MEASURING REQUIREMENTS COF PHYTOPLANKTON FOR ENVIRONMENTAL
SLBSTRATE FACTORS
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A study was made of the requirements of microalgae for nitrogen and phospnorus,
mineral nutritive elemants. Data obtained on numbers of algae and substance as-
similated, separately for nitrogen and phosphorus, were used to calcuiate cell
quotas: minimum and maximwn for cell division for five species of green algae
and two spacies of blue-green algze.

CONCEPT OF REQUIREMENTS

Trhe concept of requirements of microalgae for nutritive compenents is of the essence
in theoretical and applied ecoiogical problems. In practical applications, these are prablems
of controlling the structure of algocenoses; theoretical studies require including 1n a model
the specific characteristics of a species that would match the actual assimilation of environ-
mental resources by the species (Jédrgansen, 19B5; Kuchai, 1985; Lavich, 1989).

Concepts of cells’ requirements for nutritive components have been little studied 1n
ailgelogy. The term, 'requirements,” 1s 1tself used in a wide variety of meanings {Levich,
1989). Qualitative concepts of requirements are linked with the methodology of biolcgical
research (Braginskii, 1961)}: If addition of a substrate results in additional production of
phvtepliankton, we admit that cells require this substrate. The measure of need of a species
for a substrate factor mav be assumed to be the constant of semisaturaticn (hyperbelic law
of Michaelis~Menten) that characterizes the relation between rate of assim:lation of sub-
strate and 1ts concentration (Fundamentals of Aqueous Ecosvstem Research, 1979). Some authors
(Maksimova, [977) relate cell requirements to the concentrations of biogens 1n the environ-
ment that provide for cptimum development of algae. Tilman (1982} defines cell requirement
as that concentration of a substrate in the environment that ensures population increment,
specifically, that neutralizes the demise of individuals. As phytoplankton requirement for
4 substance, we may consider the algological analog of the zoological ration — the specific
rate of assimilation of the nutritive substance: This rate i1s related to the pramarv produc-
tion phytcplankton. The cell's requirement for a certain substance may be cons:idered as 1ts

content in 3 unit of biomass or in one cell. This value 1s also called the intracellular

AL

concentration of a substance or the cell gquota. The "economic coefficient' e the amount

of substrate needed for a unit increment of cell biomass, also plays the role of a reguirement.
We term ss requirements the values ¢g* that are included in the balanced equations AL =

z;iiibd The values g/ are the amounts cf substrate k¥ that move from the env:ironmert
1 |

nto 2 biomass unit of the population of species 1{ﬂLk 15 the amount of substrate k assimi-
lated by the whole pepulation, y 1s the biomass of the population of species :1). As a rule,
this value does not coincide with the content of the substance i1n the biomass because the
substance assimilated from the environment is not only deposited in the cells, but 1s also
excrated {in other chemical forms) from the cells in the nrocesses of metaboelism and 1s
partially lost from the cell mass when the cell membranes break up 1t the process of mitosis.

Thus, the coefficient g¢* 15 close to the cell quotdas only when 1t 1s possible to just:-
f1ably disregard elimination of the substance from the cells. We suggest that the wvalues
” which are clese te the econemic coefficient be termed the reguirements of the phvto-
plankton for the environmental substrate factor.
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Frequentlvy, we evaluate species reculrements for some sucstances according to known
requirements of cther species, using stoichiomatric ratios of elements in the environment or

1 tne cells believing these rastios to be [irmly establisned and stable *or example, nhand-
books on marine biolegy (Sverdrup et al., 184Z) give the ratic C:C:81:N:P = 212.106.20:15 .
{in the atomic formj. Recently, however, 1t has been firmiv established that owing Co capsa-

bilitv of phvtoplankton to create reserves of biogens {even different proportions relat:ive
to Lhe mininum requirements) and owing to mechanisms of conversion of the biochemicz. com-
pesitien of cells when conditiens of functioning are changed, the ratio of elements :n the
calls 15 eXtremelv variabie. Thus, for natural lake assoc:ations of fresh water m-croalgac,
Jérgansen (197%9) presents a range of ratzos of N:P of from 4.1 to 291, With direct auco-
ratiographic measurements on fresh-water lake phytoplankton, B. L. Gutelmacher et al. (1982}

focund that the ratio of carbons reserves to phosphorus reserves in the cells varzed from 7 3
te 5006,

