The concentrati。n Ofinorganic nitrogen　（nitrate，　nitl、ite

and ammonium）　fluctuated over　2　toil week cycles　（Figul’e　29）．

From　9　AugllSt1985　tn　7　Feb、uary1986，　the fluctuation range
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increased prtlgreSSively and reached a rnaximum ct）neentration of

19・911g－at／1〔・n　24　Janl］ary1986・　　The concentration then

decreこISed rapidly down to O・3Jlg－aLt／l by　7　Febrtlary1986；　this

WaS a decl’ease Of the concentration qf19．6　メ1g－aりl witllin two

Weeks・The average ct）nCentration was　4・811g－at／l dtring Periorjl，

and　6・711g－at／l during Period　日（Table　3）．　Of the three f一仁rnS

Ofinorganic nitrogen studicd・ammOnium－nitrogen（NH4－N）was the

most abundant throughtHlt the study year．　　Hs avel’age

C。nCenい1ation was　2．・：171g－at／l during PeriodI，　and　3・9Jlg－at／l

during PeriodlI（Table　3）．

The inorganic phosphorus　　　（phosphate－PhosphnrllS）

COnCentration was pr。minently high during OctobeIl and N〔Vemberin

1985　with the annllal maximlJm Ofl・gJ柑十at／l on19　0ctnber　1985

（Figllrle　29）．’A second highleve】ofl．5　pg－at／l and a smaHer

maxim＝m l｝f O．8Jlg－at／l were formed on　7Junel986　and H March

1986，　reSpeCtivelヅ（Figure　29）．　During the period fromJunt、tO

September，the concentration ranged fr〔，m Only O．l to O．5　pg－aL／1．

HOWeVP一、，　the average concentra＝on was O．5　Jlg－at／l dul‾ing

Perind I because of thc effectl．‾tf the high levels in Octoher

（Table　3）．

The DOC concentraHon dllring the pos卜intrl〕dllCtit）n PeriI〕d of

the f3io－filter system（PerindsI andII）showed t．he fluctuation

With H1e Same annual profile as　＝1at during the pre－トntl．Oduぐtion

peri〔Id（PeriodsI－　andlII）；the concentration was highin s11mmer

With an annllal maximum of18．5　mgC／10n16　August1985．　日　was
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generallylowin winter，alth〔川gh the annual maximllm Ofl）．3　mgC／l

OCCt】rred in SPring〔In17　May1986　（Figure　30）．　The avel、nge

COnCentratinn was　8．8　mgC／l during Perit］dI，and　2．8　mgC／l dlH、ing

Period II　（Table　3）．

Thc POC cnncentratinn WaS belowlt）mgC／l throughfI1ut the yE？ar

With highly dynamic fluctuation of　2　to week cycles fllOm August

l川Hl March，　reaChing maxima of　7．6　mgC／l on　20　September　19汚5，

7．■l mgC／1°n　25　0ctober1985，　9．O mgC／10n15　Novenber1985，and

9．7　mgC′／】　on　17　January1986（Figure　30）．　This annual POC

fluctllatinn was almost the same betveen the　－periods of ple－

hntro｛117lTtion and pns卜introduction of the Bit）－filter system，With

the　（｝XCeptions of the occullrenCe〔〉f a vinter maximllm and the

disappearance of a spring maximum during PeriodII．　Tlけ　aVerage

POC vas　3．3　mgC／ll during Peri（）dI，and　3．6　mgC／1（1ul－ing Perit）一Il‡

（Tablf13）．

The concentration nf chlorcIphyll－a dynamically fluctllこ、ted

With　2　t〔）5　week cycles thr。ugh。ut the year（Figure　30）．　lt is

notatlTeチ　that the s11mmer phytoplankton bloom did nt）t OCCurin this

year；　the highest chlりrOphy＝卜a c一］nCentrati。n Of　32．・iJlg／l was

found on　6　December1985（PeI、il二IdII）．　The average Cl）nCentration

WaS Slightlyl〔欄erin sl】mrner than winter，i．e．，13．9）1g／1dullng

PerindI and H・2Jjg／l dllring PerindI‡（Table　3）・
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Bacterioplanktonin Main Basin of Doh－Hoh－Numa Bog

i）Population Density

The population densities of bacteI、ioplankton wcrc mosHy

betweenrlxl。g and，4xlO9cells／l throughout the・year（Figure：3日．

A highcr population density t，ccurred during the summer：3・8x109

cells／l on　9August1985and4．6xl（二）9cells／l onl∠霊．h川e1986．

The pE）plllation denisty bccarnelowerlevels from early September

1985　and attained thelowest duI、ing the final perirld of the

system operation：　0．93xl〔一9cells／l t〕n19　0ctober1985　and

o．95x川9cells／J onl November1985．　The average p叩ulatiom

densHy was2．1xlO9cells／l during PeriodI，thatis comparable

tf）2．3xlO9cells／l during PerindI【（Table3）．

ii）Poplllation Growth Rate

The growth rates of bacterioplankton were similar both

during Peri〔Idsl andII（Figure　31）．　The average gr。Wth rate was

†1．10／hr　（generation time of　6．8　hours）during Periodl，　and it

WaS S＝ghtlylower as O．（二）8／hr（8．7　hours）dllring PeritldIl（TこIble

3）．　llowever，　the sharp fl11Ctuations occurredimmediatply after

the operation was discontinued．　The bacterial growth l、ate

increased greatly in the middle of N〔lVember when thc voter

hyacinth declinedinitF；Physitこ71。gical activitics and started to

decay．　The specific growth rate was the higheLSt aS O．23′／hr

（generation time of　3．O hours）。n　22　November1985，bllt dccreaSed
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rapidly down to O．02／hr　（16　hours）。n　29　November lり85，

theI、eafトer increased．

iii）Production Rate

The bacterioplankton production became at a higher l（IVel

jllSt after theintroduction〔If the Bi〔1－filter system（Figure　31）．

Then it decreased and c。nStantly fluctuated within a range from

5　to　607］gC／l／day，　eXCePt138pgC／l／day on　22　November1985　when

the highest growth rate was observed．　The average production waS

SlighHy higher during Period I than dllring Pcrirld H；

4871gC／l／day duI、ing Pel’iodI，and L1271gC／J／day during Period II

（Table　3）．

iv）DOC　一　缶rowth Relationship

The bacterioplanktOn grI）Wth rate was affected primari】y by

the l）OC c〔＝1Centration even after the introducti〔＝10f the nio－

filter system　（Figure　32）．　　In D〔h－Hoh－Numa Rtlg，　　tWO

bacterioplanktnn groups were obviOuSly characterizedin relation

to the nutrient reqtlirement with the nutrient threshold of　3

mgDOC／1．　　The DOC－grnWth analysis was made based on the gl、OWth

respりnSe Of the bactprioplanktt〕n COmmunity to a nlltritit nal

envil、りnment abnve and below this threshol（　COnCentration．　The

grt：）Wth rate（F【D】；／hr）was expr・eSSed as a fllnCtion of the DOC

C〔InCentration（D；mgC／1）in the bt〕g enVironment：
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Pel、ind　Ⅰ：

