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Introduction
For the clarification 6f the progressive changes of the phyto-
plankton community in the earlier stage of hydrarch succession,
the analysis of microfossile algal flora o1 chemical eonstituents
of lake sediments have been carried out by several investigators
( Lundquist, 1927; Hutchinson & wnlaek,é940; Lindeman, 1942;
#jerdingstad,1954). These studies could give much descriptive
informations on the sequences of hydrarch succession and on the
relationships between these changes and the environmental condi-
tions, but provided us litile explanation on the mechanism
through which the progressive change of the phytoplankton commu-—
nity took place under the effect of climatic, edaphic and topogra-
phie conditions.

In general, the following two changes may be expected as the
important causes of the lake succession from oligotrophy to autrqf
pay : 1) gradual shoaling of lake basin by the progressfive acecu-
milation of sediments, 2) gradual eutrophication of lake water
caused by accunulation of nutrient salts. For inducement of
these two gradual changes, inflow of allochtonous ersanic matter,
sand, or mud is often significant( cf. Livingston et al., 1958).
However, autochtonous substances originated in the production
of lake plant commumnity seems to be generally playing an important
role. It has been well known that living green plants, the
primary producer in lske, generally accumilate the nutrient salte
in their cells in higher concentration than in the external
medium ( c¢f. Hoasland & Davis, 1323; #Matsue, 1952). Then,
sedimentation of dead plankton organisms to lake bottom, even
if partly mineralized by bacteria in the course of their settling,
must resultg/ in the gradual shoaling of the lake basin and the
gradual a:cumulation of nutrient salts in lake gﬁter by coupling

sk



with the alternation of stagnation and circulation 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 chances in the environ-
mental conditions such as eutroéication of lake water and shoaling
of lﬁke basin must bring about the change in the productivity of
phytoplankton community, which contrariwise gives the change on
the rate of ahoaling and eutrophication.

Thus, we can expect the dynamical mutual action between the
production of phytoplankton community and the lake environments.
The dynamicel processes of such a mutual action will bring about
the progresseive and irreversible changes of plant community in
lake and its environment in lske over a long period of years.
Therefore, it is not too mush to say that the analysis of sucecssio-
nal process in lake becomes possible only based on the primary
production in ift.

¥Monsi and Oshima (1955) clearly digclosed the general law of
the successional process of land plant community through the
theoretical consideration on the mutuai action between the commu-
nity and its environment from the view point of dry matter produc-
tion. Concerning the phytoplankton commmity in lake, Hogetsu
and Ichimura (1953) have already pointed out an important role
of the production in the process of succession. Beside their
work, few analytical investigations have been deone up to the pre-
sent from this point of view.

The purpose of the presect study is to analyze the process
of ecologzical succession in lake, especially the process from
gligotrophic to eutrophic state, on the basis of the production
of pé?oplanktoh conmunity. 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 whal degree the production of phyto-
plankton community is affected by either nutrient salts content
in lake waters or morph8metry of lake, especially the nean depth
of lake, which changes jradually in the course of succession.
Second, how progressive changes such as the accumulation of nutri-
ent salts and the shoaling of lake basin are controlled by the
production of phytoplankton . Third, how the dynamic mutual re-
lations between the proiuction of phytoplankton community and the
environmental conditions in lafke are influenced by climatic and
edaphiec conditions. Finally, to derive the general law of the
process of hydrarch succession foom theovetical 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 anal;ze the first problem and
then a theoretical consideration on the second problem, making
clear the si@nificanee of the dynamic mutual actiorn on the process
of hydrarch succession.

II. Generlal Froced@Qes

The methods of chemical analysis of the lake water and the

culture of al ae émplqyed in the present study are as follows.
a) Analytical methods

Nutrient salta. As a preceding treatment for chmiecal analysis,
200 ml. of the smpled lake water were concentrated in an evapo~
rating-dish to about 50 ml.. Total uitrogen: Total ni'rogen
was determined by the usual semi-micro Kjelianl methcd. Total
chosphurus: After the concentrated sample was digested with a
small quantity of sufuric acid, nitrie acid and hydrogen peroxide,
and neutralized with liquid ammonia, the concentration of inorga-

nized phosphorus was determined colorimetrically by Uenigie-Atkins
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method. Total iron : The ircn concentration of the neutralized
golution described above was determined colorimetrically by aeddi-
tion 0. acetate buifer solution containing A ~dipyridyle and
hydroxylamine.

Chlorophyll conten® The amount of phytoplankton was routinely
estimatec from the chlorophyll content of the sampled water.

The metinod for dctermination of chloropnyll content employed her§
was essentially similar %o that described by Hogetsu et al. (1952)
and Ichimura (1956).

Photosynthesis. The measurement of the photosynthetic activity
of the algal population samplecd in the field was usually carried
out in the laboratory. The sampled lake water, brought in the
laboratory as soon &8 possible after samyling, was Tilled in
transparent and blackcioth-covered bottles of about 100 ml.,
then these bottles wer: placed horizontally in & running tap
water bath at a consbtant temperature ( about 20-25°C) under arii-
ficial illumination. Different lLight intensities were obtained
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 di@solved oxygen in the bottles was determined
by #Winkler's method, and then the values of transparent and
blackeloth—-covered bottles were summed up to obtain the photosyn-
thetic rate. In the case of the cultured algal population,
the procedure used was essentially similar to that described above.

b) Culture methods

To obtain a clue of the analysis of the given problems or %o
ascertain the results obtained in natural waters without any
definete experiment, culture experiments were frequently performed

under various coirditions. Chlorella sp., which was purified by



the autﬁdr in the laborat.ry, was used as an experimental material
on account of the facility of culture. The material uszed for

the measurement of protosynthetic rate was usually cultured in

the conical flask of 500 ml. ecapacity containin. modified ‘etmer
solution, diiuted to 1/5-1/10 concentration, in which the ejuivalent
KNO3 in nitrogen was substituted for Ca(NOs)z. The alzal suspen-
sion was :nually 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 cultured in the mediczl ~lass cups of 350 ml. capacity.
Each cup contained 300 ml. of the culture mfedium of the following

vagsic composition : 20 ppm. of KN03, 10 ppm. of MgSO '7H?0, 10
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pom. of CaClz. 1 ppm. of KﬁzPOQ, 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
daylig:.t type fluorescent lamps ( about 4000 lux at the surface
of the culture pots) and usually duplicated. GLvery other day
throughout the experimental period, a few drops of HaHCO3—saturated
solution were added %o the culture medium to prevent the defieci-
ency of the carbon dioxide source. '

The yield of algae was measured by determining the extinction
value of algal suspension with the following formula

B = log Io/I

where E is the extinction coefficient of algal suspension of
1 cm. thickness in red light (640 mu) and represents the rilelative
concentration of algal suspension, Io and I are the readings of
galvanometer in the fresh medium and £ in the sampled slgal sus-
pension respectively. ®xtincticn ceocefficient, however, as pointed
out by Rhode (1948), is not a direct measure of the amount of algal
substance, but to a lar_e estent varies by other characterictics
of cells, especially by chlorophyflk conteunt, which are dependent
on the culture conditions. As chlorophyll is the most important



substance in the shotosynthetic process, this value may be
considered to express agproximately the amount of the production
unit.
III. The %ependency of the rroduciion of ‘hyteplankton
on the dean Depth of Lake.

It has been long recognized that a shallow lake is generally
fertile and su@ports the 1life of nany organisms, while a deep
lake is barren and produces only a few orjanisms. By examinaténg
the descrptive data %btained in many German lakes, Thienemann
(1021) had found a close relationship among the shaps of lake
bagin, nutrient salts concentration and the yuantities and quali-
ties of the lake organisms, and then presented the notable concepi
of lake-type. In this case, the morphomeirical cheracter of lake
basin, especially its mean depth, was coﬁside&ed to e the most
significant factor in determining the lake-type. After that,
many invesiigators ( Hawson, 1952,1953,1955 ; Hogetsu et al.,
1952) have demonstrated that this conclusion was subttantially ¢
correct in the lakes of temperate region. However, it had no
applicability for the tropicai lakes ( Ruttner, 1931). Recently,
Ffey and Stahl (1958) reported that the contrelling effect of
morphometry of lakes on the ;roduction may Le significant in the
arctic lakes as well as in the temperate ones.

Regarding these clese relationshlps between the lake cepth
and the production, various explanations have been presented
to datey(Thieremann, 1928; Rawson, 1939; Hogetsu & Ichimura,

195% ete.). As these explanations, however, have been done only
gquakitatively and arbitrarily, there recains many problems to be
analyzed. In the present chapter the author dealt with the ]

detailed analytical investigations on the uctual relation

I



hetween tihe depth and the production of prnytoplankton community
in Japanese lazes. |

In connection wit: the climatic factor, thélepth of lake
generally governs the underwater illumination, temperature, and
the circulation lake water. FHoreo.er, in connection with the
edaphic factor of drainage area it will determine the initial
concentratios of nutrient salts in lake water as pointed out by
kawson (1935,195%). In this case, tue utilizafion degree of the
nutrient salts by phytoplankton is controlled by'their vertical
circulation of lake water. 7To apalyze the controlling effect of
the nmorphometry of lake on the primary production, therefore,
it will be necessary to analyze ti¢ relationship between the lake
deptnh and the lfignt intensity, temperature and nutricnt salts
concuntration in the lake water,

1t is noteworthy here that the circulation of lake water gives
alse a larse effect upon the vertical structure of phgtoplankton
community (productive stricture) as well as the effect upon the
circulation of nutrient salts. In consequence, the significance
of the mean lake depth for the .roduction of phytecplankton commu-
nity differes greatly either durins cir-culation period or
stagnation p:riod.
I. Production of Phytoplankion ‘ommunity d&@ing Circalation Period.
(a). AHelation between tiuz amcunt of phytoplankton and mean depth.

