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 Introduction 

For the clarification of the progressive changes of the phyto-

plankton community in the earlier stage of hydrareh succession, 

the analysis of microfessile algal flora or chemical constituents 

of lake sediments have been carried out by several investigators 

( Lundquist, 1927;autchinson & wolacki4:940; Lindeman, 1942; 
fjerdingstad,1954). These studies could give much descriptive 

informations on the sequences of hydrareh succession and on the 

relationships between these changes and the environmental condi-

tions, but provided us little explanation on the mechani-“ 

through which the progressive change of the phytoplankton eommu 

nity took place under the effect of climatic, edaphic and topogra-

phic conditions. 

In general, the foioving two changes may be expected as the 

important causes of the lake 'succession from oligotrophy to eutro-

phy : 1) gradual shoaling of lake basin by the progressive accu-

mulation of sediments, 2) gradual eutrophication of lake water 

caused by accumulation of nutrient salts. For inducement of 

these two gradual changes, inflow of alloehtonous oriAnic matter, 

sand, or mud is often significant4 cf. Livingston et al.„ 1958)4 

However, autochtonous substances originated in the production 

of lake plant community seems to be generally playing an important 

role. It has been well known that living green plants, the 

primary producer in lake, generally accumulate the nutrient salts 

in their cells in higher concentration than in the external 
                            7 

medium ( cf.lioaland & Davis, 1023; Matsue, 1952). Then, 

sedimentation ox dead plankton organisms to lake bottom, even 

if partly mineralized by bacteria in the course of their settling, 

must resulte in the gradual shoaling of the lake basin and the 

gradual a .cumulation of nutrient salts in lake tater by coupling 
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 with  the  alternation  of'stagnation  and  ciroulation-of  lake  water. 

The lake depth and the concentration of nutrient salts in 

lake water usually have large limiting effects on the production 

of phytoplankton community. Then, the changes in the environ-

                                  K mental conditions such as eutro*cation of lake water and shoaling 

of lake basin must bring about the change in the productivity of 

phytoplankton community* which contrariwise givesthe change on 

the rate of shoaling and eutrophication. 

Thus* we can expect the dynamical mutual action between the 

production of phytoplankton community and the lake environments* 

The dynamical processes of such a. mutual action will bring about 

the progresseive and irreversible changes of plant community in 

lake and its environment in lake over a long period of years. 

Therefore, it is not too mush to say that the analysis of sUetessio-

nal process in lake becomes possible only based on the primary 

produCtion in it. 

Monsi and Othima •(1955) clearly disclosed the general law et 

the successional process of land plant community through the 

theoretical consideration on the mutual, action between the commu-

nity and its environment from the view point of dry matter produc-

tion. Concerning the phytoplankton community in lake, Hogs tau 

and Ichimura (1953) have already pointed out an important role 

of the production in the process of succession* Beside their 

work, few analytical investieetions have been done up to the pre-

                 , sent from -this point of view. 

The purposeof the preser.t study is to analyze tbe proceSs 

of ecological succession in lake, especially the process- from 

0 
Iligotrophic tO ,eutrophic state, on the basis of the production 

ef'phtoplankton community. For attainment of this purpose* it 

is necessary to successively clear up the following problems ; 
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 First,  in  what  ways  and  in  what  degree  the  production  of  pheto-

plankton community is affected by either nutrient salts content 

in lake waters or morphemetry of lake, especially the eean depth 

of lake, which changes eradually in the course of succession. 

Second, how progressive changes such as the accumulation of nutri-

ent salts and the shoalin6 of lake basin are controlled by the 

production of phytoplankton . Third, how the dynamic mutual re-

latione between the proluction of phytoplankton community and the 

environmental conditions in lake are influenced by climatic and 

edaphie conditions. Finally, to derive the general law of the 

process of bydrarch succession rime theotetical consideration on 

the results in these analytical investigations. 

In the present paper as a first step to the study in this 

direction, the author attempts to analjze the first problem and 

then a theoretical consideration on the second problem, making 

clear the sipificance of the dynamic mutual action on the process 

of bydrarch succession. 

II. Generkal ProcedWes 

The methods of chewical analysis of the lake water and the 

culture of al ,ae employed ia the present study are as follows. 

a) Analytical methods 

Nutrient salts. As a precedin treatment for chmical analysis, 

20C) ml. of the smrled lake water were concentrated in an evapo-

rating-dish to about 50 ml.. Total nitrogen: Total ni rogen 

was determined by the usual semi-micro Kjel-aLl method. Total 

dhospheras: efter the concentrated sample was digested with a 

small quantity of sufuric acid, nitric acid and hydrogen peroxide, 

and neutralized with liquid ammonia, the concentration of inorga-

nized phosphorus was determined colorimetrically by Denigie-Atkins 
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 method.  Total  iron  :  The  iron  concentration  of  the  neutralized 

solution described above was determined colorimetrically by addi-

tion r) acetate buffer solution containing oc-A'-dipyridyle and 

hydroxylamine. 

Chlorophyll conten51 The ameAnt of phytoplankton was routinely 

estimated from the chlorophyll content of the sampled water. 

The metl-Iod for determination of chlorophyll content employed here 

was essentially similar to that described by Hogetsu et al. (1952) 

and Ichtmura (1956). 

Photosynthesis. The measurement of the photosynthetic activity 

of the algal population sample,: in the field was usually carried 

out in the laboratory. The sampled lake water, brought in the 

laboratory as soon as possible after sampling, was filled in 

transparent and blackc.Loth-covered bottles of about 100 m1.1 

then these bottles wer placed horizontally in a runnin tap 

water bath at a constant temperature ( about 20-25°C) under arti-

ficial illuatination. Different light intensities were obtain:d 

by varying the distances of the bottles from the reflectorlamp 

( 300 or 500 watt). After the 2-3 hr. illumination the increse 

or the decrease of dill:solved oxygen in the bottles was determined 

by 4ink1er's Inethod, and then the values of transparent and 

blackcloth-covered bottles were summed up to obtain the photosyn-

thetic rate. in the ca:4 of the c-tltured algal population, 

the procedure used was essentially similar to that deticribed above. 

b) Culture methods 

To obtain a clue of the analysis of the given problems or to 

ascertain the results obtained in natural waters without any 

definete experiment, culture experiments were frequently performed 

under various coi.ditions. Chiorella sp. * which was purified by
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 the  autor  in  the  laborat,ry,  was  used  as  an  experimental  material 

on account of the facility of culture. The material ued for 

the measurement of potosynthetic rate was usually cultured in 

the conical flask of 500 ml. capacity containinL modified Letaer 

solution, di-uted to 1/5-1/10 concentration, in which the e,iulvalent 

KNO3 in nitrogen was substituted for Ca(S03)2. The alal suspen-
                64. 

Sion was iuually illuminated by a fluorescent lamp and stirred 

up with , a constant bubbling of air to prevent the sedimentation 

of algal cells. For the purpose other than that described above, 

algae was c‘atured in the medical _lass cups of 350 ml. capacity. 

Each cup contained 300 ml. of the culture msiedium of the following 

basic composition : 20 ppm. of KNO-, 10 ppm. of M004.7H20, 10 

,1). of 0a0120 I ppm. of •Ui2F04, 0.5 ppm. of ferrous citrate and 

trace of microelements. The cultures were performed at ordinary 

room temperature under the constant illumination of four 40-watt 

dayli&A type fluorescent lamps ( about 4000 lux at the surface 

of the culture pots) and usually duplicated. Every other day 

throudhout the experimental period, a few drops of NaHCO3-saturated 

solution, were added to the culture medium to prevent the defici-

ency of the carbon dioxide source. 

The yield of algae was measured by determining the extinction 

value of algal suspension with the followivg formula 

= log I0/1 

where E is the extinction coefficient of algal suspension of 

1 cm. thickness in red light (640 mu) and represents the rXelative 

concentration of algal suspension, Xc and I are the readings of 

galvanometer in the fresh medium and X in the sampled algal sus-

pension respectively. Nxtincti(Al coefficient, however, as pointed 

out by Rhode (1948), is not a direct measure of the amount of algal 

substance, but to a lar,e extent varies by other characteristics 

of cells, especially by cqlorophyilk content, which are dependent 

on the culture conditions. As chlorophyll is the most important



 substance  in  the  photosynthetic  process,  this -value  may  be 

considered to express approximately the amount of the production 

unit. 

III. The tependency of the krothiction of Phytoplankton 

         on the Mean Depth of Lake. 

It has been long recognized that a shallow lake is generally 

fertile and supporta-the life of rlany organisms, while a deep 

lake is barren and produced only a few oranisms. By examinatkng 

0 the descrptive data $btained in many German lakes, Thienemann 

(1921) had found a close relationship among the shape of lake 

basin, nutrient salts concentration and the q,uantities and quali-

ties of the lake oranisms, and then presented the notable concept 

o lake-type. In this case, the morphometrical character of lake 

basin, especially its mean depth, was coftsideded to be the most 

significant factor in determining the lake-type. After that, 

any investit--tora ( Rawson, 1952,1953,1955 ; Hogetsu et al., 

1952) have demonstrated that this conclusion was gt,CAantially 

correct in the lakes of temperate region. However, it had no 

applicability for the tropical lakes ( Ruttnr, 1931). Recently, 

Frey and Otahl (1958) reported that the controlling effect of 

morphometry of lakes on the i:xoduction may be significant in the 

afctic lakes as well an in the temperate ones. 

Re6ardini; these close relationships between the lake 6epth 

and the production, various explanations have been presented 

to date,t(Thienemann, 1928; Rawson, 1935; Uogetsu Ichlmura, 

1953 etc.). As these explanations, however, have been done only 

qnsibitativeiy and ar..itrarily, there re2ains many problems to be 

analyzed. In the present chaPter the author dealt with the / 

detailed analytical investigations on the uctual relation 

-6-



 between  the  depth  and  the  production  of  payloplaakton  community 

in Japanese laes. 

In connection wit. climatic factor, th44e0ta of lake 

generally governs the underwater illumination, tem,',erature, and 

the circalation lake water. Aoreoier, in connection with the 

edaphic factor of drainage area it will determine tne initial 

concentratio,1 of nutrient salts in lake water as „minted out by 

haason (1935,1953). In this case, t,e atilization degree of the 

nutrient salts by phytoplankton is controlled by their vertical 

circulation of lake water. T analyze the controlling affect of 

the aorphometry of lake; on the 'nary proJuc ion, therefore, 

it will be necessary to analyze th relationship between the lake 

depth and the light inenst:, temperature and nutri,ait salts 

cone ntration in the lake water. 

it is noteworthy here that the circulation of lake water gives 

also a lare effect upon the vertical structzre of p4toplankton 

comaanity (productive str =ctare) as well as the effect upon the 

circulation of nutrient salts. In consequence, the significance 

of the mean lake aepth for the ,roduction of .phytoplankton commu-

nity aifferes greatly either durin,:,, cir-culation perod or 

Itagnation p riod. 

I. kroduatioa of 2hyto?laakton ommunity de44.1a2: Circulation Period. 

(a). aelation between the amount of phytoplankton and nean depth. 

in deeper lake, the complete circulation of lake water is usually 

limited oalj in s,,ring and autumn when tem:crature at any layer 

becomes uniform. The annual maximum :yield of phytoplankton commu-

nity is observed only in these seasons. In shallower lake, however, 

higher rate of production ia maintainad t aou .ahout the year. It 

is interesting to compare the amounts of phytoplan%ton in both 
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 types  of  lakes  in  the  circulation  period.  The  mean  chloroAlyll 

content measred in the euphotic zone of Japanese lakes with 

various depths durin a circulation period ( ichimura, 1.056; 

Ichimura & Saijo, unpublished is plotted arainst the mean depth 

of the corresponding lake in Fig. I on the ordinate scalc,, and in 

Fig. 2 on the logarithtic scale. These figures show that there 

is a remarkable inverse relation between the lake de th and the 

chlorophyll content in unit volume of the water, namely the density 

of phytoplankton poulation, althoupl this relatioibecomes 
contrary in a too shallow lake. Assuming that phytplanton 

distributes homogenously in a water column . for this period, 

which appears to be similar to the actual state, the product of 

the chlorophyll content per -mit water volume by the mean depth 

will approximately giv-c, the total amount of chlorophyll per unit 

area of water surface. In Fig. 3 the relation between this product 

and the mean depth is illustrated. Appafently, this relation is 

similar to that shown in Fig.2. 