（1）The DOC cl）nCentratinn be】f〕W　3　mgC／1；

Thc analysis wasimpossible due tO tOO Sma日　number of data．

（2）The DOC concentration above　3　mgC／1；

F【D］＝　0．04（D－3）exp（1－1）．26（D－3日　－…一一　Equation　28

（F＝29・3，Fo．005＝11・4）

Perind　＝：

日）The DOC concentraLtion below　3　mgC／l；

F【D］＝　0．07　D exp（1－　0．95　D）……－……一一一一　Eqllation　29

（F＝10・7，Fo．（二）1＝9・3）

（2）The DOC concentllati〔n above　3　mgC／1；

F【D】＝　0．08（D－3）expH　一　口．73（D－3日　…－…　Equatin1130

（F＝12・2，Fn．（）1＝12・2）

These equation占　gave theqretically for・the population growth of

bacteriopIankton community the optimal DOC cnncentHions of

6．9　mgC／l with the DOC concentration abnVe　3　mgC／l dl‖1ing

Period I，　1．1mgC／l with the DOC cllnCentrath：n beh）W　3　fngC／l

during Perit）dIT，　and・4．J mgC／l with the DOC concentraHon abOVe

3　mgC′／l during PeI、iodII．

Ⅴ）Density　－　Growth Relationship

Thc ecOl。gical factnr affecting secondly the bacterial

growth was the bacterioplanktf）n POpulation density（Figure　33），

When analyzed based On Allee●s principle．　The density－grりVth

rela＝nnship for each period was highly significant：
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Perind I：

FlP］＝　0．05　P exp（1－　0．55　P）　一一一－…－…－－－　Equatil〕n　31

（F＝9・2，Fo．01＝8・5）

Perinrl II：

F【P］＝　0．（）6　P exp（1－　0．78　P）　－－－………－　Eqllation　32

Where F【P】is the growth raLte（／hr）as a function of the

bacteI、inplanktnn POplllati…　density（P；XlO9cells／日．　Thcse

eqllat nnS　津川W theoreticaHy that the optimal densities of

］．．8Ⅹ1り9cells／1（Equation30）andl．3xlOg cells／l（Eqllation　32）

for Peri。ds I andII，　reSPeCtively，　Were almnst compal・able

Witholtt regard tl）the slight activation of the hete川trOPhic

PrOCeSSeSin the bog water．during the system tlPeration．

Vi）Temperature　－　Growth Relationship

T）17ring the stlldy peri。ds，　the water temperaturc did not

affect the bar、teririplankt〔n grnWth rate，aS the ArrhenillS plnt of

tempF、】’ature一grrWth relationship during each perirld was neiHIer

Statistically　（10W F－Value）nor theoretically fpositve slHPe）

SigniriCant（Figul、e　3⊥日：

Perin（11：

10g F【T】＝　－86．23一／Ⅸ　－　（二）．76　…一日一一日－…一一　Eqllatiりn　33

（F＝0・帥7，Fo．9＝（二）・〔16）

PellirId］＝：

10g Frr】＝　441．68／K　－　2．79　－…………一一　Eqllation　34

（no significance due to the positive sII二7pe）
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Where F【T】is the grnwthl－ate（／hr）as a・function of thc absolllte

temperat．ure（K）．

Effect of the Bio－filter Systemin Main Basin of Doh－Hoh－Numa Bog

The Bio－filteI、　SyStem CauSed significant changes to the

nlltrient structure of Doh1－hh－Numa Bog，　and as the consequpnce

the natt7r・e Of the bacterioplanktnn Cりmmunity also（：hanged．　ThけSe

envirt nmental perturbations are represented by five pattcrnS；for

example，†Idown－level一I represents the df二川nWards shiftin relative

ValueF；Of an environmental parameter from PeriodI●　tn Period I，

and no changein relative vallJeS from PeriodIIl t。　Period fI

（Table　3）．　These patterns of change were statistically（analy｛・ミis

Of variance）analyzed using the F－teSt，　and significant shifts

are marked withY an asterisks．　Each parameter’will be discussed

in the〔lrder〔If their appearancein Table　3．

The changein average temperatllre WaS neCeSSarily a　一一leve1－

1evell－　pattern（103－107），because the climate conditions were not

different and the Bi（いfilt，er SyStem hats nf）　thermal effect．

Howevel・，　theIle Were naturally occurring differences Pf　3　to　7％，

SlnCe the changesin relative vallleS WerelO3－107，　nOt eXaetly

l（）0－1り日．

The changein aLVerage DO concentration was also a Hleve1－

level●．　pattern（116－93）．　The differences were somewhat lal’ger

than that of tempeI、ature，because the DO concentl†ti。nis affected

not nnly physic〔I－Chemically but also binlogically．　Hl）WeVer，the
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the Bin－filter system did not affcct the DO concentrlltion at

StaHonl，150m distant frnm the aquatic plant c11日ivatifIn arel．

The changeinlevels ofinorganic nitrogen followed a．一down－

level，・pattern（60＊－106）With a highly significant decrease（＊、F

＝3・9，Fo．1＝2・9）during the operation peri（，d・　This decrl aSe

WaS Chiefly brought about by the removal of ammonium－nitrngen

（NH了N）・　being the d。minant form ofinorganjc nitr。gen

thI・011ght）ut theyearas36＊－91（＊，F＝11・7，Fo．01＝7・射・In

COntraSt With ammonium－nitr礪en，the nitrate－nitrogen（NO3－N）

concentration markedlyincreased as232＊－151＊＊．Thisincreascin

nitrate cc，nCentration was due to the catalytic oxidatinn prl）CeSS

in the waterway，a part。f the Bio－fiHer system．

The phosphate－phosphorus（PO4－P）concentra＝on was a●●leve卜

up・I pattern ofllH78＊（＊，F＝10・2，Fo．（）1　7・l）・This

increase was probably due t。a depression。f phytoplanktt－ln that

ustlaHy consllmeS PhtjSPhateleaching from the bog sediment；it has

already been sh〔）Wn that phytoplankton decreased in abundance

throuが1　the Bin－filter system operation（Liu　＆　Seki，1987；in

press）・　The ph臼Sphatein the bog sedirnent should bc constantly

releaspd before and after theintrt）dllCtion of the Bio－fil ter

SyStem under the same c自nditions of pH，　OXygen CnntCnt，　and

redox potential that controlits solllbility　（e．g．，　Andersen，

1975；　Ilutchinson，　1957；　Kawai et a1．，1984）；　these act

Synergistically with wind（e．g．，　De Gr00t，198日　and the effect

f）f phosphate solubilizing bacteria（e．g．，Jana　＆　Patel，1984）．
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The　●一up－levelM pattern t〕f the DOC cOnCentration would have

been brought about by depressing the heterotrophic prnccsses over

thc atTt〔ItrOPhic processesin the b。g eCOSyStem due to the t3io－

filter system operation．The shifting profile was157＊－100（＊，F

7・0，Fo．02　＝5・9）・　The high DOC concentration during the

Period I is caused primarily byits release from the water

hyacinthinto bog water with〔）ut COnSumPtion by the heterりtrOPhic

prncesses，　aS has been shown with other aquatic plants sllCh as

SGirpw　（Rich et a1．，1971），　Phragmites　（Banoub，lg75），　and

蜘　and Nymphaea（Ward　＆　Wetzel，1984）．　The return of the T）OC

C〔nCentllatif）n tO preVious winterlevels（Period lI†）　can be

attributed tl）the readily degradable nature of the detrHus from

dead water hyacinth（Ayyappan et a1．，1986；Geller，1983）．

The POC c！oncentration shows a．一down－down・Ipattern as　7｛二）＊－

71＊＊（＊，F＝4・2，Fo．ol＝4・1；＊＊，F＝3・3，Fo．1＝2・8｝・This

POC decrease was mostly due to a diminished ab11ndance of

PhytOplankton．　Detritus from the dead water hyacinthis readily

degradable，　and waS taken out from the bog to have little

COntriblltiOn tO the POC concentration．

Chlorophy11－a COnCCntratinn also shows a Hdown－down’’pattern

as購＊凋3＊＊（＊・F＝11・5，FMl＝　4・1；＊＊，F＝1・8，FM＝1・7）・

Largely decreased biornass of the phytoplankton was due to

MelけSira，Which was dominant before and after theintrOduction of

the Bi〔巨filter system（Liu　＆　Seki，1987；in press）．　Alth。ugh the

limiting factor controlling the ecosysten of Doh－H巾h－Numa Bo・g is
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Phosphate as in most inland watel’S　（e．g．，　Schindlcl’，197二l；

