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PHOSPHATE AND SILICATE GROWTH AND UPTAKE KINETICS OF THE DIATOMS
ASTERIONELLA FORMOSA AND CYCLOTELLA MENEGHINIANA IN BATCH
AND SEMICONTINUOUS CULTURE!

David Tilman* and Susan Soltaw Kilham
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Ann Arbor, Michigan 49109

SUNMARY

Information on the nutvient kinetics of Asterio-
nella formosa Hass. and Cyclotella meneghiniana
Ktz under cither phosphate or silicate limitation
was obtained for use tna Monod maodel and in a vari-
able internal stores model of growth. Short-term
batch cultwre growth experiments were [it to the
AMonod model and long-tevm semicontinuous cullture
experiments and short-tevi uptake experiments were
fit to the variable inteynal stoves model. Mathemati-
cal analysis indicates that the parameters of the 2
rodels may be expressed vu tevims of cach other al
steady stale.

The qualitative results of both bateh and steady
state culture methods agree. For limiting phosphate
experiments, A. formosa is better able to grow at low
PO,P concentrations than C. meneghiniana, as
shown by its lower K for PO -P limited growth. The
Ik of A lormosa com pared to G meneghiniana found
tri long-teym semicontinuous culture indicates that
AL Tormosa is almost an order of magnitude more cf-
[icient at using internal phosphate for growth. The
qualitative results under silicate-limiting conditions
also agree between the 2 methods. For short-tevm
batch culture, K for silicate-imited growth of C.
meneghiniana js less than that of A. formosa. The
k¢ from semicontinuous culture experviments indi-
cales that C. meneghiniana is the more efficient at
wsing internal silicate for growth. Nuirvient uplake
experimenlts showed more vaviability from a Mich-
aclis-Menten relationship than short-tevin growth ex-
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peviments. Therve were no significant differences be-
tween the 2 species in half saturation constants for
cither phosphate or silicate uptake. We observed a
marked dependence of the coefficient of luxury con-

sumption (R) of phosphate on the steady state growth

rate. A. formosa has a higher R than C. meneghini-
ana.

Key index words:  Astevionella; Gyclotella; diatoms:
growth kinetics; phosphate; silicate; uptake kinctics

INTRODUCTION

A major hypothesis ol phytoplankton ecology is
that interspecilic competition for nutrients deter-
mines the species composition and seasonal succession
of phytoplankton in lakes (5,12,19,21,23). Numerous
physiologically-based models ol competition have
been formulated which explicitly state the relation-
ships between external nutrient concentration, nu-
trient supply rate, internal nutrient concentration,
and growth rates for one or more species using the
same resources. Such work can proceed no [urther
than the physiological information upon which it is
based. For instance, Lehman, ¢t al. (14) describe a
model ol phytoplankton population dynamics which
includes interspecific competition for nutrients in a
manner similar (o that proposed in a physiological
model by Droop (1). However, Lehman, ¢t al. (14)
had to estimate necessary nutrient kinetic parameters
because this information was not available [or major
freshwater species.

The present paper reports nutrient kinetic infor-
mation on 2 species of Ireshwater diatoms for hoth
phosphate and silicate. These experiments were de-

signed to test whether 2 different experimental and
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theoretical approaches provide comparable informa-
tion on the relationship between external nutrient
concentration and growth. Short-term batch culture
growth cx])crinlcmS provide direct information on
the dependence of growth rate on external nutrient
concentration. These results are summarized using
the Monod model for growth (11). This model has
been used by ecologists to describe the interactions of
several species all competing for the same nutrients.
The other type of model used to describe interspecilic
interactions can be called a variable internal stores
model. This type of model includes the process of
nutrient uptake and the process ol conversion ol in-
ternal nutrient to growth. Short-term batch culture
nutrient uptake experiments were used to establish
the rc];lliun.ship between external nutrient concen-
tration and nutrient uptake rates. Long-term, semi-
continuous cultures were used to establish the rela-
tionship between internal nutrient and steady state
growth rate. Together these 2 types ol experiments
allow determination of the relationship between ex-
ternal nutrient concentration and growth rate. By
in(‘luding variable internal stores, these models allow
for the elfects of luxury consumption and variable
nutrient supply rates, thus making them potentially
more predictive under nonsteady state conditions,

The diatoms studied, Asterionella formosa Hass.
and Cyclotella meneghiniana Kutz., are common in
mesotrophic, mid-latitude lakes. Phosphate and sili-
cate were chosen for these studies because these are
the nutrients most commonly found to be growth
rate limiting in such lakes.