Unfortunately, in the literature there are no systematic data or the guantitat:-wve charac-
teristics cof intracellular concentration of nutritive substances for i1ndividual species cf
pnytoplankton. Alsco, the dynamics of cell gquotas 15 little known. Experimental studies are
needed to elucidate the limits of stability of selected characteristics and te measure guant:-
tatively the requirements of phytoplankton species for compenents of mineral autrition

In exper:ments in which preliminarv measuvrements of requirements were made, quotas wers
comouted for 10 (Levich et al., 1986a) and for 4 (Artyukhova et al., 1988) speciesof fresh-
water green aigae as amounts of biogen assimilated from the environment per cell. These de-
terminaticns showed that regquirement indices are species specific; a quantitative studv 13
needed to determirne the relation petween requirements and environmental factors, depending on
the background of culture growth and change i1p biogens in the medium, requirements are 2v-
tremelv variable and 1sclation of the stages of assimilation and growth processes at which
the index values are most stable must be 1solated.

L. STAGES OF THE "ASSIMILATION-GROWTH" PROCESS IN MICRCALGAE

Manv experiments with cumulative cultures of phvtoplankton established (Levich et al.,
1986b) that, in cell populations, the process of increase in numbers, promcted bv the consump-
tion of biogenic substrates, consists regularly of three stages (Fag. 1):

Stage A. Accumulat:on of the biogen in the cells
without an 1norease -n cell 1lumber.

Stage B Cell division due to assimilation of sub-
stances from the envircnment.
Stage C. Cell division due to internal reserves cof

nutritive substance.

Tae stages may be reduced and overlapping. The stages of the 'growth-assimilation”
process only partially coineide with growth phases indicated i1n growth curves. Specificallis,
stage A 15 the concluding part of the lag phase (at the initial part of the lag pnase, there
15 neither growth of the culture nor assimilation of substances), and gtages B ana C are
part of CLhe exponentizl growth phase cof the culturs.

An analvsis cof the stages shows tnat the regular change 1n stapes 18 acccmpanled bv a
regular change -n bicgen assim:larecd bv the cell (for this vaiue, we will retain the tradi-
tional, lacomic term from English-languape literature, "cell! quota'}: The substance 1s ac-



cumuzlated in cells at stage A, changing from g, ,+ tO Qpaxs at stage B. the assimilation
of *he substances from the environment per newly formed cell remains constant; this value
15 termed the division queta. Usually the division quota is less than the maximum quoca,
which means that absence of growth at stage A 1s not connected with an :intracallular con-
tent of the eslement i1nadegquate for divas:ion; at stage C, the cell queata decreases anag cell
divisicn stops upon reaching a quota value of qu,p-

3. MEASURING REQUIREMENTS

Tke content of substances in the ¢ells could be measured by direct chemical methods
cf microanalysis. However, suitable methods are -_abor-intensive, requlre 4 great amount
of cell materizl, and are sensitive to errors in determining drv weight of the substance.
Hvdrecbiological determination of the quota 1s net a direct, but an indirect method {(Dauta
et al., 1982; Revkova, 1987). Actually, what 1s meagsured 15 the disappearance frocm the
medium of the substance assimilated by the cells and the biomass of the growing algal cu:-
tures. Duotas are computed on the basis of the law of conservaticn of matter: Decrease
of a substance in the mediun 18 compared to the amount of substance ass:milated bv the
cells. For determirming the i1nitial and minimum gquota, the culture must be brought to the
stationary phase of growth at twe different ipitial bioegen concentrations:

Pinitdinit T 4L, = by enddman

Binitdinit + 4L: = b: end9min:

