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GeneralIntroduction   

Various characteristic phytoplankton communities occur   

SuCCeSSivelyin aquatic environments with the progress   

Of eutrophication of vaters． Phytoplankton communities   

also exhibit the periodicalannualchangesin the same   

body of water with some degree of predictability． This   

progressive change of phytoplanktorlCOmmunities，Whic   

is termed to be succession，is a maコOr ⊂haracteristic   

behavior of phytoplankton anditis centralfor the   

COnSideration of phytoplankton ecology． Another   

fascinating research field in community ecology is the 

SpeCies diversity of phytoplankton community． Hov can   

SO many different algae existin the same body of vater   

in very similar ways？ What are the ecologlCalvariables   

that control a process of succession or diversity in a 

glVen enViron皿ent？  

These subjects have attracted theinterest of aquatic   

ecologists，and then manyinvestigations have been done   

intensively． However， mOSt VOrk has been confined   

to static description of changesin species composition   

Or numericalcalculation of diversityindex． Since any   

SuCCeSSional changes in co瓜munity are expected to be   

COntrOlled strongly by surrounding environmental   

COndition＄ PreVailing at any glVen time，investigators  
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have attempted traditionally to predict the correlation   

between a change in relative abundance of species in a 

COmmunityI namely species diversity， and various   

environmental variables． However， SuCh static   

descriptive researches are insufficient in the   

understanding of the mechanisms by which different   

Phytoplankton communities are produced．  

The character of phytoplankton community structurein   

naturalwater willresult from differencesin the growth   

Of each component species．Such differences are believed   

to be due to the balance of the potentialgrowth rate of   

the phytoplankton populations under a glVen enViron皿ent   

and the removalrates of phytoplankton biomass such as   

ZOOPlankton grazingI Sinking！mOrtality and so on   

COnCurrently occurringin the water．  

In the present study the potential growth of   

individual phytoplankton population was particularly   

COnCerned． Two major environmentalparameters，light   

intensity andlimiting nutrients？ for phytoplankton   

growth were under consideration． Growth responses of   

Various natural phytoplankton population were   

investigated under different light intensities and   

nutrient regl皿eS・The growth responses of phytoplankton   

Were further analyzed on the basis of photosynthetic   

responses． The study was conducted under field  

ー2－   



COnditions employlng Various lakes and ponds at   

different trophic status． Laboratory experiments under   

defined environmentalconditions were also applied on   

necessity． Based upon the results on phytoplankton   

growth responses to light and nutrients， maln   

COntrO11ing mechanisms of phytoplankton species   

SuCCeSSion and diversityin the field were evaluated by   

using growth models．  
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Chap亡erl  

Phytoplankton diversityininland waters of  

different trophic status  

1．1 Introduc亡ion   

Diversityis animportant a亡tribute of a natural   

COmmunity andit has been widely used to charac亡erize   

COmmunity structure．Fro皿 a eCOloglCalviewpoint，it has   

been studiedin relation to ecosystem characteristi⊂S   

SuCh as development （ODUM 1969；MARGALEF 1968），   

Stability （SANI〕ERS 1968），Primary production（CONNELL   

and ORIAS 1964） and heterogeneity （MACART托UR and   

MACARTHUR1961，ABEL1974）．In aquatic environ皿entS，   

the interest of the researchers has been focussed   

especially on the relationship between the phytoplankton   

diversity and the eutrophication of the water body．   

MARGALEF（1964，1968）applied theinformation theory to   

the analysis of spe⊂ies diversity in phytoplankton   

asse皿blages and postulated that species diversity wi11   

becamelowin eutrophic waters and highin oligotrophic   

WaterS． MOSS（1973）invesヒigated the phytoplankton   

diversity in three different trophic vaters and   

COnfirmed the propositiorlPreSented by MARGALEF（1968）．  
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The data are，however，Stillinsufficient to generalize   

about MARGALEFTs theory， and nore extensive   

investigations are necessary to verify the relationship   

between the phytoplankton diversity and the trophic   

StatuS Of water bodies．  

The purpose of the present study vas to estinate   

phytoplankton diversity in different water bodies   

located in various regions of Japan and to examine the 

relationship between phytoplankton diversity and the   

trophic status of these water bodies．  

1．2 Materials and Methods   

Field surveys were madein 24 waters during the su皿mer   

in1975 and1976． Water samples were collected fro皿 the   

Surfacelayers with a 31iter VanI）orn sampler． Water   

SamPles for the determination of chlorophylla as anin－   

dex of phytoplankton biomass were filtered through glass   

fiber filters（Whatman GF／C）and the concentration of   

Chlorophylla was measured according to the SCOR－UⅣESCO   

method（1966）．The phytoplankton cellsin the water sam－   

ples vere preservedin Lugol†s solution，COuntedIand   

identified． tn samplesin which phytoplankton density   

VaSlow，Cells vere counted after concentrating themlO   

times by centrifugation for15 minutes at 3，000 r．p．m．  
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The phytoplankton diversity was calculated by the   

SHANNON－WEAVER function（1963），  

H ＝ －  
Ⅳ1  Ⅳi  

∑－ log2 －  
N  Ⅳ  

Where His the diversity as bits per cell，Niand N are  

the cellnumber ofi～th genus and the totalcellnu皿ber   

in the water sa皿ple，reSpeCtively． The diversity has   

generally been expressed on specieslevelbutin the   

PreSent Studyit was expressed on genuslevelbecause   

Of the difficulty in identifyirlg all algalspecies   

PreSentedin the sample． The diversity was dependent   

to some exten亡 On the size of the sample． Fig．1show   

a plot of diversity for different sample size at   

different population densities．In each water sample，   

the phytoplankton diversity increased with the increase 

in the number of cells counted and reached stable values   

at certainlevels． The stable values of the diversity   

index were obtained by counting about 20 ce11sin   

Oligotrophic water，70 cellsin slightly eutrophic water   

and 400 cellsin hypereutrophic water． Based upon these   

relationships， the number ofidentified cells（N）was   

abo11t 70，100 and lOOO cells for the samples of   

Oligotrophic， eutrOphic and hypereu亡rophic waters，   

respectユvely．  
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1．3  Results  

（1）Phytoplankton diversityin relation to the trophic  

StatuS Of the wa亡er body   

Fig．2 shows the relationship between the phytoplankton   

diversity and the trophic status of the wateT．   

Classification of the study sites was 皿ade by referring   

to the trophiclake types proposed by YOSHIMURA（1937），   

and the concentration of chlorophyll旦 WaS uSed as a   

measure of the trophic status．  

Phytoplankton diversity was lov in very oligotrophic 

WaterS；for example，it wasless thanlbit per ce11i   

Lake Shikotsu， an eXtremely oligotrophic lake．It   

increased as trophic state moved to a mesotrophic   

COndition，and high values，mOre than 3 bits per cell，   

Were Obtainedin both 皿eSOtrOPhic and slightly eutrophic   

WaterS． However，the diversity was reducedin eutrophic   

waters，and thelowest values of O．16 to O．31bits per   

ce11 were obtained in eutrophic and hypereutrophic   

WaterS．  

The relation between the phytoplankton diversity and  

2 
the trophic sヒatusisindicated by Y＝－0．39（log X）＋  

0．19（log X）＋ 2．44，Where Xis the concentration of  
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Chlorophy11針，Yis the phytoplankton diversity・  

The regression equation was determined by theleast   

Square method．  

（2）Species composition affecting the phytoplankton  

diversity   

The phytoplankton diversityis affected by the number   

Of component phytoplankton taxa （richness） and the   

Phytoplankton composition（equitability）． Fig．3 shows   

the number ofidentified generain each sample water・   

The richness was low （4 － 7 genera）in oligotrophic   

WaterS and highin eutrophic waters，butit decreased   

Slgnificantly in hypereutrophic waters． Although   

richness increased in highly eutrophi⊂ WaterSIthe   

Phytoplankton diversity decreased． The reduction of   

diversity 皿ay be caused t）y a decreasein evenness of   

equitabilityin water samples．  

Fig．4 shows the number of cells of representative   

Phytoplankters and their sharein the totalnumber of   

Cells in the water samples．  

The predominant phytoplankters  hlc waters．  OtrO  

were diatoms．坤ranged fromlO cells／mltolO2  

ce11s／ml and accounted for about 50冤 of totalcell   

number． 工t accounted for 80冨in Lake Shikotsu and Lake  
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ⅣoJ土r土。  Ⅳitzcshia and Meユosira  also prevailed in some 

01igotrophic waters・Their celldensity waslO tolO3  

Cells／mland they comprised 5 to 50完 of the totalcell   

number．  

Meso－ and s  hic waters．  Ⅳ0 0ne  htly eutro  

Phytoplankton species formed alarge population． The   

POPulation of diatoms was almost the same size as that   

in the oligotrophic waters but the share of each diatom   

SPeCies in the phytoplankton asse皿blages was low，   

because a large aroount of other phytoplankters such as 

Planktonic green algae and blue－green algae always  

them．  Scerledesmsus  accompanied  and Cruci只enia ranged  

fromlO2tolO3cells／mland they comprised5to 20冤of  

the total cell number．   The blue－green alga，   

Aphanizomenon， WaS abundant sometimes and occuppied  

about lO完 of the total ce11number．  

Eutrophic and hypereutrophic waters． Blue－green algae  

Were 皿OSt abundant in these waters． ＝n particular，   

Microcystis for皿ed a dense population andits share was  

皿Ore than 95冤 of the total ce11numbeT． Arlabaena，  

hanizomenon and Oscillatoria also  appeared frequently  

in some waters and their cellnu皿berこranged froⅢ104to  

lO5 ce11s／皿1and the share was 20 to 70冤．Diato皿S SuCh  

green algae such as  as Cyclotella，  Helosira and  

Were inslglnificant in eutrophic and  Scenedesmus  
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hypereutrophic waters but it should be noted that both   

diatoms amd green algae were not excluded by blue－green   

algae。 The cellnumbers of diatoms and green algae were   

comparable to or in some cases larger than those in 

Oligotrophic or 皿eSOtrOPhic waters・  

The diversity and its relation to trophic status of   

WaterS Can be summarized as follovs．In oligotrophic   

WaterS，the phytoplankton assemblage consisted mostly of   

ギyclotella and this resultedin thelow diversity that   

WaS Observed． The absence of predominant species is   

the cause of the high diversityin meso－ and slightly   

eutrophic waters． In eutrophic and hypereutrophic   

Wa亡ers， the phytoplankton assemblage consisted of   

pri皿arily blue－green algae such as Microcystis which   

lead to alow diversity．  

1．4 Ⅰ）iscussion   

The results obtainedin the present study coincided   

fairly we11with MARGALEFIs proposition with regard to   

the decrease of phytoplankton diversityin eutrophic   

WaterS，but differed somewhatin oligotrophic vaters   

Where the diversity was ratherlov co皿Pared with meso－   

trophic and slightly eutrohic waters．  

In regard to the causal relation between the  
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phytoplankton diversity and the trophic status of   

WaterS， SeVeral explanations have been presented。   

MARGALEF（1968）emphasized that the high diversityin   

Oligotrophiclakes and thelow diversityin eutrophic   

lakes were due to the difference in the a皿Ount Of   

infor皿ation accumulated in thelakes． MOSS（1973）   

explained the relation between the phytoplankton   

diversity and the trophic status of waters by the chance   

Of overlapplng Of each successionalpopulationin the   

Water body． However，thelow diversity obtainedin the   

PreSent Study can not be elucidated by these hypotheses．   

These findings may be explained by the combination of   

nutrient conditions and the specific ability of   

phytoplankton species to take up thelimiting nutrient．   

Itis s一用geSted that there are only a few phytoplankters   

Which can adapt 亡O a nu亡ご土en亡 poor envまron皿en亡 亡わrou紳   

theirlow half－Saturation constantS for nutrient uptake．   

This may explain the decreasein phytoplankton diversity   

in oligotrophic waters。 No phytoplankters formed a   

re皿arkably large poptllation in meso－ and slightly   

eutrophic waters・Probably∫ the nutrientsin such waters   

are not high enough to produce a phytoplankton co皿munity   

that con8ists of a fev phytoplankton species・ As ＄tated  

by TILMAN（1977），Characteristic nutrient utiiization of  

different speciesI eaCh of which is li皿ited by a  
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differ・ent nutrient，皿ay also reduce competition between   

SPeCies，and therefore many species may coexist． Thus   

the increase in richness and the evenness in   

equiヒabiliヒy shouldlead to high diversity in meso－ and   

Slightly eutrophic lakes．  In eutrophic and   

hypereutrophic waters， Where high nutrients are being   

SuPplied continuously，the highlevel of nutrient and   

high productivity would support the coexistence of many   

Phytoplankton species and result in high diversity．   

It， however， happened in nature that there were   

COmparatively few species and the diversity was verylow   

in highly eutrophic waters． Thisis probably due to   

a few species of phytoplankters with physiologlCal   

Charac亡eris亡ics such as high nutrient uptake ability，   

Photosynthesis or buoyancy which allow them to form   

dominan亡 popula亡lons．  
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Chapヒer 2  

Application of the grain density autoradiography  

to the study of phytoplankton production  

2．1 Introduc亡ion   

As a useful 亡001 for the determination of   

pho亡OSynthe亡ic actまⅤま亡y of 土ndividual spec土es 土n   

Phytolank亡On aSSemblages， the grain density   

autoradiography has been employed by several   

investigators（WATT1971，STULL et al．1973，GUTELMACH芭R   

1975），al亡hou邑h BROCK and BROCK（1968）argued 亡ha亡 th土s   

ヒechnまque was not sui亡able for the quantita亡まve s亡udy．   

K因OECHEL and KÅLFF （1976a， b） emphasized the serious   

errors that arised from each step in the processes of   

grain density autoradiography， and recommended an   

alternative technique，tra⊂k autoradiography， for the   

determまna亡ion oぎindividualspecies productivity． They   

p㍊rSued the population dynamics of freshwater   

phyもOplankton dlatom species by the track   

autoradiography （KNOECHEL and KALFF 1978）．PEAL and   

STぴLL （1979） found a h土gher degree of correla亡lon   

be亡Ween the 亡echniques of grain denslty and track   

盈utOradiograhyin the study of a naturalphytoplankton  
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こOmmun土亡y and claimed 亡he val土di亡y of ヒhe grain densi亡y   

au仁Orad土ography．  

As has been criticized by XⅣOECHEL and KALFF（1976a），   

the grain density autoradiographyis simple technique   

butiヒS reliabili亡y has not been proved sufficiently・   

The purpose of the present studyis to check po亡ential   

S8urCeS Of error cま亡ed by KNOECH‡ミL and KALFF（1976）土n   

the 蕗ど包まn deIISま仁y au亡Oradまography and scru仁まnize the   

u仁ま1ま仁y o£ ヒhまs 亡echn土que for 亡he s亡udy of spec土es   

dynamまc雲 0君 phyヒOplankton communiヒy．  

2．2 ト王aterials andト1ethods  

紬£盈工註al cuま亡ures of Cyclotelユa， Sこenedesmus and  

Selenastrum vere used  for 亡he presenも Sヒudy． Each  

且苺Om且 0君 菰工畠al suspenslon was 亡akeninto a 200皿1  

Ehエenmeyer fia＄k and O・3Ⅲ1甑Hlヰco3SOlu仁ion havin畠an  

aこ已まⅤま亡y of lO pCi／ml was injec亡edinたO eaCh flask．   

Flasks l√ere then incuba亡ed in a water ba亡h under   

ま1鼠㍑汲まm盈亡まon of 30 klux by whiヒeli畠ht fluorescentlamps   

aモ 20¢c． ロ菰rk flasks were also prepared as con仁roIs．A   

S歴㌻まes o若 samples were re瓜0Ved 君rom 君1asks wiヒh p叩etteS   

at various time in亡ervals over 4 hrs．  Each 5 皿l of   

S盈m野鼠es was 雷ilこered 亡hrougb a 2み－mm HÅ 捏ほ11ipore filter   

わざ 温暖m生温e 5日こ乞ion欝 盈nd ヒhe氾 tbe filこer was washed wi亡h  
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Smallvolume of dis亡i11ed water and fumedin HClvapor  

