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Abstract 

During a lo-month study in PluSsee Si, N, and light were found as potentially limiting resources for 
phytoplankton growth rates. Therefore, three ratios of essential resources (Si : N, Si : light, N: light) and 
one ratio of substitutable resources (nitrate : ammonium) were compared to changes in species composition 
to test the hypothesis that the seasonal change of phytoplankton species composition was a response to 
changing resource ratios. The relationship was analyzed by a rank correlation analysis between the relative 
contribution of individual species to total biomass and resource ratios. Allowance was made for time lags 
between changes in resource ratios and changes in relative biomass. Of 16 species, 14 showed a significant 
response to at least one resource ratio. Time lags ranged from 0 to 6 weeks. Most species seemed to be 
favored either by minimal or maximal ratios; optimal ratios in the middle of the range were rare. 

More than 20 years ago, Kilham (197 1) hy- 
pothesized that the common spring succession 
from pennate to centric diatoms and nonsili- 
ceous algae was a competitive replacement be- 
tween phytoplankton species with increasingly 
lower silicon demands. Stimulated by the sil- 
ica-demand hypothesis his student David Til- 
man (1977) conducted a competition study 
with the planktonic diatoms Asterionella and 
Cyclotella and provided the theoretical deri- 
vation of a mechanistic competition model 
from known equations for nutrient-limited 
growth rates. One of the central predictions of 
this model was the hypothesis that competitive 
replacements and the relative abundance of 
persisting species at steady state depend on the 
ratio of the limiting resources. 

The resource-ratio hypothesis was con- 
firmed by chemostat experiments. Meanwhile, 
this approach has been developed into a mech- 
anistic theory of competition (Tilman 1982). 
Confirming experiments have been performed 
with phytoplankton (reviewed by Sommer 
1989a), periphyton (Fairchild et al. 1985), and 
rotifers (Rothhaupt 1988). Despite its success 
in culture experiments, the usefulness of the 
mechanistic competition theory for the inter- 
pretation of field data has frequently been 
questioned (e.g. Harris 1986). 

Field tests of the resource-ratio hypothesis 
have been relatively infrequent. In his first ex- 
perimental paper, Tilman (1977) also pub- 
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lished a spatial gradient of Si : P ratios from 
Lake Michigan, where the relative abundances 
of Asterionella and Cyclotella followed the pat- 
tern predicted from experiments. Subsequent- 
ly, I used a multiple regression technique to 
show the distribution of relative abundances 
along several gradients of resource ratios. A 
significant portion of the variation in the rel- 
ative abundances of the most important spe- 
cies could be explained this way in a spatial 
study in the Antarctic Ocean (Sommer 1988) 
and in the seasonal study in Grol3er Binnensee 
(Sommer 19893). In both studies the identity 
of the limiting resources was determined in- 
dependently of the regression analysis by bio- 
assay experiments. 

Here, I present a similar analysis of seasonal 
data from Plu&ee, northern Germany. En- 
richment bioassays and an analysis of the el- 
emental composition (C, N, P, Si) of the bio- 
mass of individual species (Sommer 1991) 
identified silicon and nitrogen, but not phos- 
phorus as limiting nutrients at certain times 
for some species. Additionally, light was in- 
ferred to be potentially limiting, because fre- 
quently the depth of Secchi-disk transparency 
was less than the mixing depth. 

Before presenting the analysis it is necessary 
to clarify two points that are often misunder- 
stood. First, analysis of the relationship be- 
tween resource ratios and relative abundances 
is no test for competition. The mechanistic 
competition theory of Tilman (1982) does not 
predict that whenever competition occurs rel- 
ative abundances should be correlated to re- 
source ratios. This prediction is made only for 
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the final stage of competitive equilibrium, i.e. 
such a correlation between resource ratios and 
species composition is the final product of 
competition. The theory makes no explicit 
prediction for transient and initial stages of 
competition. The process of competition, 
however, can be identified if it is shown that 
resources are limiting for the growth rates of 
the competing organisms and that the shortage 
of resources results from consumption by or- 
ganisms. In a eutrophic lake, such as Plul%ee, 
the evidence for nutrient limitation is, by def- 
inition, already evidence for nutrient compe- 
tition because there is no doubt that prior to 
consumption by organisms (at the start of the 
growing season) dissolved nutrient concentra- 
tions would support maximal growth rates of 
nearly all phytoplankton species. Nutrient lim- 
itation occurs, if at all, later in the season as a 
consequence of nutrient consumption by or- 
ganisms. 