Here one must pay attension to the fact that the decrease of 

chlorophyll content in a too shallow lake was in parallel with 

the luxurient growth of rooted aquatic plants (cf. Lake Tega). 

In the lakes of similar depth with the poor growth of rooted plants, 

a'dense bloom of phytoplankton could be usually observed (cf. 
 Jo/ 

Januma). Such antagonistic correlation between phytoplankton 

and rooted aquatic plants, must be of a ,reat ecological signi-

ficance on the process of hydrarch succession. 

   As described 'before,' the lak(Apth'gives an indirect effect 
on the production of phytoplankton community through the change 

in the environmental factors. fioetsu pointed out the importance 

of the decrease in underwater light intensity with depth for this 
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 phenomenon  and  derlonstrated  it  b."  th,:,  culture  experiment  of 

Ohloreila in different thickness of culture medium. In the c,11- 

ture with Detmer's solution ( diluted to 1/10) under the condition 

of constant stirring an..: artificial illumination ( about 4000 Lax)* 

the yield of alga- per unit volume of culture medium was always 

inversely droportiotial to the thickness of the medium ( 

This is apparently due to the decrease in ,thotosynthetic rate 

of ale5a1 population caused by the decreasing avera e light inten-

sity in algal susension with depth. The similar situation may 

also be expected to some extent in natural waters, 

It has been frequently recognized, that the growth of payto-

plankton in natural waters was strongly limited by the amount of 

nutri .nt salts, which correlated closely with the character of 

lake -asin ( Jufday Birge, 1931; Naumann* 1932; Yoshimura, 1936 

etc.). Consequently, it is very doubtful whether the morpometric 

control of the produc ion of phytoplankton community iu always 

caused by the similar situation to the results of the culture ex-

periment obtained under the optimum nutrlent condition. The 

author surmises that, in any eases, the production might be 

controlled more effectvely by the differences in the amount of 

availabL?, nutrient salts rather than that in the average light 

                             tv, intensity in theiater colulun. 

b). Difference in the nutrient, salts content in the _Lakes of 

various types and its significance for the gr3wth of 

phytoplarikton.

* This experimental result was kindly ;rade jossibi _e at 

disposal by Prof. K. Ho _etsu, to w or! due gratitude 
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 Previous  works  concerned  with  the  relation  between  the  growth 

of 2hytoplankton in natural waters and the nutrient factor have 

been main,y carried out oft the basis of comdarison of the amount 

of phytoplanicton with the concentraticnc of soluble inorganic nut-

rient salts. however, the nutrint salts in inorganic forms 

found in the lake water are usually only one part of total 

available nutrient salts for the production of plankton substances, 

for the most part of them has been already absorbed by phyto-

plankton. ispeciai1y, durin, a growing season of phytoplankton 

such as a circulation period the inorganic nutrient salts are 

exhausted ( cf. Yosnimara; 1936, ,,u6awara, 19 Poteu et 

al. 1952). 

It has been often recognized that the nutrient salts bound 

in organic substances were actively utilized by phyto plankton ( 

Chu, 1943; Rodhe, 1948; X Ludbig* 1952; JacArey, 1953; 4attori, 

1957; Abbot, 1957). Therefore, it will be rather proper to mea-

sue the total content of nutrient salts than those in inorganic 

forms in order to estimate the amount of available nutrient salts 

for the growth of phytoplankton. 

From this point of view, the author k,lxvformed the chemical 

analyses of the total content of nitrogen* phosphorys and iron, 

which have been reconir4ed as the limitlag Xelem into for the growth 

of phytoplankton (of. Welch, 19 ). From April to qas an from 

November to J,,?cember, as the nutrient salts and phytoplankton 

appears to be uniformly distributed in t-r.e whole water column, 

measurements were carried out as the oily the surface water of 

various lakes. 

The results obtained are given in Tab-c, 1. The data. indicate 
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 that  in  tke  lake  wAter  of  harmonic  tyie  the  total,  nitrogen 

content falls within the rage from 0.15 to 1.20 ppm. . In general, 

the contents of these nutrient salts are 1.2:3rer in sil-s_lower lakes 

than in deeper ones. These relationships are also how. 

in Fig.5. Apparently, the curve1iner inverse relationships 

are founu between the mean depth andthe to';a1 content of each 

nutrient salt as well as in the case of chlorophyll content (Fig.1). 

Therefore, it seems likely tl-At the controlling effect of the lake 

depth on the production of i)hytuplankton community may be con 

siderabily responstble for the diffevene(,6 in the amount of 

limiting nutrient salts. 

    On the ,,ua.,titative r elationz--hi, between the growth of phyto-

plankton and the concentration of nutrient sF_Lts, investiga-

tions have been performei by the culture experiment using various 

purified algae ( Ohu„1942; 1943;;Rodhe, 1948; Osterlind, 1949; 

Gerloof z‹, Skoog, 1954,1957). The minimum revicent of different 

phytoplanktaers for various nutrient elements which were revealed 

by their investigations are summarized in Table 2. 

Comparin these values with the content of the corresonding 

elements in lake waters ( Table Wci 1 and 3), it is clear that 

tie content of nitro6en and phoopilorvs in lat,.e waters i uch 

lower than the minimum requirement of phytcplau:tton for the 

Optimum ;rowth. On the contrary, the content of iron in lake 

waters is rather higher than the minimum requirement, althoue; 

the relation of its content tc. the mean depth is very similar to 

those in the case of nitrogen or phosphorus. It has belen recog-

nized that iron content in lakt: water usually did not limit the 

growth of phytoplanktori ( Yoshimura, 1936; Roahe, 1.94 erioff 

°Skoog
, 1957). From the relation above-mentioned, there will 
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 be  no  reason  to  believe  that  iron  is  a  limiting  element  for 

growth of phytoplenkton in the lake concerned in the present 

paper, too. Concerning other major nutrient silts, chemical 

analysis has not been performed in the iiresent study, but one 

can obtain the informations on the contents of them in some 

Japnese lakes from the foshimurit's report (1936). 

The data in this report indicate that in the lakes of 

harmonic type the content of calcium is 3-20 ppm., magnesium 

1-5ppm., and silicate lO-5Oppm.. Considerin,s teese and the 

mineum requirement in Table 2, it is ocevios that calcium, and 

magnesium are contained in the lake water far in excess of the 

minimum requirement, but the content of sol ble silicate is 

somewhat lower than the minimum requirement of some species of 

diatoms. In this case, however, it must be kept in elind that the 

profuse silicate is contained in natural watere not onl. in 

soluble but also in colloidal state. Froe the facts mentioned 

above, it may be possible to say that among vario.s nutrient 

salts dissolved in the lake waters, nitroj and phosphorus 
            et 

are tae eleaitnes present relativelf in the least amount to the 

requirement for the normal growth of phA;oplaskton. 

c). Changes in the yield of algae with varyine the concent-

     ration of nitro:en and phosphoeus in the culture medium. 

In order to clarify to what dexee the nitrogen or phosphorus 

concentration in the lae water is limiting the production of 

ptlytoplaekton, the culture experiment of Cnloreila was primarily 

carried out in the medium of varyin concentration of eltrogen 

or phosphorus was varied by adding different amount of haNO3 

or NaH2PO4. In the culture for 53 days (20-23 C) the dependency 

of tne fi .al yield to the concentration of nitrogen and pl.ospilorua 
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 in  the  culture  medium  is  sRown  in  Figs.  6  and  7.  Under  the 

constant nitrogen or phosphorus supply and varying concentration 

of the other element, tne yield of algal population a_tgmented 

up to the maximum with the ir,erease in phosphorus ( Fi8.6) or 

nitrogen concentration ( Fig.7). After attainin, t- the maximum 

yield in the optimum coneentration, there was no change or a sli-

ght decrease in yield with further increase in the nutrient con-

centration. Considering the fact that the upper limit of nitrogen 

and phosphorus concentration found in natural waters was 1.2 

ppm. and 0.07 ppm., respectively ( Fi.5), these figures aay 

indicate that both nitrogen and p osphorue in (4ptiral waters 

are strognly letting the growth of plankton algae. 

As clearly seen in Fig. 7, in the cikiture of low phospho-

rus level as in the most primitive Iligotrophic Labe (0.005 ppm.) 

even sufficient supply of nitrogen gave only the least promoting 

or deteriorative effect on the algal yield. When the phoephorus 

level of culture medium increased, however, more marked increase 

in the yield was observed with increasinc„ nitrogen supply. 

The increase in phosphorus supply into the culture of con-

stant nitrogen level was associated with a marked increase in 

the jield even in the lowest nitrogen level which is lower 

than the 1ow_r limit in natural waters during a circulation 

period( 0.15 ppm.). These results may su6gest that the phosphorus 

content in Iliotrephic lake$ is limiting the growth of algae 

in a higher degree than nitrogen. 

For clarifyind, the dedendency of the growth of plankton algae 

on the nutrient level in natural waters, the ratio of nitrogen 

and phosphorus concentration in the waters was calculated ( Table 1). 

The values obtained were plotted against the phosphorus level of
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 the  corresponding  waters  in  Az:.  8.  It  is  clear  that  1.  :  P 

tatio in Japanese lakes during a circnlation period lies within 

the ran e from 30:1 to 10:1, and appears to deenease inversely 
  ev 

wikincreasing phosphorus level except in very shallow lakes. 

The waters taken from the shallow eutri _dhic lakes in which 

the bloom of Microcstis is found in midsummer or the rooted 

aquatic plants are luxuriantly growing, have higher value of N:P 

ratio, namely higher nitrogen content than that expected from the 

general tendency ( cf. Fig.8). These situations, together with 

the fact that river water has the most oligotrophic characters 

as clearly seen in Table 1 ( N:2 ratio is 30:1 and phosphorus 

level is 0.01 ppm.), may give many suggestions on the conside-

ration of the succession in lake. 

The broken lines in Figs. 6 and 7 express the upper and the 

lower limit of A:P rtio in natural waters. By examining the 

increase rate of y&eld with increase in nutrient le,e1 near the 

intersecting points of the broken and the solid lines, it will 

become possible to clarify the limiting state of nitrogen and 

phosphorus for the growth of plankton algae. 

In the waters having the N:P ratio of about 30:1, the increas-

ing rate of the ye1d with increase in phosphorus level is very 

large within the range of phWyhorus level found in natural waters, 

as evident in Fig.6. The increase in nitrc:en level, however, 

gives only the least pro:lotin_ effect on the yield ( Fig.?). 

amely, in this case, phosphorus seems to be ixedominaWtingly 

limiting the growth of algae. 

On the other hand, in th case of waters having the 

ratio of about 10:1, the increase in nitrogen level gives not 

only the least promoting effect on the algal yield in the culture 

of lower phosphorus level, but also a large effect in the culture 

of higher phos,,horus level (Fig.?). The increase of yield is 

also induced by the external su _ply of phosphorus, but it becomes



 gradually  less  marked  with  increasing  the  levil  of  nitrogen  (  Ftg. 

6). 

Considering these situations in comparison witn the fact 

that t .e total nitrogen content in the natural waters deviates 

in the range from 0.15 to 1.20 ppm., and the total pf.,os,.,horus 

cntent from u.008 to 0.07 ppm.(Fig. 5), it can be said as follows; 

In the X oligotrophic lake, the growth of plytoplankton is 

freuently limited predominantly by less paosphorus supply, 

and its controlling effect on the algal yield becomes gradually 

less with the increase of phosphorus levIl of lake waters. 

In eutrophic lake, however, the limiting effects of ni rogen 

and phosphorus appear in nearly the same degree. 