Toヒalradioac亡iv土亡y of14cincorpora亡ed土n亡O algalcells  

WaS meaSured by aliquid scintillation counter（Beckman   

LS 8100）． Cell numbers counted with a Thoma7s   

haemacy亡Ome亡er before and af亡er the incuba亡ion w■ere   

avera畠ed and the mean ce11 number was u＄ed． Mean   

radioactiv土ty per cellwas calcula亡ed by d土Ⅴ土d土ng to亡al   

radioacもまⅤまヒy by cellIlumberin 亡he sample． For grain   

deIISま亡y au仁Oradiographs each 2 皿lof remaining samples   

Wa＄ 土mmedまaヒely だiltered ヒhrough a 24－mm 王iA Hill土pore   

filter by gentle suction．In the present experiment no   

更えⅩa亡ive was applまed to avoid possible chemograpby and   

des亡ruction of cells． Each だilter paper was a亡tached to   

a Ⅲ土croscope sl土de wまthl冤 gelatin soluヒion． The slide   

was ヒhen dried a亡 350C for 24 hours in an oven and   

Cleared wi亡h aceヒOne VapOr． SA監URA NR一門2 nuclear   

emulsion melted aヒ 370C in a water bath in 亡he dark was   

poほred まn亡O a S陀allcontainer for slide d土pplng． Under   

ヒぬe safeヒyli蕗hこ，eaCh slide was dippedin the emulsion   

君0訂 a 若ew seconds， Wま生hdrawn and driedi．n a verヒical   

Seモモing for ome hour ほnder a s犯allfan・ Afもer dryingJ   

仁he ＄1ides were plaこed まn a t〉鼠色ck plasと土こ Slide box   

こOTltiliniニ望 drierisilica gel． Tヒe b〇：：eS Were StOred aヒ   

屯¢C えn a re更訂且ge訂a仁Or 血ring exposure o宕 2－10 days・   

監Ⅹ野0＄e盛 男l息舶s were devel叩ed wi亡h developer（監onidolX  
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Super）in a staining vessel with a standard vertical   

holder made of stainless steel． Development time varied   

from 3 to 24 minutes． Following development，the slides   

Were tranSferred to acetic acid stop bath for one   

minute，fixedin acid hardening fixer （Konifix）forlO   

皿inutes，and washed gentlyin running tap water for 30   

minutes． During the process samples were treatedin a  

O Wa亡er－bathincubator at 20 C． Autoradiographs prepared   

in this way vere photographed at 780 皿agnification by   

using a microscope（Nikon Optiphoto），and then grains on   

the photographs were counted． Background counts were   

esti皿ated frofn Slides prepared for dark bottle sarnples．  

2．3  Resul亡S  

（1）Determination of grain counting area   

KNOECHEL and KALFF（1976a）argued that the nu皿ber of   

PrOduced grains and their spatial distribution are   

remarkably affected by cell size and shape，eVenif   

the absolute radioactivityisidentical． They proposed   

to count allgrains within a certain distance from a   

Cell， the half－distance，in which more than a half of   

produced silver grains were located（SALPETER et al．  

1969），and recommended distance oflO pm for getting  

ー22＿   



enough counts疇  

At the first step of this s亡udy， therefore，the   

distribution of grains around a cellwas examined to   

delineate the area to be counted． Slides used for this   

experiment were exposed for 2 days and developed for 6   

minutes． Radioactivity incorporated into cells was  

－2  

9．23 Ⅹ10  dpm／cellin a Cyclotella sample and 8．05 Ⅹ  
＿2  

10 dpm／cellin  a Scenedesmus  Sample．Grain were counted  

On microscoplC photographs． As shown in Fig．1，  

grains counted were mostly distributed withinlOJlm from  

the cellmargln・The number of grains withinlO pm from  

the margin was 82．3in the Cyclote11a sample and 68．3in   

the Scenedesmus sample． The grain derlSity，in which   

grains counted were normalized by a unit area and  

2 expressed as counts／100Fln，Showed the highest value  

over the cell and decreased with increase of distance   

from the cell． The grain density became reduced to  

backgroundlevelofl・O grain／100pm2 between30－40pm  

from the cellin Cyclotella andl・5grains／100pm2  

between lO－20 u皿 in Scenedesmus．  This distribution  

pattern was also the samein the other samples exposed   

forlonger time than 2 days．  

Itis generally noticed that the maximum path－1ength   

Of a beta particle which orlgLnateS from a point source  

in nuclear emulsionis aboutlOOpm for14c・However，  
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Fig．1． The distribution of grains over the  

Ce11and surrounding areain Cyclotella（1eft）  
（right）． Solidline，grain  and Scenedesmus  

COuntSin each band area；dashedlineIgrain  

counts／100Jlnf・Shaded place represents  
background（background grain counts／100pHF）・  
Vertica11ine indicates 95冨 confidence limits．  
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the grains outside the distance of40pm fro皿the cell  

Were SO Smalltha亡 they were negligiblein the present   

COunting． Therfore，grains lying over the cell and  

Within of40Tlm from the cell were allcountedin the  

presen亡 S亡udy。  

（2）Determination of exposure time   

Along exposure time was required to develop a11   

1atentimages，but excess background count due to the   

PrOlonged development has led 亡O the difficulty of   

COurlting the grains． Fig．2 shows the relationship   

between the development time and the grain count for two   

Sa皿Ples of Cyclotella． The radioactivity was19．8 Ⅹ  

10－2dpm／cellin one sample and32．7Ⅹ10雫dpn／cellin。  

ano亡her sample． Grain countsincreased with development   

timein both samples and leveled off after 6 minutes．   

Grain counts at the plateau were 383．8 grains／ce11for  

the high radioactive sample and 264．3 grains／ce11 for   

thelow radioactive sample． After 12 minutes grain   

COuntSincreased and reached the higherlevelof 693．2  

grains／cellfor the former sample and 477．4 grains／cell   

for the latter sample． Background count renained at   

very lowlevel（6．4 count／cell） during the first 6   

minutes，and thereafter itincreased rapidly． From  
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Fis．2． Relationship between development time（min）  
－2  and grain counts per ce11in 蜘；19・8 Ⅹ10  

dpm／ce11（○），32．7Ⅹ162dpm／cell（⑳）．Shaded  
area represents background counts． Verticall土ne  

indicates  95冤 confidence limits．  
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these results，itisinferred that the development time   

Should not ex⊂eed12 血inutes． We adopted 6 minutes as   

develop皿ent time because of the following two reasons；   

grain count reaches pLateau by this time，and background   

COuntis negl土gible．  

In micro－autOradiographyI Silver grains had been   

expe⊂ted to increase linearly with exposure time・   

However， PrOlonged exposure has resulted in the   

underesti皿ation of grains due to possiblelatentimage   

erasure ofinterference of ex⊂eSSively produced grains   

（ROGERS1967）． Fig．3 shows the relationship between  

the exposure ti皿e and the grain counts  in a Cyclotella  

sanple with radioactivity of 9．23 Ⅹ10‾2 dpn／cell．   

Grain countincreasedlinearly with exposure ti皿e during   

the first 7 days， and subsequently it decreased   

gradually． Grain densitylarger than 450 coun亡S／cell   

made impossible to estimate grain nu皿bers precisely，   

because of overlapplng Of developed grains． Thusless   

than 7 days vere adopted for the exposure timein the   

present study，and photographs having grainsless than   

450 co11ntS／ce11were only applied for the estimation．  

（3）Conversion of grain count to photosynthetic rate  

Photosynthetic activity of individualce11sin the  
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exposure time（days）  
一2 Clo亡ella（9．23 Ⅹ 10  

Fig．3． Relationship between  

and grain counts per cellin Cy  

dpm／cell）． Vertica11ineindicates 95冤 confidence  

l土mi亡S．  
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grain density autoradiography has been calculated from   

the apportionment of the total radioactivity to grains 

PrOduced by each cell（WATT1971，STULL eヒ al．1973，   

GUTELMACHER 1975）。 When phytoplanktorl aSSemblages   

COnSist of delicate species and nanoplanktorland they   

arelost during the processes，this approachleads to an   

OVereStimation of the photosynthetic activity of the   

remaining species（KNOECHEL and KALFF1976a）． Thus，it   

is necessary to convert grain count directly to absolute   

disintegration rate（dpm）． XNOEC托EL and KALFF（1976a）   

Stated thatit would be de＄irable to convert grain count   

into an ab＄01ute disintegration rate through aninternal   

Standardization procedure． This conversionis made by   

the addition of specimens vith a known activity to the   

SamPle． However，anOther alternative 皿ethod was   

exa皿inedin the present study because ve had no suitable   

reference source． Fig．4 shows the まnterrelationship   

between radioactivity／cell and grain counts／cell． A   

good correlation was found between both para皿eterS（Y＝   

587．06Ⅹ＋0．78，r＝0．95），and thereby the produced grains   

Will be strictly corresponded to radioactivity   

incorporatedinto the cell． ＝t wo111d be possible to   

COnVert the grain count＄ tO absolute di＄integration rate   

from the above regression equation．  
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5  10  15  20  25  

dpm／⊂el【   

0  

Fig・4・ Relationship between dielradioactivity  
（dp皿／cell）and dielgrain counts／⊂e11in three different  

（0），  algalspecies；  （⑳） and   Cyclotella   S⊂enedes江＝ユS  

（⑩）． Vertica11ineindicates 95冤  Selenastrum  

⊂Onfidence li皿its．  
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2．4I）iscussion   

KNOECHEL and KALFF（1976a，1979）criticized the grain   

density autoradiography and emphasizedinherent sources   

Of errorin thi＄ method． However，mOSt Of sources of   

error 皿ay be cancelled by suitable proce＄SeS・ Careful   

preparation of samples and proper selection of fixatives   

are necessaryin the grain density autoradiography as   

Wellas track autoradiography． Latentimage erasureis   

also a serious problem as cited by RNOECHEL and KALFF   

（1976a）． Considerable at仁ention must be payed on the   

Chemography caused by fixatives and the effect of ce11   

Size and shape・ Chemography was simply corrected by   

using dark bottle control， and the in亡ensive   

inヒerference of the grain coun亡 by chemographyis   

reduced by the present procedure．If the samples are   

carefully treated†the effect of chemographyis probably   

eliminated．  This is evident from a low level of   

background countsin Fig．1． The effect of cellsize   

and shape can be cancelled by counting allgrains within   

40 Tlm from the ce11・  

Ⅰ亡 is difficulヒ to convert the grain counts to   

absolute radioactivity． We calculated 亡he absolute   

radioactivity from the linear relationship betveen   

radioaこtivityincorporatedin亡O tbe celland 亡be graまns  
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PrOduced． ROGERS（1967） has shown that this approach   

is suitable only for approximate estimation of absolute   

radioactivity。 工n this case， theinaccuracy may arise   

fro皿 the cross－fire effect of sources packed closelyin   

tissue section． Since an algalcellis considered to be   

a single source，the cross－fire effectis probably   

excludedin phytoplankton samples．A regression equation   

presented in the present study would be useful Eor the 

COnVerSion of grain counts to absolute radioactivity of   

a cell． The grain density autoradiography can be a   

useful tool for the measurement of photosynthetic   

activity ofindividualphytoplankton speciesif we treat   

Samples carefully．  
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Chapter 3  

Photosynthesis characteristics and productivi亡y  

Of individualspecies  

in natural phytoplankton community 

3．1Introduction   

Since phytoplankton growthis maintained fundamenヒally   

by photosynthetic organic matter production，it   

is the cornerstone in studies of phytoplankton   

population dynamics to make clear the photosynthetic   

characteristics of individual algal species．   

Photosynthesis measurementsin aquatic environ皿ent Were  

given alarge impetus with the introduction of14c  

method by STEEMANN NIELSEN（1952）．Aヒ PreSent，there have   

been many researches on the co皿皿unity photosynthesis but   

little information is available for understanding of   

the photosynthetic character ofindividualspeciesin   

natural phytoplankton co皿Ⅲunity． Thisis mainly due   

to the lack of adequate technique for 皿eaSurement   

of photosynthesis of lndivldual specまes・ Grain   

density autoradiography has been eTnployed by several   

investigators to measure the photosynthesis of   

五ndividual algal speceisin phytoplankton conmunity8  
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However， this technique was criticized severely by  

BROCK and BROCK（1968） and KNOECI柑L and XALFF（1976 a）   

because of several inherent source＄ Of erTOrS in the   

autoradiographic processes。In Chapter 2， We eXa皿ined   

the sources of errors which were cited by KNOCEEL and   

RALFF（1976b）． Checks were 皿ade on the following 皿ajor   

points by use of three different unialgal cultures；   

develop皿ent ti皿e，⊂he皿OgraPhy，1atentimage 色ra8ure and   

geometrical effec亡， andit wa＄ 亡OnCluded tba七 山aコOr   

errors could be eliminated if the autoradio畠raphic   

ヒreatments were made carefullァ． In addition，a neW   

method was presented for conv・erting the grain count to   

aもsolute disintegration ra亡e．  

The present study was deslgned to test the possibility   

Of using animpoved grain density autoradiography for   

mea＄urementS Of photosynthesis of the co皿POnent algal   

SPeCies in natural phytoplankton populations and to   

Clarify the photoBynthetic character of individual   

phytoplankton species grovirlg under naturalconditions．  

3．2 Materまals and Hetbods  

Lake Ⅳakanuna，a S皿alleutrophiclake，islocatedin   

IbarakiPrefecture 50 km northea8t Of Tokyo． Thelake   

has a surface area ofl．2 ha vith a maximum depth of  
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13．5 m andis protected from wind bylow hills around   

it． The vateris strongly stratified during the summer   

Stagnation period from JulF tO September，and a well   

developed thermoclineis found between the depths of   

and 8 皿． A characteristic phytoplanktorl COTnmunity   

dominated by blueqgreen algae has been observed at the   

depth near or below the thermocline． Such an almos   

皿OnOSpeCifi⊂ pOpula亡土on 土s considered 七O be u＄able as   

materialfor the verification of the applicabiliヒy of   

an i皿prOVed technique to the complicated natural   

phy亡Oplankton commun土ty．  

Water sample was collected with a pump system from   

Various depths． The sample was transferred 亡0 51iter   

polyethylene boヒtles andimmed．Laヒely brought back to the   

RIexperimentallaboratory of the Unまversity o空 でsukuba   

located a亡 30 km from thelake． Each 48 mlof ＄ample   

Water WaS takeninto 50 皿1 BOD bo亡亡1e， and O．2 皿lof  

ⅣaHlヰco3 having an act土Ⅴ土ty oflO声Ci／皿1vasinjec七ed  

into the sa皿ple vater． The samples wereincuba亡ed ま．n a   

Vater bath under variouslight intensities a亡in 8i亡u   

仁e皿perature． Dark bottles were al＄O Prepared a＄   

COntrOIs。 Af■亡er a 2 hrincuもation，eaCh 2 mlof sampユe   

WaS f土1tered gen亡1y through a 2左一皿m HA 摘illまpore   

fil亡er and the filter vas used for grain density   

autoradiography． The samples for au乞Orad．iography wa＄  
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PrePared by the 皿ethod describedin Chapter 2． The   