Since the values b ¢, &Ly, 2L;, 5. ands D2 gng are known from measurements, the given
balanced equatians comprise a system of two equations for computing two unknown values
Qyinit @nd qp.n. Here, we understard that in both media, cessation of cuiture growth occurs
because of unavailability of substrate L specificallv. I[f different biogen:c zlements ave
the limating elements in the two experimencs, then the end quota at the stationary bhase
accaording to the element of interest will not be the minimunm and will be different 1n each
of the equations. Usually one of the concentrations (let us say, 2L;) will equal C Then

— j.!_ -.':"1 Eﬂd
Yy = ; . qlﬂlt - {m L {: ]. }
lend — ?2 end init

Accerding to empirical generalization (Fag. 1), the ratio of assimilated baiogen to size of
accrued biomass at stage B 1s constant. Above, thas ratio 1s termed the divis:ion qucta and
computed according o values AL and &b at stage B in the experiment:

AL R
{"'I'il"-'_ jb (-l- }
Let us repeat once again that values dipyes G4iv 3nd qpyp computed 1n this wav do not coingcide
with the precise content of the substance in the cells since cell division is accompanied
not only by assimiiation of biogens, but alse their axcretion. Also, at stage B the con-
tent of the substance in the cell

" b .Y
.
. ilnic :I’llt { 3 }

cerresponds only appreximately to gg,. at \Le b e A @umeand 534 . Thus, 1t would be more
correct to speak of the values Gd-+ and Qpipn estimated according to the decrease of the
biogen in the medium as amounts of the substance assimilated from tne medium and not as sub~
stances contained in the cells and call these ceil reguirements and not ceirl quotas.

Measuring the requirements involves not at few methodological daifficulties. Thus, let
us stress once agaln, that in determining the minimum cuota, 1t 1§ necessarv to create condl
ti1ons that guarantes limitation of the substance whose guota 15 being measured, Otherwlise,
the requared quota will not be minimal at the stationary phase of growth. However, a correct
determination of the limiting factor 1s based on knowing the minumum queotas, this 1s wnhv
the limiting agent of the medium 15 unknown before the experiment. For this reason, the
design of an experiment on determining minimum quotas requires special efforts to praovide
and test the limiting conditions.
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Fig. 2. Initial concentrations of nitrogen and phosphorus in
culture medium: a} Chl. ellipspidea: b) Sc. quadricauda; Chl.
vulgaris; ©J) Sc. obliguus; Ank. falcatus.

in keeping with this concept of requirements, cell quotas of a number of plankton algae
species were measured according to the pruposed methad.

4. MATERIALS AND METHODS

Monocultures af algae (two species of blue-green and five species of green) wers grown
1N a cumulative regime on Dauta nutritive medium {(Dauta, 1982) with various initial corntent
aof nitrogen and shospnorus.

Algae were grown in 0.5 liter flasks in a lumipostat with 24-hour illumination with
2500 lx daylight lamps, temperature of 27-28" apna initial pH of the medium at ¥.3-7.8.

During all experiments, which lasted 1-2 months, numbers of algal cells were determined
bv direct count in a Nageotte champer or nephelometricallv. Nitrate concentrat:i:ors in the
mediun were measured with ionoselective electrcdes, phosphates, by the colorimetric methed
using ammenium melybdate and stannous chloride, twice 3z week on the average {more frequently
at the 5eginning of the experiment, less at the end). The biogenic element assimilated by
the algal cells was determined according tc¢ its decrease in the medium. Bicmass was deter-
mined by weighing the raw mass. A specific volume of algal suspension with known numsers was
filtered through membrane filters. The cell biomass was determined accordirg toc “he dif-
ference betwesn the filter mass with the cells precipitated on it and the mass of a pure
filter through which distilled water was preliminaritly passed, and per-cell computaticns
were made. The relative error in computing biecmass, determined in 10 repetitions, was 107.