The above mentioned relationship between the _rowth of 

plankton algae and the nutrient level was erived on the :Awls 

of the results from the culture experiment of Chlorella under 

varying nitrate and phosphate concentration. It must be noticed 

here, however, that the relation of the optimum growth to the 

nutrient level differs so m-ch from opecies to species ( Chu, 

1942,1943; iikiodhet 1948). Koreover, as evident from Rodhe's 

report (1948), the very large discrepancy is often found 

between the relation of optimum ,-,rowth to nutrient level in the 

natural waters and that obtained in the artificial media, 

presumably due to existence of % unknown substances in the natural 

waters. 'onsequently, it may be inadequate to derive tn.e 

c,nclusion on the dependency of the nutrient level in natural 

waters on theh'owth of plankton algae only from the results of 

present ex eriment. Then, it was designated to examine the 

relation between the yield of natural population and the nitrogen 

or phosphorus level in natural waters. 
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 d)..  aelationsilip  between  the  xowth  of  ihytoplankton  and  the 

    nutrient level in natural waters. 

For clarifying the causa- relation between the yield of 

natural pbytoplankton pop dation and the natrient level, the 

observations must be carried out in the water in which oily 

the nutrient salts is limiting the growth. In Japanese lake waters 

the availlible nutrient salts are usually almost exhausted by the 

luxuriant growth of ehytoplanktun throughout the period from 

late spring to late summer, at tha, time, the ;,hytoplankton 

community in the surface water under sufficient solar radiation 

and moderate temperature seems to be attained to its maximum 

yield under given nutrient c.mdtion. aamely, the ,:;rowth rate 

of the community is evlitrated with the death ra,T,e of it. 

Then , present observation was carried out only as to the surface 

waters of various lakes and ponds. 

$pecies composition of the phytoplankton communities concerned 

here was as follows; In the X oligotrt,phi',2: or mesotrophic lakes 

a dominani; was asterione4a formosa in many cases( cf. Figs. 

9 and 10). On the other hand, in the eutrophic lakes and ponds 

a wide variation in the dominant species was observed in various 

waters and times. The main dominants were Synedr ,a sp., Aerosira  

sp., 89enedesus sp., Ankistrogesmus falctus, Chlamydomonas sp., 

and Aicrocystis aureus etc. In spite of such a wide variation 

in dominant species, the -mount of phytoplankton was always esti-

mated f:_-om chlorophyll content in the lake waters not Terely for 

the facilitation of measurement, but also for the geaeraliza-

tion of the consideration. The nutrient level was estimated by 

the measurement of the conitent of total phosphorus and 

nitrogen in the sampled waters. 
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 Pic.  9  and  10  show  that  tilere  is  approximately  inear 

relationship between the chlorophyll con'ent and the nitro-en or 

elosphorus level which is plotted on logarithmic scales. It 

must be noted here that the deviating points eelow the straight 

line in Fig.9 have larger value of the ti:P ratio than ones 

situated near or on the line. Comparing theis situation with 

the fact that the corres ending points in iig.10 are found near 

or on the line, it will be clear that less supply of phosphorus, 

conseluently the larger N:P ratio is respons ble for lower 

yield of hytoplankton than that expected from tbc nitrogen 

level. Namely, the deviation of the results jr.9 resulted 

free/ limited groeth or increasin death rate due to less phospho-

rus supply. Just the contrary situation to this can be seen in 

the deviation of the values havin:: small ei:P ratio in Fig. 10. 

In thie case, naturally, the deviation caused by the differe-

nce in the specific characters of the dominant species must be 

considered. The results obtained in the waters with the sacs 

dominant species, however, are quite similar to the akove d escri-

bed situation except for the following case. 

As shown by the dark circles in Fig.iO, the waters with the 

waterbloom of Microcystis eus have an exceptionally higher 

chlorophyll content than that which could be expected from the 

phosphorus level.. The dominant of blue-green algae has generally 

been reco _Aized as growing in the waters having a hi-her nitrogen 

centents. eeeently, Gerloff et al. (1954, 1957) have diecloeed 

that the nitrogen re,uirement of icyiaureus is about 

sixty times as hi _h as the phosphorus requirement. In conseiaence, 

'licrocystis will give a higher amount of chlorophyll in the 

waters of high N:c ratio than that which is expected in other 
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 species  from  the  phosphorus  level.  However,  as  the  water-bloom 

of Microcystis appears mainly in summer, this exception need not 

be considered during the circulation period. 

Thus, it may become possible to expect the following relations 

among the yield of pnytoplankton community the nitrogen or 

phosphorus level and the ratio between them : In the waters 

having the N:P ratio of 9-10 to 15-17, the nitrogen and phosphorus 

content are nearly balanced with the ratio required for phyto-

plankton ( of. Birge & Juday, g1922), an4he yield varies with 
the nutrient level according to the linear relationship shown in 

Figs.8 and 9. In the waters of larger N:P ratio than 15-17, 

however, the amount of phosphorus becomes predominantly a limiting 

factor and the yield varies according to a linear relati4ip 

given in Fig.8. In the waters having the ratio beow 9, nitrogen 

becomes a critical factor and the field varies along a straight 

line as shown in Fig.9. 

    In natural waters the upper limit of nitrogen and phosphorus 

levils during the circulation period are 1.2 and 0.07 ppm., 

respectively, and the 14:P ratio generally decreases with the 

increase of phosphorus level. The same conclusion on the relation-

ships between the yield of phytoplankton and the nutrient level 

in the natural waters as the results of the culture experiment 

can be presented here. Naely, in Japanese lake nitrogen and 

phosphorus are hignly limiting the growth of phytoplankton co mu-

nity. In the .1oligotrophic lake, the yield of community is 

conspicuously limited by the phosphorus supply. with the increase 

in nutrient level of the water, the limiting effect of phosphorus 

on algal yield is nearly balanced with that of nitr6gen. Contrar-

wise, the prominent limitation of the yield through less nitrogen 

supply can been hardly seen except for the case of Microaystis. 
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 e).  Ilse  theoretical explanation  of the r. _, . -einey  of the production 

of p pla nkton community en the lake depth. 

As previously described, the denpendency of the production of phyto-

plankton community on the depth of lake msw, be partly respects/bias for 

the restriction of photosynthesis of phytoplankton oommunity due to the 

decrease in the average  underwater light intensity with the incresuse of 

depth. In the present section, this effect vill be quantitatively. 

If the distribution of plankton  F. ;. _, , w>: in all depth_, the 

relative light intensity at each layer in a waterlumn can be expressed 

                                                        by thifollowing formula as a function of the incident light (10) and the 
extinction coefficient *) of the l e water I 

10= I% B ... — 40 4. 0. _ 4 a' gi"- . •,~ (1) 

Where I IS the light intensity at the depth of B. The extinction c 

ff`jadent is markedly influenced by the amount of matter in the 

lake water. Kikuchi (193), lehi`ar (1956) and others have ree° 

the Snowing re•lationships between the transparency (T) and the =tine.. 

tion coefficient (A) in Japanese es s 

9( 1.9/1' (2) 

If the foroula (2) is adopted here, the quantitative relationships be-

tween the extinction coefficient and the chlorophyll content of lake 

ter can be obtained from the data reported by 'chimera (1956), Saijo 

0957) and 'chimers and S'jaa (unp l..i.shed) . it appears clearly in Fig. 

11 that there is a direct proportionality between the meanchlorop#ll 

contents in the suphotic2011eand the calculated values of extinction 

coefficient ient ich ere plotted on the logarithmic scales, and this re. 

lati oeship can be expressed by the following formula z 

l vc = 0. ,0 log C - O  (3) 

in which C is the mean chlorophyll content of aliphatic aene in mg. per aa. 

The fluctuation of incident light intensity daring the circulation 

period may be regarded to vary according to the daily m reh as shown in



   12. Ibis* is siellor te the monthly averege in the light intowittr 

from April to Hay in Mizarmato 193s). If the lees Inoident 

light by the refleotiott at the istrfses is it is angr to 

eelselote the t intensity let eny tine of the dRit att4 et any of 

let* *dor oantaining * tortein menet of , 4,44=. 11 by using sap-. 

titian  (1)  (3) 

   To obtein sore "ns on the quentitatios swolatim between the 

thesis of *I. cal - wriest* tiers or tete natural 

algal pniatintion *atom waters was neentral. 

mats obtained Imre tad ty the- isolative 

rattan or is attained at 10.146 x 104 lax sad the 4 t 

In the old ags4 sr r , - -4- =celture, *dourA' 

otroal in loose intensity eel more narked tion in 

-r-ty, M Use esperizontsaftisi * to 

taws 2-2.2 intensity curve of algae susd4u* different culture 

tiock tentative carve taunts in Fig.,  13 use 

44143, to given by Awning(19,44 said 147 Bitter (1956) • 

   Ile ratio of respirethes to the noviiseri a alas 

kodky varies with the kiifferenes in the end the nutria*0. 

betties*ties. The 4, stuperimont oiltured *Wool that tWit ratio varies within the range of 1/41 to 1/27 awl that the algae cultured in a low nutrient level has saeller ratio (44, Rattbers 1954 * 1951). As the data obtained w-,-kro mot sufficient to revue the quentitative rae. Istionship nazism iicut ..los 

osoused that the ssesurt of the latter *staled to 1/12 or the foment 

irrespective of ' . aondittasuks



 Bastod  on the detoiSentioneda ve, one  eem  calculate the  ,y ^ 

thetio ride at any depth in a water column, eemd the total photosynthetic 

rate ofcommunityunder the unit turfaxte tree. Pig. 14 

shows the relation of the relative daily rate OW a mei int ted 

photosynthesis  per unit depth of water column to the product  of extinct-
-Mon eaet ,eht and.te depth 0C0)With the increase of ctD, the 

magnitude of Kr doe et due to the lowering of the average light in 

tensity reedit f theof t in the *• l t 

To obtain the absolute "Aloe of the 'daily phoa thetie rate, it 

is necessaryheretomultiply this relative lthe photosynthetic 

                                                  rate under the saturetion.i t intensity‘ n4.  15 thews the 'elation 

betweenthe photosynthetic rate ( of v41,14 : natural phytopl 

populations'measured undert artifitiald.l.d:+ of about 20 kilo 

in* and 'level a the = (k{led ten t,- It is clear 

-aim of thisOttrite with a Otreightline in rig . 10 the*t the photo 

synthetic adtiviitsp.tc.e a t decreases:ththe 3.0Wering 

of the nutrient level (l , 1957). 

Thus, one can compute the absolute integrated photo tt tic rate 

(P) of phytoplawatton in the waters hating various ptAl 

the following *qualm * 

Now, eodethat thegrowth of the—pphytop-:~ktoa community in the 

water column **e d 1: restricted only by lass sup ly of nutrient sate, 

The amount ofp ytzpl given in Fig. 10 seems tobeapproximately 

equal to the smodsses yield. In oonsequenee, the velue o value of under a given 

nutrient level will ~nod from rig., 10 and 11, and the .ee of Kr -

for ~isater,of di finite depth from the cum in Fig lf . T-hee 

using tequation (4) and the data in g. 15, the net wedu4stion rate 

in the voter of 1, 20 5, 10 end 20 m.depth von he ealculated 

respectively,



 The  results  `oboist  in  ?lg. 16  - ag.*  of the  assim .l ate (CA20* 

In this cases the photosynthetic _ , tientwasass to be 1. In the 

waters of a lower nutrient level* the production rata per unit surface 

area isg;;#proportinal to the r thofwaterlindicates 

that the*notion in thetee ismainly lisdted the exeunt of 

nutrient salts in the lake waters* bath the inerstase in the nutrient 

level* t  cti. , rate becomes ' . However* the' . {  : *r.t, ...^ 

eat in production rate with the inorease in nutrient level become 

dually ,*  _ % of variation in  the tienrate beams 

marked with the inc^se in tbh waterdepth* This..te.s that the 

tosynthetic rate of the o nity becomes 131ilaler due to t increase 

in the d ri,mutual shading degree with e in depth 'and 

nutrient level* Thuse the er depth t gives the largest production 

rate becomes gradually shallower ,th the increase in nutrient ie... 