Slides for autoradiogram were exposed for 7 days．  

Photosynthetic activity of each cellwas calculated by   

the following equation，  

yCi  

P ＝∑CO2 Ⅹ  
Jレ  

pc土中 Ⅹ t  

Wbere Pis the photosynヒhetic ra亡e per celloだ tbe 法1Ven  

SPeCies（gC／ce11／h）； ∑CO2，the available total  

inorganic carbon ln the sample； pCi炎，the added  

radioactivity； PCi，the Ⅲean radioactivity of14c  

incorporatedintoindivldualcells o王 亡he glVen SpeCies；   

and tI the incubaヒion time・The amount of∑CO之 WaS  

皿eaSured with aninfrared 呂aS analyzer（Maihak，U紺OR 2）．  

Photo＄ynthetic rate of individualcellsi＄ uSt王a11y   

Calculated from the apportまonment of 亡0亡alradioac仁ivi亡y   

to grains produced in each cell． However， this   

approachleads to the overestiⅢa亡ion of acヒivity when   

phytoplankton commun土ty cons土sts 皿ainly of delica亡e   

Phytoplankters or smallone＄．In the present sヒudy，仁he   

graまn ⊂OuntS per Cell（Y）were converted 亡O absolute  

radまoac亡ivi亡y （Ⅹ，dp皿／cell） by u古土ng tbe regression   

equa亡ion，Y ＝ 587．06Ⅹ ＋ 0．78，Which was givenin Chap藍er   

2． To亡al photosynthe＄まs まn the sample was deduced by   

Sum氾ing up ヒhe a氾Ount Of photosynヒhesisin eaこh Qf ヒhe  
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given species population（PxN），Where Nis the number   

Of totalcells of the glVen SpeCies in 亡he sample．   

Total radioactivity was also 皿eaSured by aliquid   

SCinti11ation counヒer（Beckhman LS 8100）after filtering   

the re皿aining sample in the bottle through 24－mm HA   

Millipore filters．  

3．3 Results  

（1）Physicoqchemicalconditions and phy亡OPlankton  

COmmunityin Lake Nakanu【na．   

Ther皿OCline developed from 4 to 8 m and light   

Pene亡ra亡ed to 亡he bottom of the metalimneticlayer． The   

COnCentration of NH4－Nin the epilimnion ranged from O・2  

tol・4Jlg－atⅣ／l，and rapidlyincreased with dep亡h and  

reached 54・2pg－at N／1at llm・The concentration of  

PO4－P was O・O6pg－at P／1throughout whole water column・  

and Scenedesmus  Cyclotella  quadricauぬ predomina亡ed  Sp・  

in the epili皿nion， Whereas Oscilla亡Oria  mougeotii  

prevailedin the metalimnion，  

The algalspecies foundin the sanple taken frorn 8 m   

On Septe皿ber 7 arelisted in Tablel． PhytoplankヒOn   

CO皿munity was represented bY blue－green algae，mainly  

Osc土11atoria  皿Ou只eOtii，亡he cellnumber of which，10750  
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Tablel・Cellnumbers and percen七ages of■cellnumber of  
algalspecies of a phy七OPiank七on communi七y coilec七ed from  
七he dep七h of8min Lake Nakanuma on Sep七ember7，1979．  

Ce11  percen七age of  
number  ceLl number  

（／ml）   （％）  

Green algae  
〃乙0士ゐ㌘五£ sp．  

Ped五α古土m耶血p乙gご   

Ped五α古土㌘乙〟〝 古留吉㌘αβ  

肋たで8おodg古狐s∫α乙eαねぎ  

馳留れgd留吉mβ御αd㌘五eα㍑血  

ぶee乃edg8耽βあ宜みgα   

脂士㌘αeかロ㍑m五和五乙上澗  

C加乙Cもぎe乃五αマ㍑αゐα士α  

伽eもge乃五α㌘ee士α乃卯乙α㌘五s  

C㌘㍑Cもぎg乃宜αねおαPgd五α   

脂士㌘α古土脚 力留吉g㌘ロCα柁士ゐ㍑耶  

ぶね㍑㌘αβ士ヱⅥ Sp．  

Co8mα㌘五乙澗 Sp．  

Dia七OmS   

C財e一口士gl乙αた㍍土呂五乃好もα門α   

C訂C乙0士gt乙α Sp・   

勒托gd㌘ααe祝S  

Blue－green algae   

C力㌘00eOee㍑β sp．  

伽g乙osp勉e㌘五抑㌻花αggg乙五α乃乙澗  

〔始e五乙乙αわ㌘五αmO喝gO士五五  

月pたα花王芸Omg門口柁∫乙0ぶ－αマ㍑αg  

Flagella七es   

Pわαe㍑β Sp．  

Cや膵ねmo乃αS sp．  

Go門訂ロ8ね〃W Sp・   

Pe㌘五d五花王び花 Sp．   

乃つαeわe乙omロmざ Sp．  

Uniden七if－ied  
Smallflagella七es  
SmallsphericalalgaL colony  
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cells／皿1，aCCOunted for 50冤 of 亡he totalphytoplankton   

Cells in the sample． Three other blue－green algae，  

Coelosphaerium Chroococcus sp． and  naegelianu竺，  

Aphanizomenon flos－aquae， Were also present，but their  

COntribution was 3．1，1．7 and O。6冨 of the total   

Phytoplankton cellsI reSPeC亡ively・ Subdominant algal   

group8 Were the flagellate Cryptomonas sp． and   

unidentified small flagellates． The former occupied   

5．8冤 of the total phytoplankton ce11s and thelatter   

16冤． More than lO species of green algae were found，  

andin parヒicular，tWO SPeCies，  ScenedesⅢuS quadricauda  

and Crucigenia  ularis，Showed a relatively high  rec仁an  

density of1450 cells／皿1． Three species of diatoms were   

PreSent but their celldensity wasless than O．5冤 of the   

totalphytoplankton cells．  

（2）Photosynthesis－1ight curve of dominan亡 Phytoplankton   

As a useful indicator of photosyntheti   

characteristics the so－Ca11ed P vs I curve has   

frequently been used by aquatic ecologis亡S（STEEMANN   

ⅣIELSEN and 王‡ANSEN 1959；TALLING 1957；工CHI河URA1960）   

and the shape of the curve is also a convenient   

indicator for physiologlCalstate of phytoplankton． The   

P vsI curve is characterized by four parameters，  
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the initial slope（CX） of the curve， the rnaximum   

photosynthetic rate（Pmax），thelightintensity（エk）at   

Which theinitialslope and Pmaxintersect and thelight   

intensity（Iopt）at which saturation occurs （TALLING   

1957）．In the present study， photosynthetic nature of   

individual species was visuaLized by use of the P vs I 

CurVe． The P vsIcurves for dominant species 亡aken   

from the sur・face layer are shownin Figs・1J2 and 3I   

and parameters 玖，P氾aX，Ik andIopt are summarizedin   

Table 2．  

During the summer sヒagna亡ion per土od，the P v＄ 工 こurVeS  

a sun－type Wi亡h alight  Of Melosira varians showed  

saturation at O．048 M O．0901y・min－1．Theinitialslope  

of Melq裏．印画WaS gentle（2．3Ⅹ10－14－4・3Ⅹ10－14  

gc／pn＆h／1y・nin－1）．  During mid sunmer，Cyclotella sp・  
also exhibited a sunqtype photosynthesis． Light  

saturation occurred at O．028－0．0801y・min－1andIk value  

ranged from O・030－ 0・0381y・min－1・ Theinitialslope  

of Cyclotella sp．was moderate（3．9Ⅹ10－14－5．8Ⅹ10－14  

gc／㌢n3／h／1y・min－1）・   

Si皿ilar photosynthetic responses tolightintensity   

vere observed in the curves of Synedra acus and   

Tetraedron 皿inimuTn． The Pmax of Tetraedron minimum was  

remarkaも1y hi．gh．  Cruclgenia rectarl  ularis have low  

1ight sa亡uration，alow ＝k value and a steep initial  
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Table 2． Pho七OSyn七he七ic parame七ers of five freshwa七er  

Phy七oplank七On SPeCies．  

工k  土丁止七土alslope（咲） Pmax  

（ly・mir：1）（1ilムgc／um／h（10‾15gc／  

／1y・m土正一）  小m3／h）  

1土gh七  

Sa七ura七土on  

（1y・mi√1）  

Melosira varians  

JUL 27  0．048   

AUG 31  0．090   

SEP 7  0．090  

Cyclo七ella sp．  

JUL 27  0．048   

AUG 31  0．080   

SEP 7  0．028  

Synedra acus  

5．5  2．5  SEP 7   0．090  0．048  

Te七raedron minimum  

23．5  SEP 7  0．090  0．046  12．3  

Cruclgenia rec七anguiaris  

11．0  SEP 7  0．028  0．019  

＿46－   



SlopeIbut 亡his species did not exhibit photoqinhibiヒion  

even at o－201y・Ⅲまn－1・   

Fig．4 shows 亡he photosynthesis－1ight curve of  

08Cilla亡Oria  蜘 亡aken from the metalimnetic  
1ayer。 Curves of a11samples showed a shade－tyPe With  

light saturation at O・017－0・0351y・皿in－1・ Light  

inhibition of photosynthesis occurred even at alight  

intensity aslow as O・0251y・min～1● Initialslopes of   

the curves are summarizedin Table 3． The average slope  

was8・2Ⅹ10－14gc／㌣皿3／h／1y・min－1for the samplein early  

July，andit became steeper during summer． The steepest  

inclination was18Ⅹ10－14gc／ド皿3／h／1y・皿in－1for the  

Sample taken from September 7 and the slope subsequently  

became gentle reaching4・5Ⅹ10－14gc／Jln3／h／1y・皿in－1for  

the 8 m sample on October 9． Photosynthetic rates of  

野咋土手 Showed almost the same rate of  Osc土11a亡Orまa  

1・5Ⅹ10－15gc／pm3／h throughout the research period，  

except for the high rate of2・2Ⅹ10－15 gc／pm3／h on the  

September7and thelowest rate ofl・2Ⅹ10－15gc／pm3／h  

on October 9． These were remarkablylow，COmPared vith   

thosein surface species．  

（3）Photosynthetic activity of phytoplankton species  

The radioactivi亡yincorporatedinto ヒhe cells atlight  
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Fig．4． Photosynthesis－1ight curves of  

Oscillatoria 皿OugeOtii taken from the  
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Table 3． Pho七osyn七he七ic parame七ers of Oscilla七Oria  mougeo七土i．  

＝k  ini七ialsiope  pmax  
コ 

（ly・miこ1）（1J14g叫m／h（1JISgc／  

／1y・mi言1）  ′四っ／h）  

1igh七  

Sa七ura七ion  

＿1 （1y－min）  

Osci11a七oria mougeotii  

JUL 27（6m） 0．031  

AUG 31（6m） 0．017  

SEP 7（6m） 0．028  

（8m） ○，028  

SEP 21（8m） 0．036  

（8．6） 0．022  

0CT 9（8m） 0．036  

0．031   

0．016   

0．015   

0．028   

0．036   

0．022   

0．036  
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Saturation varied widely with species（Table 4）．The high  

values were obtainedIand they ranged from7●2Ⅹ10－3  

dpm／cell／h for CryptoTnOnaS to62．28Ⅹ10．3dpm／cell／h  

for Peridinium  SP．， and the photosynthe亡ic rates  

calculated from the radioactivities were 9．3 Ⅹ10－13  

gc／cell／h to 80。6Ⅹ10－13gc／cell／h．Relatlvely h土gh  

values were also measured in algae with a large ce12 

Sp．and  Staurasヒrum   VOlume such as the green algae  

Cosmarium sp．，the diatoms Cyclotella kiitzingiana and  

早y坤早 生望旦・  The ranges of their radioactivities  

vere fro皿 8．75Ⅹ10d3to18．34Ⅹ10‾3 dpm／cell／h and  

photosyntheヒic rates were fromll・3Ⅹ10－13to22・7Ⅹ  

10～1㌔ gc／ce11／h． Radi。aCtivityincorporatedinto  

mougeOtiishowed a remarkablylow value of  Osc土11atoria  

0．5Ⅹ10－3dpm／cell／h andit corresponded to O・6Ⅹ10－13  

gc／cell／h．Lower photosynthetic rates ofl・2Ⅹ10q13，  

1．2Ⅹ10－13 and3．0Ⅹ10－13 gc／cell／h were also measured  

flosaquae，  in other blue－green algae  Aphanizo皿e  

Chroococcus  naegeliarlum and  Coelosphaerium  Sp・I  

respe⊂亡ively．  

The photosynthetic rate＄ Per unit v01ume of the cell   

were also determined for severalspecies． CellvoluⅢe   

WaS Calculated fro皿 thelength and width of the cell．  

The highest rate of9．6Ⅹ10‾13gc／早舟h  was。btaまnedin  

the dまa亡0氾Cyclotella sp．and亡helowes七ra亡e of2．0Ⅹ1打15  
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Table4・Pho七osyn七he七ic proper七ies of componen七Of－phy七Oplank七on a七Iigh七  
Sa七ura七ion．The sample was collec七ed from七he dep七h of8min Lake Nakanuma  

On Sep七ember 7，1979．  

rad土○－  pho七0－  pho七0－  prOduc－  
ac七ivi七y sy’n七he七ic syn七he七ic 七i．on of  

incorpo－  ra七e per ra七e per popula－  

percen七  
age of一  

七0七al  

uni七VOL． 七ion  produc－  ra七ed  cell  

（1J3dpm（1Jlつgc  
／cell）   ／ce11／h）  

（1JlOgc  
／ml／h）  

Green algae  

〝乙口舌た㌘五ご SP．  

Ped五αさたヱつW打d㍑ロ乙eご l－  

Pgd五αS古m打亡g古㌘α富  

加た五sねodg∂m昏fα‡eαねS  

βとg花¢dgsm古郡（αd㌘五eα払血  

馳g柁gd留吉mざあ五みgα  

飽士㌘αg血0花椚五和五乙〝〝  

Cmeもggれ五αマ㍑αd㌘αね  

仁和どもgg乃五α㍗ge亡α乃卯乙α㌘五s  

伽ぐもgg省五αね亡㌘αPgd五α  

飽士㌘αβ舌㍗祝爪たg士g㍗ロCαれモカ相打  

ぶね㍑㌘αS右脚 sp．  

Cbsmα㌘五祝m SP．  

D土a七OmS  

鞄C乙0ね乙乙αた㌫士昌宏乃ダーαれα  

C訂eエロ土g乙乙α Sp・  

ざ押gdrααC㍑S  

Blue－green algae  

Cた㌘00COCe以β Sp．  

伽g乙0呼勉gr五描花αβg召乙五α花乙蹄  

伽e五乙乙αね㌘五α〝旧堀留O士乞五  

郎払花王zクm郡口乃f乙os－αqγαg  

Flagella七es  
批c㍑8 Sp．  

凸一訂P石0椚0乃αS sp．  

G〇門訂ロSねw sp・  

Pg㌘五d乞乃五も澗 Sp．  

乃コαeゐg乙∂mロ花α雷 Sp・  

Un土den七if－ied  

Smallflagella七es  
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6．7士 2．2  8．7＋ 2．9   