Vollenweider，1968），nitrogen has shnwn to be thelimiting factor

for the glnOWth and maintenance of the phytr）Planktりnin Doh一伸由一

Numa RlJg　圧Jiu a Seki，1987；in press）．

The bacterioplankton popl11ation density sh（欄S a t’d（，Wn－down．．

pattelrn aS5阜83＊＊（＊・F＝27・9，Fo．榊1＝12・9；＊＊・F＝　6・9・

Fo．02　＝　5・7）・　Depression（7f the bacterial poplllation density

dul、ing Period I was pt〕SSibly caused by the bactcriostatic

（inhibiting　〔r Slowing down the bacterial gr〕Wth）　effect of

Phytnplankton　（Kuznetsov，1959）and the decreased abundance of

interac＝ng phytoplankters（BeH et al．，1982；　Fiala B Vasata，

1982）．　The incomplete shift back to thelevel during Period H

（84）　　must have fo11。Wed the incomplete shift from

OligotrOphicatidn to the moderately mesotrophy in the bog

ecosystem．

ln contrast with the shifting patternsin trophic pallameterS

described above and below，　the population gl、OWth rate of

bacterinplankton showed the steadyLState fluctllations throughout

the stlldy year withotlt Obviousinfluence Of Hle fうio－fil ter

SyStem nperation．　The fluctuations are shown as a pattern qf　95－

116（l）el・iodI，F＝0・2，Fo．5＝∩・5；Pel・iodII，F＝＝）・2，Ftl．5

0．5）．　This llnChangability of the bacterial gr〔川th rate during

the oligotrophication is caused primar＝y bY multiple

relaHonships between DOC－gr巾Wth and density一gr（川th，aHhough the

degrees f）f　口Hgotrophication of either the DOC cOnCentratiOn Or
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the bacterioplanktt〕n PnPulation density could not be so gl、eat aS

to force a shifting of the growth raLte Of bacterioplankton．

The bacteI、ioplankton productiqn followed a　●一df〕Wn－lev《ヲl’一

pattern as51＊－93（＊，F＝19・6，Fo．001＝13・1）・The shift back

t〔I the previnus　】evel during PeriodII was responsible for

retl＿lrning the trophic state fI、Om t〕lig。trOphicatil）n tO the

modcrate mesotrophyin DOh，Hoh－Numa Bog．

For the simulated growth rates，　marked changes by the　日　0－

filter system were not found by remaining rather at the constant

level asll0－80，　aS Well as shown for the actlla11y determined

gr〔川th rates．　Because the simulated growth ratcs aI、e nbtained

from the DOC－grOWth and density－grOWth relationships，　the

Steadiness of the simlJlated growth rates suggests that the　迅

Si tu
grcIWth rat▲eS Were kept unchanging by the funcH〔In nf these

relatitI）nShips．

Steadiness of Growth Rate during Oligotrophication

As the equationsljSedin analyzing DOC－grf川th and density－

grf）Wth relationships alle tranSforrnedinto

ln（y／Ⅹ）＝　日n（A）十　日　－　B x

the slt）Pe B should be compared for differences between the

Perinds．　Since theinverse of B represents the optimal x－Value

Of thtt X－y relationship，　the shift in the optimal DOC

Cl〕nCentration and the。ptimal population density canlle analyzed

for examining the ecoIogical changes by this ra．pid
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01igotrophication．　F〔r the pre－intrqduction qf the Bif〕－fiHer

SyStem，　Periods I．　andII●　are combinedinto a single period，

becauSe the DOC一grOWth and density－grOWth relati〔＝nShips were not

SeaSOnally affected and thereis no need to divide the pl’e－

intr巾（h）Ctinn period，　Or Pre－Opration period of the Bio－fiHer

SyStem．

†n the case of the DOC－grOWth relatinnShip when the l）OC

COnCentration above　3　mgC／1，　the optimal concentratil）n WaS

6．9　mgC／l dtlring Per・iod I，　and thenit decreased to　4．4　mgC／l

during Period II　（Figure　32）．　The optimum during the pre－

OPeration perind being　5．7　mgC／1，　the shifting pattern of the

optim17m DOC concentrationis expressed as120－76＊（＊，F＝　3．3，

F。．1＝3・0），aS affected by thelIup－1evel．t pattern of the DOC

COnCentration o■f　157－100　（Table　3）．　This suggests a rapid

response of the bactellioplankton cOmmunity to Hle DOC

pertlH’bati〔In．

（n the case of the density－grOWth relationship，　the optimal

density was1．8xlO9cells／l during PeriodI，decreasing slighl・ly

tol．3Ⅹ109cells／l during PeriodII．The optimum dl＿lring the pre－

operation period being3．9Ⅹ109cells／I，the shifting pattern of

theoptimumdensityis expressed as距32＊（＊・F＝7・3，Fo．＝－

7．0），　Which was affected by the shifting pattern of the

population density as　57－83（Table　3）．

H is thllS Clear that the population growth rate of

bacterioplaLnkton was controlled to be steady by shiftings of bOth
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the DOC－　and density－grOWth relati〔nShips．

Two Sources of DOC：Two Energy flows

The concentrations of DOC（mgC／l）and chlorophyl卜aL　（ug／1）

Were Cllrrelated differently between Periods】［andII（Figure　35），

and differentlines were drawn for the two periods：

lDOC】＝0．30lChl－a】＋4．55（r2＝0．15）－－EqllatiOn35

【DOC】＝0．08【Chトa】＋1．57（r2＝0．08）H Eqllati州36

This difference suggests the two different DOC sllPpIiers．

Actually two modes of the DOC fluCtuation were distinguished in

Octnbでr and November of1985（Figure　36）．　The sudden break in

the T）OC fluctdation occurred at the extreme end of Period I

（Operation period of the BirI－filter system），　just the same week

asin the previous study year．　The DOC sources were，　however，

different；　the DOC were released from both phytoplankton and

Water hyacinth during PeriodI，　Whileit was mainly sllpplied by

Phytl〕plankton during the previous Period P　（COrreSpnnding to

PeriodI）in the previous year．．　By contrast，the DOC was chipfly

f】、nm decaying bodies f）flittoral vegetation during Per＝1dII as

Well as Period N（COrrepOnding to Period TI）．　These flllCtuati（7nS

in the nOC concentratif）n（mgC／l）were regressed as：

PeriodI（COrreSPOnding to Peri〔Id Pin the previollS yealリ：

【DOC］＝　4．49　sint（W－3）花／20）＋　7．02　…q一一…　Equati〔n　37
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PeriodII（COrreSPOnding to Period Nin the previous year）：