MATERIALS AND MIETHODS

Axenic clones were used in the experiments; Asterionella
formosa (clone FraAf)y was isolated from Frains Lake, Michigan,
in October 1973 and Cyclotella meneghiniana (clone CyOc2)
was isolated from Lake Ohrid, Yugoslavia, in May 1973, A
freshwater medium (WC, 9) was used for all cultures (without
bulfer or NHCl). Cultures weye maintained in a colture box
at 20 G and 55 gEin-m#-s7 Hlumination was provided by
cool-white fluorescent bulbs on a 14:10 LD cycle. Experiments
were conducted under these conditions, but with 100 gEin-
m-#es7tillumination,

Counting was done with a Sedgwick-Rafter chamber on
samples preserved with Lugol’s solution using the calibrated
Whipple-disk method. Growth rates for batch culture experi-
ments were calculated in doublings-day™ by a lincar least
squares yegression through log transformed data (7).

The kinetic constants  (for growth or uptake) were deter-
mined by an iterative, nonlinear regression to the Michaelis-
Menten cquation (2). A Fortran IV program (10) was used (o
caleulate the hall saturation constants and maximal rates of
growth or uptake.

Silicate was measured with a silicomolybdate method (22)
modified for a reduced sample volume. For batch growth ex-
periments, readings were made using a 10 mm path length flow-
throngh cell in a Bansch & Lomb Spectronic 100, allowing ac-
curate determinations to ca. 0.05 uM SiO,-Si. For batch uptake
experiments, a 100 mm path length cell was used, allowing ac-
anate determinations to ca. 0.01 gM SiO.-Si. For semicontinu-
ous culture experiments a 50 mm path length cell was used,
allowing accurate determination to ca. 0.01 v SiO,-Si. Calibra-
tion standards were sodinm silicofluoride solutions.

Phosphate was determined by the Strickland and Parsons
method (22), with all samples filtered through 045 pm filters,
presoaked in o distilled  water.  Absorbance was measured  as
for silicate. A 2.5 pnm PO,-P standard was used cach time for
calibration. Phosphate was measured to within 0.01 um PO,-P
at low concentrations using the 100 mm cell. Intracellular
phosphate was measured by a persullate digestion process (15)
modified to use smaller samples (20 ml) when needed. Samples
were collected on 25 mm, 0.45 gm pore size filters, resuspended
in distilled water and digested. Phosphate was then measured
as mentioned.

Batch cullure growtl experiments:

Phosphate. Exponentially growing diatom cultures were inoc-
ulated into flasks containing WC with ca. 2 um PO&P and al-
lowed (o grow until they had been phosphate depleted for § wk.
At this time the extracellular PO-P concentration was essentially
0 (< 0.01 gy PO-P). Cells from these stationary phase cultures
were inoculated into flasks containing sterile medium (200 m|
in 500 ml flasks) with varying concentrations of POP (0.04-10
uM PO,P). The initial cell density was c¢a. 500 cells-ml=,
This allowed experiments to run 4 or 5 days without initial
phosphate concentrations being reduced more than 25%. Cell
counts were made daily and PO-P measured at the start and
end ol the experiments.

Silicate. Exponentially growing diatom cultures were in-
oculated into polycarbonate flasks containing WG with  ca.
5 M Si0-Sioand allowed 1o grow until they were silicate de-
pleted, about 5 days. At this time the ambient SiO~Si concen-
tration was less than 0.5 gm Sic Polycarbonate 250 ml flasks
were used for all batch growth experiments containing 150 ml
of WG minus SiO,-Si. A stock solution of Na,Si;-9TL,O con-
taining 0.5 mm Si0.-Si was used for adding various amounts of
Si0-Si (o each flask, with initial concentrations ol 0.4-22 i,
The flasks were then autoclaved.  Cells from the stationary
phase cultures were inoculated into cach flask to a density of
ca. 200-500 cells-ml-%. Each experiment was continued for 4
days. Cell counts were made daily and SiO.-5i was measured
at the start and end of the experiments. For the A. formosa, 2
separate experiments were conducted 10 days apart, with 8
Si0.-Si concentrations in cach experiment. The data were
pooled for determining the kinetic constants. One experiment
was conducted for €. meneghiniana with 10 SiO,-Si concentra-
tions.

Calculations. Data obtained from batch growth experiments
were [it to the following Monod equations:

S
B BES (1

or, the equation shifted from an intercept at 0, as

(&)

where poand g, ave the growth rate and maximal growth rate;
S is the nutrient concentration; §, the concentration at which
grow(h rate equals 0; K the hall saturation constant for growth.

