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SUNMARY

Information on the wutvient kinetics of Asterio-
nella formosa Hass. and Cyclotella meneghiniana
Kutz, under either phosphate or silicate lmitation
wis obtained for use in.a Monod madel and in a vari-
able internal storves model of growth.  Short-lerm
bateh culture growth experiments were [it lo the
Monod model and long-tevm semicontinwous culture
experinents and shovi-tevm wuptake experiments were
fil to the vaviable intevnal stoves model, Malthemati-
cal analysis indicatles that the parameters of the 2
rnodels wiay be expressed in tevis of cach other at
steady stale.

The qualitative vesults of both bateh and steady
state culture methods agree. For Limiting j;lm.\p)mr}:
experiments, A Tormosa i better able to grow at low
PO-P concentrations than G, meneghiniana, as
shown by its lower K for PO P limited growth. The
kg of A lormosa com pared (o Comeneghiniana found
i long-term semicontinuons cullure indicates that
AL Tormosa is almost an order of magnitude more ¢f-
[icient al wsing internal phosphate for growth. The
qualitative vesults wunder silicate-limiting conditions
also agree between the 2 methods. For short-tevm
bateh cwltuve, K for silicate-limited growth of C.
meneghiniana gy fess than that of A, formosa. The
ke from sewmicontinuous culluve experiments indi-
cales that C. meneghiniana is the more efficient al
wsing intevnal silicate for growth. Nuirvient wplake
experiments showed more vaviability from a Mich-
aclis-Menten velationship than shovt-tevm srowth ex-
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peviments. Theve were no significant differences be-
tween the 2 .sr[)r'rl'r'.»' in half saturation constants for
cithey plhosphate or silicate wptake. We observed a
marked dependence of the coefficient of luxury con-
sumption (R} of phosphate on the steady state growth
vate. AL formosa has a higher R than €. meneghini-
HETHE
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INTRODUCTION

A major hypothesis ol phyvtoplankion ecology is
that interspecific 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
samie resources. Such work can proceed no [urther
than the physiological information upon which it is
based. For instance, Lehman, of al. (14) deseribe a
model ol phytoplankton population dynamics which
includes interspecilic competition for nutrients in a
manner similar to that proposed in a physiological
maodel by Droop (1). However, Lehman, of al. (14)
had to estimate necessavy 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 both
phosphate and silicate. These experiments were de-
signed to test whether 2 diflerent 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 experiments provide direct inlormation 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 deseribe the interactions of
several species all competing lor the same nutrients.
The other type ol 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 o growth, Short-term batch culture
nutrient uptake experiments were used 1o establish
the I‘L!l;llil)llhhip hetween external nutrient concen-
tration and nutrient uptake rates. Long-term, semi-
continuous cultures were used (o establish the rela-
tionship between internal nutrient and steady state
growth rate. Together these 2 types ol experiments
allow determination ol the relationship between ex-
ternal nutrient concentration and growth rate. By
including variable internal stores, these models allow
for the effeas of luxury consumption and variable
nutrient supply rates, thus making them potentially
more predictive under nonsteady state conditions,

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

MATERIALS AND METHODS

Axenic clones were used in the experiments; Asterionella
formaosa (clone FraAfl) was isolated from Frains Lake, Michigan,
in October 1973 and Cycletella meneghiniana (clone CyQe2)
wias isolated from Lake Ohvid, Yugoslavia, in May 1973. A
freshwater medinm (WG, 9) was used Tor all cultures (without
buffer or NH,Cl), Culinres weve maintained in a colture box
at 20 G and 55 gEinom-*s7l Hlumination was provided by
cool-white fluorescent bulbs on a 1410 LD cycle. Experiments
were conducted under these conditions, but with 100 gEin-
m st jllumination,

Counting was done with a Sedgwick-Rafter chamber on
samples preserved with Lugol's solution using the ealibrated
Whipple-disk method, Growth vates for batch culture experi-
ments were calculated in doublings-day™" by a lincar least
sqquares regression through log transformed data (7).