【DOC］＝1．41sint（Wp25）7t／8）＋　3．70　……－－－　Fquation　38

Where w is the number of weeks elapsed since　21．Iune　1985．

Diffel・entials of Equations　37　and　38　Show the changing rate of

the DOC concentration as：

Period l：

d【DOC】／dw　＝　0．71cos（（W－3）JU207　……………　Equati〔n　39

Peri〔Id I‡：

d【DOC】／dw　＝　0．55　ct）SくくW－25）花／8〉　一一一一日一一…　EquatiOn　ェiO

Fluctuations in the population density of bacterioplankton

（Ⅹ109cells／l）Were able to be dividedinto two modes at the same

breaking week a亭　Shownin the DOC fluctllations，aS fo71りWS：

Peri〔Id I：

【Density】＝　0．39　sin（（W－1）7UlO〉　＋　2．10　－－－　Eq11ation　41

Pelliod II：

lDensity】＝　0．28　sin（（W－17．5）TU5〉　＋1．95　－　Eqllatinn　42

Differentials　〔If Equations　41and　42　Show the changing rate of

the pnpulation denSity as：

Period I：

d【Density】／dw　＝　0．12　cos（（W－1）冗／101　－……－　Eqlはtit r　43

Period ll：

d【Density】／dw　＝　0．18　cosHW－17．5）罪／5〉　－…－　Equatinn　44
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The fluctuatit：）n mOdes of the DOC concentration・and the bacterial

population density during Periodsl and H were different from

those during Periods P and Nin the previous year．　Taking their

differentials，however，itis revealed that the fluctuation mndes

have rather constant amplitudes of their changing rates，in spite

Of differencesin cycles．　The steadiness of the amplitudes iS

Shown below：

1984　－　1985　　　　　　　　　　　1985　－　1986

Amplitude Period P Period N PeriodI Period　‖

d【DOC】／dw O．44　　　　　　0．34　　　　　　0．71　　　　　0．55

dlDensity】／dw O．17　　　　　0．13　　　　　　0．12　　　　　0．18

Thus，　nOt Only the bacterial growth rate but also the changing

ratte of the DOC concentration and the bacterial popula＝On

density were kept steady during the rapid oligotrophication by

HIe BirI－filteI、SyStem．
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4．Effect of Water Hyacinth on the Bacterioplankton Communityin

the Plant Cultivation Area of Doh－Hoh－Numa Bog

Water Hyacinth Cultivation Area　　　　　　　　　　　　　　　　　　　　　　　　　∴

梗

As a principle part of the Bio－filter system（Figure　37）●ミ

the marginal basin of Doh－Hoh－Numa Bog was used for cultivating

the aquatic plants which remove nutritive salts from the boG

Water．　The bog water was pumped from the main basin，　through

Submerged pipes，into the flow－type Catalytic oxidation waterway

for converting organic debrisintoinorganic nutrients，10Cated

along the cultivation area．　　In this area，tWO kinds of plant＄

Were Cultivated：　One WaS the major plant．　water hyacinth

（旦阜Chhorn阜卑　CraSSipes），and the other was，in much smaller SCale＊

Water CreSS f●坦叫坤叩　旦主妙趣）．　Water hyacinth was

introduced into this areainJllne1985，　COVered almost all the

Water Surface of、’the areainJuly，　and began to decay in

September．　After October，　the water temperature being belqW

150C，Water hyacinth could not actively grow and was unable to

remove nutritive salts．　Here the plant was removed from thi＄

area．

Surface water was sampled at Station　3in the cultivation

area of Doh－Hoh－Numa Bog．　The study year was separated into

Periods I andII as describedin the previou＄　SeCtion．　based on

the operation period of the Bio－filter system．
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Limnological Characteristics of the Plant Cultivation Area

The fluctuation of surface water temperature was

Significantly expressed as an annual sine－CurVe：

t　＝12．5　sinくくW＋8）7r／26）＋15．4　－－………－　Equation　45

where t is the water temperature（Oc）and wis the number of

Weeks elapsed since　21June1985（Figure　38）．

The DO concentration in the surface water showed fluctuation

Of betweenl・5and7・O mgO2／l during summer and between3・3and

14・3mg02／l during winter，after the operation of the Bio－filter

SyStem　（Figure　38）．　Thelow DO concentrations throughout the

year were the most marked feature of Station　3in the plant

Cultivation area during and after the Bio－filter system

Operation・　The average DO concentration was4・4mg02／l during

Periodl，andit was8・6mg02／l during PeriodII（Table4）・

The concentration ofinorganic nitrogen reached the plllse

peatk of　27・gJlg－at／linits seasonal oscillation at the beginning

Of PeriodI，　thenit decreased to maintainlowerlevel between

l．5　and　5．8pg－at／l during the rest of PeriodI（Figure　38）．　On

the other hand，it fluctuated dynamically with the periodical

duration of　2　to　4　week cycles，　ranging froml．3　pg－at／l of the

annual minimum on　3　May1986　to　29．OJユg－at／I of the annual

maximt】m On　24　May　1986．　　The average concentrations were

5．4pg－at／l during PeriodI，　and　8．711g－at／l during Period H

（Table　4）．　When the profileis compared with those of Stationl

and Matsumi－Ike Bog，the fraction of nitrate－nitrogen（NO3－N）in
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the toalinorganic nitrogen dissolvedin the plant cultivation

area was greater，and the NO3COnCentration was comparable to nr

higher than the ammonium－nitrngen（NH4）concentration（Table一日・

The concentration of phnSphate－phosphorus（PO了P）was kppt

at l（7Werlevel between O．l and O．4　ug－at／l until water hyacinth

becamc tn redtlCe their activitiesin October；　thereafter it

reached higherlevels，　and then fluctuated dynamicaHy reaching

its annual maximum of　2．9　pg－at／10n　24　May　1985　when the

inorganic nitrogen also reachedits highest concentration（FigHre

38）・The average concentrations were O．4　pg－at／l during PeriodI．

and O．9Jユg－at／l during PeriodII（Table　4）．

The DOC concentration fluctuated wihtin a higher．　range

during Period I，　from the period minimum of　3．3　mgC／l at the

beginning to the annual maximum of15．8　mgC／l on　9　AugtlSt　1985．

The DOC ctIlnCentration was the maximum when the cI）nCentration只　rlf

innrganic－nitrogen and in〔rganic－Phophorus were at thc Iowest

level　（Figure　39）．　The DOC concentration fluctuated mostly at

10Wer levels during Period II，　eXCept tW。　Pulse peaks　。f

8．4　mgC／l on　24January1986　and　8．8　mgC／l on　21February　1986．

Althollgh the average concentrations were　8．9　mgC／l dtlring Period

I，it was　3．3　mgC／l during PeriodIl（Table　4）．

The level of POC concentration was low between O．3　and

l．8　mgC／l during PeriodI，　but fluctuated dynamicaHy during

Period H ranging from O．4　mgC／l to the annual maximum of

4．7　mgC／l on　20　December1985（Figure　39）．　Each POC pulse peak
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WaS related to the pulse peak of chlorophyll－a COnCentratinn，

Showing that the majt：lr fracti〔＝10f POC was llegulated by the

formation and breaking－down of phytoplankton blOOm．　Thc average

POC cりnCentrations were（二）．8　mgC／l during PeriodI，　andl．7　mgC／l

during PeriodII（Table　4）．

The concentration。f chlorophyll－a WaS Obvil〕uSlyl〔lW dtlring

PeriodI，　and fluctuated by forming greater plllses during Period

IT（Figllre　39）．　These phytop】ankton pulsesin winter had peaks

Of　33．lJlg／l on13　December1985，the annllal maximtlm Of　34．1J嗜／1

0n　7　February1986，　and　25．3　7g／l on14　March1986．　The average

COnCentrations were　5・2Jlg－at／l dl】ring PeriodI，and　13・4pg／l

during PeriOd H（TableJH．

Bacterioplanktonin the Plant Cultivation Area

i）Population Density

The bacterioplankton population density was highin summer

as　2．1Ⅹ109cells／l at the beginning of Peri。dI but decreased to

the annual minimum of5．3Ⅹ108cells／l qn　27　September1985．

Thereafteritincreased progressively by showing the steady－State

flllCttlatilln up t〔l the annual maximum of3．1Ⅹ1°9cells／l（FiglHre

40）．　The averages werel．3xlO9cells／l during Peri。dl，and

l．4Ⅹ1（）9cells／l during Period‖（Table・4）．
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ii）Population Growth Rate