In deeper lake, the complete circulation of lake water is usually
limitéd oaly in syriog and sutumn when tem;crature a* any layer
becomes uniform. The aanual maximua yield of phiytoplankton commu-
nity is observed only in these seasons. In shallower lake, however,
hizher rate of production is maintained t rouzhout the year. It

is interesting to compare the amounts of phytoplaniton in both
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types of lakes in the circulation period. The mean chloroshyll
content measred in the euphotic zone of Japanese lak:s with
various depths durin a eirculation period ( Ichimura, 1056;
Ichimura & Saijo, unpublished ), is plotted asainst the mean depth
of the corresponding lake in Fig. 1 on the ordinate seale and in
Fig. 2 on the logarithhic scale. These figures show that there
is a remarkable inverse relation between the lske de th and the
chlorophyll content in unit volume of the water, namely the denaity
of phytoplankton porulation, although this relatio%@ecomea
contrary in a too shallow lake. Assuming that phytoplaniton
distributes homcgenously in a water coiumn for this period,
which appears to be similar to the actual state, the product of
the chlorcphyll content per :nit water volume by the mean depth
will approximately give 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. Apparentiy, this relation is
8imilar t¢ that shown in Fig.2.
Here one must pay attension to the fact that the decrease of
chlorephyll content in a toc shallow lake was in parallel with
the luxurient growth of rooted aquatic plants (cf. lLake Tega ).
In the lakes of similar depth with the poor growtin of roocted nlants,
a dense bioom of phytoylankton could be usufally observed (cf. _
,Jg;uma). Such antagonistic correlation between phytoplankton
and rooted ajuatic plants, must be of a :sreat ecolozical signi-
ficance on the proceéss of hydrarch succession.
As described bdefore, the lake dfegth gives an indirect effect
on the production of phytoplanxton community through the change
in the environmental faetors. Hoetsu pointed out tne importance

of the decrease in underwater lignht intensity with depth for this



phenomenon and demonstrated it by the culture experiment of
Chlorelila in different thickness of culture medium. In the cul-
ture with Detmer's solution ( diluted to 1/10) uander the condition
of constant stirring and artifieial illumination ( about 4CC0 ILux),
the yield of alga: per unit volume of culture medium was always
inversely proportional to the thickness of the medium ( Fig.4)*
This is apparently due to the decrease in photosynthetic rate

of algal population caused by the decreasing avera e lisht inten-
8ity in algal suspension with depth. The similar situation may
also be expecled to some extent ia natural waters.

It has veen frequently reccgnized, that the growth of phyto-
plankton in natural waters was strongly limited by the amount of
nutri-nt salis, which correlated closely with the character of
lake .asin ( Juday & Birge, k931l; Naumann, 1932; Yoshimura, 193%6
etc.). Consequently, it is very doubtful whether the morp.ometric
control of the produc:ion of phytcplankton community is always
caused by the similar situation to the r esults of the culture ex-
periment obtained under the optimum nutrient comndition. The
author surmises that , in many cases, the production might be
controlled mcre effectvely by the differences in the amount of
available nuirient salts rather ihan that in the average light
intensity in the ghter ol «

b)., Difference in the nutrieni salts content in the lakes of
varioua types and lte significance for the growth of

phytoplankton.

* This experimental result was kindly made _ossible at the aunthor's

disposal by Prof. K. Ho_etsu, to wiom due gratitude is extended.
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Previous works concerned with the relation between the growth
of phytoplankton in natural waters and the nutrient factor have
been main.y carried out ou the baslis or comparison of the amount
of phytoplankton with the concentrations of soluble inorgsnic nut-
rient salts. However, the nutricnt salts in inorganic forms
found in the lake water are usuzlly only one part of total
avallable nutrient salts for the production of plankion substances,
for the most part of them has been already absor-bed by phyto-
plankton. ispecially, during; a growing season of phytoplankton
such as a circulatiocn geriod the incorganic nutrient salts are
exhausted ( cf. Yosnimura; 193¢, cugawers, 19 s Hozetsu et
al. 1952).

It has beaen often reccgnized that the nutrient salts bound
in organic substances were actively utilized by phytoplankton (
Chu, 1943; Rodhe, 1948; ¥ Ludbig, 1952; /arvey, 1953; Hattori,
1957; Abbot, 1957). Therefore, it will be rather proper to mea—
sure the total content of nutrient salta than those in inorganie
forms in order to estimate the amount of available nutrient salts
for the growth of phytoplankton.

From this point of view, the author performed the chemical
analyses of the total content of nitrogen, phoaphor;é and iron,
which have been recognizea as the limiting Jelem:nts for the growth
of phytoplankton (cf. welech, 19 From April to ¥day and Trom
November to December, as the nutrient ssits and phytoplankteon
appears to be uuiformly distributed in the whole water column,
measurements were carried out as the odily the surface water of
varicus lakes.

The results obtained are given in Tabie 1. The data indieate
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that in the lake water of harmonic type the total nitrogen

content falls within the ragge from 0.15 to 1.20 ppm. . In general,
the contents of these nutrient salts are larger in shs. lower lakes
than in dce er ones. These relationships are alsc shown graphically

in Fig.5. Apparently, the curvelinsr inverse relationships

are found between the mean depth andthe to%al content of each
nutrient sz2lt as well as in the case of chiorophyll coantent (Fig.l).
Therefore, it seems likely that the controlling effect of the lake
depth on the production of phytoplankton community may be con-
siderablly responsible for bthe differences in the amount of
limiting nuirient salis.

On the guantitative:relationshiJ between the growth of puy Lo~
plankton and the concentration of nuirient s=lits, meuy ianvestiga-—
tions have been performed by the culfure experiment using varioué
purified aigae ( Chu,1942; 1943;;Rodhe, 1948; Usterliind, 1949;
Gerloof & Skoog, 1954,1957). The minimum requirement of different
phytoplanktdfers for various nutrient elements which were revealed
by their investigations are summnarized in Table 2.

Comparin  these values with the contents of the corres onding
elements in lake waters ( Table I4/4 1 and 3), it is clesr that
the content of nitrogen and phuapnor?é in lske waters i:s much
lower than the minimum requirement of phytceplauikton for the
optimum srowth. Un the contrary, the conlent of iron in lake
waters is rather higher than the minimum requirement, althoug:
the relation of its content t¢ the mean depth is very similar %o
those in the case of aitfogan or phosphorus. It has been recog—
nized that iron content in lake water usually did not limit the
growth of phytoplankton ( Yoshimura, 1936; Rodhe, 1943. Gerloff

& 3koog, 1957). From the relation zbove-mentioned, there will



be no reason to believe that iron is a liriting element for
growth of phytoplsnkton in the lake concerned in the present
paper, too. Concerning other major nutrient salts, chemical
analysis has not been periormed in the present study, but one
can obtain the informations on the contents of them in some
Japneée'lakes from the Yoshimurd's report (1936).

The data in this rpeport indicate that in the lakes of
harmonic type the content of calecium is 3-20 ppm., magnesium
1-5ppm., and silicate 10-50ppm.. Considerinz t.ese and the
minimum reguirement in Table 2, it is obvio:.s that calcium and
magnesdum are contained in the lake water far in excess of the
minkmun requirement, but the content of scl .ble silicate is
somewhat lower than the minimum requiremert of some speciss of
diatoms. In this case, however, it must be kepi in mind that the
profuse silicate is contained in natural waters not onl, in
soluble but also in colloidal state., From the facts mentioned
above, it may be pcssible to say thal among various nutrient
salté dissolved in the lake waters, nitro:t@ and phosphorus
are the elem%ngs present relatively iu the least amount to the
requirement for the noraal growth of phydoplavkton.

c¢). Changes in the yield of algae with varying the concent-
ration of nitrosen and phosphorus in the culture wmedium.

In order to clarify to what de _ree the =nitrogen or phosphowmus
concentration in the laxe water is limiting the production of
paytoplazkion, the cuiture experimenit of Cnlorella was primarily
carried out in the medium of varyin. concentration of nitrogen
or phosphorus was varied by adding different amcunt of HaN03

or NaE12P04 .

of the final yield to the conceniration of nitrogen aud plosphorus

In the culture for 53 days (20-23 C) the dependency
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in the culture medium is sBown in Figs. 6 and 7. Under the
constant nitrogen or phosphorus supply and varying concentration
of the other element, tie yield of algal population augmented
up to the maximum with the increase in phosphorus ( Fig.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 1limit of nitrogen
and phosphorus concentration found in natural waters was 1.2
ppm. and 0.07 ppm., respectively ( Fi..5), these figures uay
indicate that both nitrogen and p:osphorus in @Qtural waters
are strognly l@?fing the growtn of planiton algae.

A8 clearly sce: in Pig. 7, in the culture of low phospho-
rus level as in the most primitive aligotrophic lake (C.005 ppm.)
even sufficient supply of nilrogen gave only the least promoting
or deteriorative effect on the algal yield. When the phosphorus
level of culture medium increased, however, more marked increase
in the yield was observed with increasing nitrogen supply.
The increase in phosphorus supply into the culture of con-
stant nitrogen level was associated with a marked increase in
the yield even in the lowest nitrogen level which is lower
than the lowor limit in natural waters dmring a circulazation
period( 0.15 ppm.). These results may su;gest that the phosphorus
content in dlicotruphic lakes is limiting the growth of algae
in a higher degree than nitrogen.

For clarifying the dependency of the growth of plankton alsgae
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



the corresponding waters in Fiz. 8. It is clear that & : P
tatio in Japanese lakes dmring a circulation period lies within
the ran e from 30:1 to 10:1, and appears to dec:.ease inversely
wﬁé’increasing phosphorus level except in very shallow lakes.

The waters taken from the shallow eutr%phic lakes in which
the bloom of Microcystis is found in midsummer or the rooted
aquatic plants are luxuriantly growing, have higher vaiue of N:P
ratios namely higher aitrogen 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:P ratio is 30:1 and ghosphorus
level is 0.0l 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 nN:P ratio in natural waters. By examining the
increase rate of ydeld with increase in nutrient le.el 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 yield with increase in phosphorus level is very
large within the range of ph&0Qphorus level found in natural waters,
as evident in Fig.6. The increase 1in nitrooen level, however,
gives only the least pronotin. effect on the yielda ( Fig.7).
Namely, in tnis cas:, phosphorus seems t0 be predeminaffftingly
limiting the growth of algae;

On the other hand, in th. case of watlers having the MNiP
ratio of about 10:1, fhe increase in nitrogen level gives not
only the least promoting effect on the alsal yield in the culture
of lower phosphorus level, but also a larg e effect in the culture
of higher phos horus level (Fig.7). The increase oi yield is

also induced by the external su,ply of phosghorus, but it becomes



gradually less marked with increasing the leval of nitrozen ( Fgg.
6).