The concept Ky, (6) is uselul in relating kinetic information
to ficld obscrvations (13). Ky, defined as the nutrient con-
centration at which p/p, = 0.9, is a measure ol the concentra-
tion at which a population comes under the control of a limit-
ing resource.

Short-term wptake experiments:

Phosphate.  The diatoms were conditioned as described for
the batch growth experiments, The depleted culture was di-
luted to have 5 % 10° cells.-ml™!, and divided among scveral
flasks. Various initial PO,-P concentrations were used, ranging
from 0.08 to 80 um PO,P. The POP in cach flask was
measured immediately after addition of PO and at 1, 2, and
4 h.

Silicate. "The diatoms were conditioned as described for the
batch growth experiments, The depleted culture was divided
among several polycarbonate flasks, with the initial cell density
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e, Lo Growth rates of dstevionella formosa (2 separate ex-
periments) and Cyelotella menegliniana as a function of phos-
phate concentration in short-term bateh culture,

at ca. b X 10" cells-ml'. Varvious amounts of Si0.-Si were added
to cach flask to give initial values of 0.5 to 80 un SiOu-Si. Sili-
cate in cach flask was measured immediately after nutrient
addition and at 0.5, 1, 2 and 4 h.

Calculations.  Uptake rvate at cach initial nutrient concen-
tration was estimated by a least squares lincar regression
through the observed nutrient concentrations.  Data points
were it to the Michaclis-Menten equation:

- I\‘ q
Y @)

where 17 and 77, ave the velocity and maximum velocity of
nutrient uptake: § is the nutrient concentration; k& is the hall
saturation constant for uptake.

Semicontinuwous culture experiments.  Fach species was al-
lowed to grow (o steady state in semicontinuous cultures. For
the phosphate experiments the influent concentrations were
0.10, 0.22 and 0.7 M PO-P (with 100 un Si0,-Si). For the sili-
cate experiments the influent concentrations were 8.4 and 9.3
u™M SIOLST (with 50 gy POP). For cach influent concentra-
tion, cultures were run at several (5-6) flow rates (/) from 0.05
to 0.6-day'. Cultures were manually diluted cach day by ve-
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I, 2. Growth rates as a function of silicate concentration
in short-term batch culture.

moving a portion of the culture suspension and replacing it
with an equal volume ol stevile medium.  Flow rates arve ex-
pressed as the volume vemoved /day to the total culture volume.
Cell counts and  nutrient  concentration  measurements  were
performed  periodically.  Experiments were terminated after
steady state nutrient concentrations and cell numbers had been
observed for a week, usually after ca. 25 days. Some experi-
ments were allowed to continue 45 days. Cell quotas were esti-
mated for the steady state cultures cither by direct measure-
ment or by calculation. "The persullate digestion process (15)
adequately measured the cell quota of PO-P, but the method
ol Paasche (16) for cell quota of SiO.-Si was unacceptably
variable. For caleulation, the velation used is: (influent nu-
trient concentration — veactor nutrient concentration)/(number
of cells at steady state).

The steady state vesults were fit to Droop'’s equation (4) re-
lating steady state growth rate to cell quota. For semicontin-
uous cultures diluted once a day (assuming growth ta be a
continuous exponential process), steady state growth rate, D.
depends on [ as:

D=1n(l/(1-0)) Q)
Using this cquation to calculate D, observed cell quotas of the
limiting nutrient were it to Equation 5, expressed in the
lincarized form of Equation 6.

D/D,, =1=kstQ @)
DQ =D, Q-D,k (6)
where Q is cell quota; D is the steady state growth rate; D, is
the maximal growth rate, i.c., the value of D when Q is in-

finite: kg is the minimal cell quota, ic., cell quota at which
growth ceases.

RESULTS

Short-tevm batch growth experiments.  Figure 1
gives the growth rate vs. initial PO-P concentration
for A. formosa and C. meneghiniana. The inocula
lor the dstevionella experiments were grown in low
phosphate medium for 3 wk. Essentially all the cells
appeared viable after such starvation, but occa-
sional dead cells (< 1%) were not counted. The C.
meneghiniana used to inoculate the experimental
cultures were phosphate starved for 3 wk. Figure 2
shows growth rate vs. initial S10.-S1 concentration for
both species.

Table I gives kinetic information on the growth
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response ol cach species to both nutrients. The maxi-
mum growth rates in the phosphate experiments
were not significantly different for the 2 species (here
and elsewhere signilicance is for p = 0.95). The hall
saturation constant ol . formosa was signilicantly
lower than that of €. meneghiniana. In the silicate
experiments C. meneghiniana had a higher maximal
growth rate and lower hall satuwration constant than
A. formosa. The K, values in the phosphate experi-
ments were lower for A. formosa than for C. mene-
ghiniana (Table 1). In the silicate experiments Ky,
was lower for G. meneghimiana than for A. formosa.

