
Limnol. Oceanogr., 34(7), 1989, 1162-l 173 
0 1989, by the American Society of Limnology and Oceanography, Inc. 

Nutrient status and nutrient competition of phytoplankton 
in a shallow, hypertrophic lake 

Ulrich Sommer 
Max-Planck-Institut fur Limnologie, P.O. Box 165, D-2320 Pliin, F.R.G. 

Abstract 
The nutritional status of phytoplankton in a shallow, hypertrophic lake was analyzed by stoi- 

chiometry of seston and by enrichment bioassays during a 6-month period. Both methods suggested 
moderate and temporally interrupted nutrient limitation of reproductive rates. Nitrogen was the 
most frequently limiting nutrient, phosphorus was next, and silicate limitation of three diatom 
species occurred only once. The nutritional status of the most abundant individual species could 
be described by the Monod equation. The nutritional status of the entire phytoplankton assemblage 
could be described by a modified version of the Droop equation. In accordance with competition 
theory, phytoplankton species were arrayed along resource ratio gradients. These results are con- 
sistent with ecophysiological models derived from culture experiments. 

A physiological approach to the ecology 
of phytoplankton (as advocated, e.g. in Til- 
man’s 1982 competition theory) frequently 
encounters the criticism that results ob- 
tained from laboratory cultures cannot be 
transferred to nature. It is said that the mis- 
match between the spatio-temporal scales 
of typical ecophysiological experiments and 
of the natural environment (Allen 1977) and 
the insufficient appreciation of environ- 
mental fluctuations in culture experiments 
(Harris 1986) makes it impossible to bridge 
the gap between physiology and ecology. 
Such criticism has become especially seri- 
ous in relation to some well-known phys- 
iological models of nutrient limitation of 
phytoplankton reproductive rates and in re- 
lation to competition models based on such 
physiological models. 

Dissatisfaction with the Monod model as 
a descriptor of the nutritional status of nat- 
ural phytoplankton is common (e.g. Harris 
1986). Unsteady state conditions in the field 
and intracellular storage permit temporal 
uncoupling between phytoplankton repro- 
ductive rates and ambient nutrient concen- 
trations. Under such circumstances the in- 
tracellular concentration of limiting 
nutrients (“cell quota”) is considered to be 
a better indicator of the nutritional status 
than ambient concentrations (Droop 1973, 
1983). Goldman et al. (1979) took the wide- 
spread occurrence of a sestonic stoichiom- 
etrynearC:N:P= 106 : 16 : 1 (Redfield ra- 
tio) as evid.ence for nutrient-saturated 
reproduction of phytoplankton in the oli- 
gotrophic ocean, despite extremely low am- 

bien t nutrient concentrations. Harris (1986) 
extended this claim to all kinds of seas and 
lakes. Meanwhile, this view became unten- 
able because C : N and C : P ratios clearly in 
excess of the Redfield values have been 
found in various marine and freshwater sites 
(summarized by Sommer in press). The 
corn bination of enrichment bioassays and 
of seston stoichiometry provided evidence 
for the suitability of the stoichiometric ap- 
proach and for the occurrence of nutrient 
limitation in mesotrophic Schijhsee (Som- 
mer 1988a). In this study, I use the same 
approach to analyze the nutritional status 
of phytoplankton in a shallow (-2-m 
depth), hypertrophic, brackish, coastal lake 
in northern Germany (Grol3er Binnensee). 
In addition, I examine whether the species 
composition of phytoplankton follows the 
patterns postulated by the theory of re- 
source competition (Tilman 1982), i.e. 
whether the species composition shows cor- 
relations with ratios of limiting resources. 