Initial concentrations of nitrogen and phospherus were selected Irom thls computation
0 that three concentrations of the other element woulid correspond to each fixed concentration.
‘hus, a pattern of concentrations was obtained frem the nine combinations with different ini-
tial contert of nitrogen and phasphorus {Fig. 2). This number of selected concentrations 1is
required for checking reproducibility of results and provides opportunities for varicus limi-
tatiens of both nitrogen and phosphorus. Calculation of limitation is necessarv for analysis
of guotas. With this selection of concentrations, we obtain nine different ratios of initial
concentrations of nitrogen to phosphorus from ¢.5 to 200; these give us some idea of the
pessible limiting by one or the other element even before the experiment. If this ratio is
high, for example, 10C or 200, then it is most probable that growth will be limited by lack
oI phesphorus and, on the other hand, a vary low ratic, let us sav, 3.3 or 5 will most likelw
be due to iimiting of growth bv nitrogen.

In addition to these nine concentrations, to determine initial cell quota, it is neces-
sary ta study Zero initia. corncentrations of nitrogen and phesphorus. For this purpose, af
2 concentration of cne of the eiements equal to zerc, two concentrations of the other element
were investigated.

In the experiment, a total of 13 variocus media were used that differed in initial con-
tent of nitrcgen, phosphorus and +heir ratios, but were similar in other chemica. elementcs.

The cultures were grown with these concentrations tc the stationary phase. When algal
growth stopped, nitrogen or phosphorus was added in all nine cases te determine which of the
Eactnrs. nitrogen or phosphorus, might stop growth, znd would, therefare, be the limiting
ractors. Fer example, if the culture, having stopped growing, began tc grow after phosphortus
Wis added, and addition of nitrogen had no effect on growth, it would mean that in this case
phospnorus limited develcpment of the algae.



had not limited development.

studied are presanted in Tables ! and 2.

TABLE 1. Algal Cell Quotas of Nitrogen and Phosphorus with
Various Initial Contents of Biogens in the Medium for Chi.
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TABLE 2, Cell Quotas of Nitrogen and Phosphorus |
for Various Algae
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TABLE 3. Quotas of Nitrogen and Phosphorus per Unit Bionass

(mg/g biomass) for Various Algae
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In cases where the final number of cells was high, the possibilitv of grewth limitatior

a% light due a possible self-shading of the algal cells was also checked. For this, a cul-
ture that had stopped growing was diluted by three volumes of medium without mitrozen and
phosphorus, and growth was checked subsegquently, 1t there was no growth, 1t meapt that light
In our experiments, light iimited algal growth.

5. DETERMINING CELL GUOTAS FOR ALGAL CULTURES

In this section, the method of determining quotas will be 1llustrated with analvtical

-

#For Chl. ellipscidea, we selected a pattern of concentrations

of initzal concentratiens of nitrogen te phosphorus from 0.4 to 80

data from an exveraiment with a Chl. ellipsoidea culture. Quotas found for all species

with a range of ratios

. For the other algae,
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Tlg. 3. Variants of growth curves for Chl. ellipscidea {mg’
~itert:s al N. = T.6; P, = 0.85; b} N. = 14.5; P, = 13.23;
et Noo= 3.3 P o= 20255 d) N = 32035 Py = 0045 e) Ny = 4403
Foo0= 2.25; f) N. = 14.5; P, = 2,233 g) N, = 32.1; B = 3
AbN. = 7.63 Poo= 0.83:1 1) N, = 32015 Ppo= G4y §) N = 3200
S.o= 0,75, k) Noo= 3201 P, = Z.&5.

4 range <t these ies of nitrogen and phosphorus concentrations from 0.5 to 200 was studied
subsequent iy and is -resented in Tig. 2a.

_—La

Urn the basis o7 data obtained on amounts and concentrations of nitrogen and phosphorus

in the dvnmamics o7 culture deve! .orment, curves were sonstructed that describe nne ralatioun
of growth (o assinilited substam-e separately for pitrogen and phesphorus s growih curves ).