2．9  3．7  

0．9士 0．1 1．1士 0．1  

1．8士 0．3  2．4士 0．4  

2．1士1．1 2．7＋ 2．1  

3．5± 2．9  4．5＋ 3．7  

4．2＋ 0．5  5．5士 0．7  

1．3士 0．5 1．6士 0．6  

1．4＋ 0．9  1．8＋1．1  

1．9＋ 0．8  2．5士1．1  

1．0士1．0 1．3士1．4  

17．6  22．9   
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scin七illa七in counter  

67．7  

112．7  
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gc／p皿3／h was  mougeo亡ii． The green algae  in Osci11atoria  

Tetraedron mini皿um  and Scenedes皿uS quadr  icauda showed  

considerably high values of8．7Ⅹ10－15and6。2Ⅹ10－15  

gC／pm3／h，reSpeCtively．  

（4）Contribution ofindividualspe⊂ies for community  

produc亡ion   

The totalphotosynthetic production of phytopLankton   

COmmunity was deter皿ined by the two approaches． Onei   

to sum up the production of each species population   

measured by grain density au亡Oradiography and the other   

is to measure directly with aliquid scinti11ation   

coun亡er． The results are shown in Table 4． The total   

PrOduction estimated by the for皿er nethod was 67．7 Ⅹ  

10‾10gc／ml／h．The contribution of each algalgroup to  

the esti皿ated totalcom皿unity production was 30．9冤in   

the green algal popula亡ions，17．5冤 in the s皿a11   

flagellate populations and12．9冤in the blue－green algal   

POPulations． Among theindividualspecies populations，   

Cryptomonas sp．accounted for 18．4冤 of the total  

produc亡ion and  OscillaとOria  mougeotii was the rleXt and  

accounted for 9．8冤． The green algae  Tetraedron m土n土mum，  

Sp．， Scenedesmus quadricauda  and Cruclgen土a  Ulothrix  

rectangularis contributed 6．6，5．9，5．6 and 3．6冤 of the  

－52－   



toヒalproducヒion， reSPeCtively． The totalproduction   

measured with aliquid scintiLlation counter wasl12．74  

Ⅹ10－10gc／ml／h．  

3．4 D土scussion   

PhotosyIlthesis－1ight curves （P vsI curves） are   

important to evaluate the physiologlCal sヒa亡es of   

Phytoplankton species and are necessary toinvestigate   

Phytoplankton species dynanics in relation tolight   

environment． The phytoplan‡こtOn SpeCies struc亡ure，its   

5仁a亡es and productivま亡まes are de仁ermまned by varまous   

CnVironlTlentalcondiヒions． P vs 工 curves for unialgal   

Cul亡ure obtainedinlaboratory experまments provide only   

limitedinformation about the responses of phytoplankton   

toli3h亡in the field． Therefore，Studies of P vsI   

CurVeS urlder field conditions may be essentialin   

phytoplankton productiorleCOlogy． There are，however，   

few published da亡a for the P vs 工 curves ofindividual   

8peC土es in na亡ural phytoplankton community． でhe   

depth－differentiation of P vs ＝ curves have vellbeen   

known in a vell stratified wa亡er COlumn． The curve is   

generally 亡he sun－type for phytoplankton communityin   

Surface layers and the shade－tyPe for thatin deep   

layers （RYTHER1956，ICH‡MURA1962）． Thi雲 WaS also  
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recognizedin the present study・However）the ecoIoglCal   

interpretation of such curves was inpossible without   

COnSideration of features relating photosynthesis to   

light in individual species in mixed species   

asse皿blages． RYTHER（1956）investigated photosyntheti   

responses of 皿arine phytoplankton tolight by using   

unialgal culture＄ and showed tha亡 there exists   

a difference beヒWeen three taxonomic groups．   

（dinoflagellates，green algae and diatoms）with re＄PeCt   

to their P vsIcurves． The P vsI was a sun－tyPe for   

the dinoflagellates，a Shade－type for the green algae   

and an intermediate type for the diatoms． This   

difference may be due to the previous life history of   

phy亡Oplankton spec土es．  

The quantitative deter皿ination of photosynthetic rate   

Ofindividual phytoplankton speciesin naturalmixed   

POPulation has been made by a fev investigators．   

KⅣOECHEL and KALFF（1975，1976 a）determined the carbon  

fixation rate as4．0Ⅹ10‾13 gc／cell／h for辿  

and 6．0Ⅹ10－13gc／cell／h  for Anabaena  fenestrata  

Planktonica through track autoradiography． These rates  

COincide fairly wellwith those of the green algae but   

arelittlelover than thosein flagellates obtainedin   

亡he present study．UBing track autoradiography，ⅩNOECHEL   

and EALFF（1978） ⅢeaSlユred the 主β旦辿 carbon f土Ⅹa亡まon  
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rates for five freshwater phytoplankton diatoⅢ  

Asterione11a for皿OSa  ，Fragllarla 軸寧阜旦，  Melosi  

radians and Tabellaria fenestrata，and  italica  

showed the photo＄ynthetic rates of2．0Ⅹ10－15，1・6Ⅹ  

10‾15，1．0Ⅹ10‾15，0．8Ⅹ10‾15andl．2Ⅹ10‾15gcルm3／h  

for the respective species● These rates are somewhat   

lower than those obtainedin the present study．  

There are considerable differences between the   

COmmunity production determined by the tvo methodsチ   

grain density autoradiography and the scintillation   

COunter method．The production measured by grain density   

autoradiography accounted for about 62．5冨 of that   

measured by theliquid scintillation counter method．If   

the production measured by the scintillation counter   

methodis assu皿ed to be the actualproduction， 38冤 of   

total production may be missedin the grain density   

autoradiography． Thisis probably due to the following   

reasons．The dense grains produced by prolonged exposure   

interfere with the counting of grains，and thereby the   

enumerated data beca皿elower than the actualgrain   

nu皿ber． The 7－days exposure usedin the present．   

experi皿entis deslgned for blue－green algaein order to   

facilitate grain－COunting， butit may belonger for   

Other phytoplankton species． Thus，itis desirablein   

natural phytoplankton community to prepare several  
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autoradiograms exposed with different ti皿eS and the   

maximum grain counts should be determined for each   

SPeCies． The ratio of the ce11surface in contacted   

With eTnulsion to cellvolume is s氾allerin large   

Phytoplankters thanin smallones，and then the   

efficiency of grain production may be lowered in the 

former than in the latter．  As the result of this Iow  

efficiencyIthe14c radioactivityincorpora亡edinヒO the  

Cellis supposed to be underestimated forlarger   

Phytoplankters． Since the conversion equation usedi   

the present studyis applicable only to nanoplarlkton  

species，the relation between incorpora亡ed14c  

radioactivity and produced grains should be further   

Certified forlarger phytoplankton species，through   

Vhich the conversion equation willbe nore valid． 工n   

na亡uralphytoplankton communities，itis not easy to   

COunt COmPletely the totalcellsin the sample． This   

皿ay also be responsible for underestimation of total   

PrOductionin grain den＄ity autoradiography． However，   

autoradiography is a technique improved for measuring 

production of individual species and not for assessing 

the total production． If several critical points   

mentioned above are examined carefully，grain density   

autorad土ography can be used to measure the   

Photosynthetic behavior of the comporlent SPeCies of  
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phytoplankton community quantitatively・  
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Chapter 4  

Growth of individual phytoplankton speceis 

in mixed populations andits relation to  

lightintensityin water body  

4．1Introduction   

Light that penetratesinto a vater body decreases   

exponentially with the depth in a water body and   

different phytoplankton species may respond differen亡IY   

tolight at theirlocation within the euphotic zorle．   

Photosynthesis－1ightintensity relationship established   

in Chapter 3 for different algalgroups showed that   

green algae exhibit maxinum photosynthesis rate＄ at   

higher light intensities， blue－greerl algae at   

lower light intensities， and the diatoms at   

intermediatelightintensities． STEEMANN NIELSEN（1939）   

Classified oceanic phytoplanktoninto ヒhree groups based   

on field observations；01igophotic species which occur   

mainly belov 50 皿，meSOphotic species which occurin the   

upper 100 m and euphotic species which occur in the 

upper 50 皿・ Such species occurrence patterns may be   

attributed to species－SPeCific photosynthetic response   

tolight gradientin aquatic environments andi皿plicated  
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light as a factor regulating vertical distribution of 

SPeCies and community s亡ructure．  

It has been widely known that  Oscilla亡Oria develope  

their bio皿aSS maXi皿um at the dep亡h near or below the   

thermoclinein vellstratified mesotrophiclakes during   

Sum皿er． This characteristic vertical distribution of   

the blue－green algae has drawn the attention of many   

investigators，and the physiologl⊂alnature of these   

algae has been studiedintensively． Some biologlCal   

processes for formation of 皿etalinnetic maxima have beerl   

Shown by severalinvestigators，but the formation   

mechanistns have not yet been fully elucidated（BAXER et   

al．，1969；WALSBY arld KLEMER，1974；KLEMER1976）。 Su⊂h   

an al皿OSt mOnOSPeCies populationis also considered to   

be usable as 皿aterialfor the growth analysis of natural   

Phytoplankton populationsin relation toligh   

COndi亡土ons．  

of Os⊂土11atoria  For an unders亡anding of the dynamics  

population, information on their photosynthesis is 

essential． ＝n recent years，neW autOradiographic   

techniques have been developed to measure the   

photosynthesis ofindividualspeciesin the   

phytoplankton comnunity． KⅣOECHEL and KAIJFF（1978）   

皿eaSuredindividualphotosynthesis of five different   

species of planktonic diatomsin a freshwaterlake by  
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track autoradiography and expユained their population   

dyna皿ics・ Using grain density autoradiography！OGAWA   

andICHIMURA（1981）皿eaSured photosynthetic rates of   

individualphytoplankton speciesin a metalimnetic   

Phytoplankton com皿unity and found that the rates for   

blue－green algae were considerablylowI COmpared with   

those of the other species・ This fin丘ing raises the  

Oscilla亡Oria  populat土on  question as to whether the deep  

is formed by biologlCalproces8eS Or purely physical   

PrOCeSSeS Of accumulation of senescent cells which have   

Sunk from the euphotic zoneinto the metali皿neticlayer・  

The purpose of the preseIlt Studyis to present a new   

approach to the studies of the growth of phytoplanktorl   

POPulations under naturalconditions based on species   

SpeCific photosynthetic responses to availablelight and   

to analyze the population dyna皿i⊂S based on organic   

matter production．  

4．2 Materials and Methods   

Samplまn各S Were made v土亡h a pump syらヒem a亡1n七色rvals oモ   

1皿in the center of Lake Nakanuma・ Water temperature   

WaS 皿eaSured by a ther皿istor thermometer and thelight   

attentlation by a selenium underwater photometer fitted   

With a neutraldensity filter． Water sa皿Ples vere  
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transferredinto 5－1iter polyethylene bottles and   

immedlately brought back to the R工1aboratory of the   

University of Tsukuba which is located 30 km away from 

thelake． Phytoplankton cells were counted under a   

microscope（Nikon Optiphoto）after concentrating the   

Cells from 50 皿1water samplelO times by cen亡rifugation   

for15 minutes at 3000 r．p．m．Cellvolume was deterⅢined   

fro皿 thelength and width of a ce1lon microscopic  

photographs．Photosynthesis was measured by the14c method・  

Samples were pouredinto Winkler bottles of 50 ml，and  

O・2mlof NaH14co3SOlution having an activity oflO rCi  

／nlwasinjectedinto the samples．These bottles vere   

incubatedin a vaterl）ath at thein situ temperature   

under different’1ightintensities glVen by white   

fluorescentlamps． Lightintensity wa8 COn亡rolled by   

neutraldensity screens and measured by a LAMBDA LI－185   

radiometer．I）ark bottles were also prepared as ⊂OntrOl．   

After a 2－hrincubation，eaCh 2 mlof a sample was   

filtered through a 24一皿m HA 皿i11ipore filter by gentle   

suction and the filter was washed with a sma11volume of   

distilled water，and then fumedin HCIvapor．These vere   

used for grain density autoradiog－raphy（OGAWA and   

ICHIMURA1980，1981）． Each filter was attached to a   

皿icroscope slideIdried at 35CC for 24 hrs，and then   

made clear with acetone vapor・Under a safetylight，  
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each slide was dippedin SAKURA NR－M2 emulsion andleft   

in a verticalsetting forlhr。The slides were placed   

in a black plastic slide box containing dried silica gel   

and stored at 40C for 7 days。 Exposed slides were   

developed by KONIDOL X SUPER and fixed by acid hardening   

fixer（KONIFIX）．The resultant autoradiographs were   

pboto邑raphed at 了80 ma芭n土モicati・On by a閤ikon Optipboto  

microscopeJand grains on the photographs were courlted・   

The grain count per cell（Y）was converted to absoluted   

radioactivity（Ⅹ）by the regression equation，   

Y ＝ 587．06Ⅹ ＋ 0。78． Photosynthetic activity per unit   

VOlume of a glVen Ce11was calculated by the folloving   

equa亡土On，  

G†  

（1）  P ＝＝ C x   

G x t x v  

Where P is the photosynthetic activity per unit cell  

VOlume of a given species（gC／p皿3／h）；C，the  

available to亡alinorganic carbonin the sample （gC／1）；   

G，， the radioactivityi旦COrPOratedinto a given cell   

（pCi）；G the added radioactivity（pCi）；t，the  

incubation ti皿e（hr）and v，the volume of a given cell  

（㌢m3／1）・  

4．3 Results  
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（1）互生旦主上望 grOWth  mou只eOtii．popula亡まon  of Oscillatoria   