Methods 
Samplivjg, measurements, and experi- 

ments-The study period extended from 11 
May to 30 November 1987. Samples for 
phytoplankton cell counts were taken from 
three stations at weekly intervals. Samples 
for chemical analyses and for the nutrient 
enrichment bioassays were taken only from 
the central station. Additional data (zoo- 
plankton, Coulter volume, extinction coef- 
ficient) were obtained from parallel projects 
on the same lake (courtesy of W. Lampert, 
H. Rai, and H. G. Wolf). 
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Phytoplankton counts were conducted ered as controls. This means four treatment 
according to the standard Utermijhl tech- vs. five control bottles in the case of single 
nique. At least 400 individuals of each dom- nutrient limitation and two treatment vs. 
inant species were counted, thus giving a seven control bottles in the case of double 
counting precision of f 10% within 95% C.L. nutrient limitation. A nutrient was consid- 
Cell volumes were estimated by approxi- ered limiting if Tukey’s nonparametric test 
mation to the nearest simple geometric solid (Sachs 1968) showed a significant difference 
after measurement of 40 cells. Conversion between treatment and controls at P < 0.05. 
of cell volumes into cellular carbon was Reproductive rates in the controls remained 
made according to the equation of Rocha unchanged until day 3 (no significant dif- 
and Duncan (1985). Dissolved nutrients ference between the time intervals O-l and 
(soluble reactive phosphorus, total dis- l-3 d, indicating that enclosure effects did 
solved phosphorus, nitrate, nitrite, dis- not result in artificially exaggerated nutrient 
solved silicate) were measured according to limitation in the controls. If a nutrient was 
standard techniques (Strickland and Par- limiting, reproductive rates in the enriched 
sons 1972). Samples for particulate organic bottles were either enhanced from the be- 
carbon (POC) and particulate organic nitro- ginning (small algae) or in the time interval 
gen (PON) were filtered onto Whatman l-3 d (large algae). Because of the magni- 
GFF-filters and analyzed with a Carlo-Erba tude of the nutrient spikes (Si: 80 PM; NO,-: 
CHN analyzer. Samples for particulate 15 PM; NH,+: 15 PM; P: 2 PM), reproduc- 
phosphorus (PP) were filtered onto cellulose tive rates in the enriched bottles were con- 
nitrate membrane filters (0.2-pm pore size). sidered to be nutrient saturated (p,,,). In a 
The entire filter was then used for the stan- case where single nutrient addition would 
dard total phosphorus technique, which have yielded a smaller but significant in- 
completely extracted P from the filters with- crease than double nutrient addition, the 
out dissolving them. Similarly, particulate alga would have been considered limited by 
opaline silicate was extracted from Nucle- a single nutrient although only the repro- 
pore filters (0.2 pm) and measured accord- ductive rate after double nutrient addition 
ing to Tessenow (1966). would have been considered maximal. 

Samples for enrichment bioassays were 
filtered through a 250~pm-mesh screen and 
diluted lOfold with filtered lake water. This 
suspension was distributed into nine Erlen- 
meyer flasks. Two of the flasks received no 
nutrient enrichment, three received one of 
the three potentially limiting nutrients (Si, 
P, N), three received the pairwise combi- 
nations (Si + P, Si + N, P + N), and one 
received the triple enrichment. Since N was 
supplied as ammonium nitrate no difference 
in the response between ammonium- and 
nitrate-preferring algae was expected. The 
bottles were incubated at ambient temper- 
atures, ambient L/D cycle, and a light in- 
tensity of 160 PEinst m-2 s-l PAR. This 
light intensity most likely precludes both 
light limitation and light inhibition for most 
phytoplankton species. Cell counts for es- 
timates of reproductive rate were performed 
on days 0, 1, and 3. For the statistical anal- 
ysis all bottles enriched with the nutrient in 
question were considered as treatment, all 
bottles without this nutrient were consid- 

Data ‘: analysis - The Monod model re- 
lates the reproductive rate of a species (p) 
to the ambient concentration (s) of the lim- 
iting nutrient: 

s 
p=pmaxS+ k (1) 

where Pmax is the maximal reproductive rate 
and k, the half-saturation constant of growth. 

and possibly also k, are temperature- 
ZrFendent. None of the analyzed species oc- 
curred over a sufficiently wide range of tem- 
peratures, however, to make temperature 
correction necessary. The Monod parame- 
ters were therefore estimated directly by 
nonlinear regression of p in the controls on 
the limiting nutrient concentration in situ 
(identical to the starting concentrations in 
the controls). Since nitrogen was available 
in several possible forms, three different 
regressions were tried. Either N03- (includ- 
ing a small amount of NO,-), or NH4+, or 
DIN (N03- + N02- + NH,+) were entered 
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as S into the regression. The regression with 
the best (least-squares) fit was taken. 

The Droop model relates the reproduc- 
tive rate to the intracellular concentration 
(cell quota, q) of the limiting nutrient: 

1 - % 
I-c = P’max-- 

4 

where q. is the minimal cell quota and P’,.,.,~~ 
the theoretical maximal reproductive rate, 
which would be reached at an infinite cell 
quota. The true prnax of the Monod model 
is reached at a finite cell quota (qmax). 

The Droop model is not directly appli- 
cable to the available data, because it re- 
quires species-specific cell quotas and not 
just sestonic averages. A way out of the di- 
lemma has been shown by Goldman et al. 
(1979). If the biomass-specific minimal cell 
quotas do not differ too greatly among 
species, species-specific differences in plrnax 
can be removed by replacing p with the rel- 
ative reproductive rate [p’,,, = (p/$,,,)] for 
each species. A biomass-weighed commu- 
nity average of the relative reproductive rate 
(M’,,,) should then show the following rela- 
tionship to the community average of the 
biomass-specific cell quota (Q, “bulk cell 
quota”): 

1 - Qo Mtre, = - = 
Q 

1 - Qo<C:O (3) 

where L is the concentration of the limiting 
element in the biomass. In an earlier ap- 
plication of Eq. 3 (Sommer 1988a) I ne- 
glected the difference between pmax and P’,,.,~~ 
and used the reproductive rates in the nu- 
trient-enriched treatments (pm,,, but not 
p’,,,,,) to calculate P’,~. If, however, there is 
a nonnegligible difference between the true 
and the theoretical maximal reproductive 
rate, the intercept would differ from 1 and 
the slope from Q,: 

M,, = 9 = a - b (C : L). (4) 