Lt
1

variarts »rf growth curves ot Chi. ellipscidea are presented in Fig. 3. In mecst casas
1,

chese are tvpizal futves with Chres stages of culture development: A, B and C. In zoma
cases Stadge a ar
C

1358 rcases arn

absent. o f

. in TE.

cr all algae that we studied, stage A is present in 68

Cell guotas, mawimum GUOLAZ . Smaxs division quotas q4iy. and minimoem gquotas Spipns GO

i Fr R R L - . - . o h -
responding to the thraa stages ¢I Zlevelopment of the gultures, we coemputed orn the basis of

cata c¢btained 2n numrers and substance assimilated senarately fcr nitrogen and prosphorus;

the quotas are presarzed in Takla 3

. For OOLD pReSPhoTus ang NilIozen, apayx varies within bread limiis: g,
Imax fr:@ ~e= T 2b.r S-1077 mepixl . This value is not a stable characteristic ¢

anc nav derand onovar.ous facters. specificaliv, initial state of the culture,. medium, growing
conditions, eTL.

| ~? 4 Dreceling work tArtvukZeovs et al., 1%83) an assessment was made of _inear Tegres-
Flon On corre.atien o0 cell raguirements and nitrogen concentration (in a range -I 10 to H0
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meg/liter}, phosphorus concentration (in 2z cvange of Q@ teo 5 mg/liter), and illumination (103,
300 and 2000 1x}. 1t deveioped that variability of requirements is evigently determined not
so much by changes in levels of factors as bv a change in stage of develcpment of the cul-
ture. There is n¢ relation between division gucta or minimum quota and initial cencentra-

tions of biopens within limits of experimental errer, and it is insignificant with respect
to light.

0f all the values of end guetas, we selected as minimum only those tnat cerresponded

to the limiting quatas according to the given element and onlv after that dia we averags
the selected values.

Phosphorus limited development in only two cases with ratios of initial content cf nitro-
gen to phosphorus equal te 80 and 43. Actually, in these cases, the cell guotas for pnos-

phorus had the lowest wvalues .03 and C.05 {+107% mg/kl}. The values of qgnd according to

nitrogen in these cases, however, were the highest of all qgnd, which once again conficms
limitation of growth by phosphorus in these two variants., Thus we determine thatflgi”==ﬂ.ﬂﬁ-
1077 mg/kl.

In most cases, nitrogen was the limiting facter in the development of Chl. ellipscidea.
For these cases, we found the average value of minimum cell quotas far nitrogen qaiﬂ==l_5-lg'3
mg/kl.

In two variants with N, = 32 and 44 mg/liter and P, = 2.25 mg/liter, developmen: was

limited by light. Actually, the values of cell quotas at stage C in these cases were nof
minimum for either nitrogen or phosphorus.

Maximum cell gquotas were not determined for all algae due to absence of stage A in some
cases, that is, when the algae began tc grew immediately without storing tne bicgen. Thess

were not specific characteristics of species and are presented to illustrate the orders cf
the values.

In preliminary methodclogical experiments (10 repetitions) we established that at a
confidence level of 907, errcrs in determining numbers were B%, biomass, 0%, nitrates, 73
and phosphates, 10%. Consegquently, errors in determining cell guectas due to errors in the
original data are approximatelyv 20-30%. Errors incell quotas egqual to the error of averaging

of variants of the experiment in which, according to analysis of experimentai ccnditions,
this qucta was produced are presented in Table 1.

6. RESPONSE SURFACE AND THE PRINCIPLE OF LIMITATION

The relation of the maXimum numbers in the culture growing cn given medium and initial
amounts of biogen in the medium, the response surface n f¥,, P,}, has the Tornm of a "hut,”
that is, it is fecrmed by the intersection of two plames: One of the planes intersects the
border (n, P,) parallel to the axis P, at a distance equal to rﬂhitninnrfrﬂm the axis; tne
second plane similarly intersects the border (n, N;) at a distance ”Lﬂt’ﬁmitfrmm it; these
planes intersect aleng a straight lire from the beginning of the ceoordinates in such a way
that the Erﬂjectinn on the plane (N, P,) forms an angie with the ?, axis with a tangent equal
o qginfqmin' The line of the plane of *he response surface deascribed is presented in Fig.

4 and answers the principle of 2 minimum in the fermulation specified by Liebich's law,
Specifically, the growth of a gulture is limited bv a facter that s inadeguate in zmount

With respect to species reguirements of the given substance:
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