The *solute valuate tnets.given :rig * 16 were obtsined 

from the calculation based on the value of measured et 20.25° G As 

the during vernal '.. 's' a ", aut circulation  pe is 

usually 4 .3°c€, the actual rate be sbout  lover than the present 

ones* 

    The calculated total prod t t rate of too dense mkt= 

onnaunity fells to sero-definite nutrient levels* This sugg 

that the .., of phytoplankton tuiderthose conditionsis lisdte . pre-

dominantly by the ,i t oondition in the water eoltuan concerned. It appears 

that phytoplankton can not itiereltifi beyond certain density. ' sdefinit* 

density may be regarded an the maxim= yield (r whi can be esolecterl 

                                       Y fromlightconditions in t ,1aks iSriproWli concerned* As 

*The manissum yield in the natural waters equals to eise of the oasimuni.. 

ty in e ioh the production rale is equilibratedith le * However, 

am the loss rate during the growing seamen mush es circulation period is 

ss.l:th:ue of Thl may be regarded as an appresimation of the aerisl



away seen from the equation (zero when Kr 1421 sem. 

 Fit.  14  isdicates thatbecomes to zero *l D is 19075.  Then,  if the 

depth a D is knowi,. the, , . ,ryield (Mal) of pkvtoplankton 

community b ted from the± n ( 19•75/ fl tha 

data1•~. 

seli.d line in rig* 17 shows 'e relation of the computed Zia to 

the.lake depth* It is oleos that the shallower the lake is, the larger 

the value of Dal to be attained* Bro en lines in Fig* 17, whieh were 

given by in Fig* A, revmsent the neximumyield of. ankton 

under suffient light conditi the level ShOlill the 

figures aren iIt must be kept in mind hare taatthe water' 

of phowhorusleve. : _ 3 by figures in parenthesis phytopl 

cannot increase overt .)and straight lines  Which are 

with fine ob3e lines in this figure* It is clear that the yield of 

phytoplanktmy< _ .; _ty in the lakse of lovertrleet level except the 

deepest one is .rr.cted by the less supç. of nul out salts, but in 

the lab* of erieet . level it becoc: rather influenced by the 

decrease of light intensity vit t the i ....;in lake d=than by the 

mount of matrientsalts* 

k000rin to the author's theoretical computation based on the 

phet q i 1i ht intensity curve of __ (Taaiya et al**  3. a 

1953), the result of whichwill be reported in detail in another paper, 

the difference teratere appears to have a large effect on the pro— 

duction of phytoplanktoncommunity only, in lower density* but not in 

higher o Then, for thesimplification of the consideration thaw be 

assumed ion's that the difference iitemperatem have en es staaeial 

effect on the yield of phytoplankton aomuun1ty• 

As described before; 'the eunt of phytoplanktonobserved in the 

natural waters- during * circulation period may be regarded as approxi. 

matia ; to the maximum amount to be attainable under the prevailed e— 

ditions for that% period.Therefore* the quantitative relationship be



 tween  the  lake  depth  - the'  se of  *'.,  caminityt  this 

period may be explained by the theoretical relationship. In Fig 

solid111* a  /ins . the relationshipsbetween   Mal is iden— 

tical with the theoretical e showztl ^ W. The broken line whit& 

       : . the trigs. 10 andrepresents -the relation 

between thel p h and the MAXIMA yield invested. when t h is 

only by .the nutrientcondition* Bence* lo broken 

°limes in Fig . .tordered with fine -tve linesexpress the theoreti— 

cal  

circearion :period in  lakes* 

   The theoretical vases of the yield (chlorophy21 mg. per m3) agree 
                                                                                                                                                                                      ;fir i 

. ones(o
pen. circles 18)* 

                                           slim is fou  in the intermediate depth. As described  p -.  * the 

ratio of respiration loss to theras#s. 3:#a...ohotosynthezis becomes larger 

in the voter of lower nutrient newel. ?ton* another values of 

calculated UMW' the ~ tion that the respiion loss is 1/6 of the 

saturated photosynthesis*  - : ShOiell by sinee straight lin, in

to   e depth in rig. 18. value r ll with the observed 

                                                         ones  the -~r intermediate depth*b but in thelass s t is. 

lower than theobservedo^ .. This may that in deeper  las 

the circulation . - i - this period is limited only in the layer 

of ; . t  . 3 m. depth from   the surface. 

e

3. Production: oPhytopl l during.. ;.. 7. Stagnation 

Period. 

Insumer stagnation period, the stratification of lake water, 

Rectally n deeper lake, can be observed throughout. this period. In 

shallower la ea r ,. as the' stratification'tends  st ,by 

the wind action, the lake water may be coc,sidered to be circulating )W 

throughout the year, t.h hot completely. .The size of pbytoplankton 

oommunity found in tk e euphotic zone of deeper oligotrophie or meso— 

trophic lakes during this period is usually much smaller than that found



 In  the  vernal eir.ati an period  (Bodhe,  19%). In shallower  eutrophia 

lakes, the former is usually larger than the latter (Ichimura, 1956). 

The typical examples of these types in the annual variation of the amount 

of phytoplankton in the enphatie sone are presented in Fig. 18. 

Fig. dahows the vertical distribution of nhytoplankton in these 

lakes. It appears evident that there is also the similar pattern in 

annual variation of chlorophyll in deeper leper to that found in the 

surface layer. It must be noticed here that in the r season the 

chlorophyll content of each layer in deep lake increases with depth. 

This phenomena has been recognised by maw workers and generally ex-

plained  as e result of the sedilmHntatden of phytoplanktoncolas which had. 

flourished in the epilimnion& J '„ 1942; Ge3cner, 19431 

HOgeten al., 1953)4, 

It is interesting here to .,are such patterns mentioned above with 

these of limitin3 nutrient salts as nitrogen and phosphorus. However, 

the parallel measurements of the total nitrogen or phosphorus content 

with those of chlorophyll have notunfortunfortunately undertakenThen, 

in the present section, the data measured separately by the author and 

the other workers will be adopted as the references. Table I indicates 

that in the surface water of shallower e€t phie i ake, the total phos-

phorus or total nitrogen content in the ,# j £ -r season is not smaller but 

rather larger t ne that in spring. In deeper mes otrnphie or oligotrophic 

lakes the situations are quiterever 

Table 4 shows the vertical and seasonal variation in total phos-

phorus content measured bylbgetsu et al. (1952) in Lake Suwa andby 

ra (1957) in Lake Haruna.  It is apparent t`at in deep Lake Haruna 

the phosphorus content in auxsmer is always smeller than that in spring,

- Theseit.These data were kindly put at the author's disposal by tk. . S. Ichisura:, 

to whom his due gratitude is extended.



 esp,i a y in the  surface  la y . In shallow  lake  Sine,  thn h clear 

tendenepes on the annual v can be obtained im diately from 

the data in Table 4, the content of total phosphorus in suphoti e some 

in summer  seamstobecome larger than that in spring, but in deeper 

layer this tendency' becomes reverse. 

These phenomena seem to result from different *tate of watercii'- 

culation. Namely, in deep stratified lake, phyt : pl.aankton which grows 

in emphatic sane  u c r pIentifa supply of nutrieut salts and light i n-- 

tensi'e after pe.shingprecipitated to hypeliamion al .4, • :4_ . a part 

of it is mineralised during its sedimentation.. This should be &escai -

aaatead with the transport of nutrient salt from epilieeion to hypoli eni n. 

For leek of water.rc ation ., the nutrient ent salts in ti.limnian can be 

ssareely recovered to epilienio * and then euphaetiae sone gradu-

ally more oligetrophie. On the contrary, as the water in shallower 

lake is frequent* stirred, perished a d deposited plankton bodies are 

agate tic sons and rapidly mineralised under higher 

                                                      teaaraturee resulting in the luxuriant .growth of phtoplankton in 

this layer. 

    Although quantitative explanationsoul not been given in theld 

present paper due to insufficient fundamental data, it may be said 

        s that theitf of phyteplankton in deeper lakeinsummermainly re- 

sults from poverty of nutrient salts in the .eup^tie sone. . wever 

one must pay attention to the fact that the specific nature of phyto-

plankton community in shallow eutrophie lake i.e diverse from that in 

deep aligaatrophis lake, While the summer phytoplankton community in 

the former lake is usually dominated by blue-green algae, that in the 

latter by diatom. Generally, it has been recognised that under strong 

light intensity and at high water temperature the photosynthetie activi-

ty of diatom 1, ush d, but that of blue-green algae contrariwise 

strengthens (of. lehimura, 1957). Therefore, the differences in the 

inherent nature of phytoplankton must be also responsible for the 
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 difference in the grawth  of ph^taplanktc n commity in summer  in both 

types of lakes. 

As far as present data are ccncer d, it will be reasonable to con-

clude that the differences in the state of water circulation and regene-

ration of . nutrient salts which depend on the shape of lake basin, pro-

duce the difference in the concentration of nutrient salts and the pro-

duction of plankton substances in the eu a tie sone.

  4. Quantitative explanation on the close relationship between the 

lake depth and nutrient salts content in the lake water. 

Generall,y, the content of nutrient salts in lake water is deter-

mined by the balance a+ng the following four processes I a) supply 

of nutrient  salts from outside area  into the lake, b) loss of available 

nutrient salts either by the adsorption on the surface of  the substratum 

or by the sedimentation of plankton substances, c) regeneration of 

the parts eontained in plankton' pediments and xbatrat and 4 loss 

'W by outflow of autochtonous plankton substance and 

nutrient salts from the lake. 

In the first places the supply ©f nutrient salts into the lake 

appears to be performed by precipitation on the lake surface, inflow 

of river, ground waters and other streams from surrounding area, and 

artificial. affairs. 

It has been well known that the content of nutrient salts in rain 

waters is usually very smell. According to Miyake and Sugiura  (1957) 

nitrogen content of rain water in Japan is 0.6 p . on the average. 

The author's analytical result shows that p^apharus content in the 

rain water collected on Mt. Hakone in Middle Japan was about 0.002 

ppm. Since the annual precipitation in Japan is 1500 mm. on an ave-

rage and the evaporation from the take surface is assumed to be nearly



 500  ms. per annum, it may be regarded that the water of 1 m3  in which 

the content of nitrogen and phosphorus are 0.9 sad 0.003 ppm., respec-

tively, is given on the lake surface of i. m2 Per annum. Gompar ng this 

content of nutrient salts, especially phQsphorus, with that in river 

water is very poor in essential nutrient salts. Therefore, it may be 

concluded that the rain water dropping on the lake surface does not 

operate as an active supplier of nutrient salts except for extreme 

eiigotrephie lake. 

On the contrary, the river water end other inflowing waters from 

thesurroundiarea are veryimportantasthe supplier of nutrient 

salts in malty lakes. t The eontent of nutrient salts in these waters 

ere usually influent d largely by geological an geographical char charao-

teristies of the drainage b ns. In japan, shallower lakes are loca-

ted ed on fertile plains, but deeper ones on barren mountain di;tricts. 

Yoshimera (1931) mentioned  that %. _ the close relationship 

between the an depth and nutrient salts content in lake water may be 

partly caused by such situattan. The fact that the tropical caldera 

lakes are generally eutrcphIe irrespective of their depth (Ratner, 

1931) cannot be explained logically, unless the active supply of 

nutrient salts from surrounding urea ani the rapid turnover of the 

salts undeT hi.h t perature condition are taken into consideration. 

Recently, eutrcphication due to human activity has become c onspicue s 

in many lakes ( 4 ;4 et al., 1957 etc.). 