Qo and Qmax could then be calculated from 
the intercept and the slope of the fitted 
regression: 

Qo = $ (5) 

b 
Q 

=- 
max a-l 

(6) 

Results 
Phytoplankton biomass and species com- 

position -There were three major biomass 
peaks during the study period (May/June, 
August, September/October). Calculated al- 
gal carbon reached values around lo4 pg 
liter- l. During the midseason minima, algal 
biomass declined by about 102.5 (Fig. 1). 
Horizontal differences between the three 
sampling stations were much less pro- 
nounced (factor usually ~2) than temporal 
change and will not be considered further. 
POC and carbon calculated from particle 
volume measured by the Coulter counter 
showed the same temporal trend. Their 
minima, however, were much less pro- 
nounced (Fig. 2), which indicates a big frac- 
tion of detrital carbon during periods of low 
biomass. During algal maxima, calculated 
algal carbon and POC were almost identical. 

Midseason phytoplankton minima coin- 
cided with peaks of zooplankton abundance 
and, presumably, grazing pressure. During 
the July and August/September phyto- 
plankton minima, biomass of the dominant 
zooplankton species, Daphnia magna, alone 
was > 1 mg fresh wt liter-l (Fig. 3), which 
makes it plausible to consider the midsea- 
son phytoplankton minima as grazing-in- 
duced “clear-water phases” (Lampert 19 8 8). 

Phytoplankton species composition (Fig. 
4) was always dominated by small algae 
(< 30 pm), which are considered good food 
for filtering Cladocera. There was no tran- 
sition toward less edible large or colonial 
algae as postulated in the PEG model for 
planktonic succession (Sommer et al. 1985). 
Large colonial algae (Aphanizomenon gra- 
tile, Pediastrum spp.) were present but nev- 
er reached 5% of total biomass. Some of the 
most important diatom species (Chaetoce- 
ros gracilis, Chaetoceros muelleri, Nitzschia 
closterium) are quite typical for brackish 
conditions. The nondiatomaceous species, 
however, cannot be considered typical for 
brackish waters. 

Nutrient concentrations and seston stoi- 
chiometry- Dissolved nutrient concentra- 
tions were high during clear-water phases 
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Fig. 1. Temporal change of calculated algal carbon 
at three stations in Gr. Binnenscc (log scale). 

and after the fall decline of phytoplankton 
biomass, reaching maximal levels of 18 PM 
soluble reactive phosphorus (SRP), 120 PM 
N&+, 80 PM N03- (during the summer 
clear-water phases only 25 PM), and 200 
PM dissolved silicate (Fig. 5). Minimal nu- 
trient concentrations occurred during phy- 
toplankton peaks, but nutrient depletion 
during these periods was far less pro- 
nounced than in many other lakes. Concen- 
trations never fell near the limit of detect- 
ability. The minimal concentrations of SRP 
(0.17 PM in July, 0.16 PM in August, 0.06 
PM in October) and of DIN (1.1 PM in July, 
3.45 PM in August, 1.3 PM in October) were 
in a range where Monod kinetics would pre- 
dict moderate nutrient limitation of species 
with relatively high requirements (Kohl and 
Nicklisch 1988). Silicate reached such a low 

Fig. 3. Temporal change of algal carbon (Sta. 2) 
and Daphnia magna dry weight (mean of three sta- 
tions, broken line) in Gr. Binnensee (linear scale). 

concentration only once (1.59 PM on 10 
August). During the clear-water phases, SRP 
concentrations recovered more rapidly than 
DIN concentrations; among the compo- 
nents of DIN, NH,+ increased more quickly 
than NO,-. During the fall decline of phy- 
toplankton, both nitrogen components in- 
creased at nearly equal rates. 

Atomic C : P ratios in the seston varied 

J 

-I 

Fig. 4. Upper panel-algal carbon. Lower panels- 

-Coutter C I 
I 
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Fig. 2. Temporal change of calculated algal carbon, 
calculated Coulter carbon, and POC at station 2 in Gr. 
Binnensee (log scale). 

taxonomic composition of phytoplankton in Gr. Bin- 
nensee expressed in percent contribution of higher taxa 
to total biomass. Dominant species within higher taxa 
arc characterized by abbreviations: Chaet. spp. - Chae- 
toceros gracilis, Chaetoceros muelleri; Steph. spp. - 
several small species of Stephanodiscus; Nitz. cl.- 
Nitzschia closterium; Dun. - Dunaliella sp.; Diet. b. - 
Dictyosphaerium botryella; Seen. spp.-Scenedesmus 
quadricauda, Scenedesmus acuminatus; Mon. spp. - 
Monoraphidium minutum, Monoraphidium contor- 
turn; Ank. j. -Ankyra judayi; Synech. -Synechococcus 
sp.; Cry. gr. - Cryptomonas gracilis. 
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Fig. 5. Temporal change of dissolved nutrient con- 
centrations in Gr. Binnensee. A. Algal carbon (log scale). 
B. Cumulative plot of soluble nonreactive phosphorus 
(top) and soluble reactive phosphorus (bottom). C. Cu- 
mulative plot of nitrate plus nitrite (top) and ammo- 
nium (bottom). D. Dissolved silicate. Minimal con- 
centrations (PM)-V; periods when enrichment 
experiments showed marginal nutrient limitation- 
horizontal lines; periods when bioassays showed con- 
siderable nutrient limitation-horizontal bars. 