Short-teym uptake experiments.  Figure 3 gives
Tanre 1.

) LExpt. f?uhfid('ll():'
type Kinetic interval
Diatom Nutrient constant 95%
Batch growth iy
Astevionella PO,-P K =0.02 0.01-0.03
Cyclotella ro,-r K=025 0.09-0.15
Asterionella Si0,-Si K =394 3.28-4.79
Cyclotella Si0.-Si K=144 0.91-2.07
Batch uptake um

Astevionella PO,-P BA k=119 0.1-7.1
PO-P 3B k=28 2.3-3.4
Cyclotella PO-P (3C) k=08 0.0-3.2
Asterionella Si0,-Si o = 100 24-21.1
(;’\‘I'IHI!‘”H Si0,-Si k=175 2.9-14.6

Steady state growth wmol-cellt

Astevionella ro,-r ko =1.75 X 107
Cyclotelln PO,-P hy =10,7 X 10
Astervionella Si0,-Si kg =296 X107
Cyclotella Si0, ko = 1.57 X 107

* Refers to Fig, 3, curves AJd-A, A-f-B, C.n.-C, 1'(:s1)(‘(-li\‘('l)'.
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the uptake rate (17, pmol-cell T+ 1) vs. initial PO-P
for both species. Two experiments (AL-A, A.d-B)
shown for A. formosa, illustrate the variability in
replicate experiments done 2 mo apart.  Figure 4
shows the uptake rate vs. initial silicate concentration
for hoth species. Two separate experiments are com-
bined for A. formosa. Table 1 gives the kinetic
parameters for these batch uptake experiments. Max-
imum uptake rates and hall saturation constants were
not significantly different for these 2 species in re-
sponse to phosphate. For the silicate experiments,
the hall saturation constants were not signilicantly
different, but the maximal uptake rate ol A. formosa
was barely signilicantly higher. The scatter in the

Kinetic information for silicale- and plosphate-limited growth and wplake experimenls.

Conlidence

Maximim interval S, K., Y
rate 95% J/aN JAN cells ool 1
Doublings-day?*
o = 0.88 0.85-0.93 0 0.16 2.2 X 108
= 0.78 0.6:1-0.91 0 2.25 2.6 X 107
pw = 1.OG 0.97-1.14 078 202 2.5 X 10°
wm =1.33 1.19-1.18 0 13.0 4,2 X. 10

pmol-cellt-h!

V. = 132 X 10" 6.3<20.1 X 10"

I/, =085 % 10  9.0-10.7 X 10

P = 551 X 10 2.8-8.9 X 10

¥, = 3.58 X 108 2.0-52 % 10%

V. =151 X 108 1.1-1,9 X 108
tlay™ Corr. coef.r

Dy, =00 1.00

D,, = 0.69 0.99

D, =121 0.5

Pyi=1.16 0.97

n
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CELL QUOTIENT moles cell’

Long-term steady state growth vate as a function of
cell quota for A. formosa under phosphate (A) and silicate (B)
limiting conditions, and for C. meneghiniana under phosphate
(€ and silicate (D) limiting conditions (line is (he fitted curve
using Equation 5 from Droop (4)).

data as indicated by the broad confidence limits
(‘Table 1) may result [rom the short term batch up-
take method used.

Semicontinuous culture experiments. The relation-
ship between cell quota (Q) and growth rate for both
species grown o steady state under either silicate or
phosphate Timitation is shown in Fig. 5. Tach point
is a data point [rom one semicontinuous culture,
Ciurves shown are fitted to Droop’s equation (Equa-
tion b) with a least squares regression (o Equation 6.
“T'he calculated minimal cell quotas (hy) and maxi-
mal steady state growth rates (D,,) Tor each species
and cach nutrient are in Table 1.

Internal phosphate levels were measured for sili-
cate-limited cells at various steady state growth rates.
"T'hese are compared to the cell quotas of phosphate
for phosphate-limited cells at the same growth rates.
“T'he ratio of internal phosphate levels when silicate-
limited to that when phosphate-limited at the same
steady state growth rate is R, the coelficient of luxury
consumption of phosphate. R is an order of magni-
tude higher for A. formosa than for C. meneghiniana.
IFigure 6 compares R 1o D/D,, lor cach species. The
line shown is a least squares linear regression. For
A. Jormosa, the y-intercept (R, the maximal luxury
consumption) is 82, the slope =96, and the correlation
coellicient =96, For C. meneghiniana, R, is 6.6, the
slope 6.4, and the correlation coellicient —.99,