Considering these situations in comparison with the fact
that t e total nitrogen content in the natural waters deviates
in the range from 0.15 %0 1.20 ppm., and the total phos horus
cntent from U.C08 to 0.07 ppm.(Fig. 5), it can be said as follows;
In the X oligotrophic lake, the growth of phytoplankton is
frequently limited predominantly by less pnosghorus supply,
and its controlling effect on the algal yield becomes gradually
less with the inerease of phosphorus leviél of lake waters.
In eutrophic lake, however, the limiting effects of ni rogen
and ohosphorus appear in nearly the same deg ree.

The above mentioned relationship between the . :rowth of
plankton algae and the nutrient level wae Jerived on the nasis
of the results from the culture experiment of Chlorella under
varying nitrate and pshosphate concentration. It must be noticed
here, howsver, that the relation of the optimum growth to the
nutrient level differs so m:ch from species to species ( Chu,
1942,194%; Rpodhe, 1948). Moreover, 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,
presunably due to existence of £ unknown substances in the natural
vaters. Consequently, it may be inadequate to derive the £
¢cnelusion on the d ependency of the nutrient level in natural
waters on thegfowth of plankton algae only from the results of
present ex.eriment. Then, it was desiznated to examine the
relation between the yield of natural population and the nitrogen

or phosphorus level in natural waters.
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d). selationsuip vetween the srowth of phytoplankton and the
nutrient level in natural waters.
for clarifying the causa. relation between the yield of
natural phytoplankton pop.dation and the nutrient level, the
observations must be carried out in the water in which omly
the putrient salts is limiting the growth. In Japanese lake waters
the availhble nutrient salts are usually almost exhausted by the
luxuriant growth of phytoplankton throughout the periocd from
late spring to late summer. a4t that time, the phytoplankton
community in the surface water under sufficiént solar radiation
and moderate temperature seems to be attained to its maximum
yield under given nutrient condtion. hamely, the srowth rate
of the community is equlibrated with the death rate of it.
Then , present ouservation was carried out only as to the surface
waters of various lakes and ponds.
Species composition of the phytoplankton communities concerned
here was as follows; In the X oligotruphic or mesotrophic lakes
a dominant was aAsterionells 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 Synedra sp., Jerosira

8p., Scenedesmus s8p., Ankistrodesmus falctus, Chlamydomonas sp.,

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

in dominant species, the amount of phytoplankton was always esti-
mated from chlorophyll content in the lake waters not merely for
the facilitation of measurement, but also for the generaliza-
tion of the comsideration. The nutrient level was estimated by
the measurement of the congfféhfitent of total phosphorus and

nitrogen in the sampled waters.
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Fi s, 9 and 10 show that there is #pproximately %@iuear
relationship between the chlorophyll con‘ent and the nitro en or
onosphorus level which is plotted on logarithmic scales. It
must be noted here that the deviating points celow the straight
line in Fig.9 have larger value of the N:P ratio than ones
situated near or on the line. Conparing theis situation with
the fact that the corres onding points in Eig.ld are found near
or on the line, it will be clear that less su:;ply of phosphorus,
conseyuently the larger N:P ratic is respons ble for lower
yield of hytoplankton than that expected from the nitrogen
level. Hamely, the deviation of tne results ir Fig. 9 resulted
from limited growth or increasin: death rate due to less phospho-
rus supply. Just the contrary situation to this can be seen in
the deviation of the wvalues having small N:P ratio in Fig. 10.

In this case, naturally, the d eviation caused by the differe-
nce in the specific characters of the dominant species must be
considered. The results obtained in the waters with the sa-e
dominant species, however, are quite similar to the apove d escri-
bed situation except for the following case.

As shown by the dark cirecles in Fig.l0, the waters with the

waterbloom of Microcystis # aureus have an exceptionally higher

chlorophyll content than that which coculd be expected from the
phosphorus level. The dominant of blue-green algae has generally
been reco-nized as growing in the waters having a hi-her nitrogen
content.. Hecently, Gerloff et al. (1954, 1957) have disclosed
that the nitrogen re;uirement of iMicrogystis aureus is about
sixty times as hi h as the phosphorus requirement. In consejuence,

dicrocystis will give a higher amount of chlorophyll in the

waters of high N:© ratio than that waich is expected in other #
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species from the yﬁbsphorus 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 phytoplankton community , the nitrogen or
phosphorus level and the ratio between them : In the waters
havin; 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 ( cf. Birge & Juday, ¥1922), an@%he 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
factur and the yield varies according to a linear relatié?hip
given in Fig.8. In the waters having the ratic beiow 9, nitrogen
becomes a critical factor and the yield varies along a straight
line as shown in Fig.9.

In natural waters the upper limit of nitrogen and phosphorus
levéls during the circulation period are 1.2 and 0.07 ppm.,
respectively, and the N: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. Narely, in Japanese lake nitrogen and
phesphorus are highly limiting the growth of phytoplankton co:mu-
nity. In the Woligotrophic 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 neaily balaﬁced with that of ﬁitrogen. Contrar-
wise, the prominent limitation of the yield through lesé nitrogen

supply can been hardly seen except for the case of Microcystis.
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e). The theoretical explanation of the dependency of the production
of phytoplanktan comnunity on the lake depth.

As previously deseribed, the denpendency of the pmduat.ion of phyto=
plankton community on the depth of lake may be partly responsibfle for
the restriction of photosynthesis of phytoplankton community due to the
decrease in the average underwater light intensity with the increase of
depth. In ths present seetion, this effect will be examined quantitatively.

If the distribution of plankton is homogeneousy in all depth, the
relative 1light intensity at each layer in a water column can be expressed
by thefollowing formula as a function of the ineident light (I.) and the
extinotion coefficient (X) of the lake water :

-«D

where Iy is the light intensity at the depth of D. The extinction coe-
fficient is markedly influenced by the amount of suspended matter in the
lake water. Kikuechi (1935), Ichimura (1956) and others have recognised
the Sllowing re-lationships between the transparency (T) and the extinc=
tion coefficient (A) in many Japanese lakes 3
AFlY /Tocacmcannacnncanea (2)
If the formula (2) is adopted here, the quantitative relationships be-
twveen the extinetion coefficient and the chlorophyll content of lake
water can be obtained from the data reported by Ichimura (1956), Saijo
(1957) and Ichimura and Saijo (unpublished). It appears clearly in Fig.
11 that there is a direct proportionality betweon the mean chlorophyll
contents in the euphotic sone and the salenlated values of extinction
coefficient which are plotted on the logarithmic scales, and this re-
lationship can be expressed by the following formula
- " 1og A = 0u40 10g C = 0.37 === = === (3)
in uhich C is ths mean chlorophyll content of euphotic sone in mg. per m3.
The fluctuation of ineident light intensity during the eirculation
periodmybe:rogardad to vary asccording to the daily narch as ahown in
-19 -



Fige 12, vhich is similar to the monthly average in the light intensity
from April te May in Tokyo (Hiraysma, 1938). If the loss of incident
light by the reflsetion at the water surface is neglested, it is easy to
ealeulate the light intensity at any time of the day sad at eny depth of
lake water containing & certain smount of chlorophyll by using the equ-~
ation (1) and (3) and Pigs 12.

To obtain some informations on the quantitative relation between She
photosynthetie rete of phytoplenkton and light intensity, the photosyn-
thesis of Chlorells cultured under various conditions and of t~he natursl
algal population taken from verious ddfif¥fddd waters was messured. The
results obtained were plotted against light intensity in the relative
value, as similar to Ryther's attempt (1956)(Fig. 13)« The lightf satu-
ration of photosynthesis is attained at lel.5 x 104 lux end the imhibition
becomes apparent undor the light intensity stronger then 3 x 10% lux.
In the old aged or less matrient supplying culture, ssturstion is ob~-
served in lower light intensity and more marked inhibition in stronger
light intensity. As the experimental data are insufficient to determine
the photosynthesis-light intensity curve of algme under different culture
condition, & tontative eurve shown in Fige 13 was performed es & standard
photosynthesis-light intensity surve. This curve seems approxinately
similar to those given by Menning and Juday (1942) and by Ryther (1956).

The ratio of respiration loss to the maximum photosynthesis also
markedly varies with the difference in the age and the nutrient condie
tion. The present experiment in eultured Chlorells shoved that the ratie
varies within the rangs of 1/40 to 1/2, and that the algse cultured in a
low nutrient level has mmaller ratio (of. Ryther, 1954; Kok, 1951). As
the data obtained were not sufficient to reweal the quantitative re-
lstionship betusen the marimm photosynthesis and respiration, it was
assumed that the amount of the latter equaled to 1/12 of the former
irrespective of the envirommental eonditions.
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thetic rate at any depth in a water column, and the total photosynthetia
rate of phytoplankton eommunity under the unit surface arem. Fig. 14
shous the relation of the relative daily rate (Kr) of the integrated
photosynthesis per unit depth of water columm to the product of extine-
tion coefficient and water depth (o). With the increese of 4D, the
magnitude of Kr decreases due to the lowering of the aversge light ine
tensity resulting from the increase of mutual shading in the phytoplankton
community.

To obtain the absolate value of the daily photosynthetic rate, it
is necessary here to multiply this relative value by the photosynthetie
rate under the ssturation light Intensity. Fig. 15 shous the relation
betwsen the photosynthetie rate (Pm) of various natural phytoplanicton
populations measured under the artifieial illumination of sbout 20 kilo
lux and the phosphorus level of the sampled waters. It is elear from
mparimottﬂ:mﬁthnwtlmmm.mmmm—
synthetie activity per unit chlorophyll amount decreases with the lowering
of the nutrient level (Ishimurs, 1957).