If the content of soluble nutrient salts in the inflowing water 

is constant, the smarting rate of nutrient salts into c1igotrop ie 

lake seems to Correlate closely with the rate of water inflow. It 

must be noticed here that the inflev causes the outflow of lake water 

and results is the loss of some parts of nutrient salts and plankton 

substanoes. In consequence, the infloving water has two important roles 

that co iet with each other in nutrient salts economy in lake. This



 is of great interest from  ecological  point of view in the succession 

of lake and will be discussed in0 detail in the next paper* 

    The sedimentation of plankton substances and the regeneration of 

nutrient salts from sedimentf ng substancesare very important on the 

043040111 of nutrient  sal ts in the lake water. As pointed out by many 

inrestigators s these processes are largely controlled by the tempera-

ture, mechanical mixing state and disolved oxygen content of lake water 

which are influenced by the shape of the lake basin. 

In such a, manner, the nutrient salts content of lake water varies 

markedly by the four processes mentioned above. It is of interest that 

the lake depth stands in close relation to these processes* In consequ-

ence, a change in the lake depth must give a^ ehange in the balance be-

tween these processes, and consequently, on the trient salts economy 

                                                            in the lake water. The annual  variation in the nutrient salts content 

in the lake water is also de Led by the change of this balance cau tmlance caused 

by the seasonal variation of climate* TO unearth further the causal 

relation between the production of p y planktnncommunity and the 

lake depth, therefore, it will be demanded to clarify the dependency 

of these four processes on the lake depth a d the climate. It is a 

matter of regret that detailed investigations on this problem, are 

still pending.

IV. Effects of Production of Pbytoplanktnn Community en the cumm-

     iatlen of Nutrient Salts and Shoaling of Lake Basin.. 

1. General consideration on the factors affecting on the nutrient 

salts economy in lake waters. 

    The greater part of plankton substances which have been produced 

in a lake is precipitated on the bottom surface, makes the lake basin 

shallower, and produces more eutrophic condition as a result of the 

accumulation of nutrient salts in undecomposed sediments. Such chan-

ges  of lake environment affect the production of the plant community



mui  resets  Lathesve+ge in  ttative end  qualitative 

•t_of the lake biotic  ea ty* The ecalsgital succession of lake 

proceeds ;antler d•o Mattla eurtionsMatbatmen the production and the 

habitat factors as la  * nutrients, Salto content in the lake 

waters, et In the previous chapter* the titstisesitudiee were carried 

ost o the,  y of the production of e, 4, *plannktonnatty either 

on the lake depth of nutrient *dirnd*tion*purpose of the present 

chapter is to reveal clearly the dependency nutrients salts. accumulation 

and the change in. tie svr of lake basin on the production of *4. le ku 

eo.t7 + - to 4 , ., ria+41Ste the significance of the e, mutual actions 

                                                                for ecological succession of the lake* 

    As mentioned before* under oliFptOrophic condition the produetioneof 

p ytoplankto*oor,ty is influenced strongly by tte arlunt of nutrient 

eats in the water rather than the lake depth* The econow of nutrient 

salts in a lake* therefore* La very •frio,o.for the prnduot ;en of 

pb t+o pia ktoa and consequently on the process of the ion* The t 

of nutrient salts in eaphot r zone of naturallakeis saaslkr determined 

by the balantwee t e rates of the following four processed.  (1) 

supplyy from outside of the lake, (ii) sedimentation of palnkton f ru epi— 

limoton to ' 1mmion, (l `e i re$ensration of salts from i• # a. „on* and 

(d)loseoutflow ofxr tovutside of the lake*Conditions affecting 

these processes must have a  large significance on the course of&cession 

in the lake* 

The deir at the supply e* loss of nutrient salts asociated with the 

inflow of the river water is determined the rates of inflow add outflow* 

As in such a Winid temperatefegien as Japan the surface evaporation of t 

lake be usually neg-girly wan in comparison with the inflow c outflow 

of water* the innate rate will be nearly  sl to the outflawing 

Consequently* i'lva te sa'regarded ab animportant measure =pressing 

the degree of supplya loss of the nutrient salts in Vie lake*



     This situation was already Anted out by *. tau Ichimura 1953. 

 Carrying  yiof rsotculture  experimentst  they   ud d  on  the 

influence of the inflow of riser wate e eirculatior, of ate 

 en the yield of - = - p1 : on populationri'alcuat 

disclosed that the.... of replacing . ra _. 

increase o'placid**.  - , .:~ : a aomantlated nutrient -salts ---- 

stapating condition. 