DISCUSSION

The qualitative results of both batch and steady
state culture methods agree. For limiting |)Imsph:|1b
experiments, A. formosa is better able to grow
at low extracellular POP concentrations than C.

meneghiniana, as shown by its lower hall saturation
constant for PO,-P-limited growth. The lower kg, ol
A. formosa compared o C. meneghiniana found in
long-term semicontinuous culture indicates that A.
formosa is almost an order ol magnitude more el-
licient at using internal phosphate for growth. The
qualitative results under silicate limiting conditions
also agree between the 2 methods. For short-term
batch culture, the half saturation constant for SiQ.-
Si-limited growth of C. meneghiniana is less than /.
formosa. The ky [rom semicontinuous culture ex-
periments indicates that C. meneghiniana is more
efficient at using inwracellular silicate for growth
than is 4. formosa. The general qualitative similari-
ties ol these 2 methods do not mean that their quan-
titative predictions are similar. For the 2 methods to
be compared, it is necessary to establish a mathe-
matical relationship between the 2 models of growth,
as will be done later.

Benndort (1) reported a hall saturation constant
for PO-P-limited growth of A. formosa of 0.02 un PO,-
P, with a maximal growth rate ol 0.90 doublings-
day-'. The results reported here [or short-term batch
culture experiments agree well with those. Kilham
(13) reports short-term batch culture kinetic constants
for silicate-limited clones ol 4. formosa isolated lrom
Lake Ohrid, Yugoslavia and Lake Windermere, Eng-
land. The clone [rom Lake Ohrid had a K + S, ol
1.93 pa Si0,-Si and the Lake Windermere clone a
KN+ 8§, ol 1.09 pum S10,-Si. The maximal growth rates
ol these 2 clones were LI1 and 0.61 doublings-day-.
respectively. There are significant differences among
these 3 clones ol A. formosa. The K + §, of both the
Lake Ohrid and the Lake Windermere clones are
signilicantly lower than that reported here for A.
formosa Irom Frains Lake. The Lake Windermere
clone has a maximal growth rate significantly less
than both the Lake Ohrid and Frains Lake clones.
The Lake Ohrid and Frains Lake clones are not sie-
nilicantly different in their maximal growth rates.

The 2 clones Kilham (13) used were not axenic,
whercas the Frains Lake clone of A. formosa is. 1t is
not known il the kinetic diflerences found among
these clones may have been due to the presence ol
bacteria. We consider the possibility of direct ellects
doubtful, because silicate-using  bacteria are very
rare. However, Paasche (16) noted that Thalassiosira
pscudonana Hasle & Heimdal used silicate more ef-
liciendy in a bacteria contaminated chemostat than
in an axenic chemostat. Il the dilferences we ob-
served are not caused by bacteria, it would appear
that there are clonal dilferences in the kinetics of
silicate-limited growth for A. formo-a. Guillard, et
al. (8) have reported clonal differences in the half
saturation constants and maximal growth rates ol the
marine diatom 7. pscudonana under SiO.-Si limita-
tion. 1f clonal dilferences are common, rescarchers
must be careful to interpret nutrient kinetic infor-
mation on a particular species only for the lake [rom
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which the clone was isolated, especially if nutrient
physiological information is to be used to interpret
interspecilic interactions in a lake.

In the silicate-limited growth experiments reported
by Kilham (13) for A. formosa, signilicant death rates
were observed at nutrient concentrations less than S,.
Death rates were not observed lor the axenic I'rains
Lake clone (Fig. 2). At concentrations less than S,
the Frains Lake clone lailed to grow but did not dic.
These dilferences may be caused by the bacteria in
the Lake Windermere and Lake Ohrid clones. It may
be that bacteria are able to inlect the nongrowing,
silicate-limited cells, causing death. Such bacterial el-
fects may be less important at higher growth rates.

Nutrient uptake experiments showed more vari-
ability from a Michaelis-Menten relationship than
short-term growth experiments. The method used
for phosphate uptake experiments revealed no sig-
nificant differences in k or V,, between 4. formosa
and C. meneghiniana. Short-term silicate uptake ex-
periments indicate that the half saturation constants
are not signilicantly different. Maximal rates of sili-
cate uptake are different, with 4. formosa having a
higher V,, than €. meneghiniana (‘Table 1).

Rhee (20) reports that the rate of phosphate uptake
by Scenedesmus sp. depends both on external and in-
ternal concentrations. This dependence on cell quota
indicates that cell quotas are important in a short-
term regulatory feedback mechanism that influences
the rate of nutrient uptake. Such control would tend
to make short-term uptake experiments such as those
we did variable and possibly deviate [rom a good fit
to the Michaelis-Menten equation. Close control of
the physiological state prior to uptake experiments is
desirable. This problem has been discussed by Davis
(3) for silicate uptake of marine diatoms.