The kinetic constants  (for growth or uptake) were deter-
mined by an iterative, nonlinear vegression to the Michaelis-
Menten equation (2). A Fortran IV program (10) was used 1o
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 o Bansch & Lomb Spectronic 100, allowing ac-
curate determinations to o, W05 gy 510,510 For batch u]ll:lkl'
experiments, a 100 mm path length cell was used, allowing ac
curate determinations o co. 0,01 gy Si0.-Si. For semicontinu-
ous culture experiments a 50 mme path length cell was used,
allowing accurate determination to ca. 0.01 ga Si0.-8i. Calibra-
tion standavds were sodinm silicoflluoride solutions.

Phosphate was determined by the Strickland and Parsons
methord (L’!;, with all samples filtered through 045 pm filiers,
presoaked in distilled  water, Absorbance was  measured  as
for silicate. A 2.5 gy POCP standard was used cach time for
calibration. Phosphate was measured to within 0.01 pym PO,
at low concentrations s the 100 mume cell, Intvacellular
phosphate was measurved by a persullate digestion process (15)
maodificd to use smaller samples (20 ml) when needed. Samples
were collected on 25 mm, 045 g pore size lilters, resuspended
in distilled water and digested. Phosphate was then measured
as mentioned,

Buatch culture growth experiments:

Phaosphate. Exponentially growing diatom cultures were inog-
uliated into flasks containing WC wst POEP and al-

D with ca. 2
lowed to grow until they had been phosphate depleted for § wk.
At this time the extracelluliar PO P concentration wis essentially
0 (< 0.01 gy PO-PY Cells [rom these stationary phase cultures
were inoculated into fasks containing sterile medium (200 ml
in 500 ml flasks) with varying concentrations of PO (0.04-10
pM PO The initial cell density was ca. 500 cells-ml-,
This allowed experiments o vun 4 or 5 days without initial
phosphate concentrations heing reduced more than 25%. Cell
counts were made daily and PO measured at the start and
end of the experiments.

Silicate.  Fxponentially growing diatom cultures were in-
oculated into polycarbonate flasks containing WG with  ca.
5 an SiOLSE and allowed o grow until they were silicate de-
pleted, about 5 days. At this time the ambicnt Si0L-51 concen-
tration was less than 0.5 gy Sic Polycarbonate 250 ml flasks
were used for all batch growth experiments contiining 150 mil
of WO minus SiO.-Si. A stock solution of Na,Si;- 91,0 con-
i 8 0.5 mar SiO-Si was used for adding various amounts of
i Lo cach lLIsL with initial concentvations of 0422 4,
The flasks were then awtoclaved,  Cells from the stationary
phase cultures were inoculated into cach Tlask 1o a density of
it 200-500 cells-ml=, FEach 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 §
SiO-Si concentrations in cach experiment. The data were
pooled lor determining the kinetic constants. One experiment
wis conducted for €. meneghiniana with 10 Si0,-51 concentra-
Lions,

Calenlations.  Data obtained Trom batch growth experiments
were fit to the Tollowing Monod equations:

5
= TES (h

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

55 ;
b=l RES-5 &

where goand g, ave the growth rate and maximal growth rate;
8 is the nutrient concentration; §, the concentration at which
growih rate equals 0; A the hall satuvation constant for growth.

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

Shovi-tevur wptake experiments:

Phosphate. "The diatoms were conditioned as described for
the batch growth experiments. The depleted culture was di-
luted to lave 5 % 107 cells=mlt, and divided among several
flasks. Varvious initial PO, concentrations were used, vanging
from 0.08 to 80 pv POAP. The POAP in cach flask was
measured immediately after addition of POGP and at 1, 2, and
4 h.

Silicate. “The diatoms were conditioned as deseribed for the
batch growth experiments, The depleted culture was divided
among severial polyveanbonate [lasks, with the initial cell density
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Fic. L. Growth vates of dstevionella formosa (2 separate ex-
periments) and Cyelotella meneghiniana as a function of phos-
phite concenteation in short-term batch culture,

at a3 100 cells-mlt Vavious amounts of 5i0,-51 were added
to each flask to give initial values of 0.5 to 30 v Si0.-Si. Sili-
cate inoeach flask was measured immediately after nutrient
addition and ar 0.5, 1, 2 and 4 h.

Calenlations, Uptike vate at cach initial nutrient concen-
tration was estimated by a least squares  lincar regression
through the observed nutvient concentrations.  Data points
were it to the Michaelis-Menten equation:

V=] [&)]
where I” and 1, ave the velocity and maximum velocity of
nutrient uptake; § is the nutrient coneentration; k is the hall
saturation constant for uptake.