between 60 and 200 (Fig. 6). According to 
Goldman et al. (1979) the Redfield ratio 
(C:P = 106) can be considered as an ap- 
proximate boundary between nutrient lim- 
itation and saturation. Contrary to common 
misunderstanding, nutrient saturation does 
not necessarily imply maximal reproduc- 
tive rates, because light limitation may also 
produce a stoichiometry close to the Red- 
field ratio (Tett et al. 1985). Values were 
clearly in excess of the Redfield ratio for 
short periods during the first and third peak 
of algal biomass. Such ratios indicate mod- 
erate P limitation of at least some compo- 
nents of the phytoplankton. 

During the biomass peaks, the C : P val- 
ues should be only marginally influenced by 
detritus because POC and calculated algal 
carbon did not differ greatly during those 
periods (Fig. 2). Atomic C : N ratios in the 
seston varied between 5.7 and 12.4. In the 
case of nitrogen, the Redfield ratio is C : N 
= 6.625. Clearly higher values were found 
during all biomass peaks and for more ex- 
tended periods than C : P ratios in excess of 
the Redfield ratio. C : Si ratios for the entire 
seston were not calculated because they 
would have reflected the share of diatoms 
rather than the nutritional status of the dia- 

-___--_- - 
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Fig. 6. The nutritional status of phytoplankton as 
indicated by seston stoichiometry and the average in- 
tensity of nutrient limitation obtained by the enrich- 
ment experiments. A. Algal carbon (log scale). B. C : P 
ratio of seston (line) and intensity of P limitation (shad- 
ed area). C. C : N ratio of seston (line) and intensity of 
N limitation (shaded area). D. C: Si ratio of diatoms 
(line) and intensity of Si limitation (shaded area). 

were calculated by dividing the calculated 
diatom carbon by the particulate silicate. 
These values are meaningful only during 
peaks of diatom biomass. Otherwise, they 
are probably strongly influenced by diatom 
debris. This inference is drawn from the fact 
that even in the absence of living diatoms 
(14 Septernber) 3.6 PM of opaline silicate 
were suspended in the water. The C : Si ratio 
was highest (8 : 1) during a diatom peak 
coincident. with the seasonal minimum of 
dissolved silicate concentrations. 

Enrichment experiments-Reproductive 
rates increased significantly upon nutrient 
enrichment in 92 out of 168 cases (one 
species on one sampling date constituting 
one case). Nitrogen limitation was the most 
common form of nutrient limitation (67 
cases), followed by phosphorus limitation 
(16 cases). Increase of reproductive rates af- 
ter adding P and N combined but not after 
adding a single nutrient was rare (6 cases); 
silicate limitation was even rarer (3 cases). 
Pronounced taxonomic differences in the 
identity of the limiting nutrient were not 
found. Among green algae (Fig. 7), N was 
limiting in 70%, P in 20%, and combined 
P and N in 10% of the cases of nutrient 
limitation. Diatoms (Fig. 8) were N limited 
in 79%, P limited in 9%, Si limited in 9%, 
and P + N limited in 3% of the cases. Other 

toms. Instead, C : Si ratios for the diatoms higher taxa (Fig. 8) were poorly represented 
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Fig. 7. Reproductive rate of green algae in the 
richment experiments. One symbol per date-no 

en- 
sig- 

nificant difference between treatment and control. Two 
symbols per date-significant difference (P < 0.05) be- 
tween treatment and control. Symbols for limiting nu- 
trients shown on the figure. 

in the data set. Usually nutrient limitation 
was moderately intense; in 62 of the 92 cases 
the reproductive rate in the controls was 
more than half of the reproductive rates in 
the treatments. N limitation usually seemed 
to be stronger than P limitation. In half of 
the cases of P limitation, reproductive rate 
in the controls exceeded 75% of the repro- 
ductive rates in the P-enriched treatments. 
Such cases of marginal nutrient limitation 
occurred in only 18% of the cases of N lim- 
itation. The biomass-weighted community 
average of the intensity of nutrient limita- 
tion (IL = 1 - P,,~) shows the same trend; 
nitrogen limitation was usually stronger and 
temporally more persistent than P limita- 
tion (Fig 6). 