Short-term growth experiments provide direct in-
formation on the quantitative dependence of growth
rate on external nutrient concentration. Such ex-
periments are usually fit to a Monod model. TLong-
term semicontinuous culture information, together
with short-term uptake information can be used to
predict the relationship of growth rate to external
nutrient concentration. To do this, the Monod
model must be equated with the variable internal
stores model of growth. Droop (1) has provided em-
pirically-based equations for a variable internal stores
model of growth. A simplilied version of Droop’s 8
equations was used by Lehman, el al. (14). We use
a modilied form ol these equations to describe the
dependence of growth rate on external nutrient con-
centration, and apply them to the physiological in-
formation we have reported. The equations are
simplified [rom Droop to illustrate the interactions of
two important processes: nutrient uptake, and use
of internal nutrient for growth. This variable in-
ternal stores model requires 3 simultancous difler-
ential equations:

N = dN/dt = N[D,,(1 —ke/Q) - D] (7
O = dQ/dt =V, S/(k +8)-D,(Q ko)  (8)

S = dS/dt =D(,S - S)=NV,S/(k + S) )

variables of time—N, number ol cells-17'; Q, cell
quota, pmol ol nutrient/cell; S, external nutrient
concentration: physiological constants—D,,, maximal
growth rate; kg, minimal cell quota; V,,, maximal
rate ol nutrient uptake; k&, hall saturation constant
lor nutrient uptake: experomentally manipulable
constants—D, dilution rate/day (which equals growth
rate at steady state); S, concentration of the growth
rate limiting nutrient in the influent medium.

According to Equation 7, growth ceases when the
cell quota is less than kg, At cell quotas larger than
ko, growth increases with Q in a manner saturating
as a hyperbolic function (Fig. ) with a hall satura-
tion constant kg, displaced [rom the origin by an
amount ky. Equation 8 describes the changes in cell
quota which result from uptake and growth. Equa-
tion 9 is a mass balance equation. These § simul-
tancous dilferential equations may be used to de-
scribe the dynamics ol growth of a single species
potentially limited by a single nutrient.  Although
these equations omit both a maximal cell quota and
the clfect of cell quota on uptake rate, they allow an
analytical discussion ol the interrelationships of the
2 models.

By setting the time derivatives equal to 0, Equa-
tions 7, 8 and 9 provide the following steady state
predictions:

(\),1':;& = ,“(,l[)m "/(I)An - D) (IO)
805 = DykghD/[V (D — D) = DykgD] (1)
N = (o8 = S5)/Q" (12)

The steady state cell quota, @ is im,lcpcmlcnl. ol
the Kkinetic parameters of nutrient uptake. The
steady state external nutrient concentration, S,% and
the steady state cell number, N, both depend on all
4 physiological constants. These 3 equations (Equa-
tions 10-12) describe the steady state characteristics
ol a population under nutrient limitation in terms
of kg, D,y &, V, and.D.

The Monod model may also be used to express
steady state values for Q, S and N in terms ol K, Y,
py and D, The Monod equations for continuous cul-
ture (11) give the following steady state relations:

= DK /(p— D) (13)
= (,5-5HY (14)

where S.* is the steady state external nutrient concen-
tration and N, * is the steady state standing crop pre-
dicted by the Monod model. By setting 8% = §.%, N*
= N,* and D,, = p,, the lollowing interrelationships
are obtained:
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Q. =1/Y (15)
K = ko[kDy (D, = D)/(V (D — D) = D, Dkg]  (16)

m

LEquation 16 can be approximated by Equation 17
for D much less than the washout rate.

ml"//l,m <l7)

E.quation 17 is the relationship that Rhee (20) used
to calculate the kinetics of growth [rom the kinetic
constants lor nutrient uptake.