The bacterioplankton growth rates fll】Ctuated with the

periodicity of　2　to　8　week，　and showed slight fluctuation range

aLt the beginning of PeriodII（Figure　40）．　The annllal highest of

the bacterioplankton growth rate was O．18／hr（generation time of

3．8　hf］tlrS）　on19　April1986，　fo110Wed by the annual10WeSt Of

O．004／hr（148　hours）on　26　April1986．　The averages rates wt？re

O．10／hI、（generation time of　6．8　hours）dllring Period I，・and

O．09／hI、（8．O hours）during PeriodII（Table　4）．

iii）Production Rate

The prodllCtion rate of bacterioplankton showed evident

SeaSOnal fluctuations；it decreased progressively during early－

PeriodI，　holdinglowlevels throughoutlate－PeriodI and early－

Period H．　Thenit fluctuated dynamically duringlate－PeriodII

（Figure　40）．　Theb annual maximllm bacterial production was　85

PgC／1／day on　17　May　1986，　and the annual minimum was l・2

PgC／1／day on　26　Apri11986　when the bacterial growth rate was the

10WeSt．　The average production was　32　pgC／1／day dul、ing Period

l，and　30JlgC／1／day during Period　＝（Table　4）・

iv）DOC　－　Growth Relationship

The bacterioplankton growth rate was affected primarily by

the DOC concentrattion（Figure　41）．　Two bacterioplanktnn gr｛HJpS

Were Classified at the nutrient threshold Of the DOC
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COnCentration of　3　mgC／1．　The DOC－grOWth analysis was made based

On the growth function of each group as affected by the ambicnt

DOC cl〕nditions above and below this threshold concentration：

Period I：

（1）The DOC concentration below　3　mgC／l；

The analysis wasimpossible due to Small number of data．

（2）The DOC concentration above　3　mgC／1；

F【D】＝　0．05（D－3）exp（1－0．29（D－3日　…－…－…－　Equation　46

（F＝21・7・Fo．005＝11・3）

Period II：

（1）The DOC concentration below　3　mgC／1；

FlD］＝　0．11D exp（1－　0．90　D）　一一一一一一－－－－－－　Equation　47

（F＝26・0，Fo．005＝11・4）

（2）The DOC concentration above　3　mgC／1；

FlD］＝　0．04（D－3）exp（1－0．42（I）－3日　一一－－－－－－－　Equation　48

（F＝8・8，Fo．02＝7・4）

Where FlD］is the growth rate（／hr）as a function of the DOC

COnCentration（D：　mgC／日．　These equations gave the optimal r）OC

COnCentrations of　6．5　mgC／l at the DOC concentration above

3　mgC／l during PeriodI，　1．1mgC／l at the DOC concentra＝on

below　3　mgC／l during Period H，　and　5．4　mgC／l at the DOC

COnCentr．ation above　3　mgC／l during PeriodIl．
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Ⅴ）Density　－　Growth Relationship

The second factor affecting the bacterioplankton growth rate

WaS the bacterioplankton population density，　When analyzed based

On Allee－S principle　（Figure　　42）．　　The density一grOWth

relationship during each period could be regressed highly

Significantly as follows：

Period I：

F【P】＝　0．07　P exp（1－　0．64　P）　一一－……一…－　Equation　49

（F＝4・9，Fo．05＝4・5）

Period II：

F【P】＝　0．05　P exp（1－　0．57　P）　－…－……－　Eqllation　60

（F＝6・1，Fo．02＝6・1）

where F【P】is the bacterial growth rate（ソhr）as a function of
■

the bacterioplankton population density（P：Ⅹ109cells／日．These

equations show theoreticaHy that the optimal densities of

1．6Ⅹ109cells／lduring PeriodI andl．7xlO9cells／l during Period

II were almost comparable，Without being affected by the the Bi0－

filter system operation．

Vi）Temperature　－　Growth Relationship

During the study periods，　the water temperature seems to

have not affected significantly the growth rate of

bacterioplankton，　because the Arrhenius p10tS Were neither

Statistically nor theoretically significant（Figure　43）as：
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Period I：

10g F【T］＝　－1707／K　＋　4．71　－－－－…－－……一一　Equation　51

（F＝2・2，Fo．1＝3・0，Fo．2＝1・8）

Peri－Od II；

10g F【T］＝　696／Ⅹ　－　3．59　－－－－－－－－－－－…一一一一一　Equation　52

（no significance due to the positive slope）

Where FlT］is the bacterial growth rate（／hr）as a function of

the absolute temperature（K）．

0Xygen Conditionin the Plant Cultivation Area

One of the most remarkablelimnological features at Station

3　was the decrease of the DO concentrationin August andJanuary．

The DO concentration ofl・5mg02／10n2August1985　was the

lowest among　度目　values from Doh－Hoh－Nllma Bog and Matsumi－lke

Bog；Thereit was solow as3・3mg02／l was evenin winter・Since

Station　3　wasin the cultivation area of water hyacinth，　this

reduction of DO concentration at Station　3　　relates to water

hyacinth activities：

1）　Water hyacinth has the photoSynthetic shoots above water，

and does not photosynthetically evolve the molecular oxygen

（02）into water through the photosynthesis・

2）　Phytoplankton and benthic algae were prevented from their

active photosynthesis by water hyAcinth，　aS the plant

removed the nutri tive sal ts from the water．　I ts shoot＄

Shaded these algae by preventing thelight penetrationinto
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the water．

3）　Roots of water hyacinth consumed the dissolved oxygen．

4）　Dead and older bodies of water hyacinth degradadedin the

Water；　this degradation caused the r七moving of dissolved

OXygen from the water column．

The DO decreasein summeI、WaS CauSed by reasonsl），　2）and　3），

Wheareas the DO decreasein winter took place most eminently by

the reason　4）．　In fact，Water hyacinthis reported to constlme a・

Significant amount of oxygen on death and decay at the rates of

O・123　to O・159mg02／g dry weight／hr（01ah et al・・1987）・

Bacterioplankton Decrease

The lower population density waS Observddin the range of

o．5tol（Ⅹ109cells／1）duringlate－PeriodI加d early－PeriodII，

When the water hyacinth started to decay．　This bacteriaI

decrease must be、、′　CauSed by the inhibitory effect of water

hyacinth decomposition，　aS has been suggested on aqautic

macrophytes（e．g．，Murray　＆　Hodson，1986）．

Another probable factor affecting the decrease of

bacterioplankton population was caused by the association with

phytoplankton．　When the bacteriostatic effects of phytoplankton

increased（Ruznetsov，1959），the bacterioplankton decreases．　The

bacterial population decreases also when the abundance of

interacting phytoplankton decreaSeS（Bell et a1．，1982；　FialaL　＆

Vasata，1982）．　This could beindirect effect of water hyacinth，
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because the water hyacinth can control the abundance and

activities of phytoplankton．　This effect must be the most

emineht through the DOC－bacterioplankton relationship，　because

the DOCis releasedinlarge amount by water hyacinth．
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CONCLUSION

As the intensity of primary production by phytoplankton

relates directly to the nutrientloading of a water body，　the

Primary productionin the pelagic region of a natural water has

been extensively shown to maintain the eco10gical equilibrium

With the trophic system of the water．　　In this equilibrium，the

bacterial contribution had not been yet fully clarified．

When the chlorophy11－a COnCentration is taken as a

biologically establishedindicator of eutrophication level for

analyzing the bog ecosystems，a Certain meaningful correlationis

Shown among the bacterioplankton production and the ch10rOphy11－a

COnCentration，　by using the averagesin Tablesl，2，3，and　4　0f

this study：　　●－

log【Bac Prod】＝　0．81日og【Chl－a】〉　＋　0．80　……－　Equation　53

（F＝3・9，Fo．2＝2・1）

Where　【Bac Prod】is the production rate of bacterioplanklton

（JlgC／1／day），　and　【Ch卜a】is the concentration of chlorophyl卜a

叫g／日．

More significant correlationis evidentin the relationship

between the ch10rOPhyll－a COnCentratioh and the population

density of bacterioplanktonlBac DensHX109cells／l）：
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log【Bac Dens】＝　0．81（10g【Chl－a］）－　0．54　－……一一　Equation　54