Thus, one can compute the absolute integrated photosynthetic rate
(P) of phytoplankton community in the waters having various depths by
thefolléﬂngaqmtiont i

P

ErXPR XD ~-mmmmmmw= (4)
Now, suppose here that the growth of the phytoplankton community in the
vater column concermed is restricted only by leas supply of nutrient salts.
The amount of phytoplankton given in Fige. 10 secems to be approximately
equal to the maximum yield. In consequence, the value of under & given
nutrient level will be obtained from Figs 10 and 11, and the value of Kr
for the water column of s difinite depth from the curve im Fige lie Then,
using the equation (4) and the data in Fig. 15, the net production rate
in the vater column of 1, 2, 5, 10 and 20 m. depth can be ealeculated
respectively.



The results were shown in Fig. 16 in mg. of the assimilate (CH0).
In this case, the photosynthetic quotiont was assumed to be 1. In the
wvaters of a lower mutrient level, the produetion rate per unit surface
area is roughly proportinsl to the depth of water colmam. This indicates
that the production in these waters is mainly limited by the amount of
mutrient salts in the lake waters. With the increase in the nutrient
level, the production rate becomes larger. However, the increasing gradi-
ent in production rate with the inocrsase in nutrient lewel becomes gra-
dually small. Such tendenay of variation in the produetion rate becomes
marked with the incresse in the water depth. This indicates that the
photosynthetiec rate of the community becomes smaller due to the increase
in the AffFI#A% mutual shading degree with the increase in depth and
nutrient level. Thus, the water depth which gives the largest production
rate becomes graduslly shallower with the increase in nutrient level,
Theﬁaolntevslﬂes&ftbamtprndﬂcﬁmglﬂaiq?ig.%mrcm
from the calculation based on the value of Pm measured at 20-25° C. As
the water temperature during vernal and autumnal cireulation periocds is
usually 4-15°C, the actusl rate may be about 30 % lover than the present
oness

The caloulated total production rate of too dense phytoplankion
comaunity falls to sero under definite nutrient levels. This suggestes
that the growth of phytoplankton under those conditions is limited pre-
dominsntly by the light condition in the water column comncernmed. It appears
that phytoplankton can not increass beyond certain density. This definite
dmitymyhregaﬁoduthemmﬁaM(M)*m&mbew
from 1ight conditions prevailing in thelake féddd(fy concerned. As

% The maximum yield in the natural waters equsls to the size of the coumunie
ty in which the preduction rate is equilibrated with loss rate. lHowever,
as the loss rate during the growing sessenm such as ¢irculation peried is
small, the value of Yul may be regarded as an approximation of the astual

ons.
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clearly seen from the equation (4), P becomes to mero when Kr is zero.
Fige 14 indicstes that Xr becomes to sero when D is 19.75. Then, if the
depth of lake (D) is known, the maximum yield (¥ml) of phytoplankton
community ean be computed from the equation X = 19.75 /D and the
data in Fige 1l

A solid line in Fig. 17 shows the relation of the computed Yml to
the lake depth. It is clear that the shallower the lake iz, the larger
the value of ¥nl to be attained. Broken lines in Fig. 17, which were
given by the(iats in Fig. 10, represent the maximum yield of phytoplaniton
under sufficient light condition and the phosphorus level showm by the
figures in parenthsis. It must be kept in mind here that in the water
of phosphorus level shoun by the figures in parenthesis phytoplankton
cannot increase over the broken and straight lines which are bordered
with fine oblique lines in this figure. It is clear that the yleld of
phytoplankton community in the lakes of lower untrient level except the
despest one 1s restiicted by the less supply of nutrient salts, but in
the lakes of higher natriont level 1t bscomes rather influenced by the
decrease of light intensity with the increase in lake depth than by the
amount of nutrient salts,

Ascording to the author's theoretical computation based on the
photosynthesis~light intensity curve of Chlorells (Tamiya et al., 1948,
1953), the result of which will be reported in detail in another paper,
the difference in temperature appears to have a large effect on the pro-
duction of phytoplankton community only in lower density, but not in
higher one. Then, for the simplification of the eonsideration itmay be
assuned here that the difference in temperature have no substaneial
effect on the maximun yield of phytoplankton eommmnity.

~ As described befors, the smount of phytoplankton cbserved in the

malutca'dwingiqirmlaﬁonpwmdmbomguﬂaduw-

mating to the maximum emount to be attainsble under the prevailed con-

ditions for that{ period. Therefors, the quantitative relationship be-
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tween the lake depth and the size of phytoplankion community during this
period may be explained by the present thcoretical relationship. In Fig.
18, a solid line expressing the relationships between Tml and D is iden-
tieal with the theoretical one shown in Fig. 17. The broken line which
was oaleulated from the data in Figs. 10 and 5-A, representa the relation
between the lake depth and the maximum yield expected when the growth is
limited only by the mutrient condition. Hence, both broken and solid

~ lines in Fig. 18 bordered with fine obligue lines express the theoreti-
eal relationship between the maximm yield and the mean depth during a
clraﬂm.pmod in Japanese lakes.

The theoretical values of the ylsld (chlorophyll mg. per m’) agree
well with the actual ones (open eircles in Pig. 18), althoug ms w—
ation is found in the intermediate depth. As described previously, the
ratio of respiration loss to the maximm chotosynthesis becomes larger
in the water of lower mutrient nevel. Then, another values of Yml
caloulated under the assumption that the respiration loss is 1/6 of the
saturated photosynthesis, were shown by fine straight line in relation
to the lake depth in Fig, 18. This value agrees well with the observed
ones in the lake of intermediate depth, but in the deeper lakes it is
lower than the observed one. This may suggest that in decper lakes
the e¢irculation of water during this period is iimited only in the Ilayer
of sbout 5060 m. depth Crom the surfacs.

3. Pmduotion of Phytoplankton Community during Summer Stagnation
In summer stagnation period, the stratification of lake water, es-
pecially in deeper lake, can be observed throughout this period. In
shallower lakes, however, as the stratification tends %o be destroyed by
the ulnd setion, the Like water may be scnsidered to be eircalsing Bb
throughout the year, though hot completely. The sisze of phytoplankton
ecommunity found in the euphotie szone of deeper oligotrophie or meso=-
trophic lakes during this period is usually much smaller than that found
-2 -



in the vernsl cireulation period (Rodhe, 1956). In shallower eutrophie
lakes, the former is usually larger than the latter (Iehj.n.m-a.,P 1956).

The typical examples of these types in the annual variation of the amount
of phyﬁoplankton in the euphotic zone are presented in Fig. 18,

Fig. 20 shows the vertical distribution of phytoplankton in these
lakes. It appears evident that there is also the similar pattern in
annual variation of chlorophyll in deeper lajer to that found in the
surface layer. It must be noticed here that in the sumner season the
chlorophyll content of each layer in deep lake inoreases with depth.
This phenomena has been recognized by many workers and generally ex-
plained as a result of the sedimentation of phytoplankton eedds which had
flourished in the epilimnion (Mamning & Juday, 1942; Gessner, 1943;
Hogetsu et al., 1953).

It is mte_mting here to compare such patterns mentioned above with
these of limiting nutrient salts as nitrogen and phosphorus. However,
the parallel measurements of the total nitrogem or phosphorus eontent
with thosse of ehlorophyll have not been unfortunately undertaken. Then,
in the present section, the de.ta meagured separately by the author and
the other workers will be adopted as the references. Table 1 indicates
that in the mfm water of shallower sutrophie lake, the total phos=
phorus or total nitrogen content in the summer season is not smaller but
rather larger than that in spring. In deeper mesotrophie or oligotrophic
lakes the situations are quite reverse.

Table 4 shows the vertiecal and seasonal variation in total phos-
phorus content measured by Hogetsu et al. (1952) in Lake Suwe and by
Hanya (1957) in Lake Haruna. It is apparent that in deep Lake Haruna
the p!xospho:ms content in summer is always smaller than that in spring,

* These data were kindly put at the author's disposal by Dr. S. Ichimura,
to whom his due gratitude is extended.
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especially in the surface layer. In shallow lake Suwa, though clear ¥
tendencfes on the annual variation can not be obtained imusdistely from
the data in Table 4, the content of total phosphorus in euphotic zone
in summer seems to become larger than that in spring, but in deeper
layer this tendency becomes reverse. '

These phenomena seem to result from different state of water cir-
culation. Namely, in deep stratified lake, phytoplankton which grows
in euphotic sone under plentiful supply of nutrient salts and ligh$ in-
tensity, after perishing was preecipitated to hypolimmion although a part
of it is mineralized during its sedimentation. This should bs associ-
ated with the traansport of nutrient salt from epilimnion to hypolimnion.
For lack of water circulsation, the nutrient salts in hypolimnion can be
searcely recovered to epilimnion, and then euphotie sone becomea gradu-
ally more oligetrophiec. On the comtrary, as the water in shallower
~ lake is frequently stirred, perished and deposited plankton bodies are
brought agein to euphotic sone and repidly mineralized under higher
temperature, resulting in the lumuriant growth of phytoplankton in
this layer.

Although quantitative explanation eould not been given in the ¥
present paper dus to insuffieient fundamental data, it may be said
that the scg‘i;ity of phytoplankton in deeper lake in summer mainly re-
sults from poverty of mutrient salis in the euphotic mone. However,
one must pay attention to the fact that the specific nature of phyto-
plankton community in shallow eutrophie lake is diverse from that in
deep oligotrophie lake, While the summer phytoplankton community in
the former lake is usually dominated by blue-green algae, that in the
latter by diatom. Genmerally, it has been recofnised that under strong
light intensity and at high water temperature the photosynthetie activi-
ty of diatom languished, but that of blue-green algese contrarivise
strengthens (cf. Ichimura, 1957). Therefore, the differences in the
inherent nature of phytoplankton must be also responsible for the
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difference in the growth of phytoplankton community in summer in both
types of lakes.

As far as present data are concerned, it will be reasonable to con-
clude that the differences in the state of water eirculation and regene-
ration of nutrient salts which depend on the shape of lake basin, pro~
duee the differemce in the concentration of mutrient salts and the pro-
duction of plankton substances in the euphotie sone.

4+ GQuantitative explanation on the sloss relationship between the
Luké depth and nutrient salts content in the lake water.

