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Phosphorus-dependent growth kinetics of 11 species of

freshwater algae

James P. Grover!

Department of Evology and Behavioral Biology, University of Minncsots,

38 (:hilﬁ:h St SE, Mil’!ﬂeapﬂﬁg 55455

Absiract

Mixed-species batch cultures were used to measure kinetics of phosphorus-dependent growth
for 11 species of fmshwe}tm" algse, Resulis were fitted to the Monod mddal, and Signiﬁmnt wniee
specific differences were found. Indices of competitive ability calculated from the Monod parameters
suggest that Synedra radians. Synedra rumpens. Nitzschia acicufaris, and Chlamydomeonay ‘sp‘ an;

good competitors for P and that

zschia paleq and several nonsilicenus algae arc poor competitors

for P. Ihese :ndigzes af“cquvf;titi\-*c ability are largely consistont with competitive outcomes in a
companion experiment with these species and with other studies. No relation was found between
maximal grm:vm rvate gnd the effect that Auctuations in P supply had on a species’ performance iﬁ
the competition experiment. Growth parameters and competitive indices were not significantly
correlated with cell volume, surlace area, or surface : volume o, ‘ o

In the equilibrium theory of resource
competition, the function relating popula-
tion growth rate of an algal species to the
concentration of a dissolved nutrient is a
critical determinant of that species” ability
to compete for that nutrient (Tilman 1977,
Tilman et al. 1982). The Monod (1950)
equation is often used to represent the sat-
uration kinetics typical of nutrient-limited
algal growth;

JTIOIY ¢
(K, + R) )

where growth rate {u) reaches an asymptotic
value (i) when nutrient concentration (R)
1s saturating, and g is halfomaximal when
R is equal to the half-saturation constant
(K}. This model has been fitted to algal
growth by many researchers, studying a wide
variety of taxa and nutrients {e.g. Fuhs et
al. 1972; Guillard et al. 1973; Paasche
1973a,b; Goldman et al. 1974; Klaveness
and Guillard 1975). The nutrient concen-
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tration {R*) required by an algal population
at equilibrium is
Re= 2K (2)
{iu‘m.\xx - l“‘} )
where D) < u,.. is the per capita loss rate
(Tilman et al. 1982). If several algal species
arc competing for a nutrient, and if their
mortality rates are known, then the out-
come of competition can be predicted by
calculating R* for each species: the species
with the lowest B* will win the competition.
It has also been suggested that the initial
slope of the Monod function {u,,,./K,) be
used as a competitive index {Healey 1980,
Mechling and Kilham 1982).

This theory has been verified in simple
communitics of algae assembled from uni-
algal stock cultures, competing in labora-
tory microcosms near equilibrium (Tilman
1977, 1981 Holm and Armstrong 1981;
Tilman et al. 1981; Tilman and Sierner
1584}, Kilham (1986} and Sommer {1588)
allowed natural algal communities to com-
pete for nutrients in laboratory cultures, and
then isolated species dominant at eguilib-
rium, and found that competitive outcomes
were consistent with measured values of R¥,

Experimenis with algal competition un-
der nonequilibrium conditions suggest that
some predictions of the equilibrium theory
are not met. Noasteady nutrient supply can
allow more species to coexist than could do
so at equilibrium (Sommer 1984, 1985,
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Grover 1989), delay the exclusion of com-
petitively inferior species (Grover 1988), and
alter competitive dominance between
species (Turpin and Harrison 1979). In the-
ory, nonequilibrium competition can allow
a species with a high R¥ to outcompete or
coexist with a species with a low R*, pro-
vided that the species with the higher R*
also has the higher g, (Hsu 1980; Butler
et al. 1985). Sommer {1985) presented evi-
dence that nonsteady nutrient supply en-
hances the competitive performance of
species with high u,.,.. The existence of a
correlation between g, and cell volume
(Williams 1964; Eppley and Sloan 1966;
Sommer 1981) raises the possibility that cell
size may be a useful predictor of competi-
tive performance under nonequilibrium
conditions.

Here I report the kinetics of P-limited
growth in a group of algae that was isolated
from an experimental study of nonequilib-
rium competition for P and Si (Grover
1989). The results of that experiment sug-
gested that these algae differ in their ability
to compete for P. I examined growth ki-
netics measured in batch cultures to see if
estimates of R* were consistent with the
competitive outcomes of the previous ex-
periment. I also examined the hypothesis
that u,,,, was an important competitive pa-
rameter under nonequilibrium conditions
by comparing u,... between species whose
competitive performance was enhanced by
nonsteady state supply in the previous ex-
periment and those whose performance was
not enhanced. I report minimal cell quotas
(Qumin) for P and examine correlations of all
measured parameters with cell size.