（F＝5・6，Fo．1＝3・8）

Thus the bacterioplankton activity relates obviously to the

eutrophication process at least in the mesotrophic bog

ecosystems，　Where the Short Circuit Metabolism（Ohle，1984）of

nutrienトPhytoplankton－bacterioplankton is eminent in the

geochemical cycles．　On the other hand，　the growth rate of

bacterioplankton　【Bac GR】（／hr）is not correlated to the

eutrophiclevel expressed by the chlorophyl卜a concentration：

10g【Bac GR］＝　0．003flog【Ch卜aH　－1．04　－－－－－－－－　Equation　55

（F＝0・0005，Fo．9＝0・0172）

This consistence of the bacterial activity at different

eutrophication‡・eVelsin the mesotrophic bog systems results from

the cybernetic adaptation of bacterioplankton．　This adaptation

is explained by　■、the relationships of the DOC一grOWth and the

density一grOWth of bacterioplankton　（Figure　44）：　As the DOC

COnCentration and the bacterioplankton population density at each

eutrophication level are shown to affect the bacterioplankton

growth，　the optimal values of these factors give the most

favorable condition affecting the growth rate of

bacterioplankton．　As these optimal and the average values collld

be significantly regressed as a line　－with a slope of l，

representing the average‥OPtimum ratio ofl：1（F＝34・4，Fo．001－

21．0；　Figure　44），　the bacterioplankton growth in the bog
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ecosystems can be estimated as highly adapted to the environmr、nt．

This cIJaluatiHnis possible becallSe thein situ average value and

the thenreticaly。Ptiml】m Value of the bacterial grt川thlTate WCre

Cnmpallable in these bogs．　This desirable equilibl▼il川I has hcen

attainc（i possjbly thrcHlgh a nl】mber of cyberneticll：川PS Of the

bng eCtISyStemS．
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Table l．　Annual average values of environmental・parameterS at

Stationsl and　2in Matsumi－Ike Bogin1983－1984．

Parameter Total Station l Station　2

Water temperature（Oc）

D O

Inorganic－N

NO3－N

NO2－N

NH4－N

Inorganic－P

D O C

P O C

Ch10rOPhy11－a

（mgO2／1）

（pg－at／1）

（pg－at／l）

叫巨at／1）

（pg－at／1）

（pg－at／1）

（mgC／1）

（mgC／1）

（pg／1）

Baeterioplankton

density（Ⅹ109cells／l）

growth rate　　　（／hr）

generation time　（hrs）

production（PgC／l／day）

15．4

10．1

17．6

8．2

1．2

7．6

1．3

4．6

2．0

20．9

15．3

10．5

15．1

7．1

1．2

6．8

1．2

4．7

2．0

23．0

15．6

9．6

20．0

9．3

1．3

8．4

1．4

4．5

1．9

18．9
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Table　2．　Annual average values of environmental parameters at

Stationlin Doh－Hoh－Numa Bogin1984－1985．

Parameter Average

Water temperature　（Oc）

D O

Inorganie－N

NO3－N

NO21N

NH4－N

Inorganic－P

D O C

P O C

Ch10rOphyll－a

（mgO2／l）

（pg－at／l）

（pg－at／1）

（pg－at／1）

（pg－at／日

（pg－at／l）

（mgC／1）

（mgC／l）

（Pg／日

Bacterioplankton

density　（Ⅹ109cells／l）

growth rate　　　　　（／hr）

generation time　　（hrs）

production　（PgC／l／day）

15．0

8．8

6．9

1．4

0．3

5．2

0．4

3．8

5．0

22．0
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Table　3．　Average values of environmental parameters at Stationl

in Doh－Hoh－Numa Bog during PeriodI（Operation period of the

Bio－filter system），　PeriodII（non－Operation period）　and

each corresponding periodsin the previous Study（PeriodsI．

and II●）．　Relative values　（％）arein the parentheses：

PeriodsI●　andII to Period＄Ⅰ●　andIl．，reSpeCtively）．

Parameter Il III I II

Water Temperature（Oc）

D O

Inorganic－N

NO3－N

NO2－N

NH4－N

Inorganic－P

D O C

P O C

Chlorophyll－a

（mgO2／l）

（pg－at／1）

（pg－at／1）

（pg－at／1）

（岬－at／l）

（pg－at／1）

（mgq／1）

（mgC／1）

（pg／l）

Baeterioplankton

density（Ⅹ109cells／l）

growth rate　　　（／hr）

generation time（hrs）

production（PgC／l／day）

23．8　　　　9．4　　　　24．4（103）

6．2　　　10．3　　　　　7．2（116）

8．0　　　　6．3　　　　　4．8　（60）

1．0　　　1．7　　　　　2．3（232）

0．2　　　　0．4　　　　　0．1　（43）

6．7　　　　4．3　　　　　2．4．（36）

0．5　　　　0．4　　　　　0．5（111）

5．6　　　　2．8　　　　　8．8（157）

4．8　　　　5．1　　　　3．3　（70）

30．2　　　17．1　　　13．9　（46）

3．6　　　　2．8　　　　　2．1　（57）

0．11　　　0．07　　　　0．10（95）

6．5　　　10．0　　　　　6．8

95　　　　　45　　　　　　48　（51）

10．1（107）

9．6　（93）

6．7（106）

2．6（151）

0．2　（67）

3．9　（91）

0．7（178）

2．8（100）

3．6　（71）

14．2　（83）

2．3　（83）

0．08（116）

8．7

42　（93）
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Table　4．　Average values of environmental parameters at Station　3

in Doh－Hoh－Numa Bog during PeriodI（Operation period of the

Bio－filter SyStem）and PeriodII（non－Operation period）．

－　■－　－　－　－　■－　－　－　■ll■　－　－　－　－　■－　－　－llllll■l l－　－　－　－　●lllll■　■l■■　■－　－　■－　－　－　●－　－　－　－　－　－　■l－　■■■　－　■■■　－　－　－　－　－　■■■　●■■　■■■　－　－　－　■■■　■－　－　－　－　■lll■　■－　■■●　－　■■■　－

Parameter Period I Period II

Water temperature（Oc）

D O

Inorganie－N

NO3－N

NO2－N

NH4－N

Inorganic－P

D O C

P O C

Chlorophyll－a

（mgO2／日

（pg－at／日

（pg－at／1）

（pg－at／1）

（pg－at／1）

（pg－at／l）

（mgC／l）

（mgC／l）

（pg／1）

Bacterioplankton

density（Ⅹ109cells／l）

growth rate　　　（／hr）

generation time　（hrS）

production（PgC／l／day）

23．7

4．4

5．4

2．7

0．9

2．7

0．4

8．9

0．8

5．2

10．8

8．6

8．7

5．8

0．3

2．6

0．9

3．3

1．7

13．4
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SAMPLE WATER

FUNNEL

GLASSFIBER DISK

（WhatmanGFIC）

FILTER HEAD

VACUUM SUCTION

－PUMP BOTTLE

Figure l．　The filtratit）n apparatuS．　In thc cascs of

Matsumi－Ike Bog and Doh－Hoh－Numa Bog，　300　to　500m1　0f

Sample water was filtered per glass fiber filter．
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A known voIumeo†

Sam le wate「 Several

drops

㌣也皿嘲
Pore size　　　　　　　、

Of O．2日m

Filtratibn Stain叩g Epifluo「escent・
thr0Ugh a W ith microscopy
mem brane filter acridine orange