Semicontinuons euliure experiments. Each species was al-
lowed (o grow 1o steady state in semicontinuous cultures.  For
the phosphate experiments the influent concentrations were
010, 022 and 0.7 um POP (with 100 ga1 Si0,-80. For the s
cate experiments the influent coneentrations were 84 and 9.3
a™M SIOESE (with 50 gy PO-P). For cach influent concentra-
tion, cultires were run at several (5-6) MMow rates (f) lvom (.05
to 06-day . Cultures were manually diluted cach day by re-
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e, 2, Growth rates as a (unction ol silicate concentration
in short-term batch culture,

moving a portion ol the eulture suspension and replacing it
with an equal volume ol sterile medinm.  Flow rates are ex-
pressed as the volume removed (day to the total culture volume.
Cell coumts and nutrient  concentralion  measurements were
performed  peviodically.  Experiments were terminated  alter
steandy state nutvient concentrations and cell numbers had heen
observed Tor a week, usually after ca. 25 days. Some experi-
ments were allowed to continue 45 days. Cell quotas were esti-
unted for the steady state cultures cither by divect measure-
ment or by calealation. The persulliate digestion process (15)
adequately measured the cell gquota of PO AP, but the method
of Paasche (16) for eell quota of SiO-8i was unacceptably
variable, TFor caleulation, the velation used is: (influent nu-
trient concentration — reactor nulricnt r{lm'vlllr;:liun}_'(ilnmbcl
ol cells ar steady state).

The steady state vesults werve it to Droop’s equation (1) rve-
Lating steady state growth vate to cell quota, For semicontin-
uous cultures diluted once o day (assuming growth to be a
continuous exponential process), steady state growth rate, D,
depends on [ as:

D=1In{1/1-N) )

Using this cquation to caleulate D, observed cell quotas of the
limiting nutvient were it to Equation 5, expressed in the
lincavized form of Equation 6.

DD, =1=hy/Q ()

DO = 0,0 -D,kg (6

€l
where Q is cell quota: D is the steady state growth vate; D, is
the maximal growth rate, ie, the value of D when Q is in-
linite; &y, is the minimal cell gquota, Qe coll quota at which
prowth ceases.

RESULTS

Shovt-term bateh growth experiments.  Figure |
gives the growth rate vs. initial PO-P concentration
for A. formosa and €. meneghiniana. The inocula
lov the dAstevionella experiments were grown in low
phosphate medium for 3 wk. Essentially all the cells
appeared  viable alter such starvation, but occa-
sional dead cells (< 1%) were not counted. The €.
meneghiniana used o inoculate the experimental
cultures were phosphate starved for 3 wk. Figure 2
shows growth rate vs, initial S10.-Si concentration for
both species.

Table 1 gives kinetic information on the growth
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Fie. 3. Short-tevm uptake vates of A, formosa (AL-A, AL-

By and C.ooeneghiniona (Com-C) oas a function of phosphate
concentration.  Experiment Ad-A performed 20 mao priov o
expl. AT

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

Shorvi-term  uptake expeviments.  Figure 3 gives

Tanre 1.
- _l-.'.x;.!t. o Conlidence
Ivpe Kinetic interval
Diatom Nulrient constant 5%
Batch growth BM
Astevionellan PO K =002 0.01-0.05
Cyclotelln Pro-r K=02H 0.09-0.15
Axtervianella Si0)-5i K =50 326474
Cvelotelln Sit).-Si KN=1.14 0.091-2,07
Batch uptake M
Asterionella PO-P (3A) k=10 0.1-7.1
PO-P (3B k=28 2.3-34
l’.‘:.'r lotella POy-P (306" =028 N.0-4.2
Asterianella Si0)-Si k=35 94911
Cyelotella 510,50 k=175 He-1406

Steady state growth pol-cell!