Methods

The algae studied here were isolated from
semicontinuous cultures used in a study of
competition for P and Si and represent or-
ganisms that were common in those cul-
tures (Grover 1989); the original source is
Square Lake (Washington County, Minne-
sota). Stock cultures were maintained in the
same medium as used in the competition
experiment, with Si and P concentrations
of 137 and 5.0 umol liter . Stock cultures
were not all axenic, but all were unialgal and
free of protozoan and fungal contaminants:

Grover

sterile technique was used throughout, Cell
sizes for all species are from Grover (1989)
except for Fragilaria capucina, which un-
derwent a pronounced increase in cel] size
following isolation and was remeasureq by
the same methods. Mean cell volume was
859 pum?® (SD 409 um?®), mean cell surface
area was 829 um?* (SD 213 um?), and meay
surface : volume ratio was 1.103 um-~t (Sp
1.103 pm™1).

P-dependent growth kinetics were mes-
sured with the short-term batch cultyre
method (Kilham 1978). Several species were
grown together in the same cultures (Kil-
ham 1986). Very low densities of algae were
inoculated to minimize any intraspecific and
interspecific density-dependent interac-
tions, such as nutrient competition or al-
lelopathy. Cultures were run in an incubator
at 12°C £ 0.5° with a photon supply rate
of ~60 umol m~2s7' ona 14: 10 L/D cycle.
Siliceous algae were grown together in one
set of experimental cultures and nonsili-
ceous algae in another. Experimental cul-
tures were grown in l-liter Pyrex FErlen-
meyer flasks that had been autoclaved
several times with K,S,0; in distilled deion-
ized water and rinsed with distilled deion-
ized water. Into these flasks a basal growth
medium without added P was dispensed,
and varying levels of P were added from a
fresh stock solution of Na,HPQ, that had
been calibrated against an external standard
solution. The experimental cultures with si-
liceous algae had 137 umol liter~! added Si
(as Na,Si0;-9H,0); those with nonsiliceous
algae had no added Si. Flasks and media
were autoclaved before inoculation.

Before inoculating the experimental cul-
tures, algae were grown to stationary phase
in P-limited single-species batch cultures (P
= 0.24 pmol liter~!). Soluble reactive P (SRP,
Strickland and Parsons 1972) was measured
in duplicate during stationary phase and
found to be <0.03 pmol liter~! in all these
cultures. Cell quota of P (considered to be
an estimate of the minimal cell quota for P,
Qi) was calculated as particulate P divid-
ed by cell density. Volume-specific O pin W8S
calculated as Q,,,, divided by cell volume.
Dilute suspensions of preconditioned algat
were prepared with sterile growth medium
without added P and inoculated into ex-
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perimental cultures at densities of 0.5-1.0
cells ml™". Experimental cultures were grown
for 7 d, With 100-ml samples removed on
days 3, 4, 6, and 7 and preserved with M3
(Meyer 1971). These 100-ml samples were
then settled for at least 48 h in graduated
cylinders, after which the upper 90 ml was
removed by aspiration. The remaining 10
m! was sedimented in chambers and count-
ed by the method of Utermdhl (1931) with
a Zeiss inverted microscope. At the end of
the experiment, SRP was measured and
compared to the assigned level; cultures in
which there was > 30% depletion of P were
eliminated from data analysis. Cultures that
were retained in the analysis despite mea-
surable P depletion all had assigned P con-
centrations >0.3 pymol liter~!. These levels
are at least 6x the measured K, of any
species in these experiments, so that deple-
tion could have had only a negligible impact
on growth rates. Distilled deionized water
and reagent grade chemicals were used
throughout, and all labware was acid-rinsed
(HCI) and rinsed with distilled deionized
water. Autoclaving was used to sterilize
growth media and culture vessels. Cultures
were swirled at least twice daily.

For each experimental culture, the natu-
ral logarithms of sample counts from days
3,4, 6, and 7 for each species were regressed
against time to estimate the growth rate (p).
Nonlinear regression was then used to fit
the Monod model for substrate-dependent
growth to the growth rates of each species,
with assigned nutrient concentrations for
each mixed culture used as the independent
variable. A version of the Levenberg-Mar-
quardt algorithm was used to minimize the
sum-of-squares for error (SSE) for each
regression (STSC, Inc. 1985).