Figure　2　ProceduI、e for counting the bacterinplankton

Cells．　The combination of the membrane filter（e．g．，

Nuclepore，POre Size of O．2　um）　and the epifluorescent

microscopy gives the most reliable counts of h1tal

bacterioplankton cells at present．

122



（hr－1）Growth、 芯 2 川 ㌫ ？　　　 M a t s u m H k e － S ト 2

0 ． 1

曇≡墾 当 葦三
舘朱．＝・潔：脛灘冷＝登築▲’鋭鮮軍 師・＝

0

●

▼

三冠・崇一・・～萱等．モ錨．：′
二：ン
・：ヽヽ．

D e c

J a n

F e b

M a r

A p r

M a y ヾ

J u n q ）

の

J u l ’‾

A u g

S e p

O c t

が 0 V

：＝ン　鵜

頚 椎 ■：正 家

：ト

く■

’．‘．￥．一 ・欝
・穀

▼
・ノ′′リ

亘■■・・舅 ・■

・、・、・l く

鼓 ‘く葦
：〉 ．声‡濁寒帯僻 ．＿．き．：：・Jl．r＿．＿

■　　　■ ：へ：人：葦駐
1－・衰　　 ナ1し二

・′二■’払

・火V

・ナ‘■・＞一・
だ）：肇．　　 兢、．

＝王霧妻捷＿
・シー　′．

鞘

朝雨緑：推深ノ
保請 笹 ≡‡二・…現 照準韓 琉・■ー：＝；琵琶　 郡 市汗蚤葦 碍 ■窄捏群．室崇＝二

：・丁．．

l

1こ：：：′・：‘雄ミニ称：く＝iF・：・∴一・・一と丁
・：ニ≦、：…タ．

■滅 法：＝：化■
占．．．。．， ．．塩鮭 魔 か 紡 薄 霧

▼

．＿ヾ～＝三十鼎 常滑芸

▼

頒隼 華那 相，，リ ・＝弊祢壬；語を：…；技で打 ’

．．：卿呈諺鞘揖簸
亜

′ノ㌧．′．・

▼

選出 浣弊誌＝ご＝ヱ＝ヱ＝

■’■＃

▼

　　 ・鞍蘇
こ取 帝諾■．．鞘 ．

教 授…鮮珊 t一・＝≠欄 牡 雉 腫 瓢

▼

l：ノ・T′‘・
＝こき．＿誹 群 ：紺 駄

ゝ 淵

溜 －■ ■　喜■主’ガ
史．．ざ

▼

H■：’二・＝さ．：．．．．押‥稚 軌 二軍野 間 ．．、．：■・登 ．閣 鞘 ．鵠 転結 ≡二礪 輔 押 雛を≡誹綜 櫛 ・紆 掛

，．￥■L
　 －．・′▼：

．■■狛■：喜
：・一・串■　■．Jこ 二▲ヽ　＜ 裾 艶 ：・ン．・

、ご浴r、　ピ

0　　 5’ 10　 15　 20　 25　 30　 35　 4

Temperature（OC）

Figure　3．Temperature－SpeCtrum Of the bacterioplankton

growth at Stathn　2in Matsumi－Ike Br鳩．　The growth

rate was determined byincreasein the cell nllmber

during the batch culture within　12　hours，　uF；ing

autoclaved bog water as the medium．　The fiHed cillCles

indicates the i＿塑　蔓i豊坦　temperature at eaCh sampling

time．
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（hr－1）Growth Doh，Hoh－Numa．Sト1

Temperature（OC）

Figure　4．　Temperature－SpeCtrum Of the bacteriOplankton

growth at Stationlin Doh－Hoh－Numa Bog．　The growth

rate was determined byincreasein the cell number

during the batch culture within　12　hnurs，　uSing

autoclaLVed bog water as the medium．　The filled circles

indicates the i＿n　星主上坦　temPerature at eaCh sampling

time．
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C H EMO S T A T

Figure　5．　A simplified diagram of the chemostat

Culture．　The medium is putinto the culture vessel

（jar－fermenter）at the same flow－Out rate．
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Figure　6．　P10tS Oflogarithm of the bacterioplankton

population density against the time during the first　4

hours of the chemostat culture．　The sIope of the

regressedline，i．e．　the washout rate，WaS　－0．127／hr，

and the growth rate was calculated to be　く二）．033／hr；

0．033　＝　－0．127（WaShout rate）＋　0．160（dilution rate）．
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Figure　7．　Plots of10garithm of the bacterit〕plankton

population density against the time during the first12

hours of the chemostat culture．　The lineaT decreaSe in

the population densitylasted to　6　hours，　thereafter

the population density was reached a．steady－State．
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Figure　8．　P10tS Oflogarithm of the bacterioplankton

population density against the time during the

Chemostat cul ture for more than　80　hours．　　The linear

decrease in the population density　（WaShout）　was

Observed within the first lO hours，and another wasI川ut

WaS Shown after　40　hours of the culture．
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Figure　9．　Four types of the washout during the first

4　hours of the chemostaLt Culture．　　Each number in

parenthses corresponding to the category number in

FigurelO．
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Figllre lO．　Environmental categoI・ies of Matusmi－Ike

Bog，　based on the environmental factors affecting the

bacterioplankton population growth rates．　Categories　2

and　9　Were not actually observed during the study ycar．
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Figure ll．　Two basins of Matsumi－Ike B。g，

10Cations of Stations l and　2in the bog．
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Figure12．　Seasonal variationsin the physicローChemical

parameters at Stations l and　2in Matsumi－Ike Bog：

（from top to bottom）　temperature，　COnCentration of

dissolved oxygen，　COnCentration ofinorganic nitrogen，

and concentration ofinorganic phosphorus．
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Figllre　13．　Seasonal variationsin the concentrations

Of dissolved organic cabon（DOC），　Particulate organic

Carbon　（POC）and chlorophyll－a（Chl－a）at Stations l

and　2in Matsumi－Ike Bog．
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Figure　14．　Seasonal variation in the number of

ZOOplankton associated with variationsin chlorophyll－a

COnCentration and bacterioplankton population denSity

at Stationsl and　2in Matsumi－Ike Bog．　Cladcel、anS

Were abundantin summer，　While copepOds were numerous

in autumn，Winter and spring．
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Figure15．　Seasonal variations of the bacterioplankton

at Stationsl and　2in Matsumi－Ike Bog：（from top to

bottom）the population density，　the population growth

rate，and the production rate．
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Figure　16．　Effect of the DOC concentration on the

population growth rate of bacterioplankton at Stations

l and　2in Matsum卜Ike Bog．　The wedgeindicates the

Optimal concentration of　5．1mgC／1．
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Figure　17．　Effect of the bacterioplankton population

density on their population growth rate at Stations l

a’nd　2　in Matsumi－Ike Bog．　The wedge indicates the

optimal density of5．9Ⅹ109cells／1．
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Figllre　18．　Thermalinfluence on the bacterioplankton

growth rate at Stationsl and　2in Matsumi－Ike Bog，　aS

Shown by the Arrhenius plots of the logarithm of

growth rate against the reciproca1　0f absolute

temperature．
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Figure19．　Location of Doh－Hoh－Numa Bog and Station l

in the Main Basin of the bog．　Reed communities

CO10nized at the darkened areas．
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Figure　20．　Seasonal variationsin the physico－Chemical

parameters at Stationl in Doh－Hoh－Numa Bog：（from top

to bottom）　temperature and the concentrations of

dissolved oxygen，inorganic nitrogen and inorganic

Phosphorus．
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Figure　21．　Seasonal variationsin the concentrations

Of dissolved organic carbon（DOC），　particulate organic

Carbon（POC）and chlorophyll－a（Chl－a）at Stationl in

Doh－Hoh－Numa Bog．
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Figure　22．　Seasonal variations of bacterioplankton at

Stationlin Doh－Hoh－Numa Bog：（from top to bottom）the

population density，　the growth rate and the production

rate．
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Figure　23．　　Effect of the DOC concentration on the

population growth rate of bacterioplankton at Stationl

in Doh－Hoh－Numa Bog．　Wedgesindicates the optimal

COnCentrations ofl．5　and　5．7　mgC／1．
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Figure　　　24．　　Effects of temperature on the

population growth rate of bacterioplankton at Stationl

in Doh岬Hoh－Numa Bog．
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Flgure　　25．　　Influence of the bacterioplankton