Generally, the eontent of nutrient salts in lake water is deter-
mined by the balance among the following four processes : a) supply
of nutrient salts from outside area into the lake, b) loss of available
nﬂﬁ‘ient salts elther by the adsorption on the surface of the substratum
or by the ssdimentation of plankton substances, ©) regenelation of
the parts contained in plankton, sediments and substratum, and d) loss
AMILLLIAL £fTAT#EL by outflow of autochtonous plankton substance and
nutrient salts from the lake. |

In the first place, the supply of nutrient salts into the lake
appaari to be performed by precipitation on the lake surface, inflow
of river, ground waters and other atrauia from surrounding area, and
artificial affairs.

It has been well known that the content of nutrient salts in raln
waters is usually very smell. Aecording to Miyake and Sugiura {1957)
nitrogen eontent of rain water in Japan is 0.6 ppm. on ths average.
The author's analytical result shows that plosphorus content in the
rain water collected on Mt. Hakone in Middle IJ'npan was about 0.002
ppm. Sinee the anunal precipitation in Japan is 1500 mm. on an ave-
rage and the evaporation from the lake surface is assamed to be nearly
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500 mm. per anmum, it mey be regardsd that the water of 1 m> in vhich
the content of nitrogen snd phosphorus are 0.9 and 0.003 ppm., respsc-
tively, is given on the lake surface of 1 w> per anmum. Comparing this
content of nutrient salts, especially phosphorus, with that in river
water is very poor in essential nutrient salts. Therefore, it may be
conoluded that the rain water dropping on the lake surface does not
operate as an active supplier of nutrient salts except for extreme
oligotrophic lake.

On the contrary, the river water and other inflowing waters from
the surrounding area are very important as the supplier of nutriant
salts in many lakes. The content of nutriant salts in these waters
are usnally influenced largzely by geologisal and geographieal charae-
teristics of the drainage basins. In Japan, shallower lakes are locs~
ted on fertile plains, but deeper ones on barren mountain districts.
Yoshimura (1931) mentioned that #ff YA Wd¥d¥ the close relationship
between the mean depth and nutrient salts sontent in lake water may be
partly caused by such situation. The fact that the troplcal caldera
lakes are generally eutrophic irrespective of their depth (Ruttner,
1931) cennot be sxplained logically, unless the active supply of
natrient salts from surrounding arsa and the rapid turnover of the
salts under high temperature condition are taken into consideration.
Reeently, sutrophication due to human activiiy has become conspicuous
in many lakes (Edmondson et al., 1957 etc.).

If the eontent of soluble nutrient salts in the inflowing water
is constant, the supplying rate of nutrient salts into oligotropliie
lake seems to correlate closely withf the rate of water inflow. It
must be noticed here that the inflow causes the outflow of lake water
and results in the loss of some parts of nutrient salts and plankion
substances. In eonsequence, the inflowing water has two important roles
that confliet with each other in nutrient salts economy in lake. This
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is of great interest from ecologiecal point of view in the succession
of lake and will be discussed ind detail in the next paper.

The sedimentation of plankton substances and the regenerstion of
nutrient salts from sedimenting substances are very ﬁportant on the
econony of nutrient salts in the lake water. As pointed out by many
investigators, these processes are largely controlled by the tempera=-
ture, mechanical mixing state and disolved oxygen content of lake wster
which are influenced by the shape of the lake basin.

In such & manner, the nutrient salts content of lake water varies
markedly by the four processes mentioned above. It is of interest that
thol lake depth stands im close relation to these processes. In consequ-
ence, a change in the lake depth must give a change in the balance be-
tween these processes, and consequently, on the nutrient salts economy
in the lake water. The annual variation in the nutrient salts content
in the lake water is alsgo decdided by the change of this balance caused
by the seasonal variation of climate. To unearth further the causal
relation between the production of phytoplankton community and the
laks depth, therefore, it will be demanded to clarify the depsondency
of these four processes on the lake depth and the climate. It is a
matter of regret that detailed investigations on this problem, are

still pand:‘mg.

IV. Effects of Produetion of Phytoplankton Community on the Ascumu-
lation of Nutrient Salts and Shoaling of Lake Basin.

1. Genera;l. consideration on the factors affecting on the nutrient
salts economy Iin lake waters.

The greater part of plankton substances which have been produced
in a leke is preeipitated on the bottom surface, makes the lake basin
shallower, and produces more eutrophie condition as a result of the
accumilation of nutrient salts in undecomposed sediments. Such chane
ges of lake environment affeet the production of the plant community
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and resuts in the progressive change in gnantitative and qualitative
charagters of the lake biotie community. The ecologieal succession of lake
proceeds under such dynamic mutual aetions between the production and the
habitat factors such as lake depth, mutrients salts content in the lake
water, eto. In the previous chapter, the quantitative sbudies were earried
out of the dependenty of the produstion of phytoplackiton community either
on the lake depth of mutrient sdis condeition. The purpose of the present
chapter iz to reveal clearly the dependency of nutrients salts accumulation
and the change in the shape of lake basin on the produstion of phytoplamkton
community and to demonstrste the signifieance of the dynamie, mutual actions
for escologieal suecession of the lake.

~ hs mentioned before, under oligotwrophic condition the productionpof
phytoplanktog eommmnity is influeneed strongly by the smount of mutrient
salts in the water rather tham the lake depth. 'Phn economy of nutrient
salts in a lake, therefore, is very important for the production of
phytoplankton and camaqmtl; on the pmoua of the succession. The amount
of matrient salts in éuphot:‘w zone of natursl lake ia usually determined
by the balancs betweenthe ratesof the following four processed. (i)
supply from outside of the lake, (ii) ﬁdimnta:tiﬁn of palnkton from epi-
limnion to hypolimmien, (1ii) re§eneration of saits from hypolimnion, and
(vi) loss by outflow of wfer tc;:éutm of the lake. Conditions affecting
these processes must have a large significance on the course of Suecession

in the lake.

The degree of the supply o} loss ;f mt}inﬁt salts asoclated with the
inflow of the river water is determined by tho rates of inflow ni outflow.
Ag in such & homid temperatersgion as Jepan the surface evaporation of the
lake wi:ll be usuelly negldgivly small ir compearison with the intlow ar putfliow
of water, the inflow rate will be nearly equal tothe ontflowing rate.
Consequently, mm%u may be regarded s an important measure expressing

the degree of supply and loss o;o the nutrient salts in the lake.



This aiiguatian was already pinted out by Hogetsu and Ichimura in 1953.
Carrying out & scries of ot culture experiments, they srudied on the
influcnee of the inflow of river water and the eirculation of lake water
on the j'la?;d of phytoplankton population and nutrient salts accwsulation,

_and disclosed that the increase of replacing rale always induced the
increase of plankton substanses and of ascoumulated nutrient salts under
stagnating condition.

2+ The ralation of replacing rate to the production of phytoplankton
conmunity and mutrient salts content in lake waters.

Regarding the influenee of the inflow water upon the planiton produetion
in the lake; several works have been ear-ied out im the naturls small lakes
of reservoirs fn which the dijuting effect of the inflow water is
remarkable. These works maie it evident that when the ratio of the inflow
water to the total lake volume W mmall, a large size of plankton poulation
“Wili produced (Brooks & Woodward, 1996).

k---'mwmmm,mmwmm
will be probalbly less than thet in these small lskes. As the volume of
natural lakes differs with each other, the inflow rete should be expresed

s per unit Wilume of the lake for comparative considerstion. We shall
use here the ratic of the volume of the deily outflov water to total lake
volume &9 2 mesure expressing the degree of dally supply and loss of
natrient aalis or plankton substances, and designats the term for it
u-"mplaeiﬁ rate® . This measure corpesponds to the reeciprocal #f the
"replacement quotient™ in the work of Brooks and Woodward(1956). As

can be seen from the data rsported by Tanaka(1926,1930) and others, the
annual mean valuss of this measure deviate from 0,00002 to 0.025 in the
lakes of Japan. In Fig. 21, these values are plotted against annual
mim.mmmqwmnsprmg of summer Saason.



Tehimura-{1956) made & report on the curvilinear relation ship between
trangparenay and chlorophyll contant in gome Japanese lakes. Using his
data, a fine curve can be written to express the relation hefamen the
replaging rate and annual meximom balue of chlorophull content (FigesRil<
m,.mmmm&mwu eontent bacone
larger with the incresse im replseing wate within the range below r = 0.008,
bat in the range sbove this walue, it show a ropid decrease. '

Fig.22 shows the velation of total mitrogen content(albe=il + NH-H
+ H03-H + NO2+H) in some Japamese lales (Yoshimurs, 1935) to their replesing
rate. This curve is similer to thet in Pig.2l, which exyresses the relation
of shlorophyll content ® tie veplaging rate. This fact indivates the importance
of the replacing rate for the eecnomy of mutrient selts in the lake and
the production ag@mpmm commnity, Due sttention must be paid h'ere
to the fact that the replacing rete is varied mariedly by the lake depth
which affects the production of phytoplaniton commmity, and that in
Jepanssa lakes the replasing rate becomes smallerq with the increase of
lake depth (Fige 23). This may show that the leke depth has some influences
on the rate of the supply and loss of mutrient galis besides the influenes
on sedimentatijon and dedomposition of plankton substances, The lake becomes
gradually shallovsr with the lepse of time in theourse of suscession as
¢mmaq£mmman:mmm;:ayuumm
the depth of lske is the most izportant fastor emong various enes which
affect the yrocess of ecologll succession in the lske.

3. Experimental part.

As the circulating state of lake water differs immensely during the
stagnation of circulating period, the effSf of inflow of the water on the
production of phytoplankton commnity and on the sccumlation of matrient
salts will be greatly diversified in both periods. In order to obtain
some information on these effects, two seried of model culture experiments
were garried out based on the same idea as in the peport of Hogetmu and
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Ichimira (1953)«

Experiment I. In the first experigent, Chlorells was eultured under
the illunination of flmorescent lamps in the medigal galss cups of 350ml.
eapacity. The cujture media werc prepared by dilution of the hasic solution
with distilled water to the concenirations of 1/1, 1/6 and1/30{ The
concentrations of nitrogen and phosphorus in these media correspomd to
those in hihger entrophie, mesotrophic and primitive oligotrophic lake
wnters, respectively(Tab.5). Every day throughout the experimental peried,
sone portionsofithe eulture media in pots vers replaced by fresh media of
the same comecentration on definite wates with the complete stiriing of
the culture medis, The measuring methods of the algal yidld and total
.Wm-wmmnmmu@%wuﬁ"mthamum
before.