Bg= 175 X 10*
hg =107 X 10
hg =256 X 107
ko= 1,57 %107

Astevionelln PO,-P
f-lj'f'lr'ih‘.lr.l'lnf
Astevionella

Cyelotellu

A Refers to Fig, 3, curves Ad-A, A=l Con-C, respectively.,
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L °
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o (- G
= 54 (+= A formosa)
(¢ C meneghiniana)
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Silicon M
Fic. 1. Short-term uptake rviates ol A, formesa (AL-A) and

Cyelatella weneghiniana (Can-13) as a function of silicate con-
centrition.

the uptake rate (I, pmol-cell -h-") vs. initial PO,-P
for both species. Two experiments (AL-A, ALY
shown lor A. formosa, illustrate the variability in
replicate experiments done 2 mo apart, Figure <
shows the uptake rate vs. initial silicate concentration
[or both species. "T'wo separate experiments are com-
bined lor A. formosa. Table 1 gives the kinetic
parameters for these batch uptake experiments. Max-
i uptake rates and hall saturation constants were
not signilicantly different for these 2 species in re-
sponse o phosphate. For the silicate experiments,
the hall saturation constants were not significantly
dilferent, but the maximal uptake rate ol A, formosa
was barely signilicantly higher. The scatter in the

Kinetic information for silicate- and pliosphate-limited growth and uptake ex peviments.

Conlidence
interval 5, K i ]
cellss ol

Maximnm
rale 959 fin LY

Doublings-day?

o = 088 0.83-0.95 0 0.16 22X 1IF
o = 078 0451091 0 2.95 2.6 107
= LOG 047104 078 292 2hx 10
= 138 L9118 0 15.0 4.2 % 100

pmol-cell-h?

V.=182%x10" 6.3-20.1 % 107
. =980 x 10" Gh0-10.7 > 107
I, =551 X 10" 28848 x 10"
Vo =308 X 1 20-52% 10"
Via=151 X 10% 1L1=10 % TO™
tlay™? Corr, coel.

D, =010 1.00

D, =069 0.94

D, = 1.2] 45
=116 0497
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Fic. 5. Long-term steady state growth vate as a function ol
cell quota for A, formosa under phosphiate (A) and silicate (B
Limiting conditions, and oy €. menegltiniana under phosphate
(€2 and silicate (D) limiting conditions (line is the fited curve
using Equation 5 from Droop (4) ).

clata as indicated by the broad confidence limits
(‘Fable Ty may result from the short term batch up-
take method used.

Semicontinuwons cultiwre experiments, The relation-
ship between cell quota (Q) and growth rate for both
species grown to steady state under either silicate or
phosphate Timitation is shown in Fig. 5. Fach point
is i data point [rom one semicontinuous culture,
Courves shown are fitted 10 Droop's cquation (Equa-
tion H) with a least squares regression o Equation 6.
“T'he caleulated minimal cell quotas (ko) and maxi-
1l .\I_L';ul)' state g‘i'()\\'{h rates (Hm) lor each _t.Il('l‘E['_,\'
and cach nutrient are in Table 1.

Internal phosphate levels were measured for sili-
catelimited cells at various steady state growth rates.
“T'hese are compared to the cell quotas ol phosphate
Lor phosphate-limited cells at the same growth rates.
“T'he ratio of internal phosphate levels when silicate-
Timited 1o that when phosphate-dimited at the same
steady state growth rate is R, the coelficient of luxury
consumption ol phosphate. R is an order of l'liilp‘lli'--
tude higher for 4. formosa than for C. mencghiniana.
IFigure 6 compares R to D/, for cach species. The
line shown is a least squares linear regression. For
A formaosa, the y-intercept (R, the maximal Tuxury
constmption) is 82, the slope —96, and the correlation
coellicient =96, For C. meneghiniana, R, is 6.6, (he
slope 6.4, and the correlation coellicient —99.

DISCUSSTON

The qualitative results of both bateh and steady
state culture methods agree. For limiting phosphate
experiments, A. formosa is better able to erow
at low extracellular POAP concentrations than €,

meneghiniana, as shown by its lower hall saturation
constant for PO-P-limited growth. The lower &, ol
A. formosa compared to C. mencghiniana found in
long-term semicontinuous culture indicates that A.
formaosa is almost an order ol magnitude more el-
ficient at using internal phosphate for growth. The
qualitative results under silicate limiting conditions
also agree between the 2 methods. For short-term
batch eulture, the hall saturation constant {or SiQ.-
Si-limited growth ol C. mencghiniana is less than .
formosa. "The k, from semicontinuous culture ex-
periments indicates that C. meneghiniana is more
elficient at using intracellular silicate for growth
than is A. 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 erowth,
as will be done Later,