The relationship between nutrient limi- 
tation and seston stoichiometry- Quite fre- 
quently the phytoplankton community con- 
tained algal species limited by different 
nutrients. This disparity imposes some dif- 
ficulties in applying Eq. 4. Elrifi and Turpin 
(1985) presented several response types of 
the cell quotas of nonlimiting nutrients to 

Nltzschla ctosterwm 

0.4 
I Synechococcus sp I 

0.4 

1 

6 

0 
Cryptomonas gracltls 

- -- ---- --I 
~No Ilm v P lim A N lim l si tim * p& N lim 

Fig. 8. As Fig. 7, but of diatoms, blue-green 
and cryptophytes. 

algae, 

reproductive rates: invariant cell quotas, 
curvilinear response according to the Droop 
equation, and curvilinear responses of other 
types. Among this variety, two extreme sit- 
uations can be accommodated by Eq. 4: the 
cell quota of nutrient A may stay near the 
cell quota required for maximal growth if 
nutrient B becomes limiting. In this case, a 
prcl of 1 must be entered into the calculation 
of the community average of prcl (M,,,) if Eq. 
4 is applied to nutrient A. If-the other ex- 
treme- the cell quota of nutrient A declines 
proportionally with that of B, the B-limited 
value of p,,] must be entered into the cal- 
culation, even if Eq. 4 is applied to nutrient 
A. Both assumptions were tried. In the case 
of P limitation the latter approach failed. 
The first approach (cell quota of the non- 
limiting nutrient unaffected) yielded a sat- 
isfactory fit: 

M,, = 1.13 - 0.00136 (C:P), 
r = 0.69, n = 30, P < 0.0001; 
Q, = 0.0012 mol P (mol C)-l 

Q max = 0.0105 mol P (mol C)-I. 

In the case of N, both approaches yielded 
almost identical fits because of the overrid- 
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Table 1. Monod kinetics (Eq. 1) of phytoplankton from Gr. Binnensee. 
-- 

Nutrient PC,, (d-9 k (PM) 

Dictyosphaerium botryella DIN 0.68 0.72 
P 0.67 0.35 

Monoraphidium contortum N no fit 
P 0.97 0.22 

Monoraphidium minutum N03- 0.81 0.21 
P 0.87 0.23 

Scenedesmus quadricauda DIN 0.60 1.15 
P 0.60 0.034 

Scenedesmus acuminatus NH,+ 0.72 1.73 
P 0.72 0.053 

Chaetoceros muelleri NO,- 0.89 0.69 
Si 0.89 4.07 

Chaetoceros gracilis NO,- 1.05 0.48 
Stephanodiscus > 12 pm N no fit 

P 0.62 0.036 
Si 0.67 7.21 

Stephanodiscus ~4 pm NO, - 0.75 0.18 
Nitzschia closterium DIN 0.79 0.036 

P 0.90 0.10 
Aphanizomenon gracile P no fit 
Cryptomonas gracilis DIN 0.81 4.50 

r 

0.78 
0.60 

0.81 
0.79 
0.86 
0.48 
0.60 
0.53 
0.52 
0.75 
0.98 
0.83 

0.73 
0.99 
0.61 
0.73 
0.75 

0.95 

P -- 
CO.001 
CO.05 

CO.01 
CO.05 
co.01 
co.01 
<o.oot 
CO.05 
CO.05 
CO.01 
<0.0001 
CO.05 

<O.OOl 
<o.ooo 1 
CO.01 
co.01 
co.01 

CO.001 

ing importance of N limitation in Gr. Bin- 
nensec and, therefore, the marginal influ- 
ence of P- and Si-limited rates. The first 
approach yielded the regression: 

we1 = 1.77 - 0.11 (C:N), 
r = 0.85, rz = 30, P < 0.0001; 
Qo = 0.0621 mol N (mol C)-’ 

Q max = 0.143 mol N (mol C)-l. 

Because of the rarity of silicate limitation, 
no attempt was made to apply Eq. 4 to Si. 

The dependence of reproductive rates on 
dissolved nutrient concentrations- For 14 
species there were enough data to try fits of 
the Monod model (Table 1). The parame- 
ters Pmax and k, were obtained by iterative, 
nonlinear regression (Statgraphics). This 
program does not provide a significance test. 
Therefore, values of P were obtained from 
linear regressions of the Lineweaver-Burk 
transformation of the original data. For sev- 
eral species it was possible to calculate Mo- 
nod kinetics for two nutrients because they 
were limited by different nutrients on dif- 
ferent occasions. In only a few cases (P lim- 
itation ofA. gracile, N limitation of the larg- 
er Stephanodiscus and of Monoraphidium 
contortum) could no satisfactory fit to the 
Monod model be obtained. 

Discussion 
The results presented here do not support 

the notion that culture physiology is irrel- 
evant for field ecology of phytoplankton. 
Two physiological models of nutrient-lim- 
ited reproductive rates (the Droop model 
and the Monod model) provided a reason- 
able description of the behavior of phyto- 
plankton in Gr. Binnensee. This finding was 
less surprising for the Droop model. More- 
over, not only could the general form of 
these models be fitted to field data, but the 
numerical estimates of parameters also lie 
well within the range reported from culture 
experiments. 