   2.4 The relation of replacing rate to. the productUon of .=.4--,,,-.1ankton 

~~~. ? ~ '" . riatriart salts contentle waters* 

                                             the inflame. of the   water upon the ftl  : `   

 ap       lake*severalrl tinthe~atnriasnail lakes 

                                                            reesrtioire-thediluting effect ofthe in 

 remarkable. 'nose write mad-e' it evident that wheat ratio of the inflow 

water t tot/: velumsma- pleAton pouletion

nature l". , = with each other*  :°. Utley .. should be 

                                                         -as p4rt unit of the lake fbr wcgparative *4lieration. We Shan 

use tore the- ratio of *eve of the dalli outflow meter to total lake 

at a masure expressing the  daily sipply  and Ime 

nutrient salts or plankton svitstancea. and flee the term for it 

***replacing  r * -* -as e ;. to the reed.. the 

 t* in the work of Brooke a : ;d195 

can be seen from the datareported 

annual Item values of this measura deviate from 0.00302 to 0.025 in the 

la)res of Ja .. In rig. as, theseues are plottedmaul 

minimum ..sparenoi measured in spring o.:e sumer sewn.



            *A.564) made a report on the eurvilimar relation ship between 

 a  fine  move  to Weston 

repl ----- z w' `jWoe of ehlorophuIln. 

 ,4= with 4, Ulcerous rate within tint range beasalr * 

at In the above this inane. ebokw a rapid'- 

show therelation Ib 

     4441V32.* is -.•.their   

rate* This eerve, is sisdlar to tin* Fig.Z., which oxpreseas the relation 

of *Moro,k contatt to tie  t _ ~.t ne 

of tant replant , rate tor Um esonour setrient salts in the lake aud 

the,.:g; *. -. {'.' ;o 0 4+"$ ,. ..,.plainkton :... ` t i# nust be hCare 

to 4 'veto is variedawl 

*IA* } - i 44$e=x § V. 

       lake* Use rep rate bosoms Entglertleith the incream 

Ildest _ (Fig. 234 This show that the Leto was istimences 

44% VW Vita of the loss of *it:tient salts beet the influsocat 

       shablower with the Unseat in 4 of sueoession as 

a A i ~  moult,,'*"4giemeiitmaytosaid that 

the depth of Lake is the most inortant feettur AtJarious otos which 

arfeet the proems of eixt -.tat" suotoesion in the lake.

3. Zigorrimental part. 

   As the etrou1ati state of lake :tdiffers nLy during the 

stagnation ex circulating ting pe# theWitof inflow of the ater on the 

production of pkrtoplonkton ocetarnity sod on the **emulation of tuttrient 

wilts willgreatly diversified to both  s* Inorderto obtain 

aces initometiononthineeffect**t~el of model  culture experiments 

wereout based on the sow idea as in the report of%get= eel 

Q32.



 icha  (19i. 

the iltion of firet Laapø in the £0 L:: ps, of 35(1. 

.  dthth* Of the sic 

with stiuei to the. atiO* of i/L., 316 dI/3O/ The 

the cntrti on d*tin t* $C with the iti.di Of 

 CU1t. The 5U5 *tO4S of t. 

       os- :cn in the on ore the or. as scrib.d 

   Th5 ti UZ. Of the i514 5S O5 a G. L1$tt 

  d1 with the p.. of ti a in 3$ do aft inoaultio 

the algal :I on rseahs to a ste*. state 4it: fither inwoese 

$i , is U. then tb in thrLs* of Io*r repacing rate The 

di: in the 0. the oniture media epears to give i 

rkatla ef:et on the relation of the population aiss at the 

occurs *ter reenbin to: the e ..r at... These eituatioi will igicete 

the.t the inosse of `                                                                   Y the sore diluting effect 

upon the ~oei 
                                           non size 

in the pots even uMr every nutrint. nd&tic,.



    In  this  cases  in  what.. degree  is  the  ;. °34, ,. ,, - of nutrient•ts in 

the pots ied b j the replacement of the water ? To answer this v ion 

the content of totqlp p 10 V 0 regirecle4 es. a atizdatat element 

in the esa. , was :amasured using the alg i matured 

under stirring oonditionAvand in 19 411170 attar the inoculation. 

. The result shows that in the cult es of the level there 

weenodifferenceofthe tate/ phosphorus ennceutieor-g the eulture 

series with dififeront]ng rate ( • 6), and that these values mere 

equal to these of the freeh mean in each so(7101.5) • h suggests, 

that ~ .,, r the stirring condition* the ou..'.~,5 1,^'. of !F _' , i.' F',+4i t~t.".: vas 

with the inooraing-the •..i's.  wormer was kept 

out the concerned. A similar situation of nutrient exontsaybe 

                                  a alsoUbeth r7utrintsalts. 

    On the other di a towns of soluble nitrat .ai , - en( by +d.. 1e . 

` r thod  -A...phosphorus can mat be &tented in the supernatant 

o'nthealgalsuspensionsamplin 19dapaftertheincu a#ie:Therefore, , 

it who eaid that urAder sufficient light co tion the total mennat 

tettrient sate tcr I41 algal a°Stat. is -:'mu ant 

independentorthe difference of replacingrate,but the eoetert per unit 

amount of algae becomest with the inerease in replacing  

4. The thod loyed he'e is eamantially s li r to 

that .the former everiszwit=opt forthe  soodifieatiens* 

As a culture }; ; +-','-- VI Culture sointicuwas used"- Partial replacealtrit 

of the dicarried oat without dai4 stiring: of the culture 

         kn.' mediumapartthestirring 

    The time course of algalirieldin the culture series of lower replacing 

rate (Fig, 25) are similar to those in the former  e riment ( `ig.. 

but in thdia of Disaer repiing rate, the yield cotatinneday ingreaalt



 with  tiro.Thus*  the relation  of the.e1d to the repia:ng rate because 

mealy ("resit* to that in the former experiment (Fig 26) The timely 

e o4he total p sahorus content of the sampled algal suspension 
and the relation of the content to the replaeing rate are shown in Fig.4. 

and tig 2 , respectively. Apparently* time course of the total phosphorus. 

content of the sampled iial suspension os very simolar to that of the algal 

yieldtrige.25 and 26). Since soluble phosphate-phosphorus could hot be 

detected in the supernatant of tlVe =a on taken in 15 days after 

inoculation, the situation recognised in Figs.27 and 26 wauld have to be 

regarded as having been caused by the production of Rhytoplankton population. 

As the algae (Ian grow rapidly with complet exhaustion of supplying natrient 

salts under underilitccmdition,of lever nutrient level, theyield *aim alga. 

must be controlled to a certain lit by the supplying rate of nutrirut 

salts, consequently by the replacing rete. Algal substances produeed 

the t*, however* for the Disk of waterciroulation, is not ear maw 

with the outflowater but settled down on the bottom of the pots* and 

results in the ual increase of nutrient salts content in the pots' 

with time. Proportionality. between the replacing rate and aocumulntio f 

nutrient salts seems to be camel by such situation. 

The results of the twe experiments describedabove can be summarised 

as foalewszWhen the nutrient salts in the culture medium are conspicuously 

lim t i ng the growth of algae and the medium is continuouslycireuiati s , 

the inorea n of the replacing rate always brings about the reduction of 

population size, but no effect on the nutrient *in the medium* 

On the contrary* when the water is stagnating* the increase of  the replacing 

rate induces the accumulation of nutrient salts. In natural waters* the 

toner condition ra r be regarded  a s approximately **responding  to the state 

of lake during complete circulation period* and the latter to that of 

stagnation          pe^r#.+ard .ConsequentlF,the inflow rate of river water and the

"-35



 circulating,  state of  the-  - weter in the  epilimnien  during-  etegnatienx: •  

period should have the important s F., , ::: - en the eutrephieation of the lakes 

                                                            and on the successional fate of the 

4. Theoretical part. 

Described herea er are the res ts of tiv. theoretical consideration 

performed  to clarify in idkat nm and in what the production of 

phytoplanktonxty, the accumulation of nutrient salts the shoaling 

                                                          of lake basin are inflaminced by the lake depth the inflow rate throughout 

a seaman/ cycle of different water circulations. On the basis of these 

res.ts the -tieel relations between the lake depth and the otion 

of phtoplankton -- unity and its significance for eta succession 

will be discussed.

Per the sake of -d. eity of the considerations. t assomtions 

,

are adopted here s The water, its mineral eo , : siti n being s,ar to 

the meanvalue inAwesome _-                ~ ~+' waters( Kobayashi,3:~ ~'~flows into 

the lake surrountling area at a constant rate throne/out the year except 

thewin,)er season. Inconsequence, av. .major dissolved trient salts, 

phosphorus is p edosinatigl limiting the groirttphytoplancton, This-

inflow water is alloys introduced into the circulating layer of the lake 

and homogeneouslyxed with the water in it. : ,t l,dI r Ina vernal 

circulation period (one  ttnthIa the inf low water is mixed with the whole 

lake water. In summer stagnation period (five mnt a , it is introduced 

into the         apil.i~~n~f'~ ~.^ t~#.cess,a~ir~a~t~~.partia~.ercalati:on 

period into the circulating layer whose  depth becomes gradually deeper 

* These values are largely varied by the shape of lake basin and 

the climate. The present valms, which may be regarded as mean values 

for each rate or l.engt f period in Japanese lakes, were obtained from 

the rporte by Yoshimnre(1937 ) aed others.



 at the rate of 10 , per month .. The supply of nutrient salts into  ,the 

lake is done only by the inflow water, and -`not by other matters. On 

the other hand, the inflow of river water brings about the outflow of lake 

water with plankto+ell.s.. and nutrient salts from the circulating layer. 
During tM winter' stagnati n period (one month . , there are no inflow of 

water and the loss of acctoahtonous substances owing to the freezing of 

surface lake water. 

                                                      v     Psilagica1 behavior of phytoplton living intheiwater is defined 

as foi.bovs"t Under the optimum nutrient condition, the . yield of 

phuteplankton..population follows the growth mirve- (Fig. 29) calculated 

from a phaftosynthesis4ight intensity curve (t '15°C .), of—a'tl 

reported ]y. Tasty* and Chiba (1948), and from light .faot r which is 

decided by thenetion coefficient of the lake water g  ight intens to 

at the lake surface. liassn t . nient salts are limiting, change of 

phytoplankton population t s place. in conformity with that o;/(nutrient 
 -entrati. salts

:+,.a1that of phosphorus, in the lake 

The:ratio) of abe baal__to;                               the' to~t:' d i.ght of the planktonis 

presumed to bestant17 1 t 100 Independently of the difference in env ro- 

mentalconditions_...As. the average phosphorus content of river r As 

0.01 se:. (Tab'.3) .,, the infiew water sustains the phytoplankton population 

of 1 mg.4. The daily death rate of living cells during a sumer stagnation 

period:: and an autumnal partial circulation period is regarded as 2 and 

the dead cells settles down at the rate of Z) em. per day(cf,. Hogetsu 

et al., 1952). Mineralisation of perts ed planktor cella takes pla 

independent of inter temperature and proce s retrogreasiylely with 

time,andafterone-yearonly22%of them are left in thefo'rmof'"- 

=decomposedsediment(cf. Saijo , 1955).



 Noses  ppo that  here  are   a  lakes  of  different  depth  (5.40   r 

and of the surface aminwht+h the watery enter from the..$ H : 

at ri rat If* at the be inn .ag of apr w f those lake wavers contain 

no a sedimenting stzbetances and a& tbthe billowing mater in their 

^ e .: .4,s.e•_'``'~! pl_'population n during- 

a vonaal circulation*..;:will be conlled primarily'bythe light 

faster and :. , } .:;cal diluting effect of belaying voter. Then, it is evident 

that the larger this placing is end the deeper tho i depth is, 

the lesser the growthratet polat 4,-4., _ F.. . Alt the 

take inter eeti`d;),circu'attethe tie of aitrient 

eats eoneentraticeiin the l . not occur. Then, within :one 

math from the` : .: f   r the ca of very large replacing rate* 

the growth. of *p/ankton becomes limited by. tir ' nutrient fa'tar thronghout 

a versa ei et r-ad* and the standing crop of 1 ./1 is kept *n 

f+t y under*ia raplacitg rates. 

    .astatmereta aon period,free  nutrient salts in the lel,_r 

are alstost ezhatutted by the vornal growth of - plan tc(ef. + _ 1955). 

t) .`'14'Yk•. et /on oflankYtiii ; 4. ,.Ov.i E# _la 1 rt - . 

controlled by tin inflowing rate, in other %orb"by Us suppl 

of nutrient salts  fnflev . consider the lakes of constant 

th, in .which the river is flawing in at different rates. 

The concentration of nutrient salts (C) at .337 time the epi1  mi  on of 

these 14ite-etat be em3re by the following equati---n s 

= o(1 (14 tlci) 
Akar* e is the aotteentrmttion  of ritrient salts in the inflow water, 

^ is the re' 

As the in ow and outflow of the 'Interlake place eontinuously, even 

for a lament, evuttion CO nay be t d into
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 The  not of phjt lankton  (Ft)  in the  epilimn on at any  time  OSA  lie=pressed 

by the tolineq ionderived from tion (2) on the  s ion that 

belaying . t a f one liter sustains one mg* of 4-.1 . 41anktont 

P#= a. fiT*( 

Considering the sedimentationf;~,s -, . z.. phytoplankton, equation (3) can 

be rewritten as 

shiers P is the unt of the 3. ~ct~. * ° lankton in the  i on 

at any tine and d a.s rate of'0 ... r,u plankton cells.. 

In the earlier e of its growth, the production rate of the population 

is not usually + :fexhaustthe nutrient saltsaidlight 

is ingly l : ''  ting the growth of phytoplankton. After the 

population incraa to a certainlevel,trient a limiting 

factor for it and the increase or deeof.plankton populetion 

Gomm according toequation 4). If the water exchange in the epil-tyrivion 

is too large, t b .of produced plesiktoTbbstanceebecomes large, 

oven at the end +this period the growth of F '.4 pianktn woad be limited 

only by the light factor:. That, the mount of phplankton in the 

epilimnion. after 5 modthsca be computedbby the equation (4) the growth 

curvee calculated theoretically under a given replacing rate. The result 

obtained shows that the yield ofphrtoplanktnn in  at the Y'4 

of summer stagnation rOeriod becomes 3 _ , , with the increase of the 

repluling rats, Ifhile this relation becomes just the contrary in higher 

replacing rate above O. 4 (rig. ). 