Intrinsic and parameter-effected nonlin-
earities (Ratkowsky 1983) of the solution
loci from each regresssion were calculated
according to formulae for the Monod equa-
tion (Johansen 1984). Nonlinearities were
very small for all regressions and within the
limits suggested by Ratkowsky (1983) for
the application of asymptotic statistics con-
cerning confidence limits and parameter dif-
ferences. The estimated biases of fitted pa-
Tameters were calculated according to Box’s
formulae (Ratkowsky 1983). Upper and

lower 95% confidence limits for Bmax and K,
were calculated by a maximum-likelihood
method based on probability contours of
SSE (Ratkowsky 1983), using a correction
factm to improve the accuracy of the nom-
inal type 1 error rate, a (Johansen 1984),
To test for interspecific differences in Henas
and K,, I used the nonlinear analog of AN-
COVA (Ratkowsky 1983). The SSE values
from each individual species’ regression
were pooled to estimate the SSE of a full
model having an individual g, and K, for
each species. Three reduced models were
fitted: one with a common p,,,, and K, for
all species, one with a common Hmax but
individual K, and one with a common K,
but individual u,,,,. The significance of dif-
ferences in fitted parameters between species
was then assessed by an F-test on the SSE
of full and reduced models.

Results

Mallomonas sp. failed to grow in the
mixed-species cultures used to measure
phosphorus-dependent growth. Counts of
two colonial species, F. capucina and Os-
cillatoria sp., were highly variable, and the
resulting data did not warrant further anal-
ysis. Thus data were available for 11 species
to fit the Monod model to phosphorus-de-
pendent growth (Fig. 1, Table 1). Confi-
dence limits for u,,, were nearly symmet-
rical and estimated biases were <5% for all
species and <1% for all but two species.
Confidence limits for K, were wide and
asymmetrical, and estimated biases were
very high, ranging from —20 to —80% for
most species, and up to —190 and —440%
for Sphaerocystis schroeteri and Synedra ra-
dians respectively. For these two species,
the data hint of inhibited growth at high
concentrations of P (Fig. 1).

There were significant differences be-
tween species in both u,, and K,. Inter-
specific differences in p,,,, were significant
whether individual values of u,,,, for each
species were entered in the regression model
before (Fip 143 = 7.40, P < 0.001) or after
(Fio154=7.73, P < 0.001)individual values
of K, had been entered. Interspecific differ-
ences in K, were significant whether indi-
vidual values of K, for each species were
entered in the regression model before
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Fig. 1. Phosphorus-dependent algal growth kinetics. Curves were fitted by nonlinear regression (Table 1).

(Fio151 = 2.96, P = 0.002) or after (Flo.15s
= 3.41, P < 0.001) individual values Of U pax
had been entered. There was a negative but
nonsignificant relationship between Hmay and
the In of cell volume (r = —0.52, P = 0.084),
and a negative but nonsignificant relation-
ship between the In of Mmax @nd the In of cell
volume (r = 0.50, P = 0.12). From the pre-
conditioning cultures, Q.. was calculated
for 14 species (Table 2). The In of Qe Was
significantly correlated with both the In of
cell volume (r = 0.79, P < 0.001) and the
In of cell surface area (r=0.71, P < 0.005).
There were positive but nonsignificant re-
lationships between the In of volume-spe-

cific Q,,;, and three quantities: the In of K,
(r=10.57, P=0.066), the In of R* ( =0.5],
P =0.090), and the In of /K, (¥ = 0.55,
P=0.077).

Discussion

The estimates of u,,,, are more reliable
than those of X,, which may be substantially
underestimated for many species. This sit-
uation probably results from difficylties in-
herent in measuring algal growt?l kinetics.
For many species and most nutrients, K, is
oflow magnitude compared to nutrient con-
centrations that can reliably be prébared and
measured. For some species, K, is so low
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Table 1. Resylts of nonlinear regressions fitting the Monod model to phosphorus-dependent growth kinetics,