In a literature survey I found 3 1 values 
of biomass-specific minimal cell quotas of 
phosphorus (Sommer in press). The data 
were widely scattered with a roughly log- 
normal distribution and a geometric mean 
of 0.0014 mol P (mol C)-l (mean - SD = 
0.0006; mean + SD = 0.0036). The mini- 
mal bulk cell quota (Q,) obtained here 
(0.00 12 P/C) is very close to the mean of 
the literature data. There is, however, one 
unresolved contradiction. As mentioned 
above, the use of the bulk version of the 
Droop model requires interspecific similar- 
ity in minimal cell quotas as opposed to the 



Phytoplankton nutrient competition 1169 

wide scatter of minimal P quotas found in 
the literature. Apparently the dominant 
phytoplankton species in Gr. Binnensee were 
sufficiently similar in minimal cell quotas 
to make the bulk version of the Droop mod- 
el applicable. This question should be fur- 
ther addressed when the development of ap- 
propriate separation techniques makes the 
original, species-specific Droop equation 
usable for field populations. 

A similar comparison for minimal cell 
quotas of nitrogen is not possible because 
carbon-specific q0 data are quite rare for 
freshwater algae. It is, however, possible to 
combine the data of Rhee and Gotham 
(1980), which provide cell number-specific 
minimal cell quotas of P and N, and the 
data of Gotham and Rhee (198 l), which 
provide minimal cell quotas of P and cell 
volumes (convertible to carbon according 
to Rocha and Duncan 1985) for the same 
strains. This procedure provides carbon- 
specific qNO values for five species of fresh- 
water phytoplankton ranging from 0.0 18 to 
0.18 N/C. The bulk value obtained for the 
Binnensee algae (0.062 N/C) lies within this 
range. From the Qmax values of Binnensee 
phytoplankton, a C : N : P ratio of 95 : 
13.6 : 1 is obtained, at which reproductive 
rates should be both nitrogen and phos- 
phorus saturated. This set of values is re- 
markably similar to the Redfield ratio (106 : 
16 : I), which is considered to characterize 
the nutrient-saturated phytoplankton of the 
sea. 

Similarly, the Monod kinetics of the phy- 
toplankton in Binnensee lie within the range 
of literature data obtained from cultures. 
Half-saturation constants for P-limited 
growth of phytoplankton range from 0.003 
to 1.89 PM (tables 4.8 and 4.9 of Kohl and 
Nicklisch 1988: table 1 of Tilman et al. 
1982), and half-saturation constants of 
N-limited growth range from 0.036 to 79 
PM (table 5.2 1 of Kohl and Nicklisch 1988). 
Here, the kp values range from 0.034 to 0.35 
PM and the kN values from 0.18 to 1.73 PM. 
For both nutrients the median values of the 
literature data and of the Binnensee data are 
quite similar - 

kp: 0.06 PM and 0.1 PM; 
kN: 0.8 PM and 0.935 PM. 

The Kruskal-Wallis test (a nonparametric 
analog of ANOVA) did not find a significant 
difference between the literature data and 
the Binnensee data (for kp, P = 0.48; for kN, 
P = 0.6). 

- The results of this study add to the in- 
creasing evidence that nutrient limitation of 
phytoplankton does occur, in spite of the 
skepticism of Goldman et al. (1979) and 
Harris (1986). The temporal pattern of nu- 
trient limitation found in this hypcrtrophic 
lake is quite similar to the pattern observed 
in eutrophic Haugatjern (Sakshaug et al. 
1983) and in mesotrophic Schiihsee (Som- 
mer 1988a): nutrient limitation reaches only 
moderate intensity and only persists for sev- 
eral weeks. In the case of Gr. Binnensee it 
is obvious that zooplankton-induced clear- 
water periods interrupt nutrient limitation. 
In the other cases, this punctuation was less 
obvious. The simultaneous occurrence of P 
and N limitation in Gr. Binnensee is similar 
to findings in Schiihsee and contradicts the 
widespread habit of considering lakes as 
either P or N limited. It is, however, con- 
sistent with the theory of resource compe- 
tition (Tilman 1982), which predicts the co- 
existence of species limited by different 
resources. Liebig’s law of the minimum ap- 
plies only to a population of individuals in 
a given situation and not to entire com- 
munities. 

It is obvious that there was exploitative 
competition for limiting nutrients between 
Binnensee phytoplankton. Tilman (1982) 
defines resource competition as depression 
of the competitor’s reproductive rate be- 
cause of consumption and therefore deple- 
tion of shared resources. Evidently, nutrient 
concentrations in Binnensec before con- 
sumption by algae suffice for maximal re- 
productive rates, and nutrient depletion 
during the biomass peaks of phytoplankton 
leads to limitation of reproductive rates. 