Figurelshows the changesin the vertical  

皿OugeOtiiin Lake Nakanuma  distribut土on of Osclllator土a  

during summerin1979．When thelake stratified slightly  

in midJuly，a Smallpopulation of  Oscillatorla  

mougeotiiappearedin the bottonlayer of the euphotic  

ZOne（6 皿）。 The thernals亡ratification was well   

established by the end of August，and a dense population   

developedin the ther皿OCline showing a peak distribtltion   

at the depth of 6 m，Where thelightintensity was 2．4冤   

Of that of the surface． Thereafter the increase of   

POPulation was reduced and the bio皿aSS Peak shifted   

progressively towards the deeperlayer within the   

therⅢOCline untilthe 皿iddle of September． Then，  

Oscilla亡Oria  mouReotii decreased their celL number and 

Only a smallbionass remainedin the hypolimnion bylate  

Octoもer．  

Grovth of t点e Oscillatoria  皿OugeOtiipopulation  

indicated by the totalcellnu皿berin a water colu皿n Can   

be expressed approxi皿atelyby alogistic curve，aS Shown  

in Fig●2．Cellnumber reached a maximum of19．5Ⅹ105  

cells／cm2inlate September and subsequerltly decreased．   

Mean growth rate of population can be calculated by  
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Fig．1． Seasonalchangesin the vertical  

distribution of Oscillatoria  mouDeOヒ±土  

（open circles），Water temperature（filled  

SquareS）and relativelightintensity  

（dashedlines）inIJake Nakanuma．  
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1nⅣ2－1nⅣ1  
（2）  

t2 － tl   

Where pis the meanincrease rate（day－1）；NlandⅣ2・  

the ce11 n11ml〕er Of Oscillatoria mougeotiiin wa亡er  

column per unit surface（cells／cm2）a亡time tland t2  

（day）， reSpeCtively． The results are summarizedin   

Tablel． The observed rate ofincrea＄e fromJuly12 to   

July 27 was O．064（day－1），and the maximum of O．077  

（day－1）was obtained fromJuly 27 to Augst 31．  

The Oscillator土a  mougeotiipopulation reached a maximu皿  

in early September at which the observed growth rate was  

O．015（day－1）and ＄ubsequently dropped abruptly with   

decrease of the biomass．  

（2）Growth analysis of Oscillatoria mougeotiipopulation  

based on organic matter production  

Of Oscillatoria  The observed populationincrease  

皿OugeOtiiin the entire water colu氾n Can be approximated  

もy the followまng equation；  

（3）  Ⅳt ＝  

1＋ k，e－ご亡   

whereⅣtis the ce11nunber（cells／cm）at ti皿e t（day）；  

k，tbe constan亡 Ofintegra亡土on；r，亡heintrins土c rate of  
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Tablel・Obser・Ved grow七h ra七es（Tl）  

mougeo七iipopula七ion de七ermined from  

七he ce11numbers and 七he intrinsic   

Calcula七ed from 七he ne七 produc七ion．  

Of OscillaT：Oria   

七he changesin  

grow七h raて：eS（㍗）  

Observed  intrinsic   

grow七h  grow七h  

ra七e（Tl）   ra七e（r）  

Da七e  

Jul．12 －Jul．27  0．064   

Jul．27   

Jul・27－Aug・31  0・077  

Aug．31  

Aug・31－Sep． 7  0．015  

Sep． 7  

Sep． 7 － Sep．21  0．014  

Sep．21   

Sep．21－ Oc七． 9  

0c七． 9  

0，043  

0．071  

0．077  

ー0．006  

ー0．003  
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increase（day‾1）；and K，the ulti皿ate maXi皿uTn Cell  

nunber for the population（cells／cm2）．Theintrinsic  

rate ofincrease（r）corresponds to theincrease rate of   

POpulation（p）in equation 2・The population growth of  

Oscillatoria  mougeotiiwas calculated fro皿 the equation  

3 by using oもserved vallユeS（鼠ヨ1950000，r＝0．086，k＝53．93，  

Starting population density瞥35500）and the resultis  

presented as the curvein Fig。2．  

Daily net production and total ce11ular carbon of  

些OugeOtiiare required for the actual  Oscillatoria  

Calculation of theintrinsic rate based on production．   

The daily net production can be practically estimated   

either from direct in situ measurements or the   

Photosynthesis－1ight curves co皿bined vithlight pTOfiles   

in the water colu皿n．In the present study，thelatter   

approach was applied to the estimation of daily net   

PrOduction・ The basic principles of this approach have   

been described by RYTHER（1956）， and PARSOⅣS and   

TA又AHAS‡iI（1977）．In the first step，the hourly net  

Oscillatoria mougeotiiper unit volu皿e Of  production of  

a cell at a given depth was calculated at different 

times of the day． For this purpose，the surfacelight   

intensity at a given time（h）was estimated by the  

folloving equation，  

It＝Imax・S土n3（m用）t  
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WhereImaxis the surfacelightintensity at solar noon   

and Dis the daylength（hr）． Ligh亡intensitT at a   

glVen depth was estimated fro皿 the relative light   

attenuation which was 皿eaSured directlyin thelake and   

the ＄urfacelightintensity（＝t）． The photosynthesis－   

1ight curves presentedin Fig．3 were applied to ヒhe   

Calculation． The daily net production per unit cell   

VOlume was then obtained byintegrating the hourly net   

productまon over a period from sunrise to sunset．The   

diel net production （24 hrs） was determined by   

Subtracting night resplration from the daily net   

production．In this case，reSPlration was assumed to be  

l／20 0f the photosyn亡etic rate atlight saヒuratiorl．The   

diel net production in a unit water volume at a given 

depth was obtained by mlユ1tiplying the production per   

Cell volume with total cell volume in a unit water   

VOlume at that depth． Finally，the dielnet production  

Of Oscillator土a  mougeo亡il in a unit water column was  

Calculated by summing up the diel net production a   

each respective depth． Carbon content per ce11is   

required to convert the net produ・Ction to the number of  

mougeotiicells． This was deduced by using  Oscillatoria  

the STRATHMANNIs regression of carbon vs volume for   

algae （STRATEMANN，1967）． 班ean cell volume of  

坤主生卵哩Wa＄31・68p氾3，SO that cell  
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Fig．3． Photosynthesis－1ight curves  

Of Oscillatoria mougeotii used for the  

Calculatまon of dielnet productioTl．  
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carbon was taken to be 6．90Ⅹ10－12 gc／cell． Since  

Carbon contents of algal cells under nutrient－1i皿ited   

natural conditiorlS have been reported as a half of   

those of the cultured cells which are not nutrient  

linited（ANTIA et al．，1963），3．45Ⅹ10－12 gc／cellvas  

assumed to be celL carbon for O＄Cillatoria  mou監eOti．i．  

Substituting the cellnumber， Which was estimated by   

dividing the dieltotalnet production by cellcarbonI  

into equation2，theintrinsic rate（r＝P）was obtained・  

It wa＄ 0．043（day－1）in the early stage of growth on   

July 27． This was fairlylow，COmPared to the observed  

growth rate（p）of O・064（day－1）in Tablel・Both rates  

of O．071（day－1）on August 31and O．077（day－1）on   

September 7 were si皿ilar to the observed rates for the   

Period fromJulァ 27 to August 31but higher than O．015  

（day‾1）for the period fro皿August 31to Septe皿ber 7．  

Negative rates such as －0．006（day－1）and－0．003（day－1）   

Were Obtained in senescent population duringlate   

au亡umn．  

On the assunption that the meanintrin8ic rate of  

increase（ド）is O・077（day－1），the ultimate naxinum ce11  

number（K）is1950000 cells／cm2， the constant of   

integrationis 54・93 and the starting population density  

NQis35500・ The calculations were made forin situ  

Of tbe Osclllatori．a  growth  mougeoti蔓 populatまon by  
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using equation 3，and the results are giveflin Fig．2．   

Thelos8 0f standing algalcrop resulting fromimpair   

PrOCeSSeS SuCh as nortality，Sinking，graZing，and   

horizontaladvection night contribute slgnificantly to   

POpulation dynamics but this was not corlSideredin the   

PreSent Calculation． The predicted growth curve   

rese皿bled the observed one fairly wellin shape and   

magnit土ude．  

（3） Growth analysis of modelphytoplankton community  

that consists of three ＄PeCies populatiosin  

hypothetical water body 

Calculation procedure was nearly the sarne as that used  

些OugeOtユi．  か土elnet  Osclllatoria  for a popula亡ion of  

photosynthesis（Pn）ofindividualcells at a given depth   

in the vater body was calculated by the fo1loving   

equation（TAKAHASHI，PerSOnalco皿munication），  

Pn ＝＝ f厄ax・D・（1－  ）－ 24 R  （4）  

1＋ a・エd皿aX  

where Pmaxis the maximun photosynthetic rate（gC／cell   

volume／hr）on P vsIcurve，Dis the daylength（hr）   

＝d・皿aXis thelightintensity at a given depth（d），ais   

the constant for P vsIcurve and Ris the resplratiQn  
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（gC／ce11volume／hr）。ThelightintensityId・maX WaS  

Calculated by  

Id皿aX＝Ⅰ皿aX・Sin2（∬／D）・e 
－kd  

（5）  

WhereInax is the surfacelightintensity at solar   

noon，kis the extinction coefficient． The resplration   

（R）was estimated to bel／20 0f Pmax． Dielincrease   

Of biomass（cellnurnber△N）per one cellwas calculated   

by dividing the dielnet photosynthetic product per cell   

by ce11ular carbon of each species，  

ムN ＝Photosynthetic product／cellular carbon  （6）  

Where cellular carbon was estimated from cellvolume by the   

STRATHMANNts equationo The growth ra亡e for each species   

vas calculated as follows，  

（7）   γ＝1n（1＋AⅣ）－1nl  

The growth ofindividualspecies populations wa＄  

predicted by substituting pinto the equation N三＝Noe〃t，  

Where No and N are the cellnumber ofinitialand t days   

laヒeT．  

Dielphoto＄ynthetic products at depthsl，4 and 7 m  
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Were Calculated by equation 4 for three species；  

蜘 叫声， ⊆yclo亡ella sp．and  Oscillatori．a  

mou只eOtii．   The value＄  Of a in equation 4 were  

，88．1for  determined to be 26．1for Melosira varians  

Cyclote11a sp．and 310．2 for Oscillatoria   

Pmax werel．5 Ⅹいr15，1．68Ⅹ10‾15andl．68Ⅹ＝r15g叫m3川  

respectively，fro皿 P vsI curves presentedin Fig．4．  

The valueI皿aX  WaS aSSuned to be O．61y・皿irrland the   

nean extinction coefficient k of O．75 was chosen on the   

basis of the field surveys made in Lake Ⅳakanu皿a．   

Results are summarizedin Table 2． Photosynthetic rates  

and Cyclotella sp．are9．85Ⅹ10－1㌔c  Of Melosira varians  

／pm3／day and15・36Ⅹ10－15gc′r皿3／day，reSPeCtively at  

lm depth∫ and decrea＄ed vith tovards deeperlayers． On   

the contrary，the photosynthetic rates of Oscillatoria   

mougeotiiwere higher at depths 4 and 7 m than atln  

depth・ The dielincrease of cellnu皿ber and the growt  

rate were high atl皿 depth   

and CycIotella sp．， While  

for both Melosira varians  

those of Oscillatoria  

mougeotiivere higher at deeperlayers．   

The diel net production at a glVen depth was   

Calculated for three species populations and their   

SuCCeSSive growth vas predicted by sunming up the diel   

net production． The starting population densityis   

assumed to belOOO cells／皿1． The results are shovnin  
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Fig．4・ Photosynthesis－1ight curves  

Of Melosira varians，CycIote11a sp．and  

Oscillatoria mougeotii used for the  

calculation of diel net production of 

each species．  
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Table・2 Dielne七produc七ionJdielcellincrease and specific  

grow七hra七e（tl）of七hree phy七OPLank七On SPeCies・  

rela七ive  dielne七  dielne七  CeLl  

ligh七  produc七ion produc七ion lnCreaSe  

in七ensi七y  （1615gc／  （1615gc／  

〃m3′day）  cell／day）  

Melosira var土ans  

61．4ヲ左（1m）  

26．8％（4m）  

2．9ヲg（7m）  

1654．8  0．08   

1409．5  0．07  

495．6  0．02  

Cyclo七ella sp．  

61．4％（1m）  

26．8 （4m）  

2．9ヲg（7）  

1396．5  0．13   

1271．0  0．11  

563．7  0．05  

Oscilla七Or土a  mougeo七土i  

61．4％（1m）  7．6  

26．8％（4m）   10．2  

2．9％（7m）  8．8  

237．7  0．07   

320．8  0．09   

277．3  0．08  
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Fig．5． After ten days，both sun－tyPe POpulations of  

Cyclotella  SP．and Melosira varians predominate at the  

euphotic layer （1m，4 m） and the shade type  

Oscillatoria  POpulation prevails at the bottom of the  

euphoticlayer where thelightintensityis reduced to   

5冤 of the surface． The calculated vertical distribution   

patterns of three species populations which are coⅡ‖nOn   

in Lake Nakanu皿a COincided fairly we11with the observed   

data．  

4．4 か土scu8日ion  

The coincidence of predicted and observed growth  

mqugeotiipopula亡土ons suggests  CurVeS Of Osc土11a亡Oria  

that theloss of standing crop would be negligibleinthe  

mougeotii populatians for the 丘eep Oscillatoria  

The increment of Oscillatoria  Substantialperiod．  

mougeotiipopulationin the meta－ Or hypolimnion may be   

due toin situ photosynthetic growth rather than the   

accumulation of senescent algae sinking fro皿 the   

euphoticlayer． 工n this connection，itisinteresting   

to note that this species could not be detected in the   

epilimnion throughout the study period．  

As for the occurrence of the discrete metalimnetic  

maxi皿um Of Osc土11a亡Oria  画，mOre data are  
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Fig．5． The population growth of three  

Phytoplankton species at different depths；  

（H），Cyclotella sp．（C）  

mougeo亡il（0）． The growth  

Melosira varians  

and Oscillatoria  

Of each species was estinated from the diel  

net production of respective species．  
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neces8ary tO analyzeits formation mechanisms。 Surface   

COnCentrations of nitrogen and phosphorus in IJake   

Nakanu皿a Were reduced to undetectablelevels during   

Summer but they were highin discontinuitylayers．Under   

SuCh condition＄ Of stable stratification， blue－green  

algal species such as Anabaena，  MicエーOCyStis，  

Aphanizomenon are able to control their vertical  

position by the regulation of the buoyancy（REYNOLDS，   

1973，1976）．Itis thereforeinferred that metalimnetic  

max土ma o王 Oscillatoria mougeo亡  are probably for皿ed by  

theinteraction of their photosynヒetic activity and   

もじoyancy in rela亡ion 亡O nutrien亡 ava土1abili亡y， aS   

docunented by REYNOLDS（1973）and KLEMER（1976）．  

The si皿ulation for Oscま11atoria  些旦叫 has deal亡  

With the community of a single algalspecies that has   

typlCalshade－type Photosynthesis properties． When this   

extreme siⅢplificationis takeninto consideration，the   

agree皿ent With observed datais encouraglng．The results   

Can Certify the predictive ability of such mechani＄tic   

approach to phytoplankton ecology．  

The growth dynanics of three species populations was   

Predicted by the mechanistic models，and it well   

interpreted naturalphenornena． The field observations   

on the vertical distribution of three species in Lake 

Nakanuma suggest that because of comparatively slow  
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growth rates prevailingin deeplayers，i亡is unable to   