This illustrates that the hall saturation constant
for growth determined from short-term batch culture
experiments is a summary statistic which includes
both the process of nutrient uptake (&, 1',)) and the
process of utilization of internal nutrient for growth
(kgs D,y). Because growth rate equals dilution rate
only at steady state, some deviation [rom the Monod
cquation may be expected in short term batch en-
richment growth experiments. The observed de-
pendence of Q,* on steady state growth rate (Fig. b)
means that the Monod equation may not be as good
a predictor of the steady state standing crop as the
rariable inl,crnz}\l stores model. However, as a sum-

K = koD

mary statistic, K may be used to determine the rela-
tive importance of uptake vs. efficiency of conver-
sion ol internal nutrient to growth in the growth
response ol a species to external nutrient concen-
Lration. N

The approximation to A (Equation 17) was ap-
l)licd to the steady state growth and to the batch up-
take data of Table 1. The estimated half satura-
tion constants for phosphate- and silicate-limited
growth ol A. formosa and C. meneghiniana are
listed in Table 2. A similar analysis was made
for Thalassiosira pseudonana using the steady state
chemostat  data from Paasche (16) and the up-
take kinetic data [rom Paasche (17), and compar-
ing it to the hall saturation constant lor silicate-
limited growth of this clone of 0.98 pm SiO.-Si
reported by Guillard, ef al. (8). The 095 conli-
dence intervals on the uptake kinetic parameters
of Table 1 for A. formosa and C. mencghiniana
were used to estimate confidence intervals about
K. This was not done for T. pscudonana. ‘The
variance in the uplukAc process alone can account
for more variance in A than was observed in K. 1I
this range approximates the 0.95 conlidence inter-
val about K, the estimated half saturation constants
for growth are not significantly different from those
observed (Table 2). This indicates that both the
Monod model and the variable internal stores model
ol growth make similar predictions about the de-
pendence ol growth rate on external nutrient con-
centrations.

Il nutrient kinetic information is to be used to
compare species as (o their relative ability to grow
under nutrient limitation, the uxpcrimcnl;\\ly ob-
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5100 8

c

o

Y B0

fad 6

5

5 60

= 4

S 40 B

©

2 24

&2 20 N

= ]_1

Q

o

o 04 T T T T 0 T —
0 2 4 6 8 1 0 2 4 6 8 1
Relative Growth Rate, D/ Dy

Fic. 6. Coclficient of luxury consumption as a function of
velative growth vate (D/0,,).

served A from short-term batch culture may bAc
prelerable to K because of the greater variance in K.
When the Monod model is applied to several spe-
cies competing lor the same limiting nutrient (25),
for species which do not differ in their maximal
growth vates, the species with the lower K should
competitively displace all others at steady state.
Silicate-limited, long-term competition experiments
between A. formosa and C. meneghiniana revealed
that C. meneghiniana was the superior competitor
(24.25). This agrees with the prediction based on
the observed K, but not with the estimated XK. The
observed K predicts that 4. formosa should be (lomi-
nant when both species are phosphate-limited; K
reflects this prediction, but doesn’t show sienificant
dilferences between the two estimated half saturation
constants for growth. . formosa was observed to be
competitively dominant in long-term, phosphate-lim-
ited competition experiments between the 2 species,
as predicted by K.

Droop (1) has delined luxury consumption (R) as
the ratio ol the cell quota of a nutrient when it is
not limiting to that when it is limiting. We have ob-
served a marked dependence of R on steady state
growth rate (Fig. 6). A. formosa can have u]; to 82
times more internal phosphate than needed: C.
meneghiniana can have up to 6.6 times more. The
upper limit on internal nutrient levels must act as

S - . . A
Favre 2. Estimated half saturation constants for growth (K)
calewlated  from  steady state  parameters (kg D,,) and

from  short-term uptake parameters (k, V)
using Equation 17.

A 8.
X K Estimated from
Species Nutrient JUM range, M observed

A. formosa PO, 0.01 0.003-0.06 NO
A. formosa Si 3.21 0.69-15.7 NO
C. meneghiniana PO, 0.04 0-0.35 NO
C. meneghiniana Si 3.76 1.28-10.1 NO
T. pseudonana® Si 1.74 NO

* 'rom Paasche (16,17).
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an clement in a leedback system that controls nu-
(rient uptake. The observed lincar decrease in
luxury stores with relative growth rate (D/D,,),
down to a value of R = 1 at D/D,, = 1, can be ex-
])r(‘»('(l at hl(’}l(l)’ state as:

(\)_,IIL = /"(}I l\,m - (lem - k())(l - k()(l)l (IH)

where R, is the coellicient of maximal Tuxury con-
sumption, and Q,, is the maximal cell quota of nu-
trient for a specific growth rate, D. Under nonsteady
state conditions, nutrients may be taken up at rates
which exceed the rate at which they can be converted
into new growth. The maximum cell quota calcu-
lated above (Q,,) may act as a limit on the rate of
nutrient uptake. The rate ol uptake must decrease
in some manner as cell quota approaches the maxi-
mal levels, Q,. Equations 7-9 may be modified to
include such a feedback system that allows for the
elfect of cell quota on nutrient uptake rate, using
the observed limit as a proportional damping force
(in a manner analogous (o that of Lehman, et al., 11).