It can be further questioned whether com- 
petition proceeds far enough toward equi- 
librium to make the resource ratio concept 
applicable. It has been repeatedly shown by 
chemostat competition experiments (see 
Sommer 198 9) that species composition un- 
der steady state conditions depends on the 
ratio of limiting resources. Competition ex- 
periments with regularly fluctuating nu- 
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trient supply (Sommer 1985) and with the 
addition of a further trophic level (grazing 
zooplankton; Sommer 1988b) have shown 
the same basic pattern, although the taxo- 
nomic identity of the winning competitors 
was not always the same as in steady state 
experiments with the same resource ratios. 
If resource ratios change consistently in one 
direction over time instead of fluctuating 
around a mean, it is expected that the species 
composition tracks the resource ratios with 
some time lag because it necessarily takes 
time until a physiologically dominant com- 
petitor becomes dominant in terms of bio- 
mass or abundance. According to theory, 
the dependence of species composition on 
resource ratios applies not only to resources 
that strictly follow Licbig’s law of the min- 
imum (e.g. a pair of nutrients) but also to 
“interactive-essential” resources (sensu Til- 
man 1982) where there is a transition range 
of double limitation (e.g. light and one nu- 
trient) and to substitutable resources (e.g. 
ammonium and nitrate). 

Leaving aside the rare cases of Si limi- 
tation, there are three essential resources for 
which competition took place: N, P, and 
light. Light limitation has not been tested 
directly, but it can be inferred from the high 
extinction coefficients (courtesy of H. Rai) 
reached during the maxima of algal bio- 
mass. The highest was 4.4 m-l, which trans- 
lates to a euphotic depth (1% of surface in- 
tensity) of only 1 m as opposed to a mixing 
depth of -2 m. The average light intensity 
(Im,J of the mixed layer was calculated ac- 
cording to Riley (1957): 

1 - e-C.Z 
Imix = I;) -- 

( 1 cz 
where E is the extinction coefficient, I, the 
surface irradiance, and z the mixing depth. 

During the period of the highest extinc- 
tion coefficients Imix was only about 11% of 
the surface irradiance. 

Three limiting essential resources give 
three meaningful resource ratios along which 
species could be sorted: N : P, N : light, 
P : light. The nutrient ratios were calculated 
stoichiometrically (mol DIN : mol SRP). For 
the nutrient : light ratios the quotient I,,,/ 
lo was used. This relative term was chosen 
in preference to an absolute value for Imix 

because I, changes from day to day- much 
quicker than the time scale of species re- 
placements - while E and, hence, Zmi,lIo 
changes with biomass and therefore on a 
time scale comparable to that of species re- 
placement. In addition to the ratios of es- 
sential resources, the speciation of DIN must 
also be considered. Therefore, the NO,- : 
NH,+ ratio was also calculated. 

Time lags between resource ratios and 
species composition were analyzed by cross- 
correlation of the arcsine-square root-trans- 
formed values of the relative contribution 
of the most important species to total bio- 
mass (pi = BilB,,,) and the log of the resource 
ratios. The location of the correlation peak 
with the ratio at which pi showed the best 
correlation was taken as the characteristic 
response time of species i. The smaller Ste- 
phanodiscus sp., for example (Fig. 9), showed 
the highest correlation with the NO3 - : NH,+ 
ratio of a week before. This characteristic 
response time was used for a multiple cor- 
relation into which all resource ratios, the 
biomass of the most important grazer (0. 
magna), and the water temperature were 
entered as independent variables. Quadratic 
terms of the independent variables were also 
entered in order to account for nonlineat-i- 
ties, including unimodal responses. The 
simplest possible model was then selected 
by stepwise variable selection (forward pro- 
cedure, F to enter = 4). 

For all species used in this analysis, a sig- 
nificant regression could be found and it 
always cojntained at least one resource ratio 
(Table 2). A unimodal response (linear term 
positive, quadratic term negative, peak of 
the response curve within the observed 
range) was rare: for M. contortum the op- 
timal N : light ratio was 45 (total range of 
N: light ratios, 4.8-433) and for the small 
Stephanodiscus sp. the optimal Daphnia 
biomass was 130 pg DW liter-’ (total range 
ofdata, 2.4-1,288 hgliter-I). Otherwise, the 
species under study showed either uniform- 
ly positive, uniformly negative, or no re- 
sponse to the independent variables. 

We can now examine whether species 
similar in their responses to one variable 
are dissimilar in their response to at least 
one other variable. This finding would be 
consistent with Hutchinson’s concept of the 
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Fig. 9. Left. Time-shifted response of the relative importance of the small Stephanodiscus species (broken 
line, y-axis arcsine-square-root-transformed) to the NO,- : NH,+ ratio (solid line, y-axis log-transformed). Right. 
Correlation between arcsine fi and log(N0, : NH,+). 

Table 2. Results of multiple correlation analysis (forward stepwise variable selection, I; to enter = 4) of the 
relative importance (PI) of phytoplankton species on resource ratios, Daphnia magna biomass (D), and tem- 
perature. y = arcsine fi; x1 = log (N : P); x, = log (N : light); x3 = log (P : light); x, = log (NO,- : NH,+); x5 = 
log D; x, = log temp; T = characteristic response time (weeks). 