COmpete for the niche wiヒh the faster growing diatoⅢ   

foundin the surfacelayer． Oscillatollia mougeotii  

With a shade－type P v8Icurve should be dominan亡 at   

intermediate depths， because ofits photosynthetic   

ability at the light intensity lower than that   

required for the survival of the other two diatom   

SpeCies． Vertical differentiation of species   

distribution wi11mainly be regulated by the species   

SPeCific photosynthetic behavior tolight gradientin a   

Water bodY． The results reported here used only one   

niche dinension，but the mechanistic approach could   

easily be expanded toinclude nore di皿enSions such as   

nutrients．  
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Chapter 5  

The relationship between phytoplankton diversity  

and trophic status of inland waters 

5．1工ntでOduction   

Species diversity，One Of theinportant character－   

istics of a naturalcom皿unity，haslong attracted the   

interest of researchers． For aquatic communities，the   

relationshipl）etWeen phytoplankton diversity and the   

trophic ＄tatuS Of water has been discussed by several   

investigators． MARGALEF（1968）applied theinfor皿ation   

theory to a study of phytoplankton species diversity，   

and proposed that diversity waslowin eutrophic waters   

and highin oligotrophic waters． MOSS（1973）studied   

phytoplankton diversityin waters having three different   

trophiclevels and agreed with MARGALEFTs hypothesis．   

Our studies on 24 bodies of water with different trophic   

StatuS have produced results somewhat different from   

those of previous studies． We found that phytoplankton   

diversity vaslowin oligo－ and hypere一ユtrOPhic waters   

and highin meso－ and subeutrophic vaters．  

MARGALEF（1968）interpreted the changesin phytoplank－   

ton diversity to be changesin the amount ofinformation  
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accumulatedin each water nass． MOSS（1973）explained   

that phytoplankton diversity varied according to the   

degree of overlapping a皿Ong SuCCeSSional ＄PeCies   

POPulations． We believe that bo亡h high andlow nutrient   

WaterS Create alow diversity，While a multi＄PeCies，   

high diversity phytoplankton com皿unity prevailsin   

皿Oderately nutrient－rich waters．  

The purpose of this studyis to define the relation－   

Ship betveen species diversity and nutrientlevel，and   

to propose a plausible mechanism for contro11ing species   

diversitF Of the phytoplankton co皿munity．  

5．2 Materials and Methods   

Field studies were carried outin Hi皿Onya Pond，Tokyo，   

alha hypereutrophic pond of 2 m maximum depth，andin   

I，ake Nakanuma，IbarakiPrefecture，al．2 ha eutrophic   

lake of13．5 m maximun depth． Water samples were   

COllected monthly using al．5 cminner dianeter poly－   

ethylene tube vhich was held t）y hand andlowered by   

a string to a depth just above the ther皿OCline，and then   

pulled up by the strins●  

A11the phytoplanktersin the vater collユmn Of the   

mixedlayer were co11ected by this method． Samples were  

filtered through glass fiber filters（Whatman GF／C）．  
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Phosphate，ammOnium，nitrate and nitrite concentrations   

in 亡he filtrate sa皿Ples were deternined according to   

the methods described by STRICKLAND and PARSOⅣS（1972）．   

The amount of chlorophylla orlthe filters was rneasured   

SPeCtrOPhotornetrically（SCORNUⅣESCO1966）。  

Diversity of the phytoplankton community was expressed   

On the genuslevelbecause of the taxonomic difficulties   

Ofidentifying allthe algae to the species． A 50 ml   

SamPle was fixed by LugoITs solution，and phytoplankters   

Vereidentifiedin random fields of a counting chamber．   

The identified cell n11mbers were about lOOO ce11s and   

lOO cells for the samples of Hi皿Onya Pond and Lake   

Nakanuma，re＄peCtively． Phytoplankton diversity（H）was   

Calculated by the SHANNOⅣ－WEAVER（1963）furlCtion，  

Ni  Ni  
log2  Ⅱ ニ ー ∑   

Where fIis expressedin bits per cell，N is the cell   

nunber ofi－th genus and Ⅳis the totalof counted   

Cells．  

5．3 Results  

（1）Phytoplankton componentin the two bodies of water  

The amounts of chlorophylユ ain Hi皿Onya Pond varied  

from 20mg／m3in Dcec皿ber to 246mg／ポ土m Sep亡e皿もer（アig．  
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1－A）． Theselarge aⅢOuntS Of chlorophy11aindicate   

that Tii皿Onya Pondis hypereutrophic． A blue－green alga，  

，dominated throughout the survey  Microcystis aer  1nOSa  0  

Period， and smallnumbers of the blue－green algae，  

Osci11atoria and Anabaena，and the  dlato皿 FraR土1ar土a，  

Were also present． Microcystis density started to  

increasein Apriland showed two maxima of9●4Ⅹ105  

cells／mlinlateJune and15 Ⅹ105 cells／皿Iinlate   

September．It then decreased tolOO cells／皿1inlate  

Nove皿ber． Oscillatoria  appearedin measurable numbers  

in Aprま1andincreased to high concentration of9・3Ⅹ105  

cells／皿1inlate May，and then dropped abruptly to a   

smallnumber oflO cells／皿1in August． A smallpeak of  

Aphanothece occurredin Nove皿ber．  Anabaena  

Werein relativelylow numbers throughout  and Fra  ilarまa  

亡he year．  

Chlorophy11concentrationsin Lake Nakanuma ranged  

£rom 3皿g／m3in August1976 to17mg／m31n Maァ1975   

（Fig．2－A）． Such moderate amounts of chlorophy11旦   

Show that Lake Nakanumais eutrophic． The phytoplank－  

，仲立と聖旦  Melosira varians   ters vere the 丘iatoms，  

and坤，and the green alga坤旦・   

Melosira varians d・Ominated fro皿 Winter to spring with a  

max土mu皿Of3．1Ⅹ103⊂ells／mlin April1975，and was  

relativelYlowin number during the summer． Synedra  
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line）and dominant phYtOPlanktonin Himonya Pond． B：  

Seasonalchangesin phytoplankton diversity（dashed  

line）andinorganic nutrientsiIIHimonya Pond．  
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生返 WaS relatively abundantin Aprilbutlowin the  
other seasons．Scenedesmus showed a peak of2．3Ⅹ103  

⊂e11s／mlin October1975 and renainedin substantial   

nunbers throughout the year．  

（2）Phytoplankton diversity and nutrient concentrations  

in the two bodies of water  

Seasonalchangesin the diversityin Ⅱimonya Pond   

approximated those of NO3－N and the totalinorganic  

nitrogen，although the diversity decreased more slowly   

than the nitrogen（Fig．l－B）． High values of 2 bits／  

Ce11for the diversityindex，5011g－at N／1for NQ3－N  

and 56・7pg－at N／1for the totalinorganic nitrogen  

appearedin the spring・ As the NO3－N and totalnitrogen   

Vere depletedin 亡he su瓜mer，the 丘ivers土亡y decreased   

reaching thelowest at O．31bits／cellinlate August   

When NO3－N and the totalinorganic nitrogen werel・2  

Pg－at N／1andl・5flg－atⅣ／1，reSPeCtively・Allthree  

factors began toincreaseinlate autumn and reached  

fairly highlevels oflbit per cell，55．2pg－at N／1  

and6l・O pgqat N／1，reSPe⊂tively，by the end of the  

year・  

The d土vers土亡y wlthln the phytoplank亡On COmmun土ty of   

Lake Ⅳakanuma fluctuated between 2．O to 3．5 bits／cell，  
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although the concentrations of NH4－N，NO3－N and the  

totalinorganic nitrogen shovedlarge seasonalchanges   

With two peaksin May andI）ecember（Fig．2－B）。 The   

COnCentrations of NH4－N and NO3－N began toincreasei  

early autunn，and NH4－N reached a highlevelof12・5  

71g－at N／landⅣ03－N a highlevelof8・O pg－at N／1in  

December1975・（Fig．2MB）． These nutrients decreased to  

lowlevelsless than 2．O flg－atⅣ／1by Apri11975，but  

increased againinlate spring． On the other hand，the   

diversity decreased slightlp from autumn 1974 to spring 

1975・ Sharp reduction of NH4一打and NO3－N occurredin  

early sunmer of both years，andlovleveLs developed by   

the end of August，although the diversity oscillated at   

a higherlevel． Thus，the correlation between diversity   

and nutrient concentration was not as obvious in Lake   

Nakanu皿a aSin 壬王imonya Pond．  

（3）Modelanalysis of nlユtrient effects on the growth of  

phytoplankton populations   

Fiel丘 observations demonstrate that extremely high   

COnCentrations of nutrientsinduce develop皿ent Of   

a phytoplankton community containing only a few   

POPulations，Whereas moderate nutrient concentrations   

promote for皿ation of a multispecies phytoplankton  
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COmmunity． The changesin phytoplankton diversity as   

a function of the nutrient condition of the waters can   

be expressedin the following si皿Ple皿athenaticalmodel   

Which was deslgned to si皿ulate the growth of   

phytoplankton under various nutrient conditions．   

I）uring the exponentialphase，the growth of a popu－   

lation in a phytoplankton assemblage can be expressed by 

r土亡  ni亡ニ（1－D）・nio・e   （1）  

in which nio and nit are the ce11number or bio皿aSS Of  

i－th population at ti皿e ZerO and after a period of   

ti皿e t（day），eis the base of natura1logarithm，r；is   

the specific growth consta，nt，and］〕is the mortality  

（day－1）．The dependence of phytoplankton growth on   

n11trients can be represented by the Monod equation，  

piエリm土・（  （2）  

ks土＋S   

Vhere piand pmiare the specific growth rate and the  

maxim一ユm SPeCific growth rate ofi－th species populations  

in unit of tine（day－1），Sis the concentration of  

nutrientin waters（pg－at／1），and ksiis the half  

Saturation constant fori－th species pop111ation．Fro皿   

eq・2Jthe specific growth constant forihth species  
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population wlllbe  

riニ1n2・pi  
（3）   

Substituting eq．3into eq．1，the relation between the   

grovth of species populatiorland the externalconcen－   

tration of nutrient can be written by  

ni亡顎（1－D）・nio・ eln2・♪i   （4）   

Asinorganic nutrients areincorporatedinto the   

Phytoplankton cellduring the growth，the concentration   

Of nutrients in the water decreases as the biomass of   

the phytoplankton asse皿blageincreases． This situation   

Can be expressed by  

（5）  S亡記So－Sc∑（n土t－n土0）   

Where so and st are nutrient concentrations at 仁iⅢe  

ZerO and after a period of tine t（day），（nit －nl。）  
is theinreasein cellnumber ofi－th species population   

during the period fro皿 to tO tIand scis the nutrient   

COntentin each phytoplankton cell． The successive   

growth of each different poulation can be obtained by   

repeated use of eqs．2，3，互 and 5．Thereby，the cell   

numt）er Of each population arld the totalcellnuⅢber of   

the phytoplankton asse皿blage can be esti皿atedin a ti皿e   

SequenCe． The successive changesin species diversity   

Can also be computed by the SHANNON－WEAVER functiorl．  
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We applied this theoreticalgrowth modelto a phyto－   

Plankton assemblage containing three species（sp．1，2   

and 3）allwith different ks andJI Values・Inorganic   

nitrogen was considered to be ali皿iting nutrient vhich   

regulates phytoplankton growth． One hundred，10 andl  

Jlg－at N／1were used as the threeinitialnitrogen  

COnCentrations（＄）． These amounts roughly correspond to   

those of hypereutrophic，meSO－ Or eutrOPhic and oligo－   

trophic waters，reSpeCtively。 Other constants usedin   

the calc111ation are presen亡edin Tablel・ The ks values   

Were adopted fro皿 the data for nitrate uptake of diatom   

Citedin the table of PARSOⅣS and TAKAHAS托工（1977）． The   

initialcellnumber（ni。）was arbitrarily assumed to be  

14 cells／mland the nitrogen content 5 pg／ce11for each   

SPeCies．  

Under a high nutrientlevel，the sp．1population   

increased rapidly with an abrupt exhaustion of nutrients   

（Fig．3－A）． The number of cells reached a maxi皿um Of 25  

Ⅹ104cells／mlafter12days，and s坤Sequently皿aintaind  

a steady state vith only a smallfluctuation． The   

nitrogen concentration was depleted vithin two veeks，   

and after thatit maintains a steady state with a small  

OSCillation from near－ZerO tOlO pg－at N／l・This fユuc  

tuation may result from a balance between the release of   

nutrients through mineraliz；ation of dead cells  
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Tablel・Cons七an七s used for七he grow七h model・  

ks  p  ini七iaL mor七ali七y N con七en七  

（yg－a七Ⅳ／l）（doublings／ceil  （／day）per ceユI  

day）   number（／ml）  （pg／cell）  

SpeCles1  6．0  1．5  14  0．1  5  

SpeC土es 2  2．5  1．0  14  0．ユ  5   

SpeC土es 3  0．5  0．5  14  0．1  5  
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nitrogen・Initialnitrogen concentrations were100ノ1g－  
at N／l，10Jlg－at N／landlpg－at／1・  
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（mortalityis assumed to be O．1per dayin the   

Calculation）and the rate of nutrient uptake by living   

Cells． The growths of sp．2 and 3 are considerably   

Slower． CorlSequently，the sp．1population predoninates   

OVer the other species under high nutrientlevels，and   

SpeCies diversity declines．  

When the a皿Ount Of the nutrient was not so abundant   

asin the hypereutrophic waters，Sp．1grows faster   

during theinitialstages with a maximum population of  

19Ⅹ103cells／nl，and subsequently，gradually declines  

due to a decreasein nutrient（Fig。3－B）． The growth of   

SP・2Iand especially of 3事is slower than sp・1but   

Steady， arld their cellnu皿bers exceed the number of sp．   

1after 40 daysin the former and two monthsin the   

latter． Therefore，nO SpeCies predominates and the   

Phytoplankton diversityis maintained at a highlevel・  

In the oligotrophic environment（Fig．3－C），＄p．3 grows   

Slowly but continuously，While sp．1and 2 are extre皿ely   

difficult to grow because of thelack of nutrients・ As   

a result，＄p．3 predo皿inatesin the conmunity and   

SPeCies diversityis reduced fairly we11・  

The calculated diversity at a steady stateisl．25in   

the eutrophic environ皿ent and O．25 － 0．50in the hyper－   

eutrophic or oligotrophic waters． Compared with the   

Calculated values，diversity varied seasonally from  
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2．O to 3．5in the eutrophic Lake Nakanuma and from O．3   

tolin the hypereutrophic Hi皿Onya Pond． The calculated   

and the observed values of diversity coincide fairly   

Vell．  

5。4Ⅰ）iscussion   

Severalexplanations have been proposed to explain   

the relationship between phytoplankton diversity and   

the trophic status of waters． Based oninfor皿ation   

theory，MARGALEF（1968）proposed that eutrophic waters   

arein皿ature eCOSySte皿S affected by 皿any disturbances   

SuCh as theinflow of urban drains and fertilizers，and   

they contain a smalla皿Ount Ofinformation（low   

diversity），While oligotrophic waters are 皿ature   

ecosystems containing alarge amount ofinfor皿ation   

（high diversity）． tIowever，this approach to phytoplank－   

ton diversity does not clarify how the nutrient condi－   

tion of the water affects phytoplankton communities，Or   

how diversity responds to the trophic status of waters．  

We haveillustrated the mechanism which regulates   

Phytoplankton diversity by consideI．ing the amounts of   

nutrients in two bodies of waters and their effect on   

Phytoplankton growth． The reslユ1ts obtained demonstrate   

the relation of species diversity of phytoplankton  
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COmmunity to the trophic status of water． Na皿ely，   

the diversityislowin hypereutrophic or oligotrophic   

WaterSIand highin meso－ Or Slightly eutrophic waters・   

The calculations coincieded we11with the patterns   

Obtainedin field surveys．   

Another explanationin which nutrient concentrations   

in the environment Were takeninto account was proposed   

by PETERS即寸（1975）． He constructed a 皿Odelin which two   

nutrientsli皿ited phytoplankton growth．In his 皿Odel，   

the ratio of nutrientlto 2 regulated phYtOPlankton   

diversity． On the other hand，Our 皿Odelindicates that   

absolute amounts of nutrients can regulate the phyto－   

Plankton diversity．  

Various hypotheses have been proposed to explain the   

rnechanism which causes the differencesirlphytoplankton   

diversity． Some of these were based on the continuous   

variationin environ皿erltalconditions（HUTCHINSON1961；   

GRⅣⅣEY et al．1973），a patChy distribution of the phyto－   

plankton（R＝CHERSON et al．1970），Or the chance for   

OVerlapplng Of the succeeding phytoplankton populations   

（MOSS1973）． Our proposalis compatible vi亡h these   

hypotheses． The phytoplankton diversityin natural   

COmmunities would・be better explained by conbining our   

hypothsi・S With those previously proposed・  
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Chapter 6  