The time courses of the yield measured once a week are illustrated
in Fig.24. It is evident that the growth rate in every series decresses
gradually with the pessing of time, and in 15 = 20 days after imoculation
wmmmrmhanwam%umm.
eannot be observed thereafter. In thr culture series of higher replacing
rate, the size of algal populstion at this steady state, mamely the maximum
yleld, is smaller then that in theseries of lowsr replacing rate. The
differcnoe in the concentration of the eulture media appears to give mo
renarkable of ‘et on the relation of the population sise at the steady
state to replacing Mte. In the case of lower one, however, the decrease
of algal yield, presumably dus to the extréh defieit of mutrient salts,
occurs after reaching to the steady stste. These situati/ons will indicate
that the inorease of the replacing rate gives more marked diluting effect
mwmpmnmm“mimm%fmﬂmmdu
in the pots even upder every nutrint condition.



In this case, in what degree is the ecofjomy of nutrient saits in
the pots varied b, the replacement of the water 7 To answer this question,
the content ofmmpmm,wc:}/gsmmuaumm
mtmmtm_mmmmwnWmm
mmwmnodgaﬁmwmmmmmmmm
The result shows that in the cultures of the same mmtrient level theve
was no difference of the total phosphorus sconcentration among the emliure
series with different replacing rate (Tab. 6), and that these values were
equal to those of the fresh medium in each series (Teb.5) . This suggests
that under the stirring condition, the outgoing of phosphorus was balaneed
with the incoming, manely the phosphorus sconomy was kept constant throughe
out the period econcerned. A similar situation of nutrient economy may be
also expected in the casefother nutriat salts.

On the other hand, smy traces of soluble nitrate-aitrogen( by diphenyle~
amime mithod ) and phosphate~phosphorus can not be detented in the supernatant
ofthe algal suspension sampled in 19 days after the inooulstion. Therefore,
it may be sald thut under sufficient light condition the totsl emount of
matrient selts bound by B8 algsl popnlation at the steady state is soustant
independent of the difference of replacing rate, but the comtent per unit
mmt-ofalgubem.l%idththaiwminﬂplﬁngm

Experiment II. The method employed here is essentially similar to
that in the former experiment exeept for the followdng modifieations.
As a culture medium, 1/1 culture solution was used. Partial replacement
of the medium was carried out without daily sti ring of the oulture
medium spart R the stirring %n smwpling dags.
mt!.mwwofnlgu#ialdinthcmltmmiuoflmnpluing
rate (Fige. 25) are similar to those in the former experiment (Fig.24),
but in those of Pigher replacing rate, the yleld continuoubly inerease
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wvith time. Thus, the relation of the gield to the replasing rate becomes
exaptly epposite to that in the former experiment (Fig.26). The timely
change offhe total phosphorus content of the sampled algal suspension

and the relation of the content to the replasing rate are shown in Fig.27.
and Mg.28, respectively. Apparently, the time course of the total phosphorus
content of the sampled 3fal suspension os very simolar to that of the algal
yield(Figs.25 and 26). Since soluble phosphate-phosphorus could hot be
detected in the supernstant of the suspension teken in 15 days after
inoculation, the situation recognized in Figs.27 and 28 would havs to ke
regarded as having been caused by the production of phytoplankton population.
As the algas can grow rapidly with complete exhaustion of supplying nutrient
salts under the condition of lower mutrient level, the yield ofthe algae
must be controlled to & certain limit by the supplying rate of nutrirnt
salts, consequently by the replacing rate. Algal substanees produced in

the pots, however, for the lakk of water circulation; is not carried waway
with the outflow water but setiled down on the bottom of the pots, and
results in the gradusl increase of nutrient salts content in the pots

vith time. Proportionality betwsen the replscing rate and acmlatio%f
nutrient salts seems to be caused by such situation.

The results of the two experiments described above can be summarised
as follows : When the nutrient salts in the culture medium are conspicuously
limiting the growth of algae and the medium is eontimmously cireulating,
the increase of the replacing rate always brings about the reduction of
population size, but no effect on the nutrient ecomowy in the medium.

On the eontrary, when the water is stagnating, the increase of the replacing
rate induces the secumnlation of mutrient saits. In natural waters, ths
fomer condition may be regarded ss approximately coresponding to the state
of lake during complete cireunlation period, and the latber to that of
stagnation period. Consequently, the inflow rate of river water and the
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circulating state of the water in the epilimnion during summer stagnation:
mmmmwmmmmwmamlm,
and on the successional fate of the lake.

4. Theoretieal part.

Described hereafter are the results of bhe theoretical consideration
performed to clarify in uhat menner and in what degree the production of
pbwtoplankfon conmunity, the acoumulation of mutrient salts and the shoaling
of lake basin are influceénced by the lake depth and the inflow rate throughout
a seasomsl oycle of different weter circulations. On the basis of these
results, the dymanical relations between the lace depth and the production
of ph;rtoplankfan comnnunity and ibs signifiecance for ecological succession
will be discussed. | |

For the seke of simplicity of the eonsldemtiona, the following sssumptions
are sdopted here 1 The vater, 1ts mineral eomposition boing atubter 1
the mean value in Jm river waters( of. Kobayashi, 1953), flows into
the 1ske from surrouniing ares st & coustant ate throughout the year ewpapt
the wint)er season. In consequence, among major dissolved nntriani salts,
phosphorus is predominatingly liniting the growthof phytoplankton, This
1nflow water i slvays introdaced lnto the cireulsting layer of the lake
and homganeou:iy nimd with the water in it. Namely, during vernal
eiroulation period (one month), the inflow water is mixed with te whole
lake water. In summer stagnation peried (five months), it is P —
into the epilimnion of 5 ms thickwess,and in autumnal partial eircmlation
period into the circulating layer whose depth becomes gradually desper

-— — — -

%  These values arc largely varied by the shape of lake basin and
the climate. The present values, which may be regarded as mean values
for each rate or lengthof period in Japanese lakes, were obtalned from
the rports by Yoshimura(1937)and others.

. 3w



at the rate of 10 mfpar 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
vater with planktm*balls and nutrient salts from the eirculating layer.
During te winter stagnation period (ome month ), there are no inflow of
water and the loss of antoechitonous substances owing to the freeszing of
surface lake water.

Physilogical behavior of phytoplankton living intheloke water is defined
as Tollows ¢ Under the optimum nutrient condition, the yield of
phuteplankton. population follows the growth curve (Fig. 29) eslculated
from a photosynthesis-light intensity ocurve (&t 15°C ) of Chlorella
reported by Tamiys and Chiba (1948), end from light factor which is
decided by the exbinotion ceefficient of the lake water andlight intensity
at the lake surface, When the mutrient salts are limiting, the change of
phytoplankton population tekes place in conformity with that ofputrient
salts concentration, especilly that of phosphorus, in the lake water.

The: ratioc of absorbed phosphorus tothe dry weight of the plankten is
presumed t0 be constamtly 1 t 100 independently of the difference in enviro-
mental conditions. As the average phosphorus content of river water ds

© 0,01 mg./L (Tab.3), the inflow vater sustsins the phytoplankton population
of 1 mg./1l. The dally death rate of living cells during a summer stagnation
period and an antumnal partisl circulation period is regarded as 2 % and
the dead cells settles down at the rate of 20 em. per day(cf. Hogetsu

ot al., 1952), Mineralisation of perished planktor eells tskes place
independent of waber temperature and proecseds retrogressivlely with

time, and after ome year only 22 % of them are left in the form of =3
undecomposed sediment(cf. Saijo, 1955).
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Now, suppose that here are several lakes of different depth (5-50 m.)
and of the same surface ares, inf)uhich the waters enter from the surrounding
at varioug rates. If, at the begginning of spring, those lake warers contain
no sedimenting substances and am similar to the inflowing water in their
chenical composition, the growth of phytoplankton population during
a vernal circulation period will be controlled primarily by the light
factor and mechhical diluting effeet of inflowing wster. Then, it is evident
that the larger the replacing rate is and the deeper the lake depth is,
the lesser the growth rate of the population becomes{ Fig. 29). As the
lake water contimously and completely circulctes; the variation of mutrient
salts concentration in the lake water does mot occur, Then, within one
mthfmthbﬂnﬂn*mptmrthumofmhmmphcingm.
the growth of phytoplanicton besomes 1imited by the nutrient factor throughout
a vernal circulation period, and the standing crop of 1 mg./l is kept con-
stently under variocus replacing rates,

In & sumer stagnation pericd, fres mitrient salts in the m@:
arc almost exhausted by the vernal growth of phytoplankton(ef.Odum, 1955).
Consequently, the production of phytoplankton commmity 18 largely
controlled by tie inflowing rate, in other words, by thes supplying rate
of mitrient saits by inflow wateér: Now, consider the lakes of constant
depth, in which the river water is flowing in at different rates.

The concentration of nutrient salts (C) at any time in the epilimnion of
these lskes oan be expressed by the following equation 3

§ - c:c[l-s(la'-ihﬂ 1)

vhere ¢ is the consentration of mutrient salts in the inflow water,

r is the replacing rate in epilimnion and t is t@@_m in days.
As the inflow and outflow of the water take place contimmously, even
for a moment, equation (1) may be transformed into
C=¢ (Led) (2)
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The amount of phytoplankton (P') in the epilimnion at any time ean Beexpressed
by the following equation derived from eguation (2) on the assumption that
infloving water of one liter sustains one mg. of phytoplanktons _

P21 =g " (3)
Coneidering the sedimentation u:;gm.md phytoplankton, equation (3) can
be rewritten as

" T - okt ; |

where P is the amount of the 1 i V1 n g phytoplankton in the epiiimnion
at any time and 4 sedimenting rate of perished plankton cells.