Hona K,
Estimate h L Estimate PHCL
(d-y Lower Upper (umol liter-v) Lower Upper n SSE
Chiamydomonag sp. 0.79 0.61 0.96 0.0071 0.060097 0.038 17 0.550
Chlorella sp. 0.81 0.62 1.05 0.022 0.0047 0.23 17 0.588
Cryptomonas Sp, 0.49 0.39 058 0.014 0.0043 0.096 17 0122
Qocystis pusilla ) 0.52 0.43 0.61 0.012 0.0037 0.067 17 0.132
Scenedesmus quadricauda 0.63 0.47 0.93 0.035 0.0043 0.50 17 0.374
Sphaerocystis schroeteri 0.48 0.28 0.71 0.025 0.0011 0.34 16 0.589
Nitzschia acicularis 0.35 0.24 0.46 0.0023 0 0.019 15 0.171
Nitzschia linearis 0.56 0.45 0.68 0.019 0.0051 0.22 14 0.122
Nitzschia palea 0.88 0.77 1.03 0.047 0.016 0.22 I5 0.128
Synedra radians 0.60 0.39 0.85 0.00014 0 0.012 15 0.862
Synedra rumpens 0.73 0.39 0.88 0.0069 0.0014 0.026 15 0.263

that measurable algal growth occurs even
when a nutrient is present only as a contam-
inant (i.e. in a2 medium without added nu-
trient). Because of these problems, most
measurements of K, have wide confidence
intervals, and most fits of the Monod model
to algal growth kinetics have considerable
residual variance. Alternatively, the Monod
model may be inappropriate for growth ki-
netics of algae. The steady state derivation
of the Monod model from the variable-in-
ternal stores model (Droop 1973; Burmas-
ter 1979) requires that the relationship be-
tween cell quota and nutrient uptake be
linear (Morel 1987). If the relation between
uptake and cell quota is nonlinear (Mc-
Carthy 1981), then the steady state relation
between dissolved nutrient and algal growth

will not be an exact Monod function. Be-
cause it would be difficult to distinguish be-
tween alternative models on the basis of
measured algal growth kinetics alone, alter-
natives should be posed on the basis of
physiological mechanisms.

Synedra radians has a K, at least five
times lower than that of other species. Sig-
nificant interspecific differences in K, may
have resulted entirely from the inclusion of
S. radians, for which the regression model
is poor. When S. radians is deleted from the
analysis, interspecific differences in K, be-
come marginal, both before (F; ., = 1.811,
P = 0.070) and after (F 4o = 1.788, P =
0.075) individual values of u,,,, are entered
for each species in the regression model. To
insist on the use of a = 0.05 risks making

Table 2. Minimal cell quotas (Q....) and indices of competitive ability for phosphorus based on the fitted
parameters of the Monod growth model. R* (Eq. 2) is calculated at a hypothetical mortality rate of 0.25 d-'.

Indices of competitive ability for P

Qi (fmol cell!)
Chlamydomonas sp. 3.5
Chlorella sp. 0.26
Cryptomonas sp. 12.0
Oscillatoria sp. 0.39
Oocystis pusilla . 8.0
Scenedesmus quadricauda 4.0
Sphaerocystis schroeteri 3.7
Fragilaria capucina 12.0
Mallomonas sp. 8.6
Nitzschia acicularis 3.1
Nitzschig linearis 49.0
Nitzschi palea 3.9
Svuedra radians L7
Synedra rumpens 1.8

Volume-specific R* fae? K,
Qs (fmol pm™Y) {umol liter™) {liter pmol™ d-%y
0.078 0.0033 it
0.043 0.010 36
0.015 0.014 34
0.021
0.082 0.011 44
0.043 0.023 18
0.017 0.027 i9
0.014
0.014
0.0086 0.0059 148
0.056 0.015 29
0.018 0.019 19
0.0046 0.000096 4,440
0.0051 0.0036 108
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a type 2 error, i.e. failing to conclude that
interspecific differences in K, exist when in
fact they do. As discussed below, the values
of K, and the resulting values of R* are
largely consistent with results of an algal
competition experiment, suggesting that the
interspecific differences in K, are real.

In the competition experiment from which
these species were isolated (Grover 1989),
a ranking of competitive ability for P was
suggested with Nitzschia acicularis and S.
radians being best, followed by Synedra
rumpens, then Nifzschia linearis, and with
Nitzschia palea and all nonsiliceous algae
being worst. Growth kinetics are largely
consistent with this ranking. On the basis
of R* (Table 2), S. radians and S. rumpens
are better competitors for P than N. acicu-
laris, but these three species are collectively
superior to most other algae. Nitzschia line-
aris 1s a poorer competitor for P than N.
acicularis but a better one than N. palea, as
expected. The nonsiliceous algae are rela-
tively poor competitors for P, although some
of them are apparently about as good as V.
linearis. Most surprising is the good com-
petitive ability of Chlamydomonas sp. for
P. This finding is inconsistent with the re-
sults of the competition experiment from
which this clone was isolated, with other
competition experiments in which green al-
gae were present (Sommer 1983, 1985: Til-
man and Kiesling 1984 Kilham 1986; Til-
man et al. 1986), and with published kinetics
of P-dependent growth for other green algae
(Senft et al. 1981: Kilham 1986).