When be growth of phsttoplankton is exclusively controlled by the 

nutrient condition, the sedimenting rate (D d) of detail onea can be given 

by the foi ow.} ng equatidn derived from, equation ion (4)a 

                        [i ssd) tJ(5)



 When  the  growth  is only  limited  by  the  light  faw tor the sedimenting 

rate can be calculated on time buds of the greliwth described with 

oonsiderstion of loss awingientatien and.Tram the relatioa 
of the tota;V\amount of -,.. , :. tcalculated in such Iowa  pla.ng rate, 

it is apparent that the total asoturt of sediments in summer increases 

inp:ion to the replacing rate(Fig . 30). 
When the water flows in at a rate, the :• . ; . ,, condition in 

the epilinninn of the lakes of various depths will beams ne snt irrespective 

of lake depth. Inconsequence, the amounts of living p. M ° ` z ,n tnd 

precipitatingrone at the end of thisperiod are also constant, too. 

the fallowing moor partial tireulat on and e ut— 

4 : _ ete circulation period, these living ead dead plankton* in Kroner 

were to amie extent precipitated and  . By the begginning the 

autumnal circulation period* larger' them rattle dinan on the 

bet' . ofshallower* lakes, bat in deeper lakes th remain in the inner 

side of the water column for the salw of smalt sad ;* velocity 

(Hogetsu et al. 1954. In the later ease, larger portion* of then are 

lost with outgoing water during this ei.ation period. Then, at the 

end of autumn, the relation of t calculated teta2 emouut ofsumer and 

vernal . sediment to the repla.rate becomes as shown in 

Fig. 30. 

In parallel taith s€hange, the plankton substances are produced 

atilising the nutrient slit either liberated from sediment svplied 

by inflowing waters.this ease, the larger the replacing rate is, 

the greater the losing ratio of  the liberating nutrient salts and the 

supp1 yi ng ratio of allochtommui nutrient salts become. At the end of 

the autumnal circulation peridd,therefore, theamount of the suspending 

phytoplankton vi +. dead ones) beeo ea as shown in Fig. 31.
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 nem  BUS*  =,.plan n and  di*rte a'precipitated  and 

                                                       part daring t e stagnation period.. At the beginning of 

the followingvernal circulation period, the relations of >~.~:: .. 

sedimen4o the lake depth and rep/ acing rate (abaolute rate of water 

Inflow ) t out to be as sin lig. 32. It is evident that the amount 

at eedim t per unit depth becomes larger with the decrease in lake d 

and the inoreaee in replant xrate. This s g e -.Edthat the shoaling 

rate boconea larger with decrma . , , lake ith. 

The .t ai*available i tr.e t sate 

period is sh in Fig. 33 in relation to lake depth amd replacing rate. 

Considering this relation together with-the inrae reiation(fig. 32) 

betyma lake depth the amount ofthe sedimentwhiliberatesa labie 

nutrient salts in the following yvare , it may. be sai..d,that the shallower 

the lac/ becomesthe more the nutrient  s ts liberated in spring w ll 

bec a gradually abundant. 

The in the ro-enviromental oondition received in - 

manner, have to control the „ . uctien of * ' #,ep .tty in 

the following year, Am a in Fig.16 the produotion of phytoplankton 

t'within aoirea , water column under .uuit aye bec©rpegt 

larger with increasing;trie t level andwith decreasingla depth. . 

mentioned before, f the absolute rate of water inflow is constant, 

the production during summer sta b tien period is constant i . 

of lake dept Conseventl ,, the aimu. productiona lake should booms 

larger with the inc a in the &xuñt of liberated nutrient salts and 

that of sediment. This results a uore remarkable -  in the accumulating 

rates of.,....-u4 *.sed sediments and nutrient .N1 , . Thus, shoaling and 

eutrophication of lake will proceed more rapidly with th4apse o; 
abological of the lake takes pleas undersuch dynamic textual
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 action  between  the  lake  environment  and 'the  production  of  phytoplankton 

community, and acceleratedly proceeds with lapes of time. This fairly 

coincides with the accepted general trend of ecolagical succession 

(Lindeman, 1942). 

  6. Diseu4on 

As illustrated in the above considerations, the accumulation of nutri-

ent salts and undecomposed sediments in the lake is in close relation to 

the lake depths. This is based on the situation that the production of 

phytoplankton plays a dominating role in the changing processes of these 

hydro.environmental conditions. The production of phytoplankton community 

is largely controlled by the lake depths, because the lake depths affect pi 

not only the vertical stratification of phytoplankton community and the 

underwater light intensity, but also the incoming and outgoing of nutrient 

salts in the lake waters. The chose connection between the lake depths 

and nutrient salt content in the water, therefore, would be naturally 

expected. 

The present theoretical consideration contains some simplified and 

convient basic assumptions. In consequence, the explanations given in 

this paper may be tentative, apart from the fundamental interrelations 

among the lake depths, nutrient salt content of the water and the prom-

duction of phytoplankton community. To present a more logical expla-

nation on the process of natural succession, it is necessary, first of 

all, to obtain the detailed information on the following problems, which 

are of significance on the productina process of phytoplankton and the 

nutrient salt economy in the natural lakes. 

1). The inflowing rate is not always constant throughout the year, 

but shoes considerable variations in conformity with the seasonal variation 

of precipitation. It differs also with the difference in geographical 

location. A similar situation to this will be expected in the variation 

of the nutrient salt content in the inflowing waters, too. The influence 
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 of the inflow/4g  water  on the production and nutrient salt  economy, 

therefore, must be very diversified with the differences in seasons and 

locations. This appears to have an important significance on the geo-

graphical variations in the rates of production and succession. 

2). In natural open lakes, the inflowing water IS often not completely 

mixed with the water in the circulating layer immediately after having 

been introduced into the lake (Gessner„ 1955; Koji , 1949, 1958). In the 

case of a lake in which a larger amount of water is OW introduced 

therefore, it will be unnatural to consider that the inflcwing water is 

mixed hamogeneously with the water in the circulating layer .. In the 

lakes in which a slight amount  of water is introdu , however, the 

present trial may be regarded as an apnrox'imation. 

3). The rates of sedimentation and mineralization of perished phyto-

plankton are largely controlled by water temperature. This cannot be 

neglected on consideration of the depon4e^of nutrient salt economy 

in the natural lakes on the Shape of lake basin. Unfortunately, the 

analytical studies on this problem have been scarcely carried out to 

date. 

4)* In natural waterer sow"of phyteplankton are lost tar,. the 

predating activity of zooplankton. The excreta of zoopiankton are usually 

simple organic compounds in nature which are easily mineralized during 

short periods.. Several workers have also reported that the mineralizing 

rates of dead zooplankton are more rapid than those of phytoplankton. 

These must accelerate the revolving rate of nutrient salts in lakes, and 

have a large influence on the production of phytoplankton. 

In such a way, many problems remain to be solved in the present 

study. If the further detailed quantitative infoemation are obtained 

on the dependency of the growth of phytoplankters of various taxonomic 

groups on light, temperature and nutrient salts (e.g. nitrogen and 

- 43 -



 phosphorus)  conditions, and the competitive relations between  rooted 

aquatic plants and phplanktan community, it will become possible to 

explaine the process of ecological succession in qualitative c harateris' 

tie s as well as in quantitative ones. 

Summary and Conclusion 

Ecological succession of the lake takes place principally under 

dynamic mutual actions between the production of phytoplankton community 

and the hydro-environmental conditions (lake depths and nutrient salt4 

content of the water). For clarification of the process of this progressive 

change, analytical investigations were carried out on the following two 

problems : the dependency of the production of phytopiankt€n community 

on the morphometry of lake, and the effect of the production of the 

process of eutroehication and the shoaling of lake. Based on the results 

obtained, a tentative explanation was given an the initial stage of eco-

logical succession of the lake.. 

(1). During a vernal circulation period, the dependen y of the pro-

duction of phytoplanktvn+unity on its environmental factors was in-

eeStigate d as to the Japanese lakes of harmonic type. The results ab-

tai:ned were as fellows s 

a). An inverse proportionality wes found between the an chlorophyll 

content in euphotic sons and the mean depth except extremely shallow 

lakes with luxuriant growth of rooted aquatic plants (Figs. 1 & 2). 

b). The contents of total phosphorus, nitrogen and iron of the surface 

water of the lakes are 0.00 - 0.07, 0.15 - 1.20, and 0.02 -1.1 ppm., 

respectively. The inverse proportionality was also found between these 

contents and the mean lake depth (Fig. 5). Considering the minimum re-

quirement of various algae for each element reported by several workers, 

it becomes evident that the concentration of nitrogen and phosphorus among 

various elements contained in the lake water, was relatively less abundant. 
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 c).  CO:Lorena  sp.  was  cultured  in  the  medium  of  various  nitrogen  and 

phosphorus levels, and the relations between the yield and nutrient level 

were investigated. The results suggested that in natural waters phospho-

rus would be predominatingly limiting the Normal growth of plankton 

algae (Figs. 6 & 8). 

d). Direct proportionality was found between chlorophyll content and 

total phosphorus or total nitrogen content in natural waters sampled from 

late spring to early autumn (Figs. 9 & 10). From comparison of these 

direct proportionality with NIP ratio of the water concerned, it was con-

cluded that the limiting effect of phosphorus on the production of phyto-

plankton in natural waters was stronggier than that of nitrogen. 

e). Using the photosynthetic curve of fresh linter algae (Fig* 13), the 

formula expressing a relationship between chlorophyll content and extinc-

tion coefficient, and direct proportionality between chlorophyll content 

and phosphorus level, the changes of the maximum rate of daily net pro-

duction under the condition of varioumi nutrient sevele and lake depths 

were calculated* The results were graphically described in relation to 

the phosphorus level of the waters (Fig. 16). 

f). The, general relations of the maximum nhytoplankton yield under 

the condition of the complete circulation of water to nutrient level and 

lake depth were graphically illustrated (Fig. 17) based on the data of 

Fig. 16. This figure showed as in Fig. 16 that the nutrient salts limited 

the production and yield of phytoplankton except the deepest lake under 

more oligotrophia condition. But, under more eutrophic condition, the 

lake depth become usually a limiting factor owing to the increasing de-

gree of mutual shading. Comparison of this theoretical relation with 

the actual one in Japanese lakes showed good coincidence (Fig. 16). 

(2). During summer stagnation period, the amount of chlorophyll in
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 shallower lake become  more abundant than  in spring, and it distributed 

homogeneously in each layer of the water eolumn. In deeper lakes, on the 

contrary, it was less abundant on an average than in spring and the con— 

tent in each layer increases with depth to some extent (Figs* 19 & 20). 

These seasonal and vertical variations in the amount of ablordphyil.were 

approximately parallel with those in the amount of total nitrogen and 

phosphorus. The yield of phytoplankton in the summer season may be partly 

controlled by the difference either in the condition of water circulation 

or regenerating rate of nutrient salt with depth. 

. (3). The content of available nutrient salts in euphotic zone is 

determined by th balance between the following four processes : 1) supply 

of them from outside area, ii) transport from epiiimnion tohypolimnion 

with the dedimentation of phytoplankton, iii) regeneration from mud and 

undecomposed sediments, and iv) loss with the outflow of waters. The 

relations of these processes to lake depths were discussed. 

(4). The "replacing rate" of inflowing waters in natural lakes is 

an important factor for the determination of , supplying and losing rate 

of nutrient salts. In Japanese lakes, definite correlations were obtained 

between replacing rate and chlorophyll or nitrogen content in the lake 

waters (Figs. 21 & 22). It was also found that the replacing rate was 

largely controlled by the lake depth (Fig. 23). 

(5). The influences of the inflowing rate on the accuhulation of 

nutrient salt and the production of algal substances were investigated 

by means of pot culture experiments of algualja. In the series of 

stirring culture condition, the yield was inversely proportional to the 

replacing rate (Fig. 24), but nutrient salt content was constant even 

under different replacing rate. In the series without stirring, the yield 

and nutrient salt content become large with the increase in replacing rate 

and with time (Figs. 25, 26, 27 & 28). These}' results may indicate 
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 that the accntun:tati oa of nutrient  salts ws  indicted  by the  sedimentation 

oplankion borne nutrient salts inncen`rati€n * 

(6)* The smotutte of * 4action sediments wore calculated  .. ̀ 

theoretically ft- . # * '. t a seasonal c le of di.fferent-ter circulating 

periods* It *holm that the smoturt of sediment and liberated nutrient 

sslts( the concentration of the salts) Par unitleke dePth in the rnal 