In the earlier stage of its growth, the production rate of the population
is not usually high encughfo exhanst the nutrient salts supplied, end light
is predominatingly limiting the growth of phytoplankton. After the
population incroases to a certain level, nmutrient a&abmaumiting
factor for 1t and the inerease or decrease of phytoplankton populstion
oceurs according to equation (4). If the water exchange in the epilimmion
is too large, th*ouafpro&uudplmtnuﬁhﬂamsbems large, and
even &t the end o4 this perlod the growth of phytoplankton woukd be limited
only by the light factor. Then, the amount of phytoplankton in the
epilimnion after 5 mojths can be computed by the equation (4) and the growth
curves caloulated theoretically under a given replacing rate. The result
obtained shows that the yield of phytoplankton in &imion at the end
of summer stagnation pjoriod betomes larger with the increase of the
replasing rate, while this relation becomes just the contrary in higher
replacing rate above 0,84 (Fig., 0).

When he growth of phytoplankton is exclusively controlied by the
nutrient condition, the sedimenting rate (Dd) of dead ones can be given
by the foliowing equatisn derived from eguation (4)s

M. 2 [1 .Y ()
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When the growth is only limited by the 1ight factor, the sedimenting
rate csn be calculated on the basis of the grolwth eurves described with
mmorMsmq‘@mm&maamm, From the relation
of the totalmount of Finent ealculated in such ways to replacing rate,
it is apparent that the total amount of sediments in summer increases
inmpartiontoﬂfrepl&cinsrate(ﬁlsﬁ).

When the water flows in st a congbant rate, the growing condition in
the epilimnion of the lakes of various depths will become eonstant irrespective
of lake depth. In consequence, the amounts of living phytoplaniton and
precipitating dead one at the end of thia_pm are also constant, too.

During the following summer partisl eireulation period and autunnal
complete ecirculation period, these living and deed planktons in summer
were to some extent precipitated and deecomposed. By the begzinning of the
antumnal eirculation period, larger portions of them settle down on the
bttmofahdlm%lsku,butigdmml&lm&thsym&ninthlim
side of the water columm for the sake of smsll sedimenting velocity
(Hogetsu et al. 1952), In the later case, larger portions of then are
lost with outgoing water during this eireulation period. Them, at the
end of autumn, the relation of the calculated totalamount of summer and
vernsl undecomposed sediment to the replacing rate becomes as showm in
Fig. 3.

In parallel with such change, the plankton substances are produced
utilising the mutrient si¥s either 1iberated from sediment of aupplied
by inflowing waters. In this case, the larger the replacing rate is,
the grester the losing ratio of the liberating nutrient salts and the
supplying ratio of sllochtonous nutrient salts becoms. A%t the end of
the autummal circulation periéd, therefore, the amount of the suspending
phytoplankton (living + dead ones) bescomes as shown in Fig. 31.
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Thess suspending phytoplankton and sediments cr precipitated and
partly decomposed during winter stagnation period. At the begimning of
the following vernal circulation period, the relations of thefmount of
sedinentto the lake depth ani replacing rate (absolute rate of water
inflow ) turns out to be as shown in Fig, 32, It is uwvident hhat the amount
of sediment per unit depth becomes larger with the decrease in lake depth
mthammmruplwimmte. This may sugdest that the shoaling
rate becones larger with decreasing lake depths

The amouft of available mutrient salts liberated during his eirculation
period is shoun in Fig. 33 in relation to lake depth amd replacing rate.
Msﬁag this relation together with the inverse relation(Fig. 32)
between lake depth and the amount of the sediment which liberates awailable
nutrient salts in the following years, it may besaid that the shallower
the lake beeomes, the more the mutrient sakts liberated in spring will
become graduslly abundsnt.

The changes in the hydro-enviromental condition received in such
manner, have to confrol the production of phutoplankton community in
the following year. '&ammma&, the production of phytoplaniton
commnity within a cireulating water column under unit ared becomes
larger with increasing nutrient level and with decreasing lake depth.

As mentioned before, if the absolute rate of water inflow is constant,

tﬁ pmcuon during summer stagnation period is constant irrespective

of lake depth. Gmmtly,thsmmﬂprmuonhalmmm
larger with the increase in the amount of liberated nutrient salts and

that of sedimsnt. This results in & more remarkable chomge in the accumulating
ratea of undecomposed sediments and nutrient safls. Thus, sboaling end
eutrophication of lake will procesd more repidly with thelapse offine.
Ecological suscession of the lake takes plaee under such dynsmic mutual
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action betﬁaan the lake environment and the production of phytoplankton
community, and acceleratedly procceds with lapes of time. This fairly
coineides with the aecepted general tread of ecological succession
(Lindeman, 1942).

6. Discuéion

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 eonditions. The production of phytoplankton community
is largely controlled by the lake depths, because the lake depths affect A
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 botween the lake depths
and nutrient salt content in the water, therefore, would be naturally
e:pedted.

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 pro-
duction of phytoplankton community. To present a more logical expla-
nation on the process of natural succession, it 1s necessary, first of
all, to obtain the detailed information on the following problems, which
are of significance on the producfimg process of phytoplankton and the
nutrient salt economy in the natural lakes.

1). The inflowing rate is not always eonstant throughout thé year,
but shows considerable variations in conformity with the seasonal variation
of precipitation. It differs also with the difference in geographieal
location. A similar situation to this will be expected in the variation

of the nutrient salt content in the inflowing waters, toco. The influence
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of the inflowing 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 tha.ruten of production and succession.

2). In natural open lakes, the inflowing water i8S often not completely
mixed with the water in the circulating layer immediately after having
been introduced into the lake (Gessner, 1955; Kojima, 1949, 1958). In the
case of a lake in which a larger amount of water is ff#f introduced,
therefore, it will be unnatural to consider that the inflowing water is
mixed hamogeneously with the water in the circulating layer. In the
lakes in which a slight amount of water is introduced, however, the
present trial may be regarded as an aporoximation.

3). The rates of sedimantation and mineralization of perished phyto~
plankton are largely controlled by water temperature. This cannot be
neglected on consideration of the depondency 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. | - R

4). In natural waters, some psris of phytoplankton are lost by the
predating aétivity of zooplankton. The excreta of zooplankton are usually
simple organie-ebmponnda in nature which are easily mineralized during
short periods. Geveral 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 ﬁuch a way, many problems remain to be solved in the present
study. If the further detailed quantitative infoemation are obtained
on the dependeney of the growth of phytoplankters of various taxonomic

groups on light, temperature and nutrient salts (e.g. nitrogen and
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phosphorus) conditions, and the competitive relations between rooted
aquatic plants and phytoplankton community, it will become possible to
explaine the process of ecological succession in quakitative charateris—

ties as well as in quantitative ones.

Summary and Conclusion

Eeological suecession 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 saltd
content of the water). For clarification of the process of this progressive
change, analytical investigations were carried out on the following two
problems : the depsndency of the production of phytoplankton eommunity
on the morphometry of lake, and the effect of the production of the
process of eutronrhication and the shoaling of lake. Based on the results
obtained, a tentative explanation was given an the initial stage of eco=-
logieal succession of the lake. |

(1). During a vernal cireculation period, the dependency of the pro-
duetion of phytoplankton community on its environmental factors was in-
vestizated as to the Japanese lakes of harmonie type. The results ob-
tained were as follows t

a). An inverse proportionality was found between the mean chlorophyll
content in euphotie zonc 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 0.008 - 0,07, 0.15 = 1.20, and 0.02 -l.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 phosvhorus among

various elements contained in the lake water, was relatively less abundant.
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¢)s Ghlorella sp. was cultured in the medium of various nitrogen and
phosphorus levels, and the relations between the yield and nutrient level
wore investigated. The results suggested that in natural waters phospho-
rus would be predominatingly limiting the mormal 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 NP ratio of the water concerned, it was con-
c_lnded that the limiting effect of phosphorus on the production of phyto-
plankton in natural waters was strongffer than that of nitrogen.

@)s Using the photosynthetic curve of fresh water algae (Fig. 13), the
formula expressing a relationship between chlorophyll econtent and extinmc-
tion coefficisnt, and direct proportionality between chlorophyll content
and phosphorus level, ths ehanges of the maximum rate of daily net pro-
duction under the condition of variousd nutrient sevels and lake depths
wers culculated. The results were graphically described in relation to
the phosphorus level of the waters (Fig. 16).

f). The gensral relations of the maximum phytoplankton yield under
the condition of the complete eirculation 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 saits limited
the production and yield of phytoplankton except the deepest lake under
more oligotrophic condition. But, under more eutrophiec 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 eoincidence (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 distributedd
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 chlorophyll were
approximately parallel with those in the amount of total nitrogen and
phosphorus. The yleld 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 szone is
determined by th&balance between the following four processes : 1) supply
of them from outside area, ii) transport from epilimnion to hypolimnion
with the dedimentation of phytoplankton, iii) regeneration from mud and
undecomposed sediments, anl 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 (Fiz. 23).

(5). The influences of the inflowing rate on the accubmlation of
nutrient salt and the production of algal substances were investigated
by means of pot culture experiments of Chlorella. In the series of
stirring culture condition, the yleld 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 yleld
and nutrient salt content beceme large with the increase in replacing rate

and with time (Figs. 25, 26, 27 & 28). Thesefd results may indicate
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that the accumilation of nutrient salts was indfced by the sedimentation
of phytoplankton borne nutrient salts in high eoncentration.

{6). The amounts of production and sediments were caleulated
theoretically throughout & seasomsl cyele of different water eirculating
periods. It was shown that the amount of sediment and liberated matrient
salts(- the concentration of the salts) pnmtmdapthmtuavml
circulation period in the following year became larger with the decrease
in lake depth smd the increase in the sbsolute rate of water inflow(Fig.32
& 33). By consideration of thess resulta together with the situation
in which the anmmal rate of production per unit amea besomes larger with
the increase in the mutrienmt lavel of the water, the rates of shoaling
and eutrophication appears to bacome llrgerﬁhhﬂm lapse of time.
Thus, it may ke said that the ecologieal auccansionof lake acceleratedly
proceeds with the passage of year.

(7). The wesults of this theoreticsl snalysis secm to be useful
for the analysis of the ecologieal suscession in natural lakes in spite
ofm&uﬁaﬂvﬁmmpmmﬁwmanofthinmlym. |
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Legends of Figures.