Looking for the distribution of relative 
abundances along resource-ratio gradients is a 
useful step only after competition is estab- 
lished. This analysis tests whether competition 
has proceeded far enough to obtain a sufficient 
approximation to the final equilibrium to make 
resource ratios a valid predictor of species 
composition. Without prior physiological ev- 
idence for the occurrence of competition this 
analysis would be quite meaningless because 
resource ratios usually are correlated with oth- 
er environmental variables that might explain 
species composition just as well. 

Second, it must be emphasized that within 
the context of Tilman’s competition theory, 
resource ratios are the independent variable 
and relative abundances or relative contribu- 
tions to biomass are the dependent variable. 
Neither Tilman’s nor any other competition 
theory can be tested using absolute or relative 
abundances of individual taxa as a function of 
absolute resource concentrations. Therefore, 
attempts to regress absolute or relative abun- 
dances against absolute resource concentra- 
tions, as suggested by Prairie (1990; see also 
Sommer 1990), are meaningless in the present 
context, although statisticians usually dislike 
ratios, 

Problems frequently arise from the fact that 
neither resource ratios nor relative abundances 
are normally distributed. Sometimes, but not 
always, log-transformation of the resource ra- 

tios and arcsine-square-root-transformation of 
the relative abundances helps. If transforma- 
tions do not normalize the data, nonparamet- 
ric rank correlations can be used. There is, 
however, no nonparametric analog to multiple 
regression analysis. 

In the analysis of seasonal phytoplankton 
succession, it is necessary to account for time 
lags. Phytoplankton species composition rare- 
ly reaches an equilibrium phase as in a che- 
mostat because ratios, mortality rates, and 
physical boundary conditions change from 
week to week. Thus the competitive hierarchy 
between species changes as well. Because it 
may take several weeks before an earlier com- 
petitive dominant is replaced by the new com- 
petitive dominant, time lags between resource 
ratios and relative abundances must be ex- 
pected. 

Methods 
Sampling and measurements - Plul3see was 

sampled at weekly intervals from 13 February 
to 4 December 1989. Water samples were taken 
from the center of the lake at l-m intervals 
through the epilimnion. A mixed sample, 
composed of equal portions from the depths 
above the thermocline, was analyzed for dis- 
solved nutrients (soluble reactive phosphorus, 
nitrate, nitrite, ammonium, silicate) following 
standard methods (Strickland and Parsons 
1972). Phytoplankton cell counts were per- 
formed according to the standard Utermijhl 
technique. At least 400 individuals of each 
dominant species were counted, thus giving a 
counting precision of -I 10% within 95% C.L. 
Cell volumes were estimated by approxima- 
tion to the nearest simple geometric solid after 
measurements of 40 cells. Conversion of cell 
volumes into algal carbon followed Rocha and 
Duncan (1985). 

Measurements of the underwater light in- 
tensity were not performed. Therefore, the 
availability of the light resource had to be es- 
timated indirectly. By assuming that the eu- 
photic depth equals roughly twice the depth of 
the Secchi-disk transparency, a light index (LI) 
was calculated which combines the effects of 
the ratio of euphotic depth to mixing depth 
with the effect of daylength. 

LI = 22, D/(24 z,) 

where zs is the Secchi depth (m), 22, is a rough 
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Fig. 1. Time-course of limiting resources in the epi- 
limnion of PluBsee; light expressed as light index. 

estimate of the euphotic depth, z, is mixing 
depth (m), and D is daylength (h). 