A mechanistic approach to co皿Peti仁ion among species   

in phytoplankton co皿munity forli皿ited nutrients  

6．1工ntroduction  

The species composition and succession of phytoplank－   

ton communitiesinlakes are associated with the trophic   

StatuS Of waters． This phenomenon willbe attributed to   

theinterspecifi⊂ COnPetition and the differencein   

growth responses of individual phytoplankton species to 

successive changes in environmental factors such as 

light，temperature and nutrient． E8PeCially，nutrient   

regulation ＄eemS tO beimportant atlow concentrations   

Of nutrien亡S． Therefore，itis expected that the 血OSt   

fundarnentalapproach to the understanding of mechanis皿S   

for species succession of phytoplankton co皿munitiesis   

to predict the species－SPeCific nutri占nt utilization   

andits relationto phytoplankton growth． CAPERON（1967）   

and DUGDALE（1967）showed that the rate of nutrient   

upta．ke by phytoplanktonis dependent on external   

nutrient concentrations at lov concentrations and this   

relationship can be described by the MICt‡AEL工S－MEⅣTEN   

kinetics．EPPLEY and THOMAS（1969）demonstrated  
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experi皿entally that the nutrient effect on phytoplankton   

growth can be approximately expressed by a hyperbolic   

function，the Monod equation，in which the essential   

feature can be explained by the two parameters，half－   

Saturation constant k5 and the 皿aXimun attainable   

grov亡h rate pm・Many studies have already revealed  

that phytoplankton inhabiting in eutrophic waters have 

higher ks and Tlm Values than thosein oligotrophic  

WaterS（EPPLEY et al．，1969；EPPLEY and THOMAS，1969；   

CARPENTER and GIULLARI），1979）． The Monod equation has   

been used recently by TILMAN and K工L注AM（1976）and TILMAN   

（1977）toi11ustrateinterspecfic competition of   

phytoplankton species for nutrients and they ＄treSSed  

that differencesin k5 and pm are essentialvhen  

different phytoplankton spe⊂ies compete their growthin   

naturalwaters of variotlS trOphic status．  

＝n the present study a11these past findings were   

reexa皿inedin naturallakes of diffenent trophic   

COnditions． Furthermore，differencesin species diver－   

Sity observedin naturalwaters vere analyzedin respect   

Of the differencesin phytoplankton growth frorn the   

Viewpoint of nutrient availabilitY． Si皿Ple growt   

皿Odels vere e皿Ployed to account for the dynamics of   

Phytoplankton community structure．  
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6．2 Materials and Methods   

Field surveys vere carried outin the water bodies   

Of different trophic conditions．The ma30rity of which   

belong to hypereutrophic or eutrophic types． Water   

SamPles were collected with anintegrating sampler．   

Al．5 c皿inner diameter polyethylene tube connected to   

a suction－pumP VaSlowered to the desired depth，and   

SamPle water was pumped up．This sampleris advanta－   

geous becauseit can supply a homogeneous collection of   

Phytoplankton and collect allthe phytoplanktonin a   

CO皿plete column of water down to a desired depth（LUⅣD   

and TALL＝ⅣG，1957）． Collected water was filtered  

through glass fiber filters（Whatman GF／C）．Nutrient   

（phosphate，ammOnium，nitrate and nitrite）concentra－   

tionsin the filtrate sa皿ples were determined aこCOrding  

to the methods described by STRICKIJAND and PARSONS   

（1972）．  

The growth of a species population was approxi皿ated   

by thelogist土c equa亡まon，  

（1）  

1十 k・e－rt   

Where nis the cellnu皿ber at the time t， Kis the   

attainable maximum cellnumber，ris theintrinsic  
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growth rate and kis theintegration constant．   

The values of r and k were calculated by using the  

Observed n and K．Specific growth rate（p）was calcu－  

1ated by the following equation based upon the cell   

nu皿t）erincrease estimated from thelogistic equation，  

1  1n n2－1n nl  
（2）  

〃 ＝  

1n 2  t2 － tl   

WhereJユis the specific growth rate（doublirlgS／day），and  

nland平2 are the calculated cellnumber（cells／皿1）at  

tland t2 T reSPeCtively・I）iversity of the phyto－  

plankton was expressed on the genuslevelandit was   

Calculated by the SfIANNON－WEAVER function（1963）as   

describedin Chapterland 5．  

6．3  Results  

（1） Growth of so皿e SPeCies populationsin natural  

Phytoplankton co皿皿unities  

Grovth patterns of typicalspecies populations are   

Shownln アig．1． Growth of 土ndividualpopulations was   

expressed approxi皿ately by thelogistic curve． The   

maximum cellnumber（K），theintegration constant（k）and   

theintrinsic growth rate（r）for each species are  
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Sum皿ari2：edin Tablel。 Microcystis vas the most  

dominant phytoplankton in hypereutrophic waters during 

the sunmer．The values of芯，k and r vere15Ⅹ105  

cells／皿l，7．95and O．025（day．1），reSPeCtively，during  

the active groving season・  Ⅲelos土ra  predom土natedin  

eutrophic waters during the period fro瓜 a11tumn tO   

SPring． The cardinalvalues for the growth curve of  

Melosira were X ＝ 2．1Ⅹ103 － 3．7 Ⅹ  103，k＝ 2●97－3．68  

prevailed 土n  and r ＝ ＝ 0．013 － 0．02． Cyclotella  

eutrophic waters during su皿mer and the cardinal  

values were K＝6．1Ⅹ102－8．0Ⅹ102，k＝9．17－10．42  

and r ＝ 0．029 － 0．035． Scenedesmus also appearediJl                                                                                                        「  

eutrophic waters during sum皿er and the cardinalvalues  

vere K＝＝5．0Ⅹ102－5．7Ⅹ102，k＝2．57－4●18，r＝  

0．029 － 0．036． Tbe grovth curves vh土ch were こalculated   

from eq．1by using these 皿eaSured values are show  

in Fig・1・The specific grovth rate（f）of each species  

population was calculated on the growth curve by using   

eq．2． The results are also shownin Fig．1． The speci－   

fic growth rate was high at theinitialgrowth stage，   

andit gradually decreased with the progress of season．   

The lower values were predicted at the later growth 

Stage．  

（2）Relaヒionship between specific grovth rate and  
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Tablel・ The maximum cellnumber（K），七heintegra七ion consl：an七（k）  

and七hein七rinsic grow七h ra七e for four freshwa七er phy七OPlank七On．  

K  

（cells／ml）  

0．025  7．95  阻crocys七土s  1530000  

0．013 － 0．200  2．97 － 3．68  2100 － 3700  Melos土ra  

0．023 － 0．036  9．17 －10．42  610 － 800  Cyclo七ella  

0．029 － 0．036  2．57 － 4．18  500 － 570  Scenedesmus  
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nutrient concentra亡土on  

The specific growth rates of each species vere   

Plotted against the glVen COnCentrations of nitrogen   

and phosphate encountered at the sa皿pling ti皿e． As   

Shownin Fig．2，the relationship betveen specific   

grovth rate and concentration ofinorganic nitrogen   

and phosphate was approximatedl〕y the MONOI）eqlユation；  

S  

♪ ＝♪皿  
（3）  ks ＋S   

where p and p, are the specific growth rate and maximum 

SPeCific grovth rate（day），reSPeCtively，Sis the  

COnCentration of nu仁rientin water（pg．at／l）and ks  

is the half－Saturation constant．tn each species   

population，the values ofJlmand k for totalinorganic  

nitrogen and phosphate were determined by using the   

Monod equation，and the results are summarizedin Table   

2． The re＄POnSeS Of specific growth rate to nutrient   

COnCentrations differed slgnificantly betveen species．  

The values of pm ranged fro皿0・044in旦些や阜ヰ早即叩鱒tO  

for nまtrogen，and from O．046in  0．027in Helo5ira  

stis to O．024 まn Melo8ira for  Hicroc  phospムate  

Phosphorus． ＝nterspecific difference of the haユf－   

Saturation constant was also noticeable． The 皿eaSured  
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ksin妙VaS O・68pg－at P／1for phosphate and  
O・04rg－at N／1for totalinorganic nitrogen。On the  

the k5in Melosira，Cyclotella and  COntrary，  

0・7pg－a亡P／1for  Scenedes皿uS ranged fro皿 0。02 to   

phosphate，and fro皿1・62to2・08 pg－atⅣ／1for total  

inorganic nitrogen．  

（3）GTOWth analysis of spe⊂ies populationsin a  

Si皿ulated modelphytoplankton asse皿blage  

The mathematicalgrowth nodele皿Ployedin the present   

Study vas the satnein principle as that usedin Chapter   

5・ A phytoplankton asse皿blage was assumed to be cornposed of  

Of Hicrocystis，Cyclotella and  three species  

ScenedesmlユS．These species are widely distributedin  

hypereutrophic and eutrophi⊂1akes． Procedures of   

growth analysis willbe described briefly． At the   

exponentialgrowth stage，the growth of a population of   

each co皿POnent SPeCiesin a phytoplankton asse皿blagecan   

be difined as follovs；  

n亡＝（1－D）・no・e－ヂt  
（4）  

Where no and nt are the cellnumbers of a population at   

ti皿e ZerO and after a period of time t，eis the base  
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Of naturallogarithm，ris the specific growth constant，  

andI）is the皿Ortality（day－1）．  

The relationship between phytoplankton growth rate   

andli皿iting nutrients can be described by the fo1lowing   

externalnutrient control皿Odel；  

s  sl  
（5）  p ＝；p皿・  

ks＋S  ksI＋SI   

Where s and sIare the concentration of nutrients（s and   

S†are totalnitrogen and phosphatein the present  

Study），and k5 and kst are the half－Saturation constants  

Of the nutrient－reSpOnSe（k5 and k5－ correspond to the   

constants for total nitrogen and phosphate in this 

Study，reSpeCtively）．  

The specific growth constant rin eq．4 willbe  

sl  
（6）   r ＝1n 2・p皿  

ks＋ S  ksI＋sl  

Fro皿 eqS．4 and 6，the dependency of species population   

growth on externalcorlCentrations of nutrient can be   

Writtenl〕y  

SI  

n亡＝（1－D）・n。・e （1n2・♪m  
（7）   

ks＋S  ks†＋ST  

Then the decrease of externalnutrients（nitrogen  
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and phosphate）caused by the growth can be expressed   

as follows；  

S亡＝ So－Sc （nt－no）   

St－＝So † －ScI（nt－no）  
（8）  

where sa and st are the concentration of external total 

inorganic nitrogen at tirne zero and t；Sら and s； are  

the concentration of externalphosphate at tine zero   

and t； S and s7 are the content of nitrogen and   

Phosphatein a phytoplankton cellIreSPeCtively・ At   

the first step for the estimation of parameter s and  

s†in the three species  Microcystis，Cyclotella and  

Scenedesm11S，the carbon contentin a cellwas calculated  

from the cellvolume of each 8peCies by using the   

STRATHMAN equation（1967）． Then nitrogen content（s）   

WaS determined fro皿 the carbon content by use of a   

C：N ratio of 3（ANTIA et al．，1963）． The content of   

phosphate（sご）per cellwas esti皿ated from the content  

Of carbon per cellby using a N：P ratio of 25 for  

Scenedesmus．  Microcystis，15 for both Cyclotella and   

The parameters  
pm， 
ks and k三 for the three species were  

taken from Table 2． The concentration of nitrogen and   

Phosphatein a postulated water was set to be50pg－at  
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Table2・ The grow七h parame七ers and nu七rien七con七en七S f■or four fresh－  

Wa七er phy七OPlank七On．   

ks  k主  Tlrn  N con七en七 P con七en七  

（Jl計a七N（pg－a七P（doublings（㌢計a七N  （pg－a七P  

／1）  ／1）  ／day  ／ceil）  ／cell）  

3．75Ⅹ10－7 1．43Ⅹ10－8   

－7  
1．07Ⅹ10－6  7．13Ⅹ1  

M土crocys七土s  O．04  0．67  0．031  

－ 0．033   

0．02  0．024  

－ 0．027   

0．06  0．037  

－ 0．037   

0．06  0．044  

－ 0．046  

Ⅲelosira  l．73  

－7  －6  
1．10Ⅹ10  7．33Ⅹ10  Cyclo七ella  l．62  

＿6  
1．39Ⅹ10  

ー7  

Scenedesmus  2．08  9．26Ⅹ10  
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Ⅳ／1andlO pg－at P／lfor a hypereutrophi⊂Water，and  

lOJlg－at N／1andlpg－at P／1for a slightly eutrophic  

Vater． These nutrient concentrations are frequently   

encounteredin naturalsurface waters oflakes．By using   

these parametersIthe successive growth of each   

different population under glVen COnditions was   

Calculated vith a computer by repeated use of eqs・5I6I  

7 and 8． The results areindicatedin Figs．3A and B。   

Under the hypereutrophic status three species   

populationsincreased equallyin the first 20 days，   

depending on abundant nutrients． During this period   

亡Otalinorganic nitrogen decreased rapidly and reached a  

lowlevelof O・001pg－at N／1・On the corltrary，  

Phosphate stillremained at a highlevelof 7．9  

Pg－aヒP／l・After20days both species  Cyclotella and  

did not show any increase and maintained a Scenedesmus  

Steady state． Microcystisincreased exponentially and  

reached a maximum of about 25Ⅹ104cells／mlafter180  

the Bteady state Microcystis population  daァs． At  

CO皿Prised   70冤 of totalcellnunberin a postulated   

Phytoplankton assemblage． Diversity of this phyto－   

Plankton asse皿blage dropped to thelowlevelof O．90 at  

the steadY State．  Both Cyclotella  and Scenedesmus have  

a high ks for nitrogenIand therefore they are not able   

toincreasein nitrogen－depleted waters even though  
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F土g．3 Hodelestimations of growth of  

Microcystis，Cyclotella and Scenedesmus  

under different concentrations ofinorganic  

nutrients． rnitial concentrations of total  

inorganic nitrogen and phosphate phosphoru  

Were50pg－atⅣ／1andlO pg－at P／1for（A），  

andlOノユg－at N／1andlpg－at P／lfor（B）・  

一118－   



Phosphate existed at a highlevel．In the medium of   

Slightly eutrophic status，the populations of Cyclotella  

increased slowly at theinitialstage  and Scenedesmus  

and reached a plateau after 2 months in the former and 

180daysin thelatterIWith a ce11nu皿ber of7●9Ⅹ103  

and 7．7Ⅹ103cells／ml，reSpeCtively．The decreasein   

nutrients occurred gradually and reached the steady  

State after one month． The populatons of  Scenedesmus  

ystis decreased slightly at thelatter stage．  and Microc  

Under such slightly eutrophic conditions any phytoplank－   

ton species cannot develop into a large population and 

the phytoplankton diversityis maintained continuously   

at a bighlevelofl．58．  

6．4．D土日cussion   

As shownin Chapterl，the species composition of phy－   

toplankton communities and the relative do皿inance of the   

different species，na皿ely species diversity，COrrelated   

StrOngly with the trophic status of waters． The   

ecologlCalslgnificance of nutrients to this natural ●  

phenomenon may be interpreted through investigation af 

nutrient kinetics ofindividualphytoplankton species，   

and theinvestigation 皿ay elucidate the 皿eChanisms   

Of population dynamics． A positive correlation was  
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Verified between phytoplankton growth rates andlimiting   

nutrient concentrationsin the present study a8 Wella＄   

the study of EPPLEY and T琵OMAS（1969）。 This relation was   

described t）y the MONOD equation，and the parameter ks   

WaS COnSidered to be species specific because the   

para皿eterS Characterize the relative ability of   

individual species to use Tow levels af nutrients. 