Aphanizomenon gracilc 

Chaetoceros muelleri 

Chaetoceros gracilis 

Stephanodiscus > 12 pm 

Stephanodiscus < 4 pm 

Nitzschia closterium 

Dictyosphaerium botryella 

Scenedesmus quadricauda 

Scenedesmus acuminatus 

Monoraphidium min&urn 

Monoraphidium contortum 

Ankyra judayi 

Cryptomonas gracilis 

y= 0.084 - 0. 14x, + 0.084x,* - 0.24x,* + 0.18x,; 
T = 1; r* = 0.60; P = 0.0002 
y= -0.32 + 0.16 x1 - 0.17~~ + 0.56x,; 
T = 3; r* = 0.59; P < 0.0001 
y = -0.42 - 0. 1 lx, + 0.76x, - 0.01 lx,*; 
T= 0; r* = 0.61; P = 0.0001 
y= 1.08 + 0.19 x, - 1. 14x2 + 0.28x2* + 0.4~~ + 0.43x4*; 
T = 0; r* = 0.59; P = 0.0003 
y = -0.12 - 0.069x2 + 0.1 lx, + 0.48x, - 0.1 lx,*; 
T = 1; r* = 0.68; P < 0.0001 
y = 0.48 - 0.047x,* - 0.24x, - 0.11x,; 
T = 1; r* = 0.53, P = 0.0001 
y = 0.57 - 0.29x, + 0.11x,* - 0.1x, - 0.17x,; 
T = 0; r* = 0.90; P < 0.0001 
y= 0.34 - 0.30~~ + 0.16x,* + 0.1~~; 
T = 1; r* = 0.38; P = 0.003 
y = 0.82 + 0.096x, - 0.1x, - 0.34x,; 
T= 0; r* = 0.48; P = 0.0003 
y = -0.17 - 0.081x, + 0.066x,* - 0.047x, + 0.29x,; 
T = 1; r2 = 0.50; P = 0.0008 
y= -0.12 + 0.22~2 - 0.066~2~ - 0.052~4 - 0.059X, + 0.11~6; 
T= 0; r2 = 0.62; P = 0.0001 
y= 0.34 + 0.13 x2 + 0.15~~ - 0.52x,; 
T = 2; r2 = 0.36; P = 0.0046 
y = 0.61 - 0.047x,* - 1.25x2 + 0.45X2* - 0.02x,* + 0.27x,; 
T = 0; r* = 0.59; P = 0.0002 
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Table 3. Response of the dominant species of Gr. Binnensee phytoplankton to the ratios of limiting resources 
and to zooplankton: L-favored by low values; M-unimodal response; H-favored by high values. 

~~- 
N:P N : light P : light NO3- : NH,+ ZOO. Temp 

Aphanizomenon gracile 
Chaetoceros muelleri 
Chaetoceros graciiis 
Stephanodiscus < 4 pm 
Stephanodiscus > 12 pm 
Nitzschia closterium 
Dictyosphaerium hotryella 
Scenedesmus quadricauda 
Scenedesmus acuminatus 
Monoraphidium minutum 
Monoraphidium contortum 
Ankyra judayi 
Cryptomonas gracilis 

L 
H 

H 
L 
L 
H 
H 
L 

L 

L 
L H 
L H 

L L 
L 
H 

M L 
H 
H 

H 
L 

M 

L 

L 
L 
L 
H 
L 

H 
H 
H 

L 
H 
H 
L 
H 

n-dimensional niche and would be further 
support for the assumption that the com- 
munity composition of phytoplankton was 
structured by competition. Table 3 shows 
that indeed there was no pair of species with 
the same response pattern. This finding re- 
mains valid if the resource ratios alone are 
considered. 

A comparison of the response to resource 
ratios with the physiology of the individual 
species can be made in only a few cases 
because light requirements have not been 
analyzed. A comparison between the re- 
sponse to N : P ratios with individual species’ 
physiologies can be made for those species 
where the k, values for N and P are known 
because the optimal nutrient ratio roughly 
equals the k, ratio (Tilman 1982). Five kN : 
k, ratios can be calculated from the data in 
Table 1: Monoraphidium min&urn -0.9 1; 
Dictyosphaerium botryella - 2.06; N. clos- 
terium - 23.6; Scenedesmus quadricauda - 
32.6; Scenedesmus acuminatus-33.8. The 
first two species have been found to be most 
important at low N : P ratios in situ, the 
latter three at high ratios (Table 3). It must 
be mentioned, however, that estimates of k, 
are very sensitive to errors. The k, ratio of 
M. minutum seems incredibly low. The dif- 
ference between the low N : P species and 
the high N : P species is, however, beyond 
doubt. 

The present analysis found no contradic- 
tion between the well-known physiological 
models of nutrient limitation and the per- 
formance of natural phytoplankton popu- 
lations in Gr. Binnensee. This result was 

quite surprising in the case of the Monod 
model which requires steady state. Similar- 
ly, the resource ratio concept of Tilman’s 
competition theory seemed to hold, al- 
though a chemostatlike steady state was 
never attained in the lake. Obviously both 
models remain useful approximations even 
under transient conditions. Therefore it 
would be unwise to reject them without test- 
ing because of alleged unsteadiness or be- 
cause of a mismatch in scale between cul- 
ture bottles and lakes, at least not until more 
accurate models are in hand. 
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