Fig.l. The relationship bejween mean depth and the average chlerepyll

conteht in euphotic zone 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
lemc

Fig. 3. The relation between mean ddpth and the product of mean depth

and average chlorophyll content in euphotic zone of various lakes in

Japan,

Fig. 4. Growth curves of Chlorella cultured in the media of different
depth under artificial illumination. Numbers en graph express the depth

of the medium in cm.

Fige 5. The relations of the total-nitrogeh, -phosphorus and-iroxféontentn

in the various lake waters in Japan to the mean depth.

Fig. 6. The relations between nitrogen 1avi© and the yield of Chlorella
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 waters.

Fig. 7. Relation between N : P ratio and phosphorus level in natural
lake waters during a circulation peried. Dubble circles denote that
in river watera; filled circle,that in the water of the shallower eu=-
trophie lakes in which the bloom of Microcystis is produced in midsummer

of the rooted agquatic 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 and phesphate

for 53 days. See the legend of Fig.5.
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Fig. 9. The relationship between total nitrogen content and chdlerephyll
cintent in the surface waters of various lakes and pond_a during a period
from May to September. Figures om graph express N : P ragio of the sampled
waters. Dubble circles denote the value obtained in midsummer.
® , obtained in the water in which dominant species was Astericnells

formesa.; ©., Melosira sp.; @ ,_Synedra sp.; @, Microcystis aureus 3

Q, Other species.

Fig. 10, The relationship between total phosphorus content and chlorophyll
content in the surface waters of various lakes and ponds during & peried

from May to Beptember. For symboles, see the explanation of Figure 9.

Fig. 11, The relationship between the camputed extinction ceefficient

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 standasd photosynthesis-light intensity curve of fresh water

algas. ® - chisulla , x - Matinal population .

Fig. 14. The relative daily rate (Kr) of totsl integrated photosynthesis
per unit depth of water colum as a funetien of ¢D. The arrow shows

the valus of ¢D in which respiration and photosynthest#s are equilibrated.

Fig. 15 The relationship bejween photosynthetis rate ofider:=Satuwmted
light intensity and phesphorus level of the water taken from various

lakes and pﬁu. Water temperature at measurement, 22 =25 GCe

Fig. 16, The calculated daily rate of total produectien throughout the

the water column of various depth and different phosphorus level.

Fig. 17 The relationship between the theoretical maximum yield of

phytoplankton community, laske depth and the phosphorus level of waters.

Fig. 18. Comparision between chleorophyll content of various Japanese

lake waters for a circulatien period and the theoretical maximum yield
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of phytéplankton community.

Fig. 19. The annual variations of chlorophyll content in the euphotic
zone of a shallower eutrophic lake (Kasumigaur, 1957) and a deeper meso-
trophic lake (Lake Haruna, 1958). Mean depth of the former and the later
are 3.3 m, and 7.9 m,., rgapectively.
Fig. 20. Vertical distributions of chlorophyll in Lake Haruna (upper figure)
and in Kasumigaura (lower figure). Data were obtained in 1958 n“}i;he
- case of the former and in 1957 in the case of the latter except for

underlined data in 1956.

Fig. 21. The relations of the annual minimim values of transparency
and théfgorreaponding chlorophyll content in Japanese harménic lakes
to replacing rate. Solid line - transparency ; fine line - chlorophyll

content.

Fig,22. The relation of nitrogen 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 'Japam.

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 complesely stirred. @, Control cultures without water replacement.

%y 0y &y 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. e , Contral-
cultures without treatment of water replacement. x ,0,4,@©, Cultures

whose replacing rate were 0.002, 0.01, 0.1l and 0,2, respeciively.
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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 sygbols are the same to those of Fig. 25.

Fig. 28. Change of total phosphorus content of nonstirring culture with
varying replacing rate. Figures on graph represent time in day after

inoculations.

Fig. 29. Theoretical growth curves of Chlorella. Initial amouﬁt of glga
was presumea&eing 0.01 mg/l. and calculated using a photosynthesis-
light intensity curve of Chlorella(Tamiya & Chiba 19;3), 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;

Botted line - that of 50 m. depth.

Fig. 30. The amount of living phytoplankton #n the epblimnion (solid line)
and precipitating phytoplankton(dotted line} at the end of summer stagnation

period.

Fig. 31. The relations of the amount of suspending phytoplankton (sclid
line) and undecomposed sediment (dotted line ) at the end of autumnal
complete circulation period to replacing rate. Figures on greph indicate

depth of lake in m.

Fig. 32. The relation of the amount of undecomposed sediment at the beginning
of the following vernal: circulation peried to replacing rate and depth

of lake.

Fig; 33. The relation of the amount £f newly liberated nutrient salts
in the following vernal circulaticn pertod to replacing rate and lake
depth. The amount of nutrient salts wgs expressed as the amount of phyto*

plankton grown with exhaustion of those nutrient salts,



Table I,

The morphometry of various lakes im Japan .and the amounts of the containing
major nutrient salts in the surface waters.

Lakes Altitude Jﬂ Mean depth Date Contents of nutrient salts(p.p.m.) Lake~type
( m) km?) (m) - - =Fe ~ NtP ratio
Teganuma 3 10.0 1.0 May 16, 1958 1.088 0,041 0.647 26.5
Kitaura | 76.8 1.6 May 16, 1957 e 0.092 e _
Kasumigaura 1 178.0 3,3 Sep.::16,1956 1.400 0,060 —_— 23.3 6
. . May 16, 1957 1.208 0,043 e 28,3 Mw
Suwa 759 14.5 4.1 Sep. 1949 o W.omo _ —_ - 5
Feb. 1950 e 060 — —
May 5, 1958  1.164  0.075 0,542 15.4
Nakatuna 815 0.14 5¢7 May . 1956 04313  0.022 04252 14.1
Dec. 1958  0.159  0.013 . 12.2
Faruna 1.084 1.25 7.9 April 16, 1956  0.365 0,024  0.106 15.6 2
Dec. , 1958  =— 0,021 — e 3
Yamanaka 982 6,5 9.0 May 4, 1958 0.437 0,031 0.208 15.5 2
Kigzake 764 1.6  17.9 May 1958  0.259 0,019  0.183 13.5 =
Ashinoko 123 6.9 26.4 June 22, 1958  0.224 0,009 e 24.4
Aug. #ﬁu.wmmﬁ 0.044 0.0& — 12.5 &
Aoki 822 1.9 29.0 May 1958  0.191  0.014 0.289 13.4 -
. Dec. , 1958 0,167  0.009 e 18.5 &
Motosu 902 4.9 65.3 May 4, 1958  0.162 01l 9.138 14.9 mw
Masyi 351 20.0 137.5 June, 1958 0,153  0.008 0.024 19.8 m



, _
Table II. Minimum requirement of various planktonic algae for different mineral element in p.p.m.

Species Investigators N P Fe Ca Mg wu.cm
Pedismsurum Boryanus Chu thﬁv 2.1 0,09 0.02 0.20 2.40 2
Staurastrum paradoxum " 2.0 0,10 —— 0.2 4.0 —

~ Betrmococcus. Braunii . &%) ..__.._.a 0.09 i 0,02 = 0.00 0.04
Nitzschia apalea " 5.0 0,20  — 0.9 0.1 9.8
Fragillaria crotonensis " 1.7 0.20 — 0,02 0.1 119.6

' Asteridnélla gracillima " 1.7 0.18 ——— 0.18 0.01 9.8
Tabellaria fd#ecculosa " —  §.29 —_ 10.0 1.0 = 2.0
Ankistrodesmus falcatus Redhe  (1948) 5.0 0.20 c.o.» -_— 0.1 4.6
Scenedesmus quadricauda  Osterlind EMGV 10,0 o.w 0.05 2 2 e
Coccochloris Peniocystis Gerloff et al.(195) 13.6  0.45 0.03 e 0.13 —

Microcystis aureus 4 (1952) 6.8 0.45 0,06 0.5 2,5 e



Table 1II. Contents of important mineral elements in the napugal freshwaters in Japan, in p.p.m.

N P Fe Ca Mg K m»om
flarmonid lake waters
.W% M.Oﬂg AHWWQU Q.OU'N.O OooomlO-mO 0.00H|N W I.mo H IW H lm H_Olmo
Normal river waters e ; " . - -
by Kobsyashi et al. (1953) ©0+0o-1.1 0.002-0.05 = 2.4-28.0 0.4-8.0 0.3=5.9  3=23
(0.3) (0.01) s (10) (2,9) (1.2) (7.8)

Figures in parentheses express the mean value of the content in the river waters.



Lake Haruna

Lake Suwa

Table IV.

and Lake Suwa: (eutrophic, mean depth = 4 m.).

_Depth
in meter 5
i Y
E= - 0
A
~ 2
g ‘
g 5
6
g
10
12
Depth
% in meter
a )
o
~— 1
8
2
g
g 3
LS 4
5
6

July 18,1950, Aug.31,1950. Feb,3,1951. April 25,1951,

0.014
0.016
0,018

3

0.026
0.025
0,028
9.140

PePom.)

0.01;1, 0.035
0.01;1 0,035
0.016 —

0.035
0.018
0,032 0.0:40
0,075 —
0,150 0,030

Sep. 1949. Feb.1950,

0,080
0.080
0.100
0,080
0,010
0,010

0020

0.060
0.060
0,080
0,050
0,075
0.080
0,065

Vertical and seasonal variations in the total phosphorus
content in the waters of Lake Haruna (mesotrophic, mean depth-7.9m.)

0.080
0.090
0.080
0.080
0,080
0,080

0.090



Table V. The concentration of major elements in the culture
media in PePelle

Dilution degree

the hszic medium . 1/1 1/6 1/30
Nitrogen 2.770 0.461 0.092
Phosphorus 0.228 0.03%8 0.008
Ferrous 0.090 0.015 0.003
Calcium 0.361 0.9860 0.012
Magnecium 0,987 0.16& 0.033

Table V1. Total phosphorus concentration ( in p.p.m.) of
algal suspension sampled at 19 days after inoculation.
Dilution degree of
the basic medium 1/1 1/6 1/30
replacing rate
0 0.250 0.034 0.008
0.01 0.250 0.035 0.008

0.10 0.248 0.029 0.008
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