Benndort (1) reported a hall saturation constant
[or PO-P-limited growth of 4. formosa of 0.02 un PO,-
P, with a maximal growth rate of 0.90 doublings-
day-'. The results reported here for short-term hatch
culture experiments agree well with those. Kilham
(13) reports short-term batch culture kinetic constants
for silicate-limited clones ol 4. formosa isolated {rom
Lake Ohrid, Yugoslavia and Lake Windermere, Eng-
Lind. "The clone [rom Lake Ohrid had a K + §, ol
193 par S10.-Si and the Lake Windermere clone a
K+ S, of 109 pa 810481 The maximal growth rates
of these 2 clones were LI and 0.61 doublings-day'.
respectively. There are signilicant differences among
these 5 clones ol A. formosa. The K + 8, of both the
Lake Ohrid and the Lake Windermere clones are
signilicantly lower than that reported here lor A.
[orntosa Trom Frains Lake. The Lake Windermere
clone has a maximal growth rate signilicantly less
than both the Lake Ohrvid and Frains Lake clones.
The Lake Ohrid and Frains Lake clones are not sig-
nilicantly dilferent in their maximal growth rates.

The 2 clones Kilham (13) used were not axenic,
whereas the Frains Lake clone ol A, formosa is. 1t is
not known il the kinetic diflerences found among
these clones may have been due to the presence of
bacteria. We consider the possibility of direct elfects
doubtlul, because silicate-using bacteria are  very
rare. However, Paasche (16) noted that Thalassiosirva
pseudonana Hasle & Heimdal used silicate more el-
liciently in a bacteria contaminated chemostat than
in an axenic chemostat. 10 the dilferences we ob-
served are not caused by bacteria, it would appear
that there are clonal dillerences in the kineties of
silicate-limited growth lor A. formowa. Guillard, of
al. (8) have reported clonal differences in the half
saturation constants and maximal growth rates ol the
marine diatom 7. psendonana under SiO,-Si limita-
tion. Il clonal dilferences are common, researchers
must be careful o interpret nutrient kinetic inlor-
mation on a particular species only for the lake [rom
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which the clone was isolated, especially il 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 Frains
Lake clone (Fig. 2). At concentrations less than S,
the Frains Lake clone lailed to grow but did not die.
These dillerences may be caused by the bacteria in
the Lake Windermere and Lake Ohrid clones. 1t 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 & or I, between A. formosa
and C. meneghingana. Short-term silicate uptake ex-
periments indicate that the hall saturation constants
are not signilicantly different. Maximal rates of sili-
cate uptake are different, with 4. formosa having a
higher 17, than €. mencghiniana (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 ol nutrient uptake. Such control would tend
to make short-term uptake experiments such as those
we did variable and possibly deviate Irom a good [it
to the Michaelis-Menten equation. Close control of
the physiological state prior 1o uptake experiments is
desirable. This problem has been discussed by Davis
(3) lor 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 {it to a Monod model. Long-
term semicontinuous culture information, together
with short-term uptake information can be used to
predict the relationship ol growth rate to external
nutrient concentration.  T'o do this, the Monod
model must he 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 ol Droop’s 8
equations was used by Lehman, et al. (14). We use
a modilied form ol these cquations to describe the
dependence ol growth rate on external nutrient con-
centration, and apply them 1o 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
ol internal nutrient for growth. This variable in-
ternal stores model requires 3 simultaneous diller-
ential equations:

N = dN/dt = N[D,,(1 —ke/Q) - D] (7)

Q = dQ/dt = V,S/(k + 8) — D,(Q ~ kq) (8)

S=dS/dt =D(,S-S)=NV,5/(k+8) (())

varviables of time—N, number ol cells-17'; Q, cell
quota, pmol of nutrient/cell; 8, external nutrient
concentration: physiological constants—D,,, maximal
growth rate; kg, minimal cell quota; I, maximal
rate ol nutrient uptake; k, hall saturation constant
lor nutrient uptake: experimentally manipulable
constants—D, dilution rate /day (which equals growth
rate at steady state); 8, 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
kg, growth increases with  in a manner saturating
as a hyperbolic function (Fig. 5) with a hall satura-
tion constant ks lIisp!;l('L‘(I [rom the origin I)}' an
amount kg, Equation 8 describes the changes in cell
quota which result from uptake and growth. Equa-
tion 9 is a mass balance equation. "These 3 simul-
tancous dilferential equations may be used 1o de-
scribe the dynamics ol growth ol a single species
potentially limited by a single nutrient.  Although
these equations omit both a maximal cell quota and
the elfect 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:

Q. = k¢Dy/(Dy, = D) (10)
S5 = DykohD/[V (D — D) = DykogD]  (11)
"\'r r‘ll: e (r:S - Sr-m) "’J’(?_nu: (]2)

The steady state cell quota, Q.5 is independent ol
the kinetic parameters ol nutrient uptake. The
steady state external nutrient concentration, §.*, and
the steady state cell number, N5, 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
ol kg, D, =, 1V, and D.

The Monod model may also be used 1o express
steady state values for Q, S and N in terms ol K, Y,
it and D, The Monod equations for continuous cul-
ture (11 give the following steady state relations:

8,7 = DK /(. — D) (13)
N = (S-S (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
= N5, and D,, = pu,,, the lollowing interrelationships

are obtained:
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Q¥ =1/¥ (15)

R = ko[kDy(Dyy = D)/(V (D = D) = D, Dkg]  (16)

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

A

K = !"Qi)mk.-’(l'm (17)

Equation 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
[or growth determined from short-term bateh culture
experiments is o summary statistic which includes
both the process ol nutrient uptake (&, 1",)) and the
process ol utilization ol internal nurient for growth
(Fego D). Because growth rate equals dilution rate
only at steady state, some deviation [rom the Monod
equation may be expected in short term batch en-
richment growth experiments. "The observed de-
pendence ol Q,* on steady state growth rate (Fig. )
means that the Monod equation may not be as good
a predictor of the steady state standing crop as the

sarviable internal stores model. However, as a sum-
mary statistic, K may be used o 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-
tration. N

The approximation to A (Equation 17) was ap-
plied to the steady state growth and to the batch up-
take data of Table 1. The estimated hall 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 Thalassiosiva pseudonana using the steady state
chemostat data from  Paasche (16) and the up-
take kinetie data [rom Paasche (17), and compar-
ing it to the hall saturation constant for silicate-
limited erowth of this clone ol 098 par Si0.-Si
reported by Guillard, ¢t al. (8). The 0.95 conli-
dence intervals on the uptake kinetic parameters
of Table 1 for A. formosa and C. meneghiniana
were used 1o estimate conlidence intervals about
i:'- This was not done for T. pscudonana, ‘The
variance in the uptake process alone can account
lor more variance in !:' than was observed in K. 11
this range approximates the 0.95 conlidence inter-
val about A, the estimated hall saturation constants
for growth are not significantly different from those
observed (Table 2). This indicates that both the
NMonod 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 1o
compare species as Lo their relative ability to grow
under nutvient limitnion, the experimentally ob-
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Fic. 6. Cocellicient of luxury consumption as a function of
velative growth vate (0D,

served K from short-term batch culture may be
preferable to K because of the greater variance in AL
When the Monod model is applied 10 several spe-
cies competing lor the same limiting nutrient (25),
for species which do not differ in their maximal
orowth 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 €. meneghiniana vevealed
that €. meneghiniana was the superior competitor
(20.2b). 'This agrees with the prediction based on
the observed K, but not with the estimated . The
observed K predicts that A. formosa should be domi-
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. A. formosa was observed to be
competitively dominant in long-term, phosphate-lim-
ited competition experiments between the 2 species,
as predicted by AL

Droop (1) has defined 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 amarked dependence of R on steady state
erowth rate (Fig. 6). A. formosa can have up to 82
times more internal  phosphate  than  needed; €.
meneghiniana can have up to 6.6 times more. The
upper limit on internal nutrient levels must act as

Tavee 2, Estimated halfl saturation constants for grouwth [l'.:}
calcwlated  from  steady state parameters (kg Dy, and
from  short-term  uplake pavameters (k. V)
using LEguation 17,