POpulation density on their growth rate at Stationlin

Doh－Hoh－Numa Bog．　The wedgeindicates the optimal

density of4．OxlO9cells／1．
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Figure　26．　Relationship between the concentrations of

Chlorophyl卜a and DOC at Stationlin Doh－Hoh－Numa Bog．

Filled circles are used for Period P（from　13　Apri1

1984　to　2　November1984）；Open Circles are for Period N

（from　9　November1984　to　29　March1985）．
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Figure　　27．　　Seasonal fluctuations of the DOC

COnCentration and the bacterioplankton poplllation

density　（left two columns），　and their differential

CurVeS（right two columns）at Stationlin Doh－Hoh－Numa

Bog during PeriodS P and N．
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Figure　28．　Location of Stationlin Doh－Hoh－Numa Bog

after theintroduction of the Bio－filter system．　Bog

Water is pumped from the Main basin through Submerged

pipesinto the aquatic plant cultivation area．
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Figure　29．　Seasonal variatiolは　Of the physico－Chemical

parameters at Stationlin Doh－Hoh－Numa Bog after the

introduction of the Bio－filter system：（from top to

bottom）the water temperature and the concentrations of

dissolved oxygen，inorganic nitrogen and inorganic

phosphorus．　The system was operated during Period I

（darkened period），thereafterit was discontinued．
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Figure　30．　Seasonal variations of the concentrations

Of dissolved organic carbon（DOC），　particulate organic

Carbon　（POC）and chlorophyll－a（Chl－a）at Stationlin

Doh－hoh－Numa Bog after theintroduction of the Bio－

filter system．　The system was operated during PeriodI

（darkend period），thereafterit was discontinued．
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Figure　31．　Seasonal variations of bacterioplankton at

Stationlin Doh－Hoh－Numa Bog after theintroduction of

the Bio－filter system：　（from top to bottom）　the

population density，　the growth rate and production

rate．　　The system was operated during Period I

（darkened period），thereafterit was discontinued．
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Figure　32．　Effect of the DOC concentration on the

population growth rate of bacterioplankton at Stationl

in Doh－Hoh－Numa Bog after theintroduction of the Bio－

filter system．　　　Wedges indicates the optimal

COnCentrations of　6．9　mgC／l during the system operation

（upper，　Period I），　andl．1and　4．1mgC／l after the

SyStem WaS discontinued（10Wer，PeriodII）．
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Figure　33．　Effect of the bacterioplankton population

density on their population growth rate at Stationlin

Doh－Hoh－Numa Bog after theintroduction of the Bio－

filter system．　Wedgesindicates the optimal densities

ofl．8Ⅹ109cells／l during the system operation（upper，

periodI），andl．3Ⅹ109ce11S／l after the system waS

discontinued（10Wer，PeriodII）．
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Figure　34．1nfluence of temperature on the population

growth rate of bacterioplankton at Stationlin Doh－

Hoh－Numa Bog during the operation of the Bio－filter

SyStem　（upper，　Period l）　and after the systeTn WaS

discontinued　日0Wer，PeriodII）．
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Figure　35．　Relationship between the concentrations of

Ch10rOPhyll－a and DOC at Stationlin Doh－HohLNuma Bog

during the operation of the Bio－filter system　（filled

Circle，Period H and after the system was discontinued

（OPen Circle，PeriodII）．

155



1
5
川
5
0
4
2
0
M
O
O
・

4
町
0
0
・

1

1
－
0
冒
L
J
S
：
む
導
×
さ
g
q
息
l
嘗
む
召

○
●●●●▼●… ■■●■→

鋲 ●●軒 …‡

l

久 ㌔ －

♂

1－■●●●●

　 ◆●　●■

●　●●

● 一■
■r　 ■ ■ ：・

● 句、　　　　　　 ○

　 ● ；：

● ＿ ′ ；

　 〇　〇

〇

～●■　■●←－●●■●

〇　 九 瓜 ○

　 〇

〇
〇

幣；●　 t

：● ●　●

●

隊 『『 『 E ・

妻 も　 ○

●■

■▲●●

。 吋 O V

l 妄八　 八 ／ ・ハ

＞ ′′′． ●●▼
∨

√ハ

′
●●● ●▼■■●●●●

ハ

：：：：：：：：：：：：：：！：：：：：：：！：：：！：・：・：・；・：・：・：・：・；・：・：・：・：・：・・
■■■●■●

・：・：・■■■●●●■●■●
●■●●●●ノ．▼

U U

AfM－JlJIA－S．o Nb lJ■F－M A IM TJ■JIA Is－o N．DtJIFtM AIM IJ・

1984 1985 1986

Figllre　36．　FlllCtuations of the DOC concentrations

（top）　and the bacterioplankton population density

（upper－middle），　and their differential curves　日ower－

middle and bottom），　at Stationlin Doh－Hoh－Numa Bog

before and after the introduction of the Bio－fil ter

SyStem．　Periods P and N aLre the same asin Figure　27．

The system was operated during Period l　（darkened

period），thereafterit was discontinued（PeriodIl）．
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Figure　37．　Aquatic plant cultivation area of the Bio－

filter systemin Doh－Hoh－Numa Bog，　and thelocation of

Station　3in the bog．
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Figure　38．　Seasonal variations of the physico－Chemical

parameters in the surface water at Station　3　in the

Doh－Hoh－Numa Bog：（from top to bottom）　the water

temperature，　and the concentrations of dissolved

OXygen，inorganic nitrogen andinorganic phosphorus．

The system waS Operated during Period I　（darkened

period），thereafterit was discontinued（Period H）．
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Figure　39．　Seasonal variations of the concentrations

Of dissloved organic carbon（DOC），　particulate organic

Carbon　（POC）and chlorophyll－a（Chl－a）at Station　3in

Doh－Hoh－Numa Bog．　The Bio－filter system was operated

during PeriodI（darkened period），　thereafterit was

discontinued（Period II）．
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Figure　40．　Seasonal variations of bacterioplankton at

Station　3in Doh－Hoh－Numa Bog．　The Bio－filter system

WaS Operated dllring Period l　（darkened period），

thereafter it was discontinued（Period　日日．
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Figure　41．　Effect of the DOC concentraLtion on the

population growth rate of bacterioplankton at Station　3

in Doh－Hoh－Numa Bog．　Wedges indicate the optimal

COnCentrations of　　6．5　mgC／l during the Bio－filter

SyStem OPeration　（upper，　Period I），　and l．l and

5．4　mgC／l after the system was discontinued　（10Wer．

Period II）．
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Figure　42．　Effects of the bacterioplankton population

density on their population growth rate at Station　3in

Doh－Hoh－Numa Bog．　　Wedges indicate the optimal

densities ofl．6Ⅹ109cells／l during the Bio－filter

system operation（upper，PeriodI），andl．7Ⅹ109cells／l

after the system was discontinued（10Wer，Period H）．
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Figure　43．1nfluence of temperature on the population

growth rate of bacterioplankton at Station　3in Doh－

Hoh－Numa Bog．　The Bio－filter system was operated

during PeriodI（upper），thereafterit was discontintled

（lower，PeriodII）．
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Figure　44．　The relationship between the averages and

the optima of the DOC concentration and the

bacterioplankton population density．　Theline with the

Slope ofl，Shovs the average－Optimum ratio ofl：1．
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Plate l．　The epifluorescence microscope（Type EFD－2，

Nikon，　Tokyo）：　P，the power supply unit；L，thelamp

house．
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Plate　　　2．　　The epifluorescence nicrograph of

bacterioplankters stained with acridine orange

（Xl，OOO）．　　Bacterial microcolonies　（C），　detritus

attached by bacteria（D），　and filamentous bacteria（F）

are also sht〕Wn．
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