Theoretically，interspecific competition for nutrients   

deter皿ines community species structure；Phytoplankters   

Characteri2：ed bylower ks values predominatein waters   

Withlower nutrient concentrations， While species char－   

rac亡erized by higher ks values dominatein waters with   

richer nutrients． This suggests that the progre8Sive ch－   

angesin available nutrients resultin continuou   

Selection of species which adapts to nutrient changes．   

Thus，there have been nu皿erOuS 皿eaSurementS Of k5 for   

皿any SPeCies of marine phytoplankton． 7Iowever，mOSt Of   

then have been 皿ade oTlnutrient uptake rather than the   

grovth，and can provideless physiologlCalinformation．   

In recent years，there have been reported  studies on   

the ks for grovth of naturalphytoplankton・ CARPEⅣTER   

and GUILLARD（1971）have shovn that the ks values for   

NO3－N－1inited growth of planktonic algaeisolated from  

COaStalwater varied fro皿1・6to6・8pg－at N／l・Similar  

levelof the ks for Ⅳ03－N has been reportedin NO3－Ⅳ－  
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1i皿ited naturalphytoplankton population by EPPLEY et   

al．（1969）． tn the present study，the k5 Values for  

nitrogen－1imited growth ranged froml。62pg－at N／1for  

Cyclo七草11a to2・08㌢g－atⅣ／1for  Scenedesrnus  ，eXCept for  

thelow value in gicrocystis． These values coincided   

Wellwith those of narine specie＄isolated fro皿   

eutrophic reglOnS． ＝t should be noted that Microcystis  

has alow ks value for nitrogen－1i皿ited grovth，and that   

the k5Value was si皿ilar to the nutrient concentrations   

encounterd in sumner under natural conditions．   

Microcystis frequently formed the remarkable dense  

population and co皿Prised  more than 90完 of totalcell   

nu皿ber even vhen theinorganic nitrogen was reduced to a   

undetectable level．  

Thereis considerablylessinformation available   

On the ks values for PO4－P－1imited growth・BENDORF  

（1973）reported that the ks for PO4－P－1i皿ited growth of  

0・02γg－at P／1・でIL河川and  Asterionelユa for皿OSa WaS  

KILHAM（1976）have shovn that the ks of  Asterionella  

formosa was significantly lower than that of Cyclotella 

Tbe ks value was O・02J柑－at Pノ1for tbe  皿enegh土niana．  

former and O．25pg－at P／1for thelatter．In the  

phosphate uptake experiment nade by RHEE（1973）for  

SP・，the ks value of O・6rg－at P／1was  ScenedesⅡ＝ユS  

reported． The results obtainedin the present study  
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P／1for Cyclotella  and O。10Jlg－at P／1   Were O・06pg－at  

for Scenedesmus．  

Theinterspecific co皿petition for nutrientsis often   

believed to be a maJOr determinant of the species   

CO皿POSition and succession of phytoplankton co皿Ⅲunities   

As exanined experimentally by TILMAN（1977）and explored   

theoretically by HSU et al．（1977），the species with the   

lovest k5 皿ay OVerCOme allother species． The dominance  

Of this species could be a cause of decreasein the species   

diversityin phytoplankton communities．For predicting   

the dynamics of phytoplankton communities，the MONOD   

nutrient kinetics has been used by manyinvestigators   

but severalimportant factors have been frequently   

lgnOredin application． First，it has been assuⅢed that   

the uptake and growth of phytoplankton do not affect the   

COnCentration of the nutrients． Hovever，nutrien   

COnCentrationis the property of the environment that   

responds to changes of phyptolankton，and grovthis not   

independent of changesin nutrientlevels． Second，the   

MONOD nutrient kinetics has usually been used under the   

Si皿Ple assumption of an average phytoplankton popula－   

tionIalthough knowledge of complex m111tispecies   

CO皿munitiesis necessary for treat皿ent Of species   

COmPetition and succession． The errors associated vith   

the calculationin which an average k5 Valueis used  

ー122＿   



instead of many kS values for individual species may not 

be negligiblein diverse communities that consist of   

many species． The kinetics of different speciesis not   

Si皿ilar． For examinatまon of this subject，the dynamics   

Of the three species pop11lations and two nutrientsI   

inorganic nitrogen and phosphate phosphorus，Were   

predictedin the present study by use of 亡he MONOI）modeユ   

and thelogistic population growth model． Both皿Odels   

Were rlumerically soIved by using the the parameters k，  

恥and concentrations of nutrients（s）observedin  

nature． The population dyna皿ics predicted by the models   

for the three species populations are consistent with   

the resultsin Lake Ⅳakanuma and Himonya Pond． Th11S，   

this consistency supports the applicability of the   

nutrient competition theory proposed to explain   

succession of phytoplankton communities. 

ー123＿   



6．5 References  

BENDORF，J．（1973）：Prognose des Stoffhaushalts von  

Staugewassern mit hilfe kontinuierli⊂her und  

Se皿ikontinuierlicher biologischer Modelle．  

1＝．Prufung der Prognosegenauigkeit．Int．Rev．  

ges．Hydroも土01．， 58：1－18．   

CARPENTER，E．J．and R．R．GUILLARI）（1971）：Interspecific  

differences in nitrate half－Saturation constant  

for three species of 皿arine phytoplanton．Ecology，  

52：183 －185．   

CAPERON，J．（1967）：Population growth responsein micro－  

Organismsli皿ited by food supply． Ecology，摘：715  

－ 721．   

DUGI）ALE，R．C．（1967）；Nutrientli皿itationin the sea：  

dyna皿ics，identification and slgnificance． Li皿nOl．  

Oceanogr．，12：196 －206．   

EPPLEY，R．W．and W．H．THOMAS（1969a）：Co皿Pari＄On Of  

halトsaturation constants for grovth and nitrate  

uptake of marine phytoplankton．J．Phycol．，5：375 －  

379．   

EPPLEY，R．W．，J．N．ROGERS andJ．J．McCARTHY（1969）：  

Halトsaturation constants for uptake of nitrate  

and ammonium t）y 皿arine phytoplankton．Limnol．  

Oceanogr．，14：912 － 920．  

＿124＿   



HSU，S．，S．HUBBEL and P．WALTMAN（1977）：A tnathe皿atical  

theory for single nutrient competitioni  

COntinuous cul亡ures of 皿icroorgan土sms。 Soc．工nd。  

Appl．Hat．，32：366 － 383．   

LUⅣD，J．W．G．andJ．F．TAI．L工ⅣG（1957）；Botanical  

li皿nOlogicalmethods vith specialreference to  

the algae． Bot．Rev．，23：489 － 583．   

OGAWA，Y．and S．tCH工MURA（in press）；The relationship  

between phytoplankton diversity and trophic  

StatuS Ofinland vaters．Jap．J．Ecol．   

RHEE，G－Y（1973）：A continlユOuS Culture study of  

phosphate uptake，grOWth rate and polyphoshate  

in Scenedesmus sp．J．Phycol．，9：495 － 506．  

STRICKLAN．D，J．D．H．and T．R．PARSONS（1968）：A practi－  

Calhandbook of seavater analy■Sis． Fish．Res．Bd．  

Canada，Bull．，167，311pp．   

TIL沌AⅣ，I）．and S．S．KILHAM（1976）：Phosphate and sil－  

the diatoms Asterionella  icate uptake kinetics of  

for皿OSa  

Semicontinuous culture．J．Phycol．，12： 375 － 383   

TILMAⅣ，D．（1977）：Resource competition between plank－  

tonic algae：an eXPerimentaland theoretical  

approach． Ecologァ，58：338 － 348  

＿125一   



Summary and GeneralConclusion   

During thelast two decades，theinvestigations of   

Pri皿ary PrOduction of aquatic ecosystem have progressed   

markedlyin phytoplankton ecology。 ＝n these studie＄，   

Phytoplankton communities that consists of 皿an   

different species have been mostlT treated as a whole   

andlittle attention has been paid to the metabolic   

activities ofindividualcomponent species． On the   

Other hand，intensive studies have been done on the   

physiologlCalcharacteristicsofindividualphytoplankton   

SPeCies by using chemostat cultre or batch culture．The   

nutrient uptake kinetics andits relation to phyto－   

plankton growth has been also studied by narine   

ecologists for understanding of species competition for   

nutrients which are considered to be important in 

deter皿ination of succession of phytoplankton   

COm皿unities． Further皿Ore，COnbined effects of   

environmentalvariables such aslight，te皿Perature and   

nutrients have also been investigated in unialgal 

Culture． The behavior of each phytoplankton speciesin   

nature can nov be explained to some extent on the basis   

Of physiologlCalknovledge obtained by these studies．   

However，there havel〕een Only a few studie＄ COnCerned   

Vith phytoplankton comnunities from the vievpoint of  
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population dynam土cs。  

The present study was carried out to explain the   

mechanisms regulatinginterspecies co皿Petition and   

SuCCeSSion of phytoplankton comnunityinlakes。   

Especially，Photosymthetic characteristics and nutrient   

kinetics ofindividualspecies were takeninto account，   

because the tvo factors（1ight and nutrients）play a   

皿OStinportant rolein regulation of phytoplankton   

dyna皿ics．  

This dissertationis dividedinto six parts，first of   

Which deals with some basic subjects concerning   

⊂0皿muniヒy diversiヒy and trophic status of vaters．   

Phytoplankton diversityin 24 water bodies of different   

trophic sta亡us was evaluated by the SANNONindex．Higher   

diversity was obtainedin meso－ and slightly elユtrOPhic   

WaterS and alow diversity was observedin oligotrophic－   

Or highly eutrophic waters． This finding differed   

SOmeVhat from that reported by MARGALEF（1964）． He   

Showed that species diversity of phytoplankton community   

WaS highin oligotrophiclakes andlowin eutrophic   

lakes． This discordance may be partly due to the   

differencein definition oflake types． With the   

PrOgreSS Of eutrophication，SPeCies structures of   

Phytoplankton communities wouユd change successively fro皿   

a si皿ple species ＄truCturein oligotrophic waters to a  

＿127－   



COmPlex multispecies str・uCturein mesotrophic waters and   

then again to a simple strucヒurein hyper eutrophic   

Wa亡ers。  

The second part presents the new technique for   

measure皿ent Of photosyn亡hetic activity ofindividual   

SPeCiesin mixed phytoplankton populations．   

Particulary，the applicability of grain density   

autoradiogaphy to the quantitative determination of   

phytoplanktonic species photosynthesis was tested．   

Sources of errors which have been inherent in this   

氾ethod were checked by using cultured algae．The effect＄   

Of developnent time，Che皿Ography andlatentimage   

erasure were completely excluded by the nevly devised   

technique．Graim density autoradiography could now be   

applicable to the quantitative determination of the   

Photosynthesis of a phytoplankton cell，if the   

treatments are made carefully． This nev methodis   

COnSidered to be a usefultoolin the field of phyto－   

plankton ecology．  

The third part deals with phytoplankton species   

productionin naturalphytoplanktorlCOmmunitiesin   

the vaters of different trophic status． Phytoplankton   

SpeCies production varied widely vith species and their   

physiologlCalstates． The data also gaveinformation on   

the contribution of the ⊂0氾POnent SPeCies production  
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to totalcom皿unity production．  

In the fourth part，Photosynthetic characteristics and   

主丑旦辿 growth ofindividualdominant species were   

Studiedin a sanlleutrophiclake． Photosynthetic   

nature of individual species expressed by the 

Photosynthesis－1ight curve was a shade typein samples   

taken from deep metalimnetic layers and a sun type in 

SamPles from shallow euphoticlayer＄． By using the   

Observed photosynthesis－1ight curve，the succe竃Sive   

growth of phytoplankton species under a glVenlight   

COndition was calculated by a simple growth 皿Odel．The   

growth patterns predicted by the modelagreed with the   

Observed ones． Thus，itis concluded that the   

development of phytoplankton populations vo111d partly be   

regula亡ed bY SPeCies－SPeCific photosynthetic responses   

to thelight conditions． These results can be   

COnSidered to be evidence for the predictive ability of   

a mechanistic approach to vertical successional changes 

Of phytoplankton communitiesinlakes．  

The fifth partis deslgned to confir皿 the correlation   

between species richness of phytoplankton communities   

and nlユtrientlevels of waters，and to propose a   

Plausible 皿eChanism for regulation of species diversity．   

Species diversityin both eutrophic and hypereutrophic   

WaterS Showed seasonalchanges，and phytoplankton  
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COⅢnunities were more diversein the eutrophic waters   

than the hypereutrophic waters． The dependence of   

Phytoplankton growth on nutrientis expressed by the   

MOⅣOD equation． By using this simple growth model，the   

relationship between phytoplankton diversity and the   

nutrient of vaters wa＄ eValuated under plausible   

COnditions． Alow diversity phytoplankton com皿unity   

developedin hyper－ Or Oligotrophic conditions and a   

plankton com皿unity with high diversity occurredin meso－   

Or eutrOphic waters． This result suggested that   

species respond in special ways to different nutrient 

levels．  

The finalpartis concerned with the relationship   

between growth rates of phytoplankton ＄peCies and   

external nutrient ⊂OnCentrationsin naturalwaters，and   

is deslgned to test whether theoreticalapproaches   

PreSentedin the Chapter 5 provide validinfor皿ation on   

theinterspecific nlユtrient competition for phγtOPlankton   

dynamics． ＝n the present study，the dependence of   

growth rate of phytoplankton species on the two naコOr   

nutrients，nitrogen and phosphate，WaS described by the   

MONOI） equation． The half－Saturation constant ks of   

naturalphytoplankton species was O．04 tol．62pg－at／1  

for NO3－N－1imited grovth and O．06to O．1pg－at P／1for  

PQi－P－1imited growth・The dynamics of the mixed  
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POPulations of three species and nutrients was   

predicted under glVen COnditions by use of the MONOI）   

皿Odelof nutrient competition． The calculated results   

Showed that the species withlower ks were able to grow   

at lower nutrient concentrations much better than those   

With higher k5． The predicted population dynamics were   

in good agreement with the observed dyna皿ics． Thus，the   

nutrient competition theory 皿ay SerVe aS a 皿eChanisti   

basis for determination of species composition and   

SuCCeSSion of phytoplankton communities．  
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