circulation period In the, follotting year become larger with the 

in lake, and the incraase the lute rate of water f 4 0  h : # 

& 33). Byeonsttenof Uwe results-wtth the situation 

in which the =Lana rate of production per unit 41108, be '7 t-g with 

the increase in the nutrient l el of the* the rates of --  ... , a 

and eotrophi ation app s to become la ger i4 h,:. the lapse of time* 

Thus, it ay e said that the eeo ogioal succession of lake .er9t 

proceeds:with the passageof* 

(7)*  results of thie theoretical analysis t€be useful 

for the analysis of'tecolog- sue sefoa in natural lak in spite 

of some tentative as -f'tiara the . course of this sa s*
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• Legends  of  Figures
. 

Piga. The relationship beIween mean depth and the average chleropyll 

conteht in euphotic sone of various lakes in Japan. 

Fig. 2. Logarithmic plot of the relationship between mean depth and 

the average chlorophyll content in euphotic zone of various lakes in 

Japan. 

Fig. 3. The relation between mean depth and the product of mean depth 

and average chlorophyll conteht in euphotic zone of various lakes in 

Japan. 

Fig. 4. Growth curves of Chlorella cultured in the mediaLof different 

depth under artificial illumination. Numbers on graph express the depth 

of the medium in cm. 

Fig. 5. The relations of the total-nitrogeh, -phosphorus and-irc4ontents 
in the various lake waters in Japan to the mean depth. 

Fig. 6. The relations between nitrogen ley) and the yield of Chlorells, 

cultured in the media with varing concentration of nitrate and phosphate 

for 53 days. Broken lines and figures in parentheses denote the upper 

and the lower limit of N P ratio in the natural waterea 

Fig. 7. Relation between N s. P ratio and phosphorus level in natural 

lake waters during a circulation period. Dubble circles denote that 

in river waters; filled circleothat in the water of the shallower eu.. 

trOphic lakes in which the bloom of Microcyatie is produced in midsummer 

ot the rooted aquatic plants are luxuriantly growing. ' 

Fig. 8. The relations between phosphorus level and the yield of Chlorella  

cultured in the medium with varying concentration of nitrate add phosphate 

for 53 dips. See the legend of Fig.5. 
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 Fig.  9.  The  relationship  between  total  nitrogen  content  and  chelorophyll 

 cintent in the surface waters of various lakes and ponds during a period 

from May to September. Figures om graph express N P ratio of the sampled 

waters. Dabble circles denote the value obtained in midsummer. 

0, obtained, in the water in which dominant species was Asterionella  

formosa;.; ID., Melosira sp.; Q,  Synsdra sp.; •, Microcxstis aureus 

0, Other species. 

Fig. 10. The relationship between total phosphorus content and chlorophyll 

content in the surface waters of various lakes and ponds during a period 

from May to September. For symboles, see the explanation of Figure 9. 

Fig. 11. The relationship between the computed extinction coefficient 

and mean chlorophyll content in the euphotic zone of some Japanese lakes. 

Fig. 12. The daily march of solar radiation. See text. 

Fig. 13. A sta.ndadd photosynthesis-light intensity curve of fresh water 

  algae. CUtra ,X - 714 TA A4.11 Pilrixda-ti,r1, • 

Fig. 14. The relatitm daily rate (Kr) of total integrated photosynthesis 

per unit depth of water column as a funotion of ct.D. The arrow sham 

the valus of OD in which respiration and photosynthesis are equilibrated. 

Fig. 15. The relationship bOween photosynthetic: rate otder4A00mftted 

light intensity and phosphorus level of the water taken from various 

lakes and p Water temperature at measurement, 22 -25%. 

Fig. 16. The calculated daily rate of total production throughout the 

  the water column of various depth and different phosphorus level. 

Fig. 17 The relationship between the theoretical maximum yield of 

phytoplankton community, depth and the phosphorus level of waters. 

Fig. 18. Comparision between chlorophyll content of various Japanese 

lake waters for a circulation period and the theoretical maximum 

f. 2 -



 of  phyteplankton  community. 

Fig. 19. The annual variations of chlorophyll content in the euppotic 

zone of a shallower eutrophic ldke (Kasumigaur, 1957) and a deeper meso-

trophic lake lake (lake Haruna, 1958). Mean depth of the former and the later 

are 3.3 m. and 7.9 m., respectively. 

Fig. 20. Vertical distributions of chlorophyll in Lake Haruna (upper figure) 

and in Kasumigaura (lower figure). Data were obtained in 1958 Ohe 
- case of the former and in 1957 in the ease of the latter except for 

 underlined data in 1956. 

Fig. 21. The relations of the annual minimum values of transparency 

and thecorresponding chlorophyll content in Japanese harmanic lakes 

  to replacing rate. Solid line - transparency ; fine line - chlorophyll 

  content. 

Fig,22. The relation of nitrogwn content in Japanese lake waters, 

measured by Yoshimura (1931), to replacing rate. 

Fig. 23. The relation between replacing rate and mean depth of the 

 harmonic lakes in Japan. 

Fig. 24. Growth curves of Chlorella cultured under artificial illuminations 

in the culture media of dilution degree shown by fractions on the right 

  side of graph. Every day throughout an experimental period, all cultures 

were comp.lesely stirred. •, Control cultures without water replacement. 

)4., 09. b., Cultures whose replacing rate were 0.01, 0.02. and 0.1, 

  respectively. 

Fig. 25. Change of apparent yield with time. Cultures were not stirred 

throughout am experimental period except sampling days. • Contra 

cultures without treatment of Water replacement. x vo,41,*), Cultures 

whose replacing rate were 0.002, 0.01, 0.1 and 0,2, respectively. 

- f. 3 -



Fig. 26. Change of apparent yield at 21 days after inoculation with 

 varying  replacing  rate.  Solid  line  shows  the  stirring,  cultures  and  fine 

line the nonstirring cultures carried out in parallel with the former. 

Fig. 27. Change of total phosphorus content of nonstirring culture with 

time. Menanings of apObols are the same to those of Fig. 25. 

Fig. 28. Change of total phosphorus content of nonstirring culture with 

varying replacing rate. Figures ©n graph represent time in day after 

  inoculations. 

Fig. 29. Theoretical growth curves of Chlorella. Initial amount of alga 

was presumedkeing 0.01 mel. and calculated using a photosynthesis

light intensity curve of Chlorella(Tamiya, & Chiba 1943), extinction 

coefficient of the water and the date of solar radiation shown in Fig. 12. 

Solid line - water coumn of 5 m. depth; Broken line - that of 20 m.depth; 

Rotted line - that of 50 m. depth. 

Fig. 30. The amount of living phytoplankton An the eptlimnion (solid line) 

and precipitating phytoplankton(dotted line) at the end at, summer stagnation 

  period. 

Fig. 31. The relations of the amount of suspending phytoplankton (solid 

line) and undecomposed sediment (dotted line ) at the end oil autumnal 

complete circulation period to replacing rate. Figures on graph indicate 

depth of lake in m. 

Fig. 32. The relation of the amount of undecomposed sediment at the beginning 

of the following vernal circulation period to replacing rate and depth 

of lake. 

Fig. 33. The relation of the amount 6$ newly liberated nutrient salts 

in the following vernal circulation period to replacing rate and lake 

depth. The amount of nutrient salts was expressed as the amount of phyto* 

plankton grown with exhaustion of those nutrient sate. 

                                 -



   0 
     4+  f:  41"

0 

0

'1/4$ \CI CD 
0 s3 1\3 

1-1 1%) \*4

1\3 4:•• ' 
0.• 
• \D 
0 

t-4 
J0\ 

• •• 
\TI ^.1.4 0

1/4-0

1\3 
CT\

                            c.4  egl gt ZO 
0 09 
• • 

                 to 
     " 4b, 

fr-4 1...• I" '4.0 1-1 
      ‘4:3 \O \A '1/40 

  0-Q.0 0 ©0 
 •• .• 

I-4 1-, 0r 
                       %.74 Ch ar \ID 44. PO 

   %.*1 1'4 -4 I-1 4=t• 43. 

0 00 0 0 
 •• • • * 
      0in 

 § raj 

0© 

 z)ito .1 
       ,c13

    iwe 1.•4 P-1 Pa 
N.0 46. 'CD '1/4,14 
• • • * *                    4

1tu

Oligotrophic

1 i 

               o4         1rPre  a*4141,i 

1 

              1c1E 

l 

                      1.6 

           5 

                                                                                            ......„1 
  ,....... 

                  ..•-". 
 --3Ik0CD0)-.3...-,4+ 

  .(4,..,gco‘cpa               4.uar,                                             t--.1441.$1432. 

  .........1.."00-gb•-cocoPc-::Vi' 
  •-.8#•••••••4,44,.. 

  CY\\AP3cr^t..,VI0 CD 0 ^-^P 

  --.3 \O -.3 CP% kil4P. " %.08 i"4 P". Ea 
• •• ••*• •• '....." . '4.10 0'1/4C) ...4-,1t-a ‘..* 0"\ 0 Qt. 

                 $I .74                                                                                   ci. 

                                  it 0. 

fq f Vtl- P g t VW twf, 
a - 0 4 v,4 0- a' kJCI                                                                 DI' •* 1.4.II 6• •• •• 

         1-1P-4 t \ ) i--4 H P-4 I-, et-     -it* - ON 411. '47044 0%. 0‘ 1-4 0\ 0 
    mo OD 10^YIIP OP OP g• NA le 

                                                                   1.4 
  1.4 t-' 0-4 1.4 1-1 Pa P-4 t•-1-.. 1-4 1-$ 1-4 1-4 \O P-8 0 - 4 1-4 

 '.4) 40 '1/4.10 1/40 ‘0 1/4,0 '..0 '1/40 I \-0 ‘0 \ 40 kr) %.4.) .1/471 .4) %..o '1/40 

V ̀cl:', V `c.g V ‘4 V V V tim:; `-.$31.'7,"‘ '..1 10 WI 

                               

1 , 0  0G0 0 0 0 0I-.I-,•-./-,0t-410r 

,,gt4cjzrit\sZ:,Is,‘12s8I;:.cot1g.  1.,1‘).4::••'I. .0.-P..‘.."4;.6 
• . •• . . • 

                                                                                      $.3
. 

00 0 00 0 00 10,0-oe 0 0 0 0 o o o ti,.. i 
• • • • • • • •• • • • 0 * 4, . •/** I 

 I-4 1..1 ‘04 ro Po to t-& ro--Ia)4N.41,cr,Nu#.I4*,tii 
 0 0 0 0 0 0 co cso coo _Q co et-1 

  fv,,, ..0 t-i .-44:1*tfh•NixIQNJ,'01444.401\301,-4iIi-h. 
                                           I.01 

                                                     c+1                             -1 

 0 00 00 001°,4;1 
 fig‘.ir-.;,,if,‘,1li114,1,g4....1                 1,,1a          ..1•idt-c  i i*t8,'cc?,g, ro                                                       0 V '                                               

I I 'de                                 I 
iV 

 PC-;Z7J,61I'641,-tZ.-  • * •1/4";,'IIcr22,"\'04'sI,4D'"Pt'-'                                          CPI**• 
•• •;,..)1;,...,•1IP•••1g                                                  1.14*-.3\**1411•\X                                           I

c+ 
                                                 fit

Ilesotrophic

   t-3 
  CO  ad 

 1^"   0 

    0-3 

  0 

?f, 

  0 0.0 

6-E 

‘41 

$1) 

S Ft, 

0 5 
de 0 

• 0 

  0 

  0



g 0

00Enri)triP• c 

                iwlbahi 
10 0.—....i-0  a o e pvlee$-irt,0 inft  32,CDte''1—,Ifs'XCi1 
40g.ei1-1f-A,H,CO             PHW  0104L0P;1-11,P o0(4,0 d0-Io 

       C 

 i-i•40A ; 1-*014., 1-3 C, J. co gI-,IP 0m 
  a1.4 p 

   ea00,I              FdAgi0 00ce                                                                              coI-,  p*
13oIsaiitd lo11 PI 0 P 0 0 co Pgtj  CD0$1,1-%0 1e-_ w 4gH 

 014'11111000• R.H  ES' 1.4.1-,1-41-6ri0g• 
   O00 0 1-1014.CS   c

i40 1-1 0i-4 ^a i 0 i P 
             i CD                                  ES 

 0- 

 W E" w0  4 44- tuE w a 
     1-4 0 

 O 4440   Ha 1-1 g-01-i.  AS 1-1, 5.4:22Z Z0li 
                               e+* 

 c+...--..to    ...--. Hto,' CO                                                      Itt 
---^ P i-1 v;:4-11, - g+ cl-
H 1-4 ‘.0 41.. 'PO 0 
\r) • .41.• - co..... el0 

  f1)F—I '...-.' 
  ......., \fl 

      Vi  0 
 '.......0 la• 

                          g 

 0•‘040VI1i—ai-J%Aii4ti3PO14 
op•••••••••PC1•-    0

‘00--4-40414-01-41-4 

                                          E'' 
                                                                                                    ef. 

00004W0000000 
••••••••go•*IVrj 
 4h.-4A•'kin-r%)NI1-,14PO01-4014* 

‘JI'VI0vo-co00N.010‘00 

   _P                                                                                               1-1

g08— I

0

0 

  2 di

I-, 

  PFP°P°90 
  ° 5 2 \c` 2 " re P

ry 0 ro 0 t-a Q 0 0 0 4ft ' 
4 •                               5 

    I0SO.0 
      1-4 0 0

- *4.0 0 I 
  ON 0 0) ON CO .R

Ps to

a 

3 its



             0 

 0 
 cr  4 

                fa 1-, 

      g Pa 

c+CD 
1-0. P 

                       • 0-0 
                   ‘.0 

\.>4 
•—^ 

cp 

c+ 

0 LTI 
• 

‘..)4 H 
a •

*Id 

CO 
to

C+ 

itp

0 

0

0 

0 0 
t..71

  I I
0 1
43

           O..%  r)  • 
• H    0 

1 
N.) 

0 
• 
0 

(t4 

• 
-IZu • 

cf. k.9Co 
                  « 

CD0

t+ 
CD Ii 

to

0 

sc.o4 

k..71 
• 
‘.0

      104 
1 

• Pa 
CO

1.4 
0  
UI a. 

%.0 
%A 11 
ON 0/

H CD

H 
H 
H

0 
e+ CD 

to 0 t+

0-03

                p. 011
=1 

•id 
00 

VIPI 

Pa 

04+ 

        El 

0 

0V 
vi0-0 

0co 
.i^o 

VIco 
0is            a

)          0 

ct-0
at 

0 ttH-O e
t0 

i-A 
Ic+ r
‘)0'          •

0 

C)! I re 2 
I..) 0H

1/411

           to

H Era 0 
I-4 

I0 • 

•



 Table  IV..  Vertical  and  seasonalvariations  in  the  total  phosphorus 
content in the waters of Lake Haruna (mpsotrophic, mean depth-7.9m.) 
and Lake Sum(eutrophic, mean depth 4 m.).

.470. 

LC% 

4-1 

I 

I

Depth 
in meter 

  0

2 

4

5

6

8

July 18,1950.

0.014

0.016

0.010 

•

0.026

0.025

Aug.31,1950. Feb.3,1951. April 25,1951. 
P al 

 0.014 0.035 0.080 

 0.014 0.035 0.090

0.016

onrommrsrp

0.018

0.032

1110^••^110.

0.035

0.04o

0.080

01111108•01.1.11.0.1,

0.080

0.080

10

12

0.028 

0.140 0.150

40011.14.

0.030

0.080

0.090

C4 
1\ 

r4 

43 

44 

I

Depth 

in meter

0 

1.

3 

4 

4

6

Sep. 1949.

0.080

0.080

0.100

0.080

0.010

0.010

0.020

Feb.1950,

0.060

0.060

0.080

0.050

0.075

0.080

0.065



 Table  V.  The  coLcentration 

                          media 

Dilution degree 

of1/1 
the basic medium 

 Nitrogen2.770 

Phosphorus0.228 

Ferrous0.050 

 Calcium0.361 

Magnecium0.987 

Table Vi. Total phosphorus 

      algal suspension sampled at 

Dilution degree of 
the basic medium 1/1 

replacing rate 

 00.250 

0.010.250 

0.100.248

of major 'dements in the culture 

 in p.p.m. 

1/6 1/30 

  0.461 0.092 

0.038 0.008 

0.015 0.003 

  0.060 0.012 

  0.164 0.033 

concentration ( in p.p.m.) of 

19 days after inoculation. 

1/6 1/30 

  0.034 0.008 

0.035 0.008 

  0.029 0.008
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