Algal competition experiments suggest
that some Synedra spp.—acus {Smith and
Kalff 1983; Sommer 1983, 1983), fliformis
(Tilman 1981; Kilham 1986; Tilman et al.
1986), and radians (Grover 1989)—are good
competitors for P. The high ability of S

Jiformis to compete for P results primarily

from its low K, (0.003 umol liter!, Tilman
1981), and the clone of S. radians in this
study has an even lower K,. Carney et al.
(1988) reported a clone of S radians with
a K, 0f0.024 pmol liter- ', however, making
it a poor competitor for P, There may be
greater variability of growth kinetics within
the genus Synedra than is currently indi-
cated by laboratory studies of competition.
Benndorf (1973) reported kinetics of P-de-

pendent growth for V. acicularjs: Values of
fmax (1.3 d7") and K, (0.48 umo Iiter™!) gx.
ceed those reported here and are inconsis.
tent with the proposition that N. aciculayi
is a good competitor for P (Sommer 19§5;
Grover 1989),

Theory (Hsu 1980; Butler et al, 1985)ang
experiment (Sommer 1985) suggest that the
competitive ability of species with a high
Kmax 18 enhanced when nutrient supply var-
ies in time. In the competition expPeriment
from which these species were isolated
(Grover 1989), N. acicularis, Oocystis pu-
silla, and S. schroeteri showed enhanced
competitive ability in cultures that had
higher variability in P supply, but these
species have relatively low g, . Although
N. palea has a high u,_., its competitive
ability was unaffected by variability in P
supply. Chlamydomonas sp., with a high
Mmax, Showed decreased competitive ability
in cultures that had higher variability in P
supply. These results provide no support for
the hypothesis that a high u,, enhances
competitive ability under nonequilibrium
conditions. Grazing may have confounded
some responses to variability in P supply,
however, in the competition study (Grover
1989).

Qi and cell volume were related in the
form

Qmin =4a Vb

where Vis cell volume. Shuter (1978) found
such a correlation for a variety of micro-
organisms. Given the uncertainties in-
volved, the value of a found here (0.0907)
agrees well with Shuter’s estimates for all
microorganisms (0.124) and for eucaryotes
alone (0.0590). The value of b found here
(0.714) agrees better with Shuter’s estimate
for eucaryotes alone (0.690) than for all mi-
croorganisms (0.554). Negative correlations
between u.., and cell volume have been
reported (Williams 1964; Eppley and Sloan
1966; Sommer 1981), but the relation found
in this study was marginal (0.10 > p >
0.05). Banse (1982) concluded that the de-
pendence of ., on cell volume is weak at
best, especially among diatoms, which were
heavily represented in this study. No sig-
nificant correlations of K, or indices of com-
petitive ability with cell volume, gurface
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area, or surface: volume ratio were found.
This finding suggests that the competitive
ability of algae is poorly predicted by cell
size (Sommer and Kilham 1985). The cor-
relation between volume-specific Q,,;, and
K,, although not statistically significant,
suggests that a low K, and therefore in-
creased competitive ability, may result from
highly efficient use of limiting nutrients in
biomass.

Both R* and p,../K, gave similar infor-
mation concerning competitive ability, and
they were highly correlated (r = —0.99, p
< 0.0001, after In transformation). When
algal loss rates are known, R* is the pre-
ferred index of competitive ability because
it properly emphasizes the important effect
that these rates have on competitive ability
{Kalff and Knoechel 1978; Tilman et al.
1982). This study and its companion (Gro-
ver 1989} provide considerable support for
the use of resource competition theory in
studies of algal community structure. In
these laboratory experiments, estimates of
R* provided qualitatively accurate predic-
tions of competitive performance, despite
the nonequilibrium nature of competitive
dynamics, grazing, and methodological dif-
ficulties in estimating R* Recent experi-
ments show a correspondence between es-
timates of R* and the distributions of field
populations of algae (Sommer 1986; Carney
et al. 1988); thus it may be hoped that re-
source competition theory will prove useful
in understanding natural algal communi-
ties.
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