The regression we used to calculate kg and D, (1
and the other possible linearization of Equation 6
do not allow a valid computation ol confidence lim-
its about ky and D,,. Such a computation must best
come [rom a nonlinear regression, similar to that
used for the Michaelis-Menten nonlinear regression
(2,10). Such a tool would greatly aid in understand-
ing the goodness-ol-fit of results to the model. It
would also allow comparison of Droop’s model with
possible alternatives. For instance, Fig. 5 shows sev-
eral data points which indicate that maximal growth
rate is approached more rapidly than predicted by
Droop’s model.  Nonlinear regressions ol data to
Droop’s and other possible models would allow test-
ing ol the relative goodness-ol-lit.

General discussion.  Two experimental approaches
to the relationship of phytoplankton growth to nu-
trient limitation have been presented. Fach ap-
proach embodies certain physiological assumptions.
The Monod model assumes that growth depends on
external concentration in a hyperbolic fashion and
that yield is independent ol growth rate. "T'he short-
term batch culture method used to establish K and
e provided results that fit the model acceptably.
Short-term batch culture estimates of K and p,, are
dependent on the physiological state ol the starting
inoculum. A method proposed by Paasche (18) may
alleviate this complication.

Combination ol short-term uptake experiments
and long-term growth experiments provide informa-
tion on the relationship ol growth to external nu-
trient concentration comparable, at steady state, (o
that of the short-term batch growth experiments.
The variable internal stores model based on these
experiments (Equations 7, 8, 9) may be more ac-
curate at describing the dynamics ol growth in non-
steady state conditions than the Monod model, be-

cause it includes luxury consumption. Although
short-term batch culture information (K and p,,) ap-
pears to be a more precise predictor ol steady state
competitive interactions (25), such inlormation may
not be as good a predictor ol the dynamics ol ap-
proach to steady state. However, short-term growth
experiments are casily and rapidly done. "The sum-
mary of uptake and elficiency ol utilization of nu-
trients provided in K and g, makes short-term
growth experiments a valuable tool in interpreting
the possible role of nutrients in the interactions of
several species. For natural situations that are near
steady state, the Monod model may prove satislactory.
For nonsteady state conditions, variable internal
stores model, requiring the  less casily obtained
parameters kg, D,,, k, V,, and possibly R, may prove
more uselul, possibly providing better predictions of
the population dynamics of the species involved.
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REGULATION OF GAMETOGENESIS IN SCENEDESMUS OBLIQUUS (CHLOROPHYCEAE)!
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SUMNMARY

The effects of nutrients, temperature and light on
gametogenesis in Scenedesmus obliquus (Turp.) Kiitz.
were studied in culture. Concentrations of nitrogen
e the wmedium cmployed showed a marked influ-
ernce on gamele production.  Gametlogenesis is in-
lezbited by N excess bul is not a response to N starva-
tion or depletion. A drop in N level from that of the
g')'()zulh 1”(’([[[/1“ 1',\' nol ?'!‘(/llf)'('{l. nor does i/ l)(?l‘ SC
trigger gametogenesis. The N concentration satisfy-
ing growth requirements is sufficiently low to permit
sexual diffeventiation. Nitrogen level in the growlth
meedivm has no effect on subsequent gamete produc-
tion, so long as there is sufficient N to maintain a
typical cultuwre. Number of gametes present at maxi-
v production time is inversely velated to N con-
centration, but neither time of onset of gametogene-
Sis, nor lime of maximum gamete production s
affected by N concentration. Cullures incubaled at
I5 Cinmedium lacking N take a minimum of 20-24
v to develop cells irreversibly committed to gamete

tdAceepled: 10 May 1976.

formation. At the concentrations tested, no medinm
component other than the N-containing salt affected
gametogenesis. Temperature influences both time of
maximum production and numbers present at maxi-
nmam production time. Tione of maximum produc-
tion is inversely velated to incubation temperature;
a 15 Gincubation temperature yielded highest gamele
production.  Light enhances gametogenesis,  but
gamete formation can occur i absence of light.
Achicoement of a light-saturated vesponse is de-
pendent wpon ilhwmination given at two critical
periods: one occurs shortly after N withdvawal; the
other occurs later, when cells are becoming irvevers-
ibly committed to gamete formation. Ability to pro-
duce gametes diminished with prolonged laboratory
culture,

KNey index words: Gamete; gametogenesis; light; ni-
trogen; Scenedesmus; sexuality; temperature
INTRODUCTION

The colonial green alga Scenedesmus obliquus
(Turp)) Kiitz,, a common Ireshwater species, s
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