Nutrient limitation was identified by a com- 
bination of enrichment bioassays and elemen- 
tal (C, N, P, Si) analysis of individual species. 
This procedure is described elsewhere (Som- 
mer 199 1) and is treated here only briefly. 
Monospecific fractions of phytoplankton were 
obtained by a combination of a fine-grained 
size separation and density gradient separa- 
tion. Only fractions where microscopic anal- 
ysis showed no significant detritus content were 
processed further. These fractions were ana- 
lyzed chemically to obtain the carbon-nor- 
malized cell quotas (4) of nitrogen (N: C), 
phosphorus (P : C), and silicon (Si : C). Then a 
normalized form of Droop’s growth rate equa- 
tion (pmax = 1 - qO/q) was fitted to growth rates 
in the enrichment experiments, qO being the 
minimal cell quota, p the growth rates in the 
control bottles, and pmax the growth rate in the 
bottles enriched with the limiting nutrient. The 
assumptions inherent in this method are dis- 
cussed at length elsewhere (Sommer 199 1). 

Data analysis - All species that contributed 
> 5% to total biomass at least once and were 
present in sufficient numbers for reliable counts 

on five or more sampling occasions were in- 
cluded in the analysis. In addition, the two 
well-known diatom species Asterionella for- 
mosa and Fragilaria crotonensis were includ- 
ed. Neither met the 5% criterion but their im- 
portant role in the experimental competition 
literature seemed to make their inclusion 
worthwhile. The relative importance (pi) of 
species i was expressed by its contribution to 
total biomass (BilB,ot). 

Among all resource ratios tested only Si : N 
(N defined as DIN = NO, + NOz + NH4) and 
Si : light conformed to a lognormal distribu- 
tion. The other ratios did not conform to any 
conventional distribution. Similarly, no stan- 
dard transformation technique of pi produced 
a normal distribution. Therefore, the analysis 
of data was restricted to nonparametric meth- 
ods. Spearman’s rank correlation coefficient (r,> 
was used in the same way as the conventional 
correlation coefficient in a cross-correlation 
analysis between resource ratios and pi values. 
The delay time (7) was defined as time lag 
where the r, between resource ratio (input vari- 
able) and pi (output variable) reached its max- 
imal absolute value. 

Results 
Dissolved nutrient concentration in the epi- 

limnion followed the U-shaped pattern char- 
acteristic for most stratified lakes (Fig. 1). In 
late May a small peak of SRP and NH4+ co- 
incided with a midseason minimum of phy- 
toplankton biomass. The minimal concentra- 
tions of silicate (0.26 PM) and of DIN (DIN 
= NO3 + NO, + NH4; 0.85 PM) were well 
within a range that is usually considered lim- 
iting. Conversely, dissolved phosphorus con- 
centrations (not shown in Fig. 1) were always 
>0.4 PM. Dissolved N : P (DIN : SRP) ratios 
were always <6 during the periods of nutrient 
depletion and high algal biomass; usually they 
were ~2. Lack of P limitation was confirmed 
by the enrichment bioassays which discovered 
no case of P limitation as opposed to 14 cases 
of Si limitation (only diatoms) and 44 cases of 
N limitation, one species per one date consti- 
tuting one case (Sommer 199 1). 

The light index showed to pronounced peaks 
(Fig. 1). The first reflects the onset of stratifi- 
cation where a sudden decrease of the mixing 
depth at relatively unchanged water transpar- 
ency leads to a rapid increase of light available 
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to cells circulating in the epilimnion. Imme- 
diately following this increase in available light, 
the increase of biomass led to a decrease in 
transparency that compensated the effects of 
stratification and of increasing daylength. The 
annual maximum of the light index was at- 
tained during the midseason biomass mini- 
mum when low mixing depth, high transpar- 
ency, and high daylength combined favorably. 
After that, the summer increase in biomass led 
again to a decrease in the light index. However, 
throughout summer the light index remained 
higher than in March and April. I have no 
direct physiological evidence for light limita- 
tion but a LI as low as 0.2 1 (the seasonal min- 
imum) means that cells circulating in the epi- 
limnion spend 79% of the time in darkness 
(below the euphotic zone or at night) and only 
part of the remaining time in the light-satu- 
rated upper portion of the epilimnion. 

Having identified three. limiting essential re- 
sources (Si, N, light), three meaningful ratios 
of limiting essential resources can be calculat- 
ed (Fig. 2). In addition, the essential resource 
nitrogen was available in two different forms, 
N03- and NH4+. The concentrations of NO;!- 
were always negligible. N03- and NH,+ are 
“substitutable resources” (sensu Tilman 1982). 
Because species can be sorted along ratio gra- 
dients of substitutable resources, the N03- : 
NH4+ ratio was included in the further anal- 
ysis. There is evidence that, contrary to Lie- 
big’s law, interactions exist between light and 
nutrient limitation (Healey 1985). However, 
the resource-ratio hypothesis applies as well to 
“interactive essential” resources as to inde- 
pendent essential resources (Tilman 19 8 2). 

The total phytoplankton biomass exhibited 
a bimodal pattern with a spring peak from 
March to May and a summer peak from June 
to September (Fig. 3). The biomass minimum 
in late May is a pattern typical of meso- and 
eutrophic temperate lakes (Sommer et al. 
1986). Although zooplankton data are lacking 
for Plu&ee 1989, the minimum is considered 
to be a clear-water phase caused by excessive 
grazing. This inference is based on analogy to 
previous years and to other lakes and on the 
fact that ammonium and SRP increased during 
that period, but not silicate and nitrate. Am- 
monium and SRP are regenerated by zoo- 
plankton excretion; silicate and nitrate are not. 

The spring bloom phytoplankton was main- 

Fig. 2. Resource ratios in the epilimnion cd PMJsee; 
logarithmic scale; nutrient ratios, mole/mole; nutrient : light 
ratios, mole/LI. 

ly composed of centric diatoms (Stephanodis- 
cus), small green algae (Monoraphidium con- 
tortum, Chlamydomonas sp.), cryptophytes 
(Rhodomonas minuta, Cryptomonas ovata), 
and the small prymnesiophyte Chrysochro- 
muli’na parva. The diatoms and Monoraphi- 
dium disappeared during the peak period while 
the flagellate taxa increased in importance with 
the progress of the spring bloom. During the 
clear-water phase, cryptophytes were the main 
component of phytoplankton biomass. 

Immediately after the clear-water phase there 
was a short peak of the small green alga Ankyra 
judayi, followed by larger green algae (Pan- 
dorina morum, Oocystis marssonii, Sphaero- 
cystis schroeteri (Fig. 4). They were replaced 
by the large dinoflagellates Ceratium hirun- 
dinella and Ceratium furcoides. During the 
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Fig. 3. Total biomass of phytoplankton (top panel; log- 
scale; pg C liter-‘) and relative contribution of important 
phytoplankton species to total biomass in successional 
sequence (continued in Fig. 4). Species abbreviations: Mc- 
Monoraphidium contortum; St 6 -Stephanodiscus sp. 6 
Mm; St 15-Stephanodiscus sp. 15 pm; Af-Asterionella 
formosa; Chl- Chlamydomonas spp.; Rm- Rhodomonas 
minuta; Chp- Chrysochromulina parva; Cro- Cryptom- 
onas ovata. Note the different scale for Af. 

second half of July and the first half of August 
the cyanobacterium Anabaena flos-aquae was 
an important component of phytoplankton 
biomass. After decline of A. flos-aquae and 
until the end of September, C. hirundinella 
always exceeded 80% of total biomass. The 
period of maximal Ceratium dominance was 
also the period of the annual biomass maxi- 
mum, with total biomass levels about 10 times 
higher than during the spring bloom. After the 
decline of Ceratium, phytoplankton bio.mass 
was rather low with green algae (P. morum, 0. 
marssonii, and S. schroeteri) and cryptophytes 
as dominant components of fall phytoplank- 
ton. 
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Fig. 4. Continuation of Fig. 3. Species abbreviations: 
Ank-Ankyra judayi; Pm - Pandorina morum; Om - 
Oocystis marssonii; Ss- Sphaerocystis schroeteri; Ch - 
Ceratium hirundinella; Cf-Ceratium furcoides; Ana- 
Anabaenaflos-aquae; Fc-Fragilaria crotonensis. Note the 
different scale for Fc. 

The cross-correlation analysis revealed re- 
sponse times of the pi values to resource ratios 
of between 0 and 6 weeks, small algae usually 
exhibiting short lags and large unicellular and 
colonial algae usually exhibiting longer lags. 
All species except A. judayi and F. crotonensis 
showed significant rank correlations with at 
least one resource ratio at P < 0.001 (Table 
1). Because 24 correlations (four ratios, six time 
lags) had been tried per species, this stringent 
significance criterion was chosen in preference 
to the conventional criterion of P < 0.05. 

When the plot of pi vs. a resource ratio in- 
dicated a unimodal response, an optimal ratio 
was searched by trial and error; the unimodal 
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Table 1. Rank correlation coefficients between the relative biomass of phytoplankton species p, and resource ratios 
one time lag before (T, weeks, lag-time for the strongest correlatiod, others deviated by maximally 1 week). Asterisk: 
*-significant at P < 0.001. Number of data in each correlation: 40 - T. U-unimodal response. 

Si:N si : LI N : LI NO,- : NH, b T 

Monoraphidium contortum 
Stephanodiscus 6 pm 
Stephanodiscus 15 pm 
Asterionella formosa 
Chlamydomonas sp. 
Rhodomonas minuta 
Chrysochromulina parva 
Cryptomonas ovata 
Ankyra judayi 
Pandorina morum 
Oocystis marssonii 
Sphaerocystis schroeteri 
Ceratium hirundinella 
Ceratium furcoides 
Anabaena jlos-aquae 
Fragilaria crotonensis 

-0.67* 
-0.68* 
-0.55* 

U 
-0.62* 
-0.72* 
-0.41 
-0.56* 
-0.30 

0.07 
0.29 
0.28 
0.21 
0.25 

-0.04 
0.52 

0.13 0.63* 
0.11 0.64* 
0,48 0.75* 
0.39 0.60* 

-0.46 0.31 
-0.17 0.37 
-0.57” -0.12 
-0.10 0.34 
-0.29 0.04 
-0.10 -0.10 
-0.03 -0.23 

0.09 -0.23 
-0.50 -0.77* 
-0.50 -0.78* 
-0.59* -0.54* 

0.54 0.04 

0.72* 
0.72* 
0.41 
0.63* 
U 

-0.07 
0.26 

-0.25 
-0.26 
-0.51* 
-0.56” 
-0.71* 

0.12 
-0.08 
-0.07 
-0.06 

3 
3 

response was accepted if, for ratios below the 
optimum, positive, and, for the ratios above 
the optimum, negative, values of r, were found 
(Asterionella in Fig. 5; Chlamydomonas, Pan- 
dorina, and Oocystis in Fig. 6). In the case of 
the latter two species, a simple negative cor- 
relation with N03- : NH,+ ratios is equally 
plausible as a unimodal response because the 
positive r, to the left of the optimum relies on 
only three data points (Fig. 6). 

Discussion 
Table 1 shows that 5 out of 16 species show 

a significant correlation with more than one 
resource ratio. This correlation does not nec- 
essarily mean that all of these ratios are caus- 
ally important. Correlations of a species’ pi with 
several ratios may also be caused by correla- 
tions among resource ratios (Table 2). The sig- 
nificant negative correlation between Si : N ra- 
tios and N : light ratios, for example, is reflected 
by the fact that three of six species with a sig- 
nificantly negative rs show a significantly pos- 
itive r, with N : light, while the remaining two 
show at least an insignificantly positive r,. 
Without knowledge from competition exper- 
iments it cannot be determined which resource 
ratio is causally relevant and which is not. Un- 
fortunately, competition experiments with 
freshwater phytoplankton have so far been 
performed along Si, : P and N : P gradients, but 
not along the resource-ratio gradients impor- 
tant in this study. 

At least one of the apparent correlations can 
be ruled out by plausibility. The apparent op- 
timal Si : N ratio (0.44 : 1) of A. formosa (Fig. 
5) seems incredibly low, given the high optimal 
Si : P ratio known from literature (57-87; Til- 
man 1982). Given an optimal N : P ratio of 12 
(same source) this would suggest an optimal 
Si : N ratio of 4.75-7.25. An inspection of the 
relationship between Si : N and the other ratios 
shows that there is a significant positive cor- 
relation with Si: light (rs = 0.69; P < 0.05) 
below Si : N = 0.44 and a significant negative 
correlation with N : light above Si : N = 0.44 
(rs = -0.43; P < 0.05). The apparent Si: N 
optimum of Asterionella could thus be a con- 
sequence of its positive correlation with Si: 
light and N : light. 

The Si : N optimum of the larger Stephano- 
discus sp. (also 0.44) seems more credible. Til- 
man et al. (1982) gave optimal Si : P ratios of 
l-4 : 1, depending on temperature, for the con- 
generic species Stephanodiscus minutus. At 
least the upper limit of these estimates is com- 
patible with an optimal Si : N ratio of 0.44. 

Leaving aside the dubious Si : N optimum 
of Asterionella, there are remarkably few cases 
of resource-ratio optima in the middle of the 
gradient (Figs. 5 and 6). Even if the unimodal 
response of P. morum and 0. marssonii to 
N03- : NH4+ ratios is accepted, their opti- 
mum ratio (N03- : NH4+ = 0.041 : 1) is very 
close to the lower end of the gradient (0.033 : 
1). Only the response of Chlamydomonas sp. 
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Fig. 5. Response of phytoplankton species to Si: N 
ratios one time lag before (abbreviations as in Figs. 3 and 
4). 

to the N03- : NH,+ ratio and possibly the re- 
sponse of the larger Stephanodiscus sp. to Si : 
N seem to be truly unimodal responses. A 
seasonal study in the Grol3er Binnensee (Som- 
mer 1989b) and a spatial study in the Antarctic 
Ocean (Sommer 1988) had similar results. In 
the former, only 1 of 13 species showed a uni- 
modal response to a resource ratio; in the lat- 
ter, no unimodal response was found. 

cessional sequence should be favored by ex- 
treme resource ratios. Species in the middle of 
a successional sequence should have inter- 
mediate optimal ratios. 

At present, I am unable to give more than 
a very tentative explanation for this contra- 
diction between observation and theory. As 
Fig. 2 shows, transitions between high and low 
resource ratios are quite rapid. Rapid transi- 
tions mean that conditions favorable for spe- 
cies with intermediate optimal ratios never 
persist for long. Such species would therefore 
not reach sufficient abundances to give reliable 
counts and to warrant analysis. A higher pre- 
cision of counting could possibly make them 
amenable to analysis. The species included in 
this analysis comprise, on average, -80% of 
total biomass. 

The scarcity of species with intermediate re- 
source-ratio requirements contrasts with the 
concept of succession as a gradual progression 
along one resource-ratio gradient (Tilman 
1985). According to this concept, species re- 
placing each other in a succession should be 
ordered by gradually increasing or decreasing 
optimal ratios. Therefore, only species domi- 
nant at the beginning and at the end of a suc- _~.__ -~ .~ 4 1 

Similarly, extension of the study over sev- 
eral seasonal cvcles could detect snecies with 
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Fig. 6. Response of phytoplankton species to NO,- : 
NH,+ ratios (abbreviations as in Figs. 3 and 4). 



Table 2. Rank correlation coefficients between re- diffusing substrates: An in situ bioassay. Ecology 66: 
source ratios. Asterisks: **-P < 0.01; ***-P < 0.001. 465-472. 

Si : N 
Si : light 
N : light 

Si : light 

0.20 

N : light 

-0.59*** 
0.57*** 

NO; :NH,’ 

-0.42** 
-0.05 

0.27 . 

intermediate optimal ratios, especially if a lake 
undergoes change, such as eutrophication or 
recovery from eutrophication. Then, the max- 
ima and the minima of resource ratios would 
change from year to year and a species that 
appears to be favored by extreme conditions 
in a given year may be found to be favored by 
intermediate conditions within the wider range 
of conditions observed over many years. In 
some respects 1989 was an atypical year in 
Plul3see. The transition from low to high N03- : 
NH4+ occurred before 13 February as opposed 
to mid-March in more normal years (e.g. 19 8 8, 
see Makulla and Sommer 1993), summer strat- 
ification had been unusually strong, and a sim- 
ilar duration and extent of the C. hirundinella 
dominance had been recorded in no other year 
(Hickel 1988). 
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multiple resource-ratio gradients has not yet 
been explored theoretically. However, multi- 
ple resource-ratio gradients seem to be im- 
portant in nature. 
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