A S.0D.
: " K Elstimated from
Species Nutrient JTR.x| TANgE, 1M ohserved
A. formaosa ro, 0.01 0.003-0.06 NO
A, formaosa Si 3.21 689157 NO
C. omeneghiniana "o, 0.0 00,35 NO
C. meneghiniana Si 3.76 1.25-10.1 NO
1. pseudonana® Si 1.71 NO

0 From Paasche (16,17,
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an element in a feedback system that controls nu-
trient uptake. The observed linear decrease in
Juxury stores with relative growth rate (D/D,),
down to a value of B = 1L at D/D,, = 1, can be ex-
pr('hsctl at steady state as:

Q= kg Ry — (R — ko)1 = ko/Q)] (18)

where R, is the coellicient of maximal luxury con-
sumption, and @, is the maximal cell quota ol 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, 0. Equations 7-9 may be modified to
include such a feedback system that allows for the
ellect of cell quota on nutrient uptake rate, using
the observed limit as a proportional damping lorce
(in a manner analogous to that of Lehman, et al., 11).

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

General diseussion,  Two experimental approaches
to the relationship of phytoplankton growth to nu-
trient limitation have been presented.  Tach ap-
proach embodies certain physiological assumptions.
The Monad model assumes that growth depends on
external concentration in a hyperbolic fashion and
that yield is independent ol growth rate. The short-
term bateh culture method used o establish A and
o provided vesults that fit the model acceptably.
Short-term batch culture estimates ol A 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 t_-xpm'im(rnls

12

and long-term growth experiments provide informa-
tion on the relationship ol growth to external nu-
trient concentration comparable, at steady state, 1o
that of the short-term batch growth experiments.
The variable internal stores model hased on these
experiments (Equations 7, 8, 9 may be more ac-
curate at describing the dynamics of growth in non-
steady state conditions than the Monod model, be-

DAVID TILMAN AND SUSAN SOLTAU KILITAM

cause it includes luxury constmption.  Although
short-term bateh culture information (K and p,) ap-
pears to be i more precise predictor ol steady state
competitive interactions (25), such information 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 ol uptake and efliciency ol utilization ol nu-
trients provided in A and g, makes short-term
growth experiments a valuable tool in interpreting
the possible role ol nutrients in the interactions ol
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 ko, D, &, V,, and possibly I, may prove
more uselul, possibly providing better predictions of
the population dymamics ol the species involved,
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SUMMARY

The effects of nutvients, temperature and light on
gamelogenesis in Scenedesmus obliquus (Turp.) Kiitz.,
were studied in culture. Concentrations of nitrogen
ire the medinm cmployed showed a marked influ-
aree on gamele }JJ'rJdm'H'n.l?. (;;um'.’ugr'm:‘.\‘i.w 15 in-
hibited by N excess bul is not a vesponse to N starva-
tion or depletion, A drop in N leoel from that of the
growth wmedivm is not requived, nor does it per se
trigger gametogenesis. The N concentration satisfy-
ing erowlth requirements is sufficiently low to permit
sexual diffeventiation. Nitrogen level in the growih
reedium las no effect on subsequent gamete produc-
tion, so long as theve is sufficient N to maintain a
!:\“,i’)fr‘m’ cullire. Number of gawmeles present at Maxi-
nivem production time is inversely velated to N con-
centration, but neither time of onsel of gametogene-
SiS, nor time of maximum gamete  production is
affected by N concentration. Gullurves incubated at
15 Cinomediton lacking N take a minimuwm of 20-24
fo 1o develop cells irreversibly committed to gamete

Ydecepted: 10 May 1976,

[ormation. 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-
e foduction tome. Tine of maxinm produc-
tron s inversely related to incubation temperature;
als Gincubation temperaturve yielded highest gamete
production.  Light  enhances gamelogenesis,  but
gamete formation can oceur in absenee of light.
Achicocement of a light-saturated response is de-
pendent wpon ilhonination given at two critical
peviods: one oceurs shortly after N withdvawal; the
other oceurs later, when cells are becoming irrevers-
ibly committed to gamete formation. Ability to pro-
duce gametes diminished with prolonged laboratory
culture.

Ney index words: Gamete: gametogenesis; light; ni-
lrogen: Scenedesmus: sexualily; tem perature
INTRODUCTION

The colonial green alga Scenedesmus obliguus
(lurp) Kiitz, a common [